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Climate change leads to increasing stresses and reduction of crop yield 

Anthropogenically driven climate change is increasing the frequency of weather 

extremes (Cook et al., 2016), which directly and indirectly affects agricultural 

production. The changes in exposure of crops to abiotic environmental factors not 

only directly affect crop production, but climate change also affects other species 

such as pollinators, pests, disease vectors, and invasive species, indirectly impeding 

crop production (Liliane and Charles, 2020). Moreover, crops are usually not subject 

to a single stress, but to a combination of different stresses in the field (Mittler, 2006). 

These stresses lead to yield losses that threaten the increasing food needs of a 

growing world population (Ferguson, 2019). It is therefore of the utmost importance 

for plants and crops to be able to adapt to these changing conditions, and have high 

yields even when the growing conditions are not optimal. Knowledge about the 

adaptive strategies and mechanisms to changing environmental conditions is 

essential for breeders to develop varieties that are resilient to the changing climate. 

Stress and the second messenger Ca2+ 

Plants perceive stresses and respond appropriately through signaling pathways, 

which include signaling molecules such as Ca2+ (Bartels and Sunkar, 2005). Many 

years ago, researchers already showed that different environmental stimuli induced 

specific cytosolic Ca2+ concentration spikes ([Ca2+]cyt transients) (Price et al., 1994; 

Haley et al., 1995; Bush, 1996; Okazaki et al., 1996; Gong et al., 1998; McAinsh and 

Hetherington, 1998). When triggered, the [Ca2+]cyt increases from ~10-7 M to 10-6 M 

depending on the kind of external stimulus (Costa et al., 2018), generating unique 

[Ca2+]cyt signatures that initiate specific molecular and physiological responses to 

diverse developmental cues and environmental stimuli (Lee and Seo, 2021). 

Increased [Ca2+]cyt is caused by the release of Ca2+ from storage compartments such 

as the vacuole and the apoplast (Stael et al., 2012). The central vacuole is the main 

intracellular Ca2+ store and contributes to changes in [Ca2+]cyt (Stael et al., 2012). 

Vacuolar Ca2+ release in the cytosol leads to the propagation of systemic Ca2+ waves 
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throughout the whole plant (Choi et al., 2014; Evans et al., 2016; Lee and Seo, 2021). 

The apoplast is another important Ca2+ storage location and Ca2+ can be quickly 

transported through the plant by means of the water transpiration stream (Stael et 

al., 2012). The endoplasmic reticulum (ER) is well known for its important calcium 

storage role in humans and animals, while relatively little is known about the Ca2+ 

storage properties of the plant ER. The plant ER was reported to act as a Ca2+ source 

for the generation of a cytosolic Ca2+ transient (Shkolnik et al., 2018; Luo et al., 2020) 

as well as a Ca2+ sink that contributes to the dampening of Ca2+ transient (Bonza et 

al., 2013; Corso et al., 2018; Resentini et al., 2021).  

The [Ca2+]cyt increase requires specific signals and Ca2+ transport routes from the 

apoplastic fluid or intracellular compartments into the cytosol (Navazio et al., 2000; 

Vincent et al., 2017). With advanced bioimaging techniques, stress-sensing 

machinery components have been identified, such as lipid-binding proteins, 

membrane-anchored kinases, and Ca2+ channels (Lee and Seo, 2021). These 

molecular sensors recognize external cues such as osmotic stress, ionic stress, 

pathogens, extracellular ATP, and reactive oxygen species (ROS), initiating a 

corresponding Ca2+ influx in the cytosol (Lee and Seo, 2021).  

CBL-CIPK network decodes Ca2+ signals 

The transduction of Ca2+ signals triggered by environmental stimuli to downstream 

adaptive responses depends on Ca2+-sensor proteins (Trewavas and Malhό, 1998). 

To date, five major classes of Ca2+ sensor proteins have been characterized in plants: 

calmodulins (CaMs), CaM-like proteins (CMLs), calcium-dependent protein kinases 

(CDPKs), calcium- and calmodulin-dependent protein kinases (CCaMKs), and 

calcineurin B-like proteins (CBLs) (Yip Delormel and Boudsocq, 2019). All of these 

Ca2+-sensor families are known to transmit stress signals (Zhu, 2000; Snedden and 

Fromm, 2001; Luan et al., 2002; Singh and Parniske, 2012). In Arabidopsis thaliana, 

7 CaMs (McCormack et al., 2005), 50 CMLs (McCormack et al., 2005), 34 CDPKs 

(Hrabak et al., 2003), and 10 CBLs (Kolukisaoglu et al., 2004) have been identified. 
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CCaMKs are absent in Arabidopsis and are required for both root nodule and 

arbuscular mycorrhiza symbioses in legumes (Singh and Parniske, 2012). CBLs act 

together with CIPKs (CBL-interacting protein kinases) by activating CIPK 

phosphorylation, and each CBL-CIPK module triggers specific downstream 

responses. CBLs and CIPKs thus are interwoven in a complex but flexible Ca2+-

signal-decoding hub in plants (Figure 1). Therefore, the CBL family plays an 

essential role in regulating physiological development and the response to external 

stress stimuli in plants (Luan, 2009; Weinl and Kudla, 2009). 

 

Figure 1 The CBL-CIPK regulatory network in Arabidopsis thaliana. The figure is modified based on 

(Ma et al., 2020; Mao et al., 2022). AtCBLs can be divided into three types (type Ⅰ, Ⅱ, and Ⅲ) (Kleist 

et al., 2014). Pointed and blunt arrowheads indicate activating and inhibitory connections, respectively. 

The dotted lines indicate proposed connections that still require validation. 

For Ca2+-binding, CBL proteins feature four EF-hands that are formed by conserved 

α-helix-loop-α-helix structures (Sánchez-Barrena et al., 2013). The Ca2+ binding 

affinity of EF-hands can vary within and between CBLs, which is assumed to enable 

specific and appropriate responses to the specific [Ca2+]cyt signatures of different 

stimuli. When bound with Ca2+, the molecular surface properties of CBL change. This 
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change contributes to the interaction of the CBL protein with the NAF domain (named 

after the highly conserved amino acids Asn (N), Ala (A), Phe (F)) of the CIPK, 

(Sánchez-Barrena et al., 2013). Once combined with its CBL counterpart, the 

phosphorylation site located in the CIPK activation loop is uncovered, turning its 

auto-inhibited state into an active state and thereby authorizing it to phosphorylate 

downstream substrates (Guo et al., 2001; Nunez-Ramirez et al., 2012; Sánchez-

Barrena et al., 2013). This phosphorylation is reversible, which is important for 

organisms to modulate cellular processes in response to environmental cues. One 

of the better established roles of CBL-CIPK in stress tolerance is its regulation of ion 

homeostasis under salt stress (Figure 2). 

Plant adaptation to salt stress 

Salinity stress is characterized by a high concentration of soluble salts (often NaCl) 

in the soil with a soil electrical conductivity (EC) measured in the saturated extract 

(ECe) of 4 dS/m or more at 25℃, which is equivalent to approximately 40 mM NaCl 

(Richards, 1954). Glycophytes including the most important food crops often have 

growth and yield penalties already at 5 dS/m, while halophytes can withstand much 

higher salinity levels and may have optimal growth at soil salinity ranging from 20-

40 dS/m (Flowers and Colmer, 2015; Joshi et al., 2015).  

Salt stress imposes both osmotic stress and ionic stress on plants (Munns, 2005). 

The osmotic effect triggered by salt stress is similar to that triggered by drought 

stress. The osmotic effect makes it harder for roots to take up water because of the 

difference in osmotic potential between the saline soil and roots. At the cellular level, 

both stresses cause cellular dehydration, leading to a decrease in the cytosolic and 

vacuolar volumes (Bartels and Sunkar, 2005; Munns and Tester, 2008). The stress 

from water deficiency also affects the electron-transport chains of mitochondria and 

chloroplasts, which results in excessive ROS production and oxidative stress. This 

secondary oxidative stress modifies cellular structures and metabolism, leading to a 

decrease in photosynthesis and/or an increase in plant hormones such as ABA and 
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ultimately cell and tissue damage (Bartels and Sunkar, 2005).  

In addition to osmotic stress, salinity leads to ion accumulation in plants (Munns, 

2005; Munns and Tester, 2008). Na+ appears to reach a toxic concentration before 

Cl- does for most species (Munns and Tester, 2008), so most studies focus on Na+ 

accumulation in different plant tissues when it comes to salt stress. Under continuous 

salt stress, Na+ is transported to the leaf blades with the transpiration stream and is 

deposited there, because only a small proportion of the Na+ can be recirculated to 

roots through phloem for most plants (Tester, 2003). Na+ and Cl- accumulate over 

time, and become toxic when they reach a threshold (Munns and Tester, 2008). The 

threshold of cytosolic Na+ and Cl- concentration varies between plant species. Some 

reports claim that the threshold of cytosolic Na+ concentration is ~30 mmol/L while 

others suggest a range between 50 and 200 mmol/L (Wu, 2018). The toxic threshold 

of the cytosolic Cl- concentration is reported to be 4-7 mg/g DW (~11-19 mmol/L) for 

Cl- sensitive species and 15-50 mg/g DW (~42-141 mmol/L) for Cl--tolerant species 

(Tavakkoli et al., 2010). 

Adaptation to salinity requires many complex physiological changes, including 

reduced photosynthesis and transpiration, attenuated growth, accumulation of 

compatible solutes and protective proteins, and increased levels of antioxidants 

(Bartels and Sunkar, 2005). Plants have developed many strategies to minimize 

damage from salt stress, such as enhancing tolerance to osmotic stress, promoting 

Na+ exclusion from leaf blades, and enhancing tissue tolerance to Na+ accumulation 

(Munns and Tester, 2008). Minimizing the net delivery of Na+ into the root xylem and 

minimizing the concentration of salt in the cytoplasm are particularly important for 

plants to survive (Munns, 2005). The inhibition of Na+ accumulation in the cytoplasm 

entails salt excretion and salt compartmentalization.  

Using Ca2+-imaging techniques, plants were shown to be able to distinguish osmotic 

and ionic stress by different sensing modules and induce corresponding specific 

Ca2+ signals (Lee and Seo, 2021). Ionic stress and osmotic stress stimulate different 
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primary Ca2+ signals through different pathways of the stress-sensing machinery. 

The osmotic stress-sensing machinery includes the hyperosmolality-gated Ca2+-

permeable channel OSCA1 localized at the plasma membrane (Yuan et al., 2014). 

OSCA1 is anchored to the lipid bilayer and can perceive membrane tension changes 

induced by turgor pressure (Jojoa-Cruz et al., 2018; Liu et al., 2018; Maity et al., 

2019). The sphingolipid GIPCs (glycosylinositol phosphorylceramide) are the major 

constituents of the outer layer of the lipid bilayer in the plasma membranes of plants 

and are important components of the ionic stress-sensing machinery under salt 

stress. GIPCs can directly bind with Na+ and other ions that have a single positive 

charge, such as K+ and Li+ (Cacas et al., 2016; Jiang et al., 2019; Mamode Cassim 

et al., 2021). Direct binding of Na+ by GIPCs and directly/indirectly interacting 

between GIPC and Ca2+ channels are essential in plant Na+ sensing and the 

increase of [Ca2+]cyt that lead to salt-tolerance responses (Jiang et al., 2019; 

Steinhorst and Kudla, 2019).   

CBL-CIPK pathways and salt stress response 

For different Ca2+ signals triggered by different degrees of stress, plants employ 

different Ca2+ sensors (Mehra and Bennett, 2022; Steinhorst et al., 2022). Steinhorst 

et al. (2022) found that the amplitude of the Ca2+ signal as well as the speed of the 

resulting Ca2+ wave is proportional to the intensity of salt stress, and different 

intensities of Ca2+ waves may be decoded by different CBL members (Mehra and 

Bennett, 2022; Steinhorst et al., 2022).  

AtCBL4 is well known to work with AtCIPK24 to phosphorylate and activate the 

Na+/H+ antiporter SOS1 (the SOS (Salt Overly Sensitive) pathway), resulting in Na+ 

extrusion from the roots into the root environment and Na+ loading into the xylem for 

long-distance transport driven by the transpiration stream from root to shoot (Figure 

2) (Shi et al., 2002). The SOS pathway has also been identified in many other plant 

species (Martinez-Atienza et al., 2007; Tang et al., 2010; Hu et al., 2012). Recently, 

AtCBL8 was suggested to be a Ca2+-sensor switch for enhanced efficiency of the 
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SOS pathway based on the following experimental evidence (Mehra and Bennett, 

2022; Steinhorst et al., 2022): At-cbl8 mutants only exhibit salt sensitivity under high 

degrees of salt stress (75 mM or 100 mM NaCl), while At-cbl4 mutants are sensitive 

to a very low degree of salt stress (25 mM NaCl). In addition, AtCBL8-AtCIPK24 was 

evidenced to activate SOS1 in yeast and human HEK293T cells (Mehra and Bennett, 

2022; Steinhorst et al., 2022). Furthermore, different from AtCBL4, the structural 

conformation, interaction with AtCIPK24, and AtCIPK24-mediated phosphorylation 

of AtCBL8 are all Ca2+ dependent. These factors together all indicate that the 

AtCBL8-AtCIPK24 pathway activates SOS1 when a higher [Ca2+]cyt level is reached 

under high salt stress (Figure 2).  

AtCBL10 also functions in the SOS pathway. AtCBL10-AtCIPK8/24 complexes 

phosphorylate SOS1 and enhance Na+ efflux from cells (Figure 2) (Quan et al., 2007; 

Lin et al., 2009; Yin et al., 2019). Moreover, the AtCBL10-AtCIPK24 complex was 

suggested to activate a Na+/H+ antiporter to sequester Na+ into the vacuole for salt 

storage and detoxification of the cytosol (Kim et al., 2007), but the antiporter is not 

identified yet. Other research suggested that AtCBL10-AtCIPK24 may drive Na+ 

compartmentalization by activating the vacuolar H+ pump H+-pyrophosphatase 

(AVP1) and vacuolar H+-ATPase (VHA-A1) to generate an electrochemical gradient 

of H+ (Figure 2) (Plasencia et al., 2021). 
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Figure 2 Schematic picture to show the important CBL-CIPK pathways in salt stress response. 

Pointed arrowheads indicate activating processes. The dotted lines indicate proposed connections that 

still require validation. The question mark (?) means the Na+/H+ antiporter has not been identified yet. The 

red lighting sign with a “P” inside means phosphorylation. 

The salt tolerance and tobacco CBL genes 

The role of the CBL-CIPK pathway is studied well in Arabidopsis but much less in 

other crops including representatives of the Solanaceae. Cultivated tobacco 

(Nicotiana tabacum) is a member of the Solanaceae family including important crops 

like tomato, potato, and pepper. Identification and characterization of salt stress-

related tobacco genes can unlock their potential to improve the salt stress tolerance 

of tobacco, and the results are potentially translatable to other Solanaceae crops 

thus benefiting the sustainable production of these important vegetable crops. N. 

tabacum is a natural allotetraploid derived from the maternal genome donor N. 

sylvestris and the paternal genome donor N. tomentosiformis (Murad et al., 2002; 

Yukawa et al., 2006). Tobacco can generate up to 170 tons/ha of green tissue and 

600 kg/acre of seeds that can be used for producing biomass, biofuel, seed oil, and 

antibodies (Schillberg et al., 2003; Andrianov et al., 2010; Grisan et al., 2016). In 
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addition, tobacco is widely considered to be a model plant for fundamental research, 

because of its available high-quality genome sequence, easily-operated genetic 

transformation, and short reproduction cycle. This makes tobacco an interesting 

model plant to study the role of CBL genes as decoding hubs of salt stress stimuli.  

Objectives and scope of this thesis 

The research described in this thesis was initiated to enhance our understanding of 

the roles of tobacco NtCBL genes in the response to salt stress, and their possible 

contribution to salt tolerance. The present thesis consists of six chapters including 

this general introduction (Chapter 1).  

In Chapter 2, we reviewed the role of the CBL-CIPK network in the physiological 

crosstalk between plant growth and stress adaption.  

In Chapter 3, a genome-wide analysis of the NtCBL gene family in tobacco was 

performed to identify CBL family members in tobacco. Their genic and protein 

structural features were discussed, and expression profiles in different tissues at 

different developmental stages and under salt stress were analyzed. The NtCBL4A-

1 gene from the ancestral N. sylvestris genome was characterized in more detail 

because of its potential role in the salt stress response.  

In Chapter 4, we focused on another member of the CBL family that was suggested 

to play a role in salt tolerance: CBL5. Tobacco plants overexpressing NtCBL5A were 

evaluated under saline conditions and were shown to be hypersensitive to salinity 

(expressed as highly necrotic leaves). This hypersensitive phenotype was shown to 

be potentially linked to abnormal Na+ compartmentalization, plant photosynthesis, 

and plant immune response triggered by the constitutive overexpression of NtCBL5A.  

The results described in Chapter 3 and Chapter 4 suggest that the (ectopic) 

overexpression of NtCBL4A-1 and NtCBL5A may interfere with the function of other 

CBL-CIPK modules. In Chapter 5, we assessed the salt tolerance of NtCBL4A-

1::NtCBL5A co-overexpressing lines and NtCBL10A::NtCBL5A co-overexpressing 

lines. Results showed that co-overexpression of NtCBL4A-1 and NtCBL5A has an 
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additive effect on the salt sensitivity of transgenic tobacco, while NtCBL10A 

overexpression greatly relieved the salt sensitivity of NtCBL5A-OE lines. This 

indicates that the salt sensitivity caused by NtCBL4A-1 overexpression and 

NtCBL5A overexpression may be linked to the function of NtCBL10A. This was 

corroborated by the fact that NtCBL4A-1, NtCBL5A, and NtCBL10A interact with the 

same NtCIPK24 in the yeast two-hybrid system. Increased salt sensitivity of Nt-

cbl10a single mutants and Nt-cbl10b single mutants, and the hypersensitivity of the 

Nt-cbl10acbl10b double mutants further demonstrate that NtCBL10A and NtCBL10B 

are key components for salt tolerance of tobacco.  

In Chapter 6, I summarized all findings and discussed our hypothesis on the salt-

sensitive phenotypes induced by the overexpression of NtCBL4A-1, NtCBL5A, and 

the knock-out of NtCBL10. In addition, I discussed some findings in our research, 

which are useful to understand the salt stress response of plants. 
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ABSTRACT 

Plants have evolved to deal with different stresses during plant growth, relying on 

complex interactions or crosstalk between multiple signaling pathways in plant cells. 

In this sophisticated regulatory network, Ca2+ transients in the cytosol ([Ca2+]cyt) act 

as major physiological signals to initiate appropriate responses. The CALCINEURIN 

B-LIKE PROTEIN (CBL)-CBL-INTERACTING PROTEIN KINASE (CIPK) network 

relays physiological signals characterized by [Ca2+]cyt transients during plant 

development and in response to environmental changes. Many studies are aimed at 

elucidating the role of the CBL-CIPK network in plant growth and stress responses. 

This review discusses the involvement of the CBL-CIPK pathways in two levels of 

crosstalk between plant development and stress adaptation: direct crosstalk through 

interaction with regulatory proteins, and indirect crosstalk through adaptation of 

correlated physiological processes that affect both plant development and stress 

responses. This review thus provides novel insights into the physiological roles of 

the CBL-CIPK network in plant growth and stress adaptation. 

Keywords: CBL, CIPK, crosstalk, plant development, abiotic stress, biotic 

stress, stress adaptation 

1 INTRODUCTION 

During their lifecycle, plants are continuously exposed to a plethora of abiotic and 

biotic stresses. Being sessile, plants need to develop defense mechanisms to adapt 

to these stresses and not only survive but also grow and reproduce (Shanker and 

Venkateswarlu, 2011). Stress responses typically come at the cost of growth and 

yield in crops (Huot et al., 2014; Karasov et al., 2017). More and more studies show 

that the negative correlations between growth and defense are partially caused by 

crosstalk between sophisticated molecular regulatory pathways (Karasov et al., 

2017). These regulatory networks connect plant growth and stress tolerance, 

enabling a rapid adaptation of plant metabolism to mitigate the effects of the 

constantly changing environmental conditions. Campos et al. (2016) have shown 
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that it is in principle possible to uncouple pathways involved in the crosstalk between 

plant growth and defense, thus considerably reducing the trade-off of growth for 

defense. Knowledge of the integration of the molecular regulatory networks related 

to stress response and plant development may therefore be crucial for yield 

improvement of crops in a changing environment.  

Ca2+ is a vital secondary messenger for both plant development and early stress 

responses (Hepler, 2005; Kudla et al., 2010; Reddy et al., 2011; Steinhorst and Kudla, 

2014). Specific [Ca2+]cyt transients are triggered in the cytoplasm when plants are 

exposed to environmental stimuli (Price et al., 1994; Haley et al., 1995; Okazaki et 

al., 1996; Gong et al., 1998). The [Ca2+]cyt transients are recognized by calcium 

sensors that relay the Ca2+ signals to downstream response pathways. These 

sensors include CALCINEURIN B-LIKE PROTEINs (CBLs) that bind Ca2+ through 

EF-hand motifs (Sánchez-Barrena et al., 2013). The naming "EF-hand" describes its 

helix-loop-helix structure that resembles a right hand with the thumb (F-helix) and 

the forefinger (E-helix) extended at 90° (Kretsinger and Nockolds, 1973). Upon 

binding Ca2+, the molecular surface properties of the CBL proteins are modified 

(Sánchez-Barrena et al., 2013). This facilitates the interaction of CBL with the NAF 

domain of a CBL-INTERACTING PROTEIN KINASE (CIPK) (Sánchez-Barrena et 

al., 2013). The Ca2+-induced interaction of CBL with CIPK uncovers a 

phosphorylation site located in the activation loop of the CIPK protein (Sánchez-

Barrena et al., 2013). The exposed activation loop of the CIPK protein is assumed 

to be phosphorylated and activated by as yet unknown upstream kinases (Sanyal et 

al., 2015). The activated CIPK protein typically phosphorylates and thus regulates 

multiple downstream targets (Sánchez-Barrena et al., 2013), including ion channels 

and enzymes (Nunez-Ramirez et al., 2012; Drerup et al., 2013). An exception for this 

general activation mechanism of CBL-CIPK was reported for potassium channel 

AKT2, which was shown to be activated by the interaction with but not the 

phosphorylation by the CBL-CIPK complex (Held et al., 2011). 

The CBL-CIPK modules, as part of environmental signaling pathways, are well-
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conserved across the plant kingdom. With the availability of the whole-genome 

sequence data of many plant species, the evolution of the CBL-CIPK network (from 

green algae to flowering plants) can be studied (Weinl and Kudla, 2009; Kleist et al., 

2014; Edel and Kudla, 2015). A single CBL-CIPK pair is present in green algae 

Chlorella spec., suggesting that the prototype of this signaling module may date back 

to single-cell plant ancestors (Weinl et al., 2009; Edel and Kudla, 2015; Tang et al., 

2020a). The number of CBL and CIPK members expanded from lower plants to 

higher plants by gene duplication and whole-genome duplication events, indicating 

that the CBL-CIPK network plays an essential role in plant adaptation to a changing 

environment (Kleist et al., 2014).  

Numerous expression and functional studies have demonstrated the broad 

involvement of the CBL-CIPK network in plant development and stress response. 

Recently, more and more studies indicate that the CBL-CIPK network connects plant 

development and stress adaptation at two levels. At the first level, the CBL-CIPK 

complexes directly interact with regulatory components involved in plant 

development and stress response. At the second level, the physiological adaptations 

regulated by CBL-CIPK pathways in response to stress affect plant growth and 

development, and vice versa.  

2 LEVEL 1: The CBL-CIPK MODULES CONNECT PLANT DEVELOPMENT AND 

STRESS ADAPTATION BY INTERACTING WITH REGULATORY PROTEINS 

The SALT OVERLY SENSITIVE (SOS) pathway is the first CBL-CIPK pathway that 

was uncovered in Arabidopsis thaliana and it is a well-studied example of crosstalk 

through direct interaction of components involved in plant development and stress 

adaptation. Under saline conditions, the induced Ca2+ transient promotes the 

phosphorylation activity of the AtCBL4-AtCIPK24 complex which activates the 

plasma membrane (PM)-localized Na+/H+ antiporter AtSOS1, leading to Na+ 

extrusion from the roots into the root environment and Na+ loading into the xylem for 

long-distance transport (Qiu et al., 2002; Shi et al., 2002; Nunez-Ramirez et al., 
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2012). The SOS pathway is conserved in other plant species such as rice, poplar, 

and apple (Mao et al., 2021). Of all AtCIPKs, AtCIPK8 resembles AtCIPK24 the most 

(60.9% AA pairwise identity) (Kleist et al., 2014), and it has been shown that the 

AtCBL10-AtCIPK8 complex also functions in the SOS pathway, positively regulating 

AtSOS1 activity to extrude excess Na+ from cells in the shoot under saline conditions 

(Yin et al., 2019).  

Under normal conditions, the SOS pathway is suppressed by several proteins 

including 14-3-3, BRASSINOSTEROID INSENSITIVE 2 (BIN2), and GIGANTEA (GI). 

These proteins interact with AtCIPK24 and repress its kinase activity (Kim et al., 

2013; Zhou et al., 2014; Yang et al., 2019; Li et al., 2020), thus working as molecular 

switches of the SOS pathway during dynamic growth and floral transition under 

varying soil salinity (Figure 1) (Kim et al., 2013; Park et al., 2013).  

Plant 14-3-3 proteins, like their highly conserved homologs in mammals, function by 

binding to phosphorylated target proteins and thus modulating their function 

(Denison et al., 2011). Under normal conditions, AtCIPK11 phosphorylates Ser294 of 

AtCIPK24 and this promotes the interaction of AtCIPK24 with 14-3-3 proteins, which 

blocks AtCIPK24 activity and shuts down the SOS pathway. Under saline conditions, 

the interaction between 14-3-3 and AtCIPK11 is stimulated, releasing AtCIPK24 

(Yang et al., 2019). The released AtCIPK24 then interacts with Ca2+-binding AtCBL4, 

thus activating downstream AtSOS1 to regulate cellular Na+ homeostasis  (Qiu et 

al., 2002; Shi et al., 2002; Nunez-Ramirez et al., 2012).  

The SOS pathway is also linked to plant growth through BIN2, a GLYCOGEN 

SYNTHASE KINASE 3 (GSK3)-like kinase. BIN2 phosphorylates and represses the 

transcription factors BRASSINAZOLE RESISTANT 1 (BZR1) and BRI1-EMS-

SUPPRESSOR (BES1) and thus retards plant growth under salt stress (Li et al., 

2020). In the rapid recovery phase after salt stress, however, AtCBL4 and AtCBL10 

interact with BIN2 and recruit it to the PM. BIN2 then phosphorylates AtCIPK24 and 

inhibits the kinase activity of AtCIPK24, effectively switching off the AtSOS1-induced 
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Na+ efflux. At the same time, the repression of the transcriptional activity of 

BZR1/BES1 by BIN2 is released, and growth is restored (Li et al., 2020).  

 

Figure 1 | SOS pathway is involved in the crosstalk between plant growth and salt stress response. 

(A) The interaction between GI and SOS pathway (Kim et al., 2013; Park et al., 2013). Under normal 

conditions (left side of the figure), GI interacts with AtCIPK24 and inhibits its activity, therefore AtCIPK24 

does not interact with AtCBL4 and cannot phosphorylate AtSOS1. Salt stress (right side of the figure) 

induces the degradation of GI, releasing AtCIPK24. AtCIPK24 then interacts with PM-localized Ca2+-

binding AtCBL4 and activates AtSOS1. At the same time, salt-dependent degradation of GI retards or 

abolishes the initiation of flowering. (B) A proposed working model of the role of the SOS pathway in the 

dynamic growth of plants when switching between normal and salinity conditions (Li et al., 2020). Under 

normal conditions, AtCIPK11 phosphorylates AtCIPK24 and promotes its interaction with 14-3-3, inhibiting 

AtCIPK24 activity. BZR1/BES1 stimulates plant growth. Under salt stress, AtCBL4/AtCBL10 recruits 
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AtCIPK24 to the PM to activate AtSOS1. BIN2 is disassociated from the PM to phosphorylate and inhibit 

BZR1/BES1, thus retarding plant growth. In the recovery phase, AtCBL4/AtCBL10 recruits BIN2 to the 

PM to inhibit the activity of phosphorylated AtCIPK24. This reduces Na+ efflux and releases BZR1/BES1 

to stimulate plant growth. Black pointed and blunt arrowheads indicate activating and inhibiting 

interactions, respectively. 

AtCIPK24 also interacts with GI, a nuclear protein that functions to promote the 

elicitation of photoperiod-dependent flowering (Park et al., 1999; Oliverio et al., 2007; 

Kim et al., 2013). Under normal conditions, GI interacts with AtCIPK24 and prevents 

AtCIPK24 from phosphorylating AtSOS1. Under saline conditions, however, the 

AtCIPK24-GI complex disintegrates and GI is then degraded, leading to delayed 

flowering (Figure 1). At the same time, the SOS pathway is activated to regulate Na+ 

homeostasis and Na+ extrusion (Kim et al., 2013; Park et al., 2013). This is consistent 

with the finding that GI-overexpressing Arabidopsis plants exhibited a salt-sensitive 

phenotype and gi mutants had increased salt tolerance (Kim et al., 2013).  

One CIPK can be regulated by different proteins (AtCIPK24 by AtCIPK11, GI, 14-3-

3, and BIN2). These interactions of CIPKs with other proteins provide the molecular 

basis for the first level of direct crosstalk between plant growth and stress response.  

3 LEVEL 2: THE CBL-CIPK MODULES CONNECT PLANT DEVELOPMENT AND 

STRESS ADAPTATION BY MODULATING CORRELATED PHYSIOLOGICAL 

PROCESSES 

To adapt to stress conditions, new biochemical pathways are activated and others 

that are characteristic of the non-stressed state are repressed in plants (Bohnert and 

Sheveleva, 1998). Protective metabolic adaptation of plants includes changes in 

phytohormones, ion homeostasis, and the concentration of metabolites such as 

sugars, sugar alcohols, low-complexity carbohydrates, tertiary amines, sulfonium 

compounds, and amino acids (Bohnert et al., 1998; Wolters and Jurgens, 2009). 

These metabolic adaptations of plants to stress alter their physiology (Bohnert et al., 

1998), and affect plant development at the same time. Therefore, the CBL-CIPK 
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network connects plant growth and stress adaptations by modulating correlated 

physiological processes, including mediating phytohormone signals (Guo et al., 2002; 

Pandey, 2005; Song et al., 2005; Pandey et al., 2008) and regulating the 

homeostasis of sugar and various ions (Ma et al., 2019a; Ma et al., 2019b; Dong et 

al., 2021). 

3.1 Phytohormone-related plant development and stress adaptation connected 

by CBL-CIPK network 

Phytohormones are central regulators of plant growth and stress response. 

ABSCISIC ACID (ABA) stimulates dormancy during seed maturation (Sano and 

Marion-Poll, 2021), and also accumulates under osmotic stress to promote stomatal 

closure and reduce water loss (Luan, 2002). It has been reported that the CBL-CIPK 

network affects ABA-regulated plant development and abiotic stress response.  

ABSCISIC ACID REPRESSOR 1 (ABR1) is a repressor of the ABA response 

because disruption of ABR1 leads to a hypersensitive response to ABA in seed 

germination (Pandey, 2005). The AtCBL9-AtCIPK3 complex was found to activate 

ABR1 in the nucleus, suppressing ABA-dependent dormancy and stimulating seed 

germination (Figure 2A) (Pandey, 2005; Pandey et al., 2008; Sanyal et al., 2017b). 

When treated with ABA or under osmotic stress, At-cbl9, At-cipk3, At-cbl9cipk3, and 

At-abr1 mutants all showed reduced germination frequency but also impaired early 

seedling development (Pandey, 2005; Pandey et al., 2008). The germination 

impairment of these mutants under osmotic stress could be caused by the osmotic 

stress-induced increase in ABA levels. In addition, At-abr1 adult seedlings exhibited 

smaller stomatal aperture after ABA treatment, which could be the reason why they 

had less water loss and showed a tolerant phenotype under drought stress (Sanyal 

et al., 2017b).  

ETHYLENE RESPONSE FACTOR 7 (AtERF7) also represses the ABA response of 

plants. The RNAi-mediated suppression of AtERF7 led to increased ABA sensitivity 

during seed germination, while the AtERF7-overexpressing lines had less stomatal 
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closure and higher sensitivity to drought stress than wild-type seedlings (Song et al., 

2005). AtCIPK15 has been shown to phosphorylate AtERF7 and this may further 

repress the ABA response (Figure 2A) (Song et al., 2005). At-cipk15 RNAi lines 

exhibited a series of ABA hypersensitivity phenotypes, including delayed seed 

germination, arrested early seedling development, and dramatically reduced 

stomatal pores and leaf transpiration (Guo et al., 2002; Song et al., 2005). The 

reduced water loss of the At-cipk15 RNAi lines may also enhance its drought 

tolerance. 

  

Figure 2 | Representative CBL-CIPK pathways involved in the crosstalk between plant 

development and stress adaptation. (A-C) CBL-CIPK pathways involved in phytohormone-related (A), 

ion homeostasis-related (B), and sucrose homeostasis-related (C) crosstalk between plant development 

and stress adaptation. Black pointed and blunt arrowheads indicate activating and inhibitory processes, 

respectively. The dotted lines indicate proposed processes. The green color in the text indicates plant 

development processes, while the red color in the text indicates plant stress responses. 
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3.2 Ion homeostasis-related plant development and stress adaptation 

connected by CBL-CIPK network 

Bioinformatic analysis showed that the algal CIPKs are likely to be the closest 

orthologs of AtCIPK24, a key regulator of Na+ homeostasis when interacting with 

AtCBL4 (Kleist et al., 2014; Edel and Kudla, 2015). All CIPKs from Physcomitrium 

patens and Selaginella moellendorffii are orthologs of AtCIPK24 and AtCIPK23 

(Weinl et al., 2009). AtCIPK23 is a key regulator of K+ homeostasis when interacting 

with AtCBL1 and AtCBL9 (Xu et al., 2006). In addition, algal CBLs feature the dual-

lipid modification motif (or relicts of this motif) MGCXXS/T that presents in 

Arabidopsis AtCBL1/AtCBL9/AtCBL4 for PM localization (Kleist et al., 2014). This 

indicates that the ancestral role of the CBL-CIPK network is linked to the regulation 

of ion transport across the PM (Weinl et al., 2009; Kleist et al., 2014; Edel and Kudla, 

2015).  

From lower to higher plants, the number and complexity of CBLs and CIPKs increase 

(Weinl et al., 2009; Kleist et al., 2014), but the physiological functions of most CBL-

CIPK pathways are still linked to ion homeostasis regulation (Dong et al., 2021). As 

the regulation of ion transport and homeostasis is essential in growth, development, 

as well as adaptation to stress conditions, it is not unexpected that the adaptation of 

ion transport regulated by CBL-CIPK pathways in stress response affects plant 

growth and development, and vice versa.  

Ion homeostasis regulated by the CBL1/CBL9-CIPK23 pathway 

Potassium (K+) is a vital nutrient that affects many biochemical and physiological 

processes in plants. K+ not only regulates plant growth and metabolism, but also 

contributes greatly to plant defense against various stresses (Wang et al., 2013).  

The CBL1/CBL9-CIPK23-AKT1 pathway connects K+ homeostasis to plant growth, 

which is conserved in several plant species. CBL1 and CBL9 are two CBL proteins 

that have strong sequence similarity and have functional redundancy in ion uptake 

and transport. In Arabidopsis, AtCBL1/AtCBL9-AtCIPK23 complexes are important 
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positive regulators of root K+ uptake through phosphorylation of K+ transport systems 

HAK5 or AKT1 under different external K+ concentrations (Xu et al., 2006; Aleman et 

al., 2011; Ragel et al., 2015). Leaf development and growth of At-cbl1cbl9 double 

mutant, At-cipk23 mutant, and At-akt1 mutant were extremely impaired under K+ 

deficiency (Figure 2B) (Xu et al., 2006). Rice (Oryza sativa) OsCIPK23 RNAi lines 

and Os-akt1 mutant showed similar K+-deficient symptoms under low K+ conditions, 

including reduced K+ content, leaf brown spots, and growth inhibition (Li et al., 2014). 

In addition, OsCIPK23 RNAi lines had irregularly shaped pollen grains without any 

starch granules, which is typical for rice sterile pollen and may be related to impaired 

K+ loading ability into the pollen (Yang et al., 2008). In grapevine (Vitis vinifera), the 

VvCBL1-VvCIPK4 complex (homologs of AtCBL1-AtCIPK23 complex) can activate 

the AKT1 ortholog VvK1.2, potentially mediating whole plant K+ transport and 

translocation in fleshy fruit development (Cuellar et al., 2010; Cuellar et al., 2013). A 

dysfunctional SlCBL1/SlCBL9-SlCIPK23-LKT1 (AKT1 ortholog) pathway in tomato 

(Solanum lycopersicum) did not affect growth, but the tomato lkt1 mutant displayed 

sensitivity to excessive Mg2+ with chlorosis at leaf margins (Amo et al., 2021). This 

may be linked to impaired K+ accumulation in the cytosol (Amo et al., 2021): Mg2+ is 

preferentially stored in vacuoles (Shaul, 2002), and impaired K+ loading may affect 

the osmotic adjustment that compensates for the increased osmotic pressure in the 

vacuole caused by the accumulation of metal ions (Wang et al., 2013). 

The K+ nutritional status of plants affects their drought tolerance by regulating 

stomatal aperture, osmotic adjustment, and REACTIVE OXYGEN SPECIES (ROS) 

scavenging (Wang et al., 2013). AtCBL1/AtCBL9-AtCIPK23 complexes activate 

AKT1 and increase K+ influx from leaf apoplast to guard cells, leading to stomatal 

opening and increased leaf transpiration (Figure 2B) (Cheong et al., 2007; Nieves-

Cordones et al., 2012). Mutants with a disabled AtCBL1/AtCBL9-AtCIPK23-AKT1 

pathway had decreased stomatal opening, which contributes to drought tolerance 

(Cheong et al., 2007; Nieves-Cordones et al., 2012). In addition, the NO3
- transporter 

CHLORATE RESISTANT 1 (CHL1) is also activated by the AtCBL1/AtCBL9-
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AtCIPK23 complexes, switching on high-affinity nitrate transport under low external 

NO3
- concentrations (Liu and Tsay, 2003; Ho et al., 2009; Leran et al., 2015). The 

decreased nitrate accumulation in the guard cells may also contribute to stomatal 

closure and reduced transpiration rates in the mutants with a disabled 

AtCBL1/AtCBL9-AtCIPK23-AKT1 pathway. Indeed, there is evidence for enhanced 

drought tolerance in At-chl1 mutants, with reduced stomatal opening and 

transpiration rates (Guo et al., 2003). It should be noted that the behavior of mutants 

with an impaired CBL1/CBL9-CIPK23 pathway under drought stress may vary 

between plant species. For instance, the OsCIPK23 RNAi lines with reduced 

OsCIPK23 expression were more sensitive to drought stress compared to wild-type 

plants rather than more tolerant, which is different from the phenotype of At-cipk23 

(Cheong et al., 2007; Yang et al., 2008). Possibly, the K+ deficiency of OsCIPK23 

RNAi lines negatively affected their ability for osmotic adjustment or ROS 

detoxification. 

Ion homeostasis regulated by the CBL4-CIPK6 pathway 

Regulation of K+ homeostasis also affects disease infection by inducing the synthesis 

of molecules like ROS and phytohormones (Ashley et al., 2006; Amtmann et al., 

2008). AKT2 is a phloem-expressed weakly rectifying K+ channel that is active in a 

wide membrane potential range and can mediate both influx and efflux of K+ 

(Lacombe et al., 2000). The AtCBL4-AtCIPK6 complex regulates K+ allocation by 

modulating the activity of AKT2 for both K+ loading in the source and unloading in 

the sink (Figure 2B) (Lacombe et al., 2000; Held et al., 2011). At-cipk6 mutants had 

enhanced disease resistance with increased ROS production and SA accumulation 

compared to wild-type plants after the infection of the bacterial pathogen 

Pseudomonas syringae pv. tomato DC3000 (Sardar et al., 2017). Increased ROS 

production and SA accumulation in At-cipk6 mutants may be caused by disruption of 

the AtCBL4-AtCIPK6 regulated K+ transport and allocation. 

Different from the general activation mechanism of CBL-CIPK, the activation of AKT2 

is dependent on the interaction but not the phosphorylation by the AtCBL4-AtCIPK6 
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complex. AKT2 is activated when it is translocated from the endoplasmic reticulum 

to PM and this translocation depends on AtCBL4 (Held et al., 2011). Aberrant K+ 

transport and allocation in the At-cbl4, At-cipk6, and At-akt2 mutants were 

accompanied by reduced rosette size and delayed flowering phenotypes (Held et al., 

2011). The At-cipk6 mutants also had a remarkably decreased shoot-to-root and root 

basipetal auxin transport, resulting in fused cotyledons, swollen hypocotyls, and 

compromised lateral root growth (Tripathi et al., 2009).  

Ion homeostasis regulated by CBL2/CBL3-CIPK3/CIPK9/CIPK23/CIPK26 pathway 

Vacuolar ion homeostasis affects ion compartmentalization, vacuole inflation, and 

polar growth, which are required for multiple physiological processes in plant 

development and stress adaptation, including metal ionic tolerance, stomatal 

movement, pollen germination, and polarized pollen tube growth.  

Tonoplast-localized AtCBL2 and AtCBL3, another two partly functionally redundant 

CBLs, work as crucial regulators of vacuolar ion homeostasis. Ion 

compartmentalization of At-cbl2cbl3 double mutant was affected, thus its abilities of 

ionic tolerance (to excessive Ca2+, Fe3+, Cu2+, K+, and Zn3+) and micronutrient 

storage (of Ca2+, Mg2+, Mn2+, Fe3+) were compromised (Tang et al., 2012). It was 

suggested that AtCBL2 and AtCBL3 positively regulate the activity of vacuolar H+-

ATPase (V-ATPase) (Figure 2B) (Tang et al., 2012), which is the major proton pump 

in establishing and maintaining an electrochemical proton gradient across the 

tonoplast to drive ion transport (Lüttge et al., 2001). However, a more recent study 

showed that AtCBL2 and AtCBL3 regulate Mg2+ compartmentalization together with 

multiple AtCIPKs (AtCIPK3/AtCIPK9/AtCIPK23/AtCIPK26) through a V-ATPase-

independent pathway (Figure 2B) (Tang et al., 2015), indicating that AtCBL2 and 

AtCBL3 regulate ion homeostasis through several different downstream pathways. 

Recently, more pathways under the control of AtCBL2 and AtCBL3 were discovered: 

AtCBL2/AtCBL3-AtCIPK3/AtCIPK9/AtCIPK26 negatively regulates the transport 

activity of vacuolar Mn2+ transporter AtMTP8, inhibiting Mn2+ transport from the 

cytoplasm to the vacuole (Ju et al., 2022).   



Chapter 2 

32 

2 

In addition, AtCBL2/AtCBL3-AtCIPK3/AtCIPK9/AtCIPK23/AtCIPK26 complexes 

were found to activate the vacuolar two-pore K+ channels AtTPKs for K+ 

remobilization to the cytoplasm under low-K+ stress (Tang et al., 2020b), explaining 

why the At-cbl2cbl3 double mutants retain more K+ even though they showed more 

sensitive to K+ deficiency than wild-type (Tang et al., 2012; Tang et al., 2020b). The 

mutation of AtCIPK9 alone leads to a discernible vacuolar K+ conductance reduction 

and sensitivity to K+ deficiency, suggesting that AtCIPK9 might be a dominating 

AtCIPK in the regulation of vacuolar K+ homeostasis (Tang et al., 2020b). The 

importance of AtCIPK9 for vacuolar K+ homeostasis is exemplified by the study of 

Song et al. (2018), in which the At-cipk9 mutant had reduced vacuolar K+ influx 

through K+/H+ antiporter AtNHX1 and AtNHX2 but not defective vacuolar K+ release 

through AtTPK1, resulting in ABA-hypersensitive stomatal closure and thus 

enhanced drought tolerance (Song et al., 2018). 

Interestingly, Tang et al. (2012; 2020b) reported on contrasting phenotypes of the At-

cbl2cbl3 double mutant under low-K+ stress. In their earlier study, they reported At-

cbl2cbl3 double mutant was more tolerant than WT under low-K+ (50 μM, 100 μM, 

200 μM) conditions (Tang et al., 2012), while they recently observed the At-cbl2cbl3 

double mutant was more sensitive than WT under low-K+ (10μM, 100 μM) conditions 

(Tang et al., 2020b). The different NH4
+ concentrations used in root media (20 mM in 

the previous study and 1 mM in the recent study) were suggested as the cause for 

the contradicting phenotypes (Tang et al., 2020b), as NH4
+ toxicity might mask the 

true phenotype of mutants under low-K+ stress (Shi et al., 2020). It is well known that 

NH4
+ toxicity enhances the plant sensitivity to low-K+ stress while K+ relieves plant 

sensitivity to NH4
+ toxicity (Shi et al., 2020), while the At-cbl2cbl3 double mutant 

exhibited a more tolerant phenotype than the wild-type under the more severe 

combined stress conditions (low-K+ and high NH4
+), suggesting that AtCBL2 and 

AtCBL3 might also be involved in the regulation of NH4
+ homeostasis. For another 

study, however, At-cbl3 and At-cipk9 mutant were reported to be more tolerant than 

wild-type under K+ deficiency even when NH4
+ concentration in root media was as 
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low as 1.25 mM (Liu et al., 2013),  indicating the possible role of CBL-CIPK network 

in regulating K+ and NH4
+ homeostasis is worth exploring in more detail.  

Both At-cbl2cbl3 double mutants and At-cipk3/9/23/26 quadruple mutants were 

severely inhibited in growth (Tang et al., 2012; Tang et al., 2020b), and the At-

cbl2cbl3 double mutant also displayed leaf tip necrosis, underdeveloped roots, 

shorter siliques, fewer seeds, and defective embryonic development (Tang et al., 

2012; Eckert et al., 2014), which are symptoms that may be related to micronutrient 

deficiency (e.g. Ca2+, Mg2+, Mn2+, Fe3+)  or abnormal vacuolar K+ homeostasis 

(Song et al., 2018; Tang et al., 2020b). In addition, At-cbl2, At-cbl3, At-cbl2cbl3, and 

At-cipk12 mutant lines all showed dramatically reduced pollen germination rates and 

altered tonoplast morphologies in pollen tubes. This suggests that AtCBL2, AtCBL3, 

and AtCIPK12 play a role in maintaining vacuole inflation and polar growth, which is 

required for essential processes for reproduction like pollen germination, polarized 

tube growth, and vacuolar morphology (Steinhorst et al., 2015). This reproduction 

barrier in At-cbl2, At-cbl3, At-cbl2cbl3, and At-cipk12 mutants therefore may also be 

resulting from abnormal vacuolar ion homeostasis in pollen. 

3.3 Sugar homeostasis-related plant development and stress adaptation 

connected by CBL-CIPK network 

Sugars are the main carbon- and energy-containing molecules needed for plant 

growth and development, and they are substrates for cell wall construction as well 

as cellular solutes for osmotic balance (Griffiths et al., 2016). Several CBL-CIPK 

complexes were shown to play roles in the phosphorylation of sugar transporters 

and regulation of sugar homeostasis. For example, cotton (Gossypium hirsutum) 

GhCBL2-GhCIPK6 was reported to promote sugar (glucose) accumulation via 

interaction with the tonoplast sugar transporter TONOPLAST SUGAR 

TRANSPORTER 2 (TST2) (Deng et al., 2020). The GhCIPK6-overexpressing lines 

had more energy for growth under starvation treatment (a 10-day dark treatment 

followed by a 3-day recovery period) compared to the wild-type that had a withering 
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phenotype (Deng et al., 2020).  

In apple (Malus domestica), the overexpression of SUCROSE TRANSPORTER 2.2 

(MdSUT2.2) improves sucrose accumulation and tolerance to salt stress and 

drought stress (Ma et al., 2019a; Ma et al., 2019b). The enhanced salt and drought 

tolerance of MdSUT2.2-overexpressing apple seedlings were shown to be 

dependent on the phosphorylation of MdSUT2.2 by MdCIPK13 and MdCIPK22, 

respectively (Figure 2C) (Ma et al., 2019a; Ma et al., 2019b). In addition, the 

overexpression of MdCIPK13 and MdCIPK22 improved sugar accumulation, as well 

as the salt stress and drought stress tolerance of transgenic apple seedlings, 

respectively (Ma et al., 2019a; Ma et al., 2019b). This may be related to osmotic 

adjustment through increased sucrose accumulation in these MdCIPK13- and 

MdCIPK22- overexpressing apple seedlings in response to osmotic stress (Figure 

2C) (Ma et al., 2019a; Ma et al., 2019b). Sugar content also influences fruit flavor, 

color, and other quality traits in apple. Transient overexpression of MdCBL1 and 

MdCIPK13 increased the sugar content of apple fruit, whereas transient suppression 

of these genes decreased the sugar content of apple fruit (Jiang et al., 2021). These 

are clear examples of the CBL-CIPK pathway regulating the response to salt and 

drought stress (through osmotic adjustment) while also affecting apple growth and 

fruit quality.  

Sugar accumulation during cold acclimation may contribute to the stabilization of 

membranes, protecting plants from cold-induced cellular damage (Thomashow, 

1999). In Arabidopsis, AtCBL1 was predicted to regulate sugar metabolism by 

interacting with AtCIPK7 to target sucrose synthase (Chikano et al., 2001; Huang et 

al., 2011). The At-cbl1 mutant was sensitive to low temperature and exhibited much 

more severe wilting symptoms than the wild-type (Huang et al., 2011). The wilting 

symptoms of At-cbl1 under cold stress may be related to cold-induced cellular 

damage caused by deficient sugar accumulation (Huang et al., 2011). More research 

needs to be done to confirm the involvement of AtCBL1-AtCIPK7 in sugar 

metabolism during cold stress.  
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Soluble sugars are substrates for glycolysis, producing pyruvate that enables alcohol 

dehydrogenase (Adh) to reoxidize NADH to produce ATP under hypoxia conditions 

like flooding stress (Zabalza et al., 2009). Rice OsCIPK15 is necessary for the 

expression of α-amylase genes (αAmy3, αAmy7, and αAmy8) and Adh2 and the 

production of α-amylase and Adh under flooding stress, which are required for sugar 

production and fermentation (Lee et al., 2009). Energy deficiency of the Os-cipk15 

mutant leads to sensitivity to flooding stress at both the germination stage and 

seedling growth stage (Lee et al., 2009). Another further study showed that OsCBL4 

is the partner of OsCIPK15 in regulating the expression of αAmy3 (also named 

RAmy3D) (Ho et al., 2017) (Figure 2C). Knowledge about the role of the CBL-CIPK 

network in sugar homeostasis is as yet limited, but it deserves more attention 

considering the important physiological roles of sugars in plant development and 

stress adaptation. 

4 PROSPECTS: BREEDING STRATEGIES TARGETING COMPONENTS OF THE 

CBL-CIPK NETWORK 

Developing crops with improved stress tolerance is a highly sustainable strategy to 

meet the food demand of an increasing human population. Genome-editing based 

on the CRISPR-Cas9 technique is regarded as a new plant breeding technology that 

can help achieve this goal. However, few genes have been successfully used for 

improving stress tolerance without yield penalties under normal conditions in field 

trials. One of the reasons is that the molecular regulatory networks of plant growth 

and stress tolerance are complicated and their crosstalk is poorly understood. The 

CBL-CIPK network is involved in both stress response and plant development, and 

components of this network can be a target for plant breeding. More detailed 

knowledge about how the CBL-CIPK network connects with other pathways can help 

us to better target and modulate the components in the CBL-CIPK network for 

breeding varieties with optimized stress tolerance and a minimal yield penalty.  

The information presented in this review indicates that constitutive overexpression 
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or complete knockout of CBL and CIPK genes is likely to interrupt other signaling 

pathways and thus may lead to unwanted side effects. For example, the At-cipk6 

mutant exhibits enhanced disease resistance (Sardar et al., 2017), but the growth 

and development of the At-cipk6 mutant are disrupted, showing reduced rosette size 

and later flowering (Held et al., 2011). In this case, an alternative approach would be 

to modify the gene expression or protein function rather than knocking out or 

constitutively overexpressing the gene.  

4.1 Modify gene expression through promoter-editing 

Gene promoter provides a rich source of targets for genome-editing, contributing to 

dissecting tradeoff effects in crop breeding (Song et al., 2022). The DNA double-

strand break in the target locus generated through CRISPR-Cas9 genome editing 

can be repaired through the high-fidelity homology-directed repair, stimulating 

precise sequence alteration. Based on this, promoter fragment insertion and swap 

can be generated when a DNA repair template is exogenously supplied (Shi et al., 

2017). This would enable fine-tuning the gene expression to a specific tissue, under 

a specific stress condition, or at a specific developmental stage to reduce the trade-

off between disease defense and growth.  

The promoter of a gene can be replaced with a tissue-specific driving promoter. For 

instance, with a phloem-specific expression, AtCIPK6 is still able to regulate the 

activity of phloem-expressed AKT2 to ensure the K+ nutrition for plant growth, and 

the loss of AtCIPK6 in leaves will increase resistance to the pathogen infection. This 

effectively uncouples the tradeoff between plant growth and disease response 

connected by AtCIPK6. In some cases, cis-regulatory elements in a promoter can 

be deleted through CRISPR-Cas9 to alter the tissue-specific gene expression by 

avoiding the inhibition of tissue-specific expressed transcription factors, thus 

uncoupling linkage traits (Song et al., 2022). 

In addition, stress-inducible promoters can also be used so that the gene is highly 

expressed only under specific stress without yield loss under normal conditions (Pino 
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et al., 2007). For example, AtCBL2 and AtCBL3 positively regulate plant tolerance to 

Mg2+ toxicity (Tang et al., 2015), but their overexpression interferes with pollen 

germination and tube growth (Steinhorst et al., 2015). In this case, an Mg2+ toxicity-

inducible promoter with a higher driving activity under Mg2+ toxicity stress will help to 

resolve this tradeoff. Another alternative approach would be to insert Mg2+ toxicity-

responsive cis-regulatory elements in the native promoter of AtCBL2 and AtCBL3.  

4.2 Fine-tune protein function through gene-editing 

Generating single-nucleotide polymorphism (SNP) is able to modify a protein 

function, which could be another way to reduce the growth-defense tradeoff. A 

reference case is about RESISTANCE OF RICE TO DISEASES1 (ROD1), which is 

a Ca2+ sensor that can scavenge ROS by stimulating catalase activity and thus 

suppress rice immunity (Gao et al., 2021). ROD1 inhibits ROS production under 

normal conditions to avoid the growth penalty, while it was degraded upon pathogen 

infection to ensure proper plant defense. Therefore, constitutively activated immunity 

in rod1 mutants increased the pathogen resistance but compromised plant growth, 

leading to reduced grain yield (Gao et al., 2021). The researchers found that a 

natural SNP mutation of ROD1 attenuated its ROS scavenging ability, contributing 

to improved basal defense without yield penalty (Gao et al., 2021). In this theory, 

inducing targeted mutations can potentially attenuate the protein kinase activity of 

AtCIPK6, retaining basal defense and plant growth at the same time. 

4.3 Modify the expression of splice variants 

Alternative splicing (AS) of genes is a key regulatory mechanism for plants to adapt 

to the environment (Rigo et al., 2019). The analysis of genome sequencing results 

has shown that AS-induced splice variants widely exist in CBL and CIPK families 

(Kolukisaoglu et al., 2004; Kanwar et al., 2014; Hu et al., 2015). It was reported that 

splice variants of AtCIPK3 showed transcript and interaction preference (Sanyal et 

al., 2017a), which may lead to different expression patterns, protein kinase activity, 

and downstream targets. The splice variants of some CBLs (eg. AtCBL4) may have 
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different protein localization and interactors because of the difference in the N-

terminus and EF domain of their encoded proteins (Figure S1). AS of CBL-CIPK 

components could play roles in the crosstalk between growth and defense, thus 

overexpressing or knocking out a specific splice variant could be another possibility 

to tune the gene function and relieve the growth-defense tradeoff.  

In summary, to take optimal advantage of these powerful strategies to target the 

CBL-CIPK network, advanced knowledge about the roles of the CBL-CIPK network 

and its crosstalk with other pathways is essential. With more research and deeper 

insight into the physiological roles of splice variants of these genes, the potential for 

the moderation of CBL-CIPK gene functions may be exploited in the future for 

breeding climate-proof crop varieties.  
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ABSTRACT 

The CALCINEURIN B-LIKE PROTEIN family genes (CBLs) encode a group of plant-

specific calcium sensor proteins that play critical roles in plant development and 

stress response. Although genome-wide analysis of CBL family genes has been 

conducted in several diploid plant species, less is known about their functions in 

allopolyploid plant species. This study conducted a detailed analysis of tobacco CBL 

family genes. Of the 24 NtCBL genes identified, 14 were derived from the maternal 

genome donor N. sylvestris, and 10 were from the paternal genome donor N. 

tomentosiformis. Phylogenetic analysis revealed that NtCBLs could be clustered into 

three different groups with distinct N-terminal characteristics. All NtCBLs contain EF-

hand motifs, but amino acid substitutions and configuration changes may be 

responsible for variations in their Ca2+-binding abilities. Alternative splicing is 

common for NtCBL gene transcripts, which may contribute to variations in translation 

efficiency or protein interaction preferences. Several NtCBL genes exhibited shoot- 

or root-predominant expression patterns, and some were responsive to salt and/or 

drought stress. NtCBL4A-1, an ortholog of Arabidopsis thaliana AtCBL4 (SOS3), 

was predominantly expressed in roots and exhibited a lower gene expression level 

under salt stress. Further functional analysis showed that overexpression of 

NtCBL4A-1 increased the sensitivity of transgenic tobacco to Na+-induced salt stress, 

which is inconsistent with the role of AtCBL4 in contributing to salt tolerance. This 

study provides data for identifying CBL gene functions and selecting candidate 

stress-tolerant genes in N. tabacum. Additionally, the results may aid gene function 

studies in other allopolyploid plant species. 

Keywords: tobacco; CBL; EF-hand; splicing variants; gene expression; salt 

stress; drought stress 
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INTRODUCTION 

Climate change directly impedes crop production by affecting water availability and 

weather extremes (Kang et al., 2009; Reynolds, 2010), and indirectly impedes crop 

production by affecting other species such as pollinators, pests, disease vectors, and 

invasive species (Liliane and Charles, 2020). Moreover, crops are often subjected to 

a combination of different stresses in the field (Mittler, 2006). It is therefore of the 

utmost importance that crops are able to adapt to these changing conditions, and 

maintain high yields even under adverse growing conditions. Dissection of abiotic 

stress sensing and signaling networks and the downstream adjustments in 

metabolism and development continues to provide knowledge that contributes to 

solutions for crop improvement (Vanderschuren et al., 2013; Brozynska et al., 2016).  

The CALCINEURIN B-LIKE PROTEIN (CBL) family genes encode plant-specific 

Ca2+ sensor proteins that interpret and relay intracellular Ca2+ signals triggered by 

external stimuli. CBL proteins transmit various Ca2+ signals during plant development 

and in response to stress by interacting with different CBL-INTERACTING PROTEIN 

KINASE PROTEINs (CIPKs) to evoke downstream responses (Luan, 2009). CBL 

proteins detect and recognize the Ca2+ signals using the Ca2+-binding EF-hand 

(Shanker and Venkateswarlu, 2011; Sánchez-Barrena et al., 2013). When CBLs bind 

Ca2+, their molecular surface properties are modified, enabling interaction with the 

NAF domain (named for its highly conserved amino acids Asn (N), Ala (A), and Phe 

(F)) of CIPK proteins (Sánchez-Barrena et al., 2013). CIPK proteins are 

subsequently activated to phosphorylate downstream targets such as ion 

transporters and enzymes involved in plant development and the stress response 

(Guo et al., 2001; Nunez-Ramirez et al., 2012; Sánchez-Barrena et al., 2013).  

The typical structure of CBL proteins includes four EF-hands composed of two α-

helixes and an intervening loop that resembles a right hand with the thumb (F-helix) 

and the forefinger (E-helix) extended at 90° (Kretsinger and Nockolds, 1973; Batistic 

and Kudla, 2009; Sánchez-Barrena et al., 2013). The subcellular location of the 

CBLs partially depends on motifs in their N-terminus (Kleist et al., 2014). CBL 
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proteins whose N-termini harbor a dual lipid modification motif can be anchored to 

the plasma membrane (PM) (Batistic et al., 2008; Held et al., 2011; Saito et al., 2018). 

CBL proteins harboring a conserved tonoplast targeting sequence (TTS) are 

generally tonoplast-targeted (Batistic et al., 2012). CBL10 is a special CBL protein 

that contains a transmembrane helix in its N-terminus, so that it can be localized to 

both PM and tonoplast (Kleist et al., 2014). The FPSF domain in the C-termini of 

CBL proteins is another conserved motif containing a Ser (S) residue, which is the 

phosphorylation target of CIPKs (Hashimoto et al., 2012). The phosphorylation 

status of CBLs affects the stability of some CBL-CIPK complexes, such as AtCBL10-

AtCIPK24 and AtCBL1/9-AtCIPK23, but not AtCBL4-AtCIPK24 (Hashimoto et al., 

2012). 

One CBL may interact with different CIPKs, and vice versa. Thus, CBLs and CIPKs 

form an intricate CBL-CIPK signaling network. The prototype of the CBL-CIPK 

signaling modules dates back to single-cell green algae, in which only one single 

CBL-CIPK signaling module exists (Weinl and Kudla, 2009; Kleist et al., 2014). The 

ancestral function of CBL-CIPK signaling module is likely to regulate ion 

homeostasis (Kleist et al., 2014). The number of CBL and CIPK members expanded 

from lower plants to higher plants (Kleist et al., 2014). CBL and CIPK members have 

been widely identified in many plant species and most extensively studied in 

Arabidopsis thaliana. The key roles of identified CBLs in plant development and 

stress response indicate that CBL family genes may have great potential as targets 

for crop stress tolerance improvement (Mao et al., 2022).  

The genome-wide analysis of CBL family genes has been conducted in several plant 

species, including Arabidopsis, rice, pineapple, tea, apple, turnip, and grapevine 

(Kolukisaoglu et al., 2004; Xi et al., 2017; Yin et al., 2017; Aslam et al., 2019; Liu et 

al., 2019; Chen et al., 2021). However, this analysis has been rarely done for 

allopolyploid species. In allopolyploid plants, the expression of genes from the 

homoeologous chromosomes needs to be orchestrated to enable the parental 

genomes to coexist harmoniously and contribute to growth vigor and broader 
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phenotypic diversity (Feldman and Levy, 2009; Akhunova et al., 2010). Homoeologs, 

the ‘corresponding’ genes derived from different species in an allopolyploid (Glover 

et al., 2016), may have redundant or different functions depending on their sequence 

similarity and expression profile. This makes the functional characterization of a 

specific gene in allopolyploidy more complicated. Researchers must consider the 

functional relevance and dominance of homoeologs when deciding whether to knock 

out all the homoeologs together when constructing mutants. In most cases, it is more 

efficient to construct both the single mutant and the double/multiple mutant. Without 

considering these factors, it is very likely that the single mutant appears relatively 

normal or exhibits only a mild phenotype because of redundancy/compensation 

(Peng, 2019), with no evidence that the gene is non-functional or less functional. 

Therefore, a detailed overview of family genes at the level of individual homoeologs 

in allopolyploidy is helpful, particularly in the design and interpretation of forward and 

reverse genetic functional studies.  

Cultivated tobacco (Nicotiana tabacum) is a typical allotetraploid species that is 

derived from the maternal genome donor N. sylvestris and the paternal genome 

donor N. tomentosiformis (Murad et al., 2002; Yukawa et al., 2006). The functional 

identification and characterization of CBL genes in N. tabacum are scarce. The only 

report shows that overexpression of NtCBL5A increases the salt sensitivity of 

transgenic tobacco (Mao et al., 2021). This study provides a detailed analysis of 

individual NtCBL homoeologs. It includes identification and structural analysis of 

NtCBL family members, prediction of subcellular localization and Ca2+-binding ability 

of NtCBL proteins, identification of key amino acid sites for the functions of NtCBL 

proteins, examination of gene structure and splicing variants (contributing to 

variation in translation efficiency or preference of protein interaction) of NtCBL genes 

at the level of individual homoeologs. In addition, this study investigates the 

expression profiles of NtCBL genes in different tissues, at different developmental 

stages, as well as under salt and drought stresses. NtCBL4A-1, an ortholog of 

AtCBL4 (SOS3) that was identified as a key component in plant salt stress response, 

was identified as responsive to salt stress and studied in more detail. This study 
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provides insight into the NtCBL family genes and the NtCBL gene homoeologs from 

the two parental genomes, serving as a guide for further detailed functional 

characterization of individual NtCBL family genes.  

MATERIALS AND METHODS 

Identification of NtCBL genes 

The amino acid sequences of ten Arabidopsis CBL genes were obtained from the 

TAIR database (https://www.arabidopsis.org/). Using these sequences as queries, 

the NtCBL protein sequences from the N. tabacum genome were identified in the 

NCBI database (https://www.ncbi.nlm.nih.gov/) with the BLASTP method (E-value 

cutoff was 1e-5). Redundant entries resulting from alternative splicing were manually 

removed, and the remaining sequences were used as new queries for a second 

BLASTP search. After sequence alignment and SMART analysis (http://smart.embl-

heidelberg.de/), sequences lacking CBL-specific motifs were removed. The ExPASy 

tool (https://web.expasy.org/protparam/) was used to calculate the molecular weight, 

isoelectric point, and amino acid number of the identified proteins.  

Classification of NtCBL genes  

To classify the NtCBLs, AtCBL and NtCBL protein sequences were used in the 

phylogenetic analysis. The phylogenetic tree was constructed using the Neighbor-

Joining method with default parameters in MEGA6 (bootstrap replicates=1000). 

Multi-sequence alignment was conducted using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) and the result was presented by 

GeneDoc (Nicholas, 1997). 

Prediction of conserved motifs and analysis of 3D protein structure 

The conserved motifs of NtCBLs were predicted using SMART (http://smart.embl-

heidelberg.de/) (Letunic et al., 2021). The 3D protein structures of NtCBLs were 

predicted with SWISS-MODEL (https://swissmodel.expasy.org/) (Waterhouse et al., 

2018). The EF-hand backbones and potential Ca2+-binding sites were visualized 

using Swiss-Pdb Viewer (Guex and Peitsch, 1997). 
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Analysis of cis-acting elements in the promoter of NtCBL genes 

To find cis-acting elements localized in the promoter region of NtCBL genes, 3000 

bp of promoter regions upstream of the 5’-UTR of NtCBL genes were queried. The 

cis-acting elements were predicted by PlantCARE 

(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Rombauts et al., 1999) 

and presented with a heatmap by Tbtools (Chen et al., 2020).  

Plant materials, growth conditions, and application of salt and drought treatment 

N. tabacum L. cv. Zhongyan 100 cultivar was used as plant material in this study. 

For determining the expression profiles of NtCBL genes in different tobacco tissues 

at a young stage, tobacco plants were grown in 2019 at Unifarm, Wageningen 

University & Research in the Netherlands. The conditions of the greenhouse were 

16 h light / 8 h dark at 25/23oC and 70% relative humidity. The shortwave radiation 

level was maintained in the greenhouse compartment using artificial PAR 

(photosynthetically active radiation) when the incoming shortwave radiation was 

below 200 Wm-2 (Mao et al., 2021). Tobacco seeds were first sown in the soil. At 20 

days after germination (DAG), the young tobacco plants were transplanted in rock-

wool plugs within float trays for hydroponic cultivation (1/2 Hoagland’s nutrient 

solution). After 6 days of acclimatization (at ~30 DAG), different tissues (leaf blades: 

all leaves with main veins removed; main veins: main veins from all leaves; stems; 

roots) of young tobacco plants were sampled at 35 DAG and frozen in liquid nitrogen. 

For determining the expression profiles of NtCBL genes under salt and drought 

stresses, tobacco plants were grown in 2022 at the Tobacco Research Institute of 

the Chinese Academy of Agricultural Sciences in China. The climate chamber was 

set to maintain 24 h lighting (with an intensity of 7500 lux) at a temperature of 25oC 

and 70% relative humidity. Tobacco seeds were initially sown in the soil, and for the 

salt treatment, young tobacco plants were transplanted into rock-wool plugs within 

float trays for hydroponic cultivation (1/2 Hoagland’s nutrient solution) at 20 DAG. 

After a period of 6 days of acclimatization (at ~30 DAG), the nutrient solution was 

supplemented with NaCl to a concentration of 50 mM on the first day to avoid salt 
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shock, with the final NaCl concentration of 100 mM being achieved on the following 

day.  

At 1 day after the start of 100 mM NaCl treatment, leaves from both the control and 

salt-stressed plants were sampled and immediately frozen in liquid nitrogen. For the 

drought treatment, young tobacco plants were transplanted into pots at 24 DAG. 

After 6 days of acclimatization (at ~30 DAG), watering was stopped until the leaves 

began to show slight wilting. At 5 days after the start of the treatment, leaves from 

both the control and drought-stressed plants were sampled and immediately frozen 

in liquid nitrogen. 

Real-time quantitative PCR 

Total RNA was extracted from tissues of young tobacco plant tissues using the 

RNeasy Plus Mini Kit (Qiagen, Cat No./ID: 74134) and purified according to the 

manufacturer’s protocol. The RT-qPCR protocol used was described by Mao et al. 

(2021). RNA was reverse transcribed into cDNA using Evo M-MLV Mix Kit with gDNA 

Clean for qPCR (Accurate Biotechnology (Hunan) Co., Ltd, Cat No./ID: AG11728, 

Changsha, China), and the cDNA was amplified using SYBR Green Pro Taq HS 

qPCR Premix (Accurate Biotechnology (Hunan) Co., Ltd, Cat No./ID: AG11701, 

Changsha, China) on the LightCycler® 96 Instrument (F. Hoffmann-La Roche Ltd, 

Switzerland). All the primers used for RT-qPCR are listed in Table S1. Amplification 

reactions were carried out in a total volume of 10 μl, containing 5 μl 2×SYBR Green 

Pro Taq HS qPCR Premix, 0.6 μl forward and reverse primers (10 μM), 1 μl cDNA 

(10 times diluted), and 3.4 μl ddH2O. The RT-qPCR amplification program was as 

follows: 95oC for 10 min, followed by 40 cycles of amplification at 95oC for 10 s, 60oC 

for 30 s. Relative gene expression data were analyzed using the 2-ΔC’t method (Livak 

and Schmittgen, 2001).   

Generation of NtCBL4A-1-OE plants 

The coding sequence of NtCBL4A-1 (NCBI reference sequence: XM_016613931.1) 

was first amplified from cDNA synthesized from RNA extracted from roots of N. 

tabacum L. cv. Zhongyan 100 with the primer pair NtCBL4A-1F/NtCBL4A-1R (Table 
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S1). The NtCBL4A-1 cDNA was firstly cloned into the pMD19-T vector for 

sequencing and then was amplified with primer pair NtCBL4A-1F-KpnⅠ/NtCBL4A-

1R-XbaⅠ(Table S1). The gel-purified amplicon was digested with KpnⅠand XbaⅠ

and cloned into the binary recombinant vector pCHF3 to generate the vector pCHF3-

NtCBL4A-1. To generate the NtCBL4A-1-overexpressing lines, pCHF3-NtCBL4A-1 

plasmid was transformed into Agrobacterium tumefaciens EHA105 and then was 

introduced into Zhongyan 100 by the Agrobacterium-mediated leaf disc 

transformation method (Horsch et al., 1985).  

Nine positive transgenic plants of the T0 generation were identified by PCR with the 

primers pCHF3-62F and NtCBL4A-1R (Table S1). The expression of endogenous 

NtCBL4A-1 was determined by RT-qPCR with the primer pair NtCBL4-qF/NtCBL4A-

1qR, and the expression of exogenous NtCBL4A-1 was determined by using the 

primers NtCBL4A-1-qF and pCHF3-Allcheck-2 (Shi et al., 2021). Six lines with high 

NtCBL4A-1 overexpression were selected for propagation. The screening strategy 

of homozygous plants was mentioned in our previous publication (Mao et al., 2021). 

Two independent homozygous lines (OE-2 and OE-9) were selected for the 

evaluation of stress tolerance. The ion and osmotic stress evaluation of different 

tobacco lines were conducted as previously described (Mao et al., 2021). 

RNAseq data expression analysis 

Expression profiles of NtCBL genes in leaves (SRA accession ID: SRX2655430, 

SRX2655478, SRX2655480, SRX2655632, SRX2655633, SRX2655634) and roots 

(SRA accession ID: SRX4407884, SRX4407877, SRX4407878) of tobacco at the 

adult stage were analyzed from published RNA-seq data (Li et al., 2017; Qin et al., 

2020). 

Statistical analysis   

Statistical analysis was done using IBM SPSS Statistics 23 software. Significant 

differences were examined by Student’s t test or one-way ANOVA with LSD test at 

p<0.05 and p<0.01. The figures were drawn by GraphPad Prism 6.0. 
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RESULTS AND DISCUSSION 

Identification and designation of NtCBLs 

The protein sequences of ten A. thaliana AtCBLs were used as queries to identify 

NtCBL genes in the N. tabacum genome in the NCBI database 

(https://www.ncbi.nlm.nih.gov/). Twenty-four NtCBL gene loci were found in total. 

Generally, these NtCBLs were numbered based on the names of the most similar 

AtCBL genes (Figure 1A, Table 1). NtCBL6 is an exception because it does not have 

close homologs in Arabidopsis (a detailed explanation is provided in section 3.4). It 

was numbered as “6” because that was the only unoccupied number from “1” to “10”. 

Of the 24 NtCBLs analyzed, 15 showed the greatest sequence similarity to the CBLs 

of the maternal tobacco progenitor N. sylvestris, and were therefore labeled as “A”. 

The remaining 9 NtCBLs were more similar to CBLs of the paternal tobacco 

progenitor N. tomentosiformis, and were labeled as “B” (Mao et al., 2021). NtCBLs 

with the highest similarity to the same AtCBL protein were numerically ordered. For 

example, the three NtCBL genes that were found to be most similar to AtCBL1 were 

named NtCBL1A-1, NtCBL1A-2, and NtCBL1A-3. (Figure 1A, Table 1). For brevity, 

we refer in this paper to all the homoeologous genes of one specific NtCBL when “A” 

or “B” is not specially indicated.  

The number of amino acids (AA), theoretical isoelectric point (pI), and molecular 

weight (MW) of the NtCBLs are listed in Table 1. Some NtCBL genes (NtCBL2/4A-

1/4A-2/5/9B) encode splicing variants that are translated into proteins of different 

lengths. For these, one encoded protein was selected as a representative. More 

information about other variants is provided in section 3.4. The amino acid number 

of the 24 NtCBLs ranged from 210 to 260, with MW ranging from 23.79 kDa to 30.00 

kDa, and pI ranging from 4.57 to 5.20. The sequence alignment shows that all the 

NtCBLs have four EF-hands and an FPSF domain (named by its highly conserved 

amino acids Phe (F), Pro (P), Ser (S), and Phe (F)), but vary in length at their N-

terminal sides (Figure S1). 
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Figure 1. Phylogenetic tree and N-terminal sequence alignments of the NtCBLs and AtCBLs. (A) 

Phylogenetic analysis of NtCBLs and AtCBLs. The amino acid sequences of AtCBLs were downloaded 

from TAIR (https://www.arabidopsis.org/). The phylogenetic tree was constructed by MEGA6 using the 

Neighbor-Joining method. (B-D) N-terminal sequence alignments of the NtCBLs and AtCBLs. The key 

Cys (C) residues in CBLs for S-acylation and the key Gly (G) residue in CBLs for N-myristoylation were 

marked with hollow dots and full dots, respectively. The numbers above these dots mean the positions of 

these residues in the amino acid sequences of the first CBLs. The hydrophilic and hydrophobic amino 

acids in panel D were shaded with blue and pink, respectively.  

Classification and subcellular localization analysis of NtCBLs 

Similar to AtCBLs (Kleist et al., 2014), NtCBLs are classified into three types based 

on the phylogenetic analysis and the characteristics of their N-terminal sequences 

(Figure 1). The N-terminal motif is critical for the subcellular localization of CBLs 

(Kleist et al., 2014), and CBLs often affect the function of CIPKs by recruiting CIPKs 
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to specific subcellular locations (Luan, 2009).  

Type Ⅰ includes 15 NtCBL members (Figure 1A, Table 1) that are the orthologs of 

AtCBL1/4/5/8/9. Most of them contain the dual lipid modification motif (MGCXXS/T) 

for N-myristoylation at the Gly residue (G at position 2) and S-acylation of the Cys 

residue (C at position 3) in their N-terminal regions (Figure 1B). NtCBL1/4/5/9 have 

the same G and C residues for dual lipid modification that ensures the plasma 

membrane (PM) localization of AtCBL1/4/5/9 (Batistic et al., 2008; Held et al., 2011; 

Saito et al., 2018), suggesting that these NtCBLs might be associated to the PM as 

well. It needs to be noted that the N-terminal dual lipid modification of CBLs is not a 

PM-specific localization signal, because AtCBL4 and AtCBL5 are also distributed in 

the cytoplasm and nucleus (Batistic et al., 2010). The subcellular localization of 

NtCBL8A-1, NtCBL8A-2, NtCBL8B-1, and NtCBL8B-2 might have different 

subcellular localization from those of other NtCBLs in type Ⅰ, because none of them 

has the C residue (position 3) and NtCBL8A-2 and NtCBL8B-2 do not have the G 

residue (position 2) (Figure 1B). Their ortholog AtCBL8 was shown to be mainly 

distributed in the cytoplasm and nucleus, and it also has a PM association (Batistic 

et al., 2010), indicating that CBL8 might have a unique mechanism for PM 

localization. 

Type Ⅱ includes 7 NtCBL members (Figure 1A, Table 1) that are the orthologs of 

AtCBL2/3/6/7. NtCBL2/3 contain the consensus tonoplast targeting sequence (TTS, 

MSQCXDGXKHXCXSXXXCF) (Figure 1C) that is also present in AtCBL2 and 

AtCBL3 (Tang et al., 2012). In Arabidopsis, AtCBL2, AtCBL3, and AtCBL6 have been 

reported to localize to the tonoplast (Batistic et al., 2010). The S-acylation of the C 

residues at position 4 and position 18 is necessary for effective tonoplast targeting, 

while the substitution of C residue at position 12 of AtCBL2 resulted in the presence 

of a fraction of this protein in the cytoplasm and nucleus (Batistic et al., 2012). 

NtCBL2/3 have C residues at positions 4 and 18 but not at position 12, indicating 

they may be primarily but not exclusively localized to the tonoplast. AtCBL7 diverges 

from other type Ⅱ-AtCBLs in the phylogenetic tree because it contains a deletion in 



Chapter 3 

64 

3 

its N-terminus (Figure 1A-B) (Kleist et al., 2014). The key C residue at position 4 is 

not present in AtCBL7, which might be the reason for its diffused nuclear and 

cytosolic localization (Batistic et al., 2010). NtCBL7A/7B also have deletions in their 

N-termini, but they still have both key conserved C residues for tonoplast localization, 

therefore they might still be tonoplast-localized. NtCBL6A also has a short deletion 

in its N-terminus between the C residues at positions 4 and 18 (Figure 1C). Whether 

this deletion affects NtCBL6A localization to the tonoplast remains to be clarified. 

NtCBL10A/10B belong to type Ⅲ  (Figure 1A, Table 1). Both NtCBL10A and 

NtCBL10B are predicted to contain a transmembrane (TM) helix for membrane 

association, similar to AtCBL10 (Figure 1D). AtCBL10 was found to be localized to 

the PM, as well as endosomal and tonoplast compartments (Kim et al., 2007; Quan 

et al., 2007; Batistic et al., 2010). The tonoplast association of AtCBL10 also requires 

S-acylation of the C residue at position 38 (Figure 1D) and appears to be essential 

in response to salt stress (Chai et al., 2020). The substitution of this C residue to Ser 

(S) in AtCBL10 leads to cytoplasmic and nuclear localization and dysfunction under 

salt stress (Chai et al., 2020). Both NtCBL10A and NtCBL10B contain the key C 

residue (at position 38 in AtCBL10). In addition, NsylCBL10, an N. sylvestris CBL 

protein with the same amino acid sequence as NtCBL10A and three amino acids 

difference from NtCBL10B, was verified to associate with the PM (Dong et al., 2015). 

Therefore, it is highly possible that NtCBL10A and NtCBL10B are also localized to 

the PM, as well as to the endosomes and tonoplast.  

Prediction of tertiary structure and Ca2+-binding affinity of NtCBLs 

The presence of EF-hands in the CBL proteins confers the ability to bind Ca2+ and 

respond to Ca2+-mediated environmental cues. Whether they bind Ca2+ also 

depends on the spatial location of the EF-hands in the folded CBL protein. However, 

little is known about the tertiary structure of CBL proteins. Until now, only the 

crystallographic structures of AtCBL2 and its binary complex with the C-terminus of 

AtCIPK14, as well as AtCBL4 and its binary complex with the C-terminus of 
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AtCIPK24 have been determined (Nagae et al., 2003; Sanchez-Barrena et al., 2005; 

Sanchez-Barrena et al., 2007; Akaboshi et al., 2008). We predicted the tertiary 

structures of NtCBLs using the SWISS-MODEL (Waterhouse et al., 2018) to further 

assess the diversity of the EF-hand functionality in the NtCBL family. The tertiary 

structures of several NtCBLs fit together, which are NtCBL4/5/8A-2/8B-2, 

NtCBL2/3/6A, NtCBL1/7/9/10, and NtCBL8A-1/8B-1. The backbones of their EF-

hands are displayed in Figure 2.  

 

Figure 2.  The tertiary structure of EF-hands of NtCBLs. The tertiary structures were built based on 

the whole protein backbones, and only the backbones of EF-hands were displayed.  

EF-hands are composed of two α-helixes and an intervening loop, and several key 

amino acids in the intervening loop are important for Ca2+-binding affinity (Batistic 

and Kudla, 2004). In Arabidopsis CBLs, the loop regions of EF2/3/4 consist of 12 

amino acids while that of EF1 is extended to 14 amino acids. Positions 1, 5, 7, 9, 11, 

and 14 of the EF1 loop as well as positions 1, 3, 5, 7, 9, and 12 of EF2/3/4 loop are 

coordinates X, Y, Z, -Y, -X, -Z for Ca2+-binding (Nagae et al., 2003; Batistic et al., 

2009). Among them, coordinate -X of the EF-hand is a hydrophilic amino acid that 

binds Ca2+ via a water molecule, while other coordinates bind Ca2+ via side-chain 

donor oxygen or main-chain carbonyl oxygen (Nagae et al., 2003; Batistic et al., 

2009; Sánchez-Barrena et al., 2013). The positions of the key amino acids for Ca2+-

binding in the loop region of EF-hands in NtCBLs (14 amino acids for the EF1 loop 

and 12 amino acids for the loops of EF2, EF3, and EF4) are predicted and listed in 

Table 2. The conserved amino acid sequences of EF-hands are presented in Figure 
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3. Based on the analysis, EF1/2/4 of NtCBLs were predicted to have two types of 

Ca2+-oxygen (Ca-O) binding ways (marked with red or green squares in Figure 3), 

while EF3 of NtCBLs has one. The representative Ca-O binding structures are 

displayed correspondingly on the right of the panels (Figure 3). 

Table 2 The positions of Ca2+-binding amino acids in the loop region of EF-

hands and their Ca2+-binding ways 

Name Ca2+-binding amino 

acids of EF1  

Ca2+-binding 

amino acids  of  

EF2  

Ca2+-binding 

amino acids of 

EF3  

Ca2+-binding 

amino acids of 

EF4  

NtCBL1A-1 — — — — 

NtCBL1A-2 1, 5, 7, 9, 14  — — — 

NtCBL1A-3 1, 5, 7, 9, 14  — — — 

NtCBL1B 1, 5, 7, 9, 14  — — — 

NtCBL2A — 1, 3, 7, 12, 12 1, 6, 7, 12, 12  1, 3, 7, 12, 12  

NtCBL2B — 1, 3, 7, 12, 12  1, 6, 7, 12, 12  1, 3, 7, 12, 12  

NtCBL3A 1, 5, 7, 9, 14  1, 3, 7, 12, 12  1, 6, 7, 12, 12  1, 3, 7, 12, 12  

NtCBL3B 1, 5, 7, 9, 14  1, 3, 7, 12, 12  1, 6, 7, 12, 12  1, 3, 7, 12, 12  

NtCBL4A-1 1, 5, 9, 14      1, 7, 12, 12     — — 

NtCBL4A-2 1, 5, 9, 14      1, 7, 12, 12     — — 

NtCBL4B 1, 5, 9, 14      1, 7, 12, 12     — — 

NtCBL5A — — — — 

NtCBL5B — — — — 

NtCBL6A — — — — 

NtCBL7A 1, 5, 7, 9, 14  — — 1, 3, 5, 7, 12  

NtCBL7B 1, 5, 7, 9, 14  — — 1, 3, 5, 7, 12  

NtCBL8A-1 — — — — 

NtCBL8A-2 1, 5, 9, 14      1, 7, 12, 12     — — 

NtCBL8B-1 — — — — 

NtCBL8B-2 1, 5, 9, 14      1, 7, 12, 12     — — 

NtCBL9A 1, 5, 7, 9, 14  — — — 

NtCBL9B 1, 5, 7, 9, 14  — — — 

NtCBL10A 1, 5, 7, 9, 14  — — — 

NtCBL10B 1, 5, 7, 9, 14  — — — 

Numbers in the table indicate the positions of Ca2+-binding amino acids in the loop region of EF1, 2, 3, 

and 4. Twice the same number (12, 12) in one EF-hand means the amino acid at position 12 in the loop 

region binds Ca2+ with two oxygens. “—” means that no Ca2+-binding amino acid was detected. Red or 

green squares displayed on the right of the numbers represent different Ca2+-oxygen binding ways 

displayed in Figure 3. The amino acids for Ca2+-binding were predicted by the SWISS-MODEl online tool 

(https://swissmodel.expasy.org/). 
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Figure 3.  The Ca2+-binding sites in the loop region of EF-hands. (A-D) The amino acid sequence 

alignments and tertiary structures of the loop region with predicted Ca2+-binding sites of EF-hands EF1 

(A), EF2 (B), EF3 (C), and EF4 (D). Numbers above the aligned sequences indicate the position of 

predicted Ca2+-binding sites in EF-hand loops. Squares at the right side of the aligned sequences indicate 

different Ca2+-oxygen binding ways (red or green), with an example of each Ca2+-binding structure for this 

EF-hand displayed on the right of the panels. The tertiary structures were predicted by SWISS-MODEL 

(https://swissmodel.expasy.org/) (Waterhouse et al., 2018) and visualized via Swiss-Pdb Viewer (Guex et 

al., 1997).  
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The amino acid sequence of the EF-hand is not the only factor to influence Ca2+-

binding ability. For example, the EF3 of NtCBL2 is predicted to bind Ca2+ through 

positions 1, 6, 7, and 12. However, the EF3 of NtCBL7, with the same amino acid 

sequence as that of NtCBL2, is predicted to lack Ca2+-binding ability (Figure 3C). To 

better understand the requirements for Ca2+-binding affinity, the tertiary structures of 

NtCBL EF3 hands were examined in more detail. NtCBLs with similar EF3 tertiary 

structures (Figure 2) and the same Ca2+-binding amino acids (Figure 3) are 

represented by one of them for analysis. To be specific, NtCBL2A is selected for 

NtCBL2/3, NtCBL1A-1 for NtCBL1/7/10, NtCBL4A-1 for NtCBL4/8A-2/8B-2, 

NtCBL5A for NtCBL5, and NtCBL8A-1 for NtCBL8A-1/8B-1. It was predicted that the 

EF3 of NtCBL2A binds Ca2+ with the oxygen atoms of amino acids D130, G135, 

F136, and E141 (providing 2 oxygen atoms) (Figure 4A). But the EF3 hand of 

NtCBL6A might possess an impaired Ca2+-binding ability, because it has a G129 

spatially positioned in the place of E141 (Figure 4B). G122 and F123 in NtCBL1A-1 

spatially replace G135 and F136 of NtCBL2A (Figure 4C), which induce the spatial 

change of donor oxygen, thereby might strongly affect the Ca2+-binding abilities. 

Similar changes were also predicted in the EF3 of NtCBL4/5/8/9 (Figure 4D-F). In 

summary, the spatial position of donor oxygens in the loop region of EF-hands might 

also be important for Ca2+-binding. 
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Figure 4. Predicted Ca2+-binding sites in loop regions of EF3 of NtCBLs. The tertiary structures of 

EF3 were predicted by SWISS-MODEL (https://swissmodel.expasy.org/) (Waterhouse et al., 2018), and 

the potential Ca2+-binding sites were visualized via Swiss-Pdb Viewer (Guex et al., 1997).  

In addition, the interaction with CIPKs may also affect the Ca2+-binding affinity of CBL 

by modifying the tertiary structure of an EF-hand (Sánchez-Barrena et al., 2013). 

The analysis of the crystal structure showed that AtCBL2 in free form (without binding 

AtCIPK) binds two Ca2+ ions while the AtCBL2-AtCIPK14 C-terminus complex binds 

four; EF2 and EF3 of AtCBL2 in free form do not bind Ca2+ but they are occupied by 

Ca2+ in the AtCBL2-AtCIPK14 complex (Nagae et al., 2003; Akaboshi et al., 2008). 

Another example is about AtCBL4. Free AtCBL4 binds four Ca2+ ions while the 

AtCBL4-AtCIPK24 C-terminus complex only binds two; EF2 and EF3 of AtCBL4 in 

free form bind Ca2+ but lose the Ca2+-binding ability when AtCBL4 is bound to 

AtCIPK24 (Sanchez-Barrena et al., 2005; Sanchez-Barrena et al., 2007). Those 

findings indicate that the interaction of CBLs with CIPKs might in turn affect the Ca2+-

binding properties of CBLs. Hereby, it is important to note that the Ca2+-binding ability 

of NtCBLs in this study is predicted for the free form, and that this binding ability may 

change when the CBL is part of a protein-protein complex. The EF-hands without 

Ca2+-binding ability in free form may regain Ca2+-binding ability when the tertiary 

structures of NtCBLs are modified by interacting proteins. 

Analysis of gene structure and splicing variants of NtCBLs 

The presence of differentially spliced isoforms of CBL and CIPK genes introduces 

additional complexity to the CBL-CIPK signaling system. A previous study showed 

that the splicing variants of AtCIPK3 were differentially regulated, and their encoded 

proteins displayed distinct interaction preferences. Specifically, AtCIPK3.1 and 

AtCIPK3.4 variants were found to be relatively more induced by ABA and drought 

treatment, and AtCIPK3.1 and AtCIPK3.2 showed an interaction preference for 

ABSCISIC ACID-RESPONSIVE 1 (ABR1) (Sanyal et al., 2017). Nevertheless, 

information on alternative splicing of CBL and CIPK families is still limited, and the 
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biological significance of the resulting diversity in protein isoforms is not yet fully 

understood (Kolukisaoglu et al., 2004).  

In this study, the gene structures of NtCBLs were predicted with the gene structure 

annotation pipeline in the NCBI database (https://www.ncbi.nlm.nih.gov/). The 

predicted introns, exons, and splicing variants are depicted in Figure 5. Eighteen 

NtCBLs were predicted to have splicing variants, except NtCBL3A, NtCBL6A, 

NtCBL7A, NtCBL7B, NtCBL10A, and NtCBL10B. Remarkably, only NtCBL2/4A-

1/4A-2/5/9B (5 of the 18 NtCBLs) encode splicing variants that are translated into 

proteins of different lengths. Most of the NtCBL genes were predicted to have introns 

in their 5’-untranslated region (UTR): a single intron in most typeⅠmembers 

(NtCBL1/4B/8A-1/8B-1/8B-2/9), and two introns in most type Ⅱ  members 

(NtCBL2/3/7). In addition, homoeologous genes from parental genomes have 5’-

UTRs that differ in length and intron presence.  

Alternative splicing in 5’-UTRs can regulate translation efficiency by producing 

mRNA variants that differ in terms of upstream open reading frames (uORFs) or 

riboswitches (the metabolite-sensing gene-control elements that are typically located 

in the noncoding portion of mRNAs) (Roy and Arnim, 2013; Srivastava et al., 2018). 

Whether the alternative splicing in 5’-UTRs of NtCBLs affects gene expression and 

translation efficiency at the post-transcriptional level remains to be established. This 

is worth exploring because posttranscriptional regulation may be useful in the 

activation of stress tolerance mechanisms and developmental transitions (Srivastava 

et al., 2018).  
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Figure 5. Gene structure of NtCBL genes. The information on exon-intron organizations was obtained 

from NCBI (https://www.ncbi.nlm.nih.gov/) and visualized with the Gene Structure Display Server (GSDS, 

http://gsds.cbi.pku.edu.cn/) of NtCBL family genes. The coding sequences (CDSs) and genomic 

sequences were obtained from NCBI.  

Most identified NtCBL genes have seven introns in their coding regions (Figure 5), 
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while the gene structure of NtCBL6A differs from the others. NtCBL6A was predicted 

to be intronless, which was confirmed by PCR using genomic DNA as a template. 

This lack of introns is highly unusual for plant CBL genes. No intronless CBL member 

has been identified in Arabidopsis or rice genomes (Kolukisaoglu et al., 2004). These 

findings suggest that NtCBL6A may have lost its introns after the evolutionary 

divergence of N. tabacum from Arabidopsis and rice (Kolukisaoglu et al., 2004). 

Further analysis showed that NtCBL6A does not have an ortholog in the paternal 

progenitor N. tomentosiformis (Table 1), nor does it have close homologs in N. 

attenuata and other Solanaceae crops (Solanum tuberosum, S. lycopersicum, S. 

pennellii, and Capsicum annuum) (Figure S2). These results indicate that NtCBL6A 

may be a unique gene in solanaceae plants. However, more information is required 

to determine whether NtCBL6A has any function in tobacco. 

Analysis of cis-acting elements in the promoter regions of NtCBLs 

CBLs play important roles in plant development and stress responses, and their 

expression is regulated by plant hormones and stress-related transcription factors 

(Albrecht et al., 2003; Guo et al., 2010). Therefore, the promoter sequences of 

NtCBLs were analyzed, and the predicted hormone- and stress-responsive cis-

acting elements in the 3 kb upstream sequences of NtCBL coding sequences were 

displayed in Figure 6. Many hormone-responsive and stress-responsive elements 

were found in the promoter regions of NtCBLs. Among these, ABRE, STRE, and 

MYC elements are widespread and abundant in most promoters of NtCBLs (Figure 

6A). The promoters of NtCBL1A-2/1A-3 and NtCBL4A-1/4B are rich in ABRE 

elements, the NtCBL8B-1 promoter is rich in TGACG-motifs, and the NtCBL10B 

promoter has multiple ERE elements (Figure 6A), indicating the expression of these 

genes may be greatly regulated by ABA, MeJA, and ethylene, respectively. The 

promoters of NtCBL8B-2 and NtCBL4B are enriched in Myb and W-box elements, 

respectively (Figure 6A), suggesting their expression level might be regulated by 

Myb and WRKY transcription factors.  
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To explore the NtCBLs with potentially similar expression profiles, the NtCBLs were 

clustered based on the presence of the cis-acting elements in their promoters (Figure 

6B). It was found that some genes are clustered together (e.g. NtCBL7A/8A-1, 

NtCBL5/7B/8A-2, NtCBL2A/3A/6A/9A, NtCBL1A-2/4A-2, NtCBL4B/4A-1, NtCBL1A-

3/3B/8B-2, and NtCBL1A-1/1B/2B/9B/10) (Figure 6B), suggesting these genes might 

be responsive to the same hormones and stress factors. For instance, there are 

many STREs (stress response elements) present in the promoter region of the 

clustered NtCBL5/7B/8A-2, and ABRE (cis-acting element involved in the abscisic 

acid responsiveness) in the promoter region of the clustered NtCBL4B/4A-1. 

Interestingly, most homoeologous NtCBL genes promoters from the two ancestral 

genomes do not have a highly similar cis-acting element presence (except 

NtCBL10A/10B and NtCBL5A/5B) (Figure 6B), suggesting that they may have 

differential expression responses to hormones and stress. This is consistent with the 

previous reports that the expression of genes from parental genomes needs to be 

orchestrated for their harmonious co-existence in allopolyploidy (Feldman and Levy, 

2009; Akhunova et al., 2010). 

 

Figure 6. Analysis of cis-acting elements in the promoters of NtCBL genes. (A) Heatmap of cis-

acting elements in NtCBL promoter regions ordered based on the phylogenetic relationship of the genes. 

(B) Heatmap of cis-acting elements in NtCBL promoter regions ordered based on similarity of cis-acting 

element presence. The intensity of the color represents the number of cis-acting elements in the NtCBL 

gene promoters. ABRE (cis-acting element involved in the abscisic acid responsiveness), AuxRR-core 

(the core of the auxin response region), ERE (ethylene-responsive cis-acting), TCA-element (cis-acting 
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element involved in salicylic acid responsiveness), TGACG-motif (cis-acting regulatory element involved 

in the methyl jasmonate (MeJA)-responsiveness), STRE (stress response element), ARE (anaerobic 

induction element), LTR (low-temperature-responsive element), TC-rich repeats (involved in defense and 

stress responsiveness), MBS (MYB binding site involved in drought-inducibility) (Sugimoto et al., 2000), 

Wun-motif (wound-responsive element), Myb (MYB-binding site) (Sugimoto et al., 2000), MYC (MYC 

recognition element), W-box (WRKY binding site) (Liu et al., 2016), WRE3 (wound-responsive element) 

(Yu et al., 2021), DRE1 (dehydration-responsive element). 

Expression profiles of NtCBL genes in different tobacco tissues at the young 

stage and adult stage 

The ancestral function of CBL genes is the regulation of ion homeostasis, and this 

has diversified during evolution (Kleist et al., 2014; Edel and Kudla, 2015). Functional 

diversification of CBL genes is reflected not only in the structural differences of 

proteins but also in the expression differences of genes. For example, Arabidopsis 

AtCBL4 and AtCBL10 mediate two independent salt tolerance pathways in different 

tissues because of their tissue-predominant expression patterns (Yang et al., 2019). 

AtCBL4 is expressed and exerts its function in roots while AtCBL10 is mainly 

expressed and functional in shoot green tissues (Kim et al., 2007; Quan et al., 2007). 

AtCBL2 and AtCBL3 on the other hand have largely overlapping expression patterns 

(Eckert et al., 2014) and their encoded proteins are structurally similar, so they were 

shown to be functionally redundant in both plant development and stress response 

(Tang et al., 2012; Steinhorst et al., 2015; Tang et al., 2015; Song et al., 2018; Tang 

et al., 2020b; Ju et al., 2022).  

To get insight into the potential functions of NtCBL genes, we monitored their 

expression profiles in different tissues (leaf blade, main vein, stem, and root) of 

young tobacco plants  (35 days after germination) by RT-qPCR (Figure 7A-D, 

primers are listed in Table S1). In young plants, NtCBL2/3/7/10/1A-3/4A-1 had higher 

expression levels (Figure 7A), NtCBL8/9/4A-2/4B had medium expression levels 

(Figure 7B), and NtCBL1A-1/1A-2/1B/4A-2/4B/5/8A-1/8A-2/8B-2 had very low 
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expression levels (Figure 7C). The expression of NtCBL6A was not detected in any 

sampled tissues in this study, but NtCBL6A may be expressed in some other tissues 

or at some specific developmental stages. In addition, several NtCBL genes 

exhibited a shoot- or root-predominant expression pattern: NtCBL10 was 

predominantly expressed in shoot tissues while NtCBL4A-1/8B-1/9 were mainly 

expressed in roots. The tissue-predominant expression patterns of NtCBL4A-1 and 

NtCBL10 are similar to that of their orthologs in Arabidopsis (Kim et al., 2007; Quan 

et al., 2007; Eckert et al., 2014), which suggests that they might have similar roles.  

The expression profiles of 24 NtCBL genes in different tissues (leaf, root) of adult 

plants were also analyzed using published RNA-seq data (Figure S3). Results 

showed that the expression profile of most NtCBLs at the adult stage is similar to 

that at the young plant stage, but NtCBL4B appeared to have a much higher 

expression level in both leaf and root at the adult stage (Figure S3), indicating that 

NtCBL4B may function at later developmental stages of the tobacco plant.  

The interaction between homoeologous genomes in allopolyploidy orchestrates 

gene expression genome-wide, contributing to growth vigor and the broader 

phenotypic diversity of allopolyploid species (Feldman and Levy, 2009; Akhunova et 

al., 2010). We found that NtCBL1A-3/4A-1/7A/9A/10A from the maternal genome (N. 

sylvestris) and NtCBL3B/5B/8B-1 from the paternal genome (N. tomentosiformis) are 

the dominant homoeologs in young plants (Figure 7). However, NtCBL4B and 

NtCBL9B are dominant in adult leaves and roots, respectively (Figure S3). These 

results indicate that the homoeologs of some NtCBL genes are differentially 

expressed at the mRNA level (Hovav et al., 2007).  
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Figure 7. Expression profiles of NtCBL genes in different tissues of tobacco at the young stage. 

(A-C) Relative expression analysis of NtCBL genes in leaf blade (L), main vein (V), stem (S), and root (R) 

of young tobacco plants determined by RT-qPCR, which were grouped in three panels according to their 

expression levels (highest in panel A, lowest in panel C). The expression of these genes is relative to that 

of the reference gene NtL25 (Schmidt and Delaney, 2010). The tobacco plants used for sampling were 

cultivated in a hydroponic system. Different tissues (leaf blade: leaf with main veins removed; main vein; 

stem; root) were sampled at 35 days after germination. Error bars indicate ±SD (n=6 for gene expression 

detection), and different letters above bars (a, b, and c) indicate significant statistical differences of a 

NtCBL gene expression in different tissues (one-way ANOVA with the LSD test, p<0.05). 

Expression profiles of NtCBL genes in leaves from young tobacco plants 

under salt and drought stress 

CBL proteins are reported to be involved in multiple stress responses (Tang et al., 

2020a), and many hormone- and stress-responsive cis-acting elements were 
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identified in the promoter regions of NtCBL genes. Therefore, we analyzed the 

expression of NtCBL genes in young tobacco leaves under salt stress and drought 

stress using RT-qPCR (Figure S4). Under salt stress, the expression levels of 

NtCBL3A/3B/7A/7B/8B-1/10A/10B in leaves were increased, and the expression 

levels of NtCBL1A-2/2A/4A-1/7A/7B/8B-2 in roots were reduced (Figure 8A). Under 

drought stress, the expression levels of NtCBL2A/2B/3A/3B/4B/7A/7B were reduced, 

while the expression of NtCBL10B was upregulated (Figure 8B).  

Arabidopsis AtCBL10 and N. sylvestris NsylCBL10 (GeneBank accession number: 

KF667488.1), the orthologs of NtCBL10, were reported to be positive regulators of 

salt tolerance (Kim et al., 2007; Dong et al., 2015). The loss-of-function mutant of 

AtCBL10 exhibited growth defects under saline conditions (Kim et al., 2007), and 

overexpression of NsylCBL10  improved the salt tolerance of transgenic 

Arabidopsis (Dong et al., 2015). In this study, the expression levels of NtCBL10A 

and NtCBL10B are upregulated under salt stress. These results strongly suggest 

that NtCBL10A and NtCBL10B may play a role in the salt tolerance of tobacco as 

well. Under drought stress, the loss-of-function mutant of AtCBL10 had increased 

drought tolerance in Arabidopsis (Kang and Nam, 2016), which is inconsistent with 

the up-regulation of NtCBL10B expression reported here. Further functional analysis 

is needed to understand the role of NtCBL10B in response to drought stress. 

AtCBL4 (also known as SOS3), interacts with AtCIPK24 (also known as SOS2) to 

activate the PM-localized Na+/H+ exchanger AtSOS1, transporting Na+ out of the root 

cell and enhancing the salt tolerance of Arabidopsis (Qiu et al., 2002; Shi et al., 2002; 

Nunez-Ramirez et al., 2012). CBL4 has been reported to contribute to salt stress 

tolerance in many other plant species including Oryza sativa (Martinez-Atienza et al., 

2007), Setaria italica (Zhang et al., 2017), Brassica napus (Liu et al., 2015), Solanum 

lycopersicum (Cho et al., 2021), and Tamarix hispida (Liu et al., 2020). In our study, 

the expression of NtCBL4A-1 in roots was inhibited by salt stress, which does not 

seem consistent with the conserved role of CBL4 in other plant species. This may 

point to a different function for NtCBL4A-1 under salt stress compared to AtCBL4. 
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Figure 8. Expression profiles of NtCBL genes in tobacco leaves under salt stress and drought 

stress were determined by RT-qPCR. (A and B) Relative expression analysis of significantly regulated 

NtCBL genes in leaf blades and roots under salt stress (1 day after the start of 100 mM NaCl treatment), 

respectively. (C) Relative expression analysis of significantly regulated NtCBL genes in leaf blades under 

drought stress (5 days after stopping water). The expression of these genes is relative to that of the 

reference gene NtL25 (Schmidt et al., 2010). Error bars indicate ±SD (n=3), every biological replicate is 

a mixed pool of 3 plants. Asterisks indicate statistically significant differences (Student’s t test, *p<0.05 

and **p<0.01). 
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Overexpression of NtCBL4A-1 leads to Na+-induced salt sensitivity of 

transgenic tobacco plants 

To better understand the role of NtCBL4A-1 in the salt stress response of tobacco, 

two independent NtCBL4A-1-overexpressing (NtCBL4A-1-OE) lines (OE-2,  OE-9) 

(Figure 9A, B) were selected and evaluated for salt tolerance. Under control 

conditions, wild-type (WT) and two NtCBL4A-1-OE lines exhibited similar growth 

vigor (Figure 9C-F). Under 100 mM NaCl treatment, however, NtCBL4A-1-OE lines 

exhibited salt-sensitive phenotypes with severe necrotic lesions on their leaves 

(Figure 9C). In addition, the plant height and shoot fresh/dry weight of NtCBL4A-1-

OE lines were slightly lower than that of WT plants under salt stress (Figure 9D-F). 

Ion content analysis (Na+, K+, and Ca2+ in the 5th leaf blades) revealed that K+ and 

Ca2+ contents of all three lines were significantly reduced under salt stress, but there 

is no significant ion content difference between WT and NtCBL4A-1-OE lines (Figure 

9H, I). The Na+ content of NtCBL4A-1-OE lines is only slightly higher than that of WT 

(Figure 9G).  
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Figure 9. The detection of NtCBL4A-1 expression and above-ground phenotype of wild-type (WT) 

and NtCBL4A-1-overexpressing (OE) lines (OE-2 and OE-9) under control conditions and salt 

stress (100 mM NaCl). Scale bars=10 cm. (A and B) Relative expression analysis of endogenous and 

exogenous NtCBL4A-1 determined by RT-qPCR in leaves. The expression of NtCBL4A-1 is relative to 

the reference gene NtL25. The reverse primer pCHF3-Allcheck-2 (Shi et al., 2021) used for amplifying 

exogenous NtCBL4A-1 was designed according to the sequence of the overexpression vector pCHF3. 

(C) The shoot phenotype of WT and NtCBL4A-1-OE lines at 9 DAT. (D-F) The plant height, shoot fresh 

weight, and shoot dry weight of WT and NtCBL4A-1-OE lines at 9 DAT Error bars indicate ±SD (n=3 for 

gene expression detection, n=6 for plant height and shoot fresh/dry weight determination). (G-I) The Na+, 

K+, and Ca2+ contents of the 5th leaves of WT and NtCBL4A-1-OE lines. Error bars indicate ±SD (n=3), 

every biological replicate is a mixed pool of 3 plants. Different letters above bars (a, b, and c) indicate 

significant statistical difference based on one-way ANOVA with LSD test (P<0.05).  
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Salt stress imposes both osmotic stress and ionic stress on plants (Munns, 2005). 

To identify which stress component (osmotic or ionic) is responsible for the necrotic 

phenotype of NtCBL4A-1-OE lines under 100 mM NaCl conditions, a 15% PEG6000-

mimic osmotic treatment (osmotic pressure is similar to 100 mM NaCl) and ionic 

treatments (100 mM NaCl, 100 mM NaNO3, 100 mM KNO3, and 100 mM KCl) were 

conducted. Compared with WT, NtCBL4A-1-OE lines exhibited necrotic lesions and 

growth penalties only under treatments of 100 mM NaCl and NaNO3, but not under 

osmotic stress or 100 mM KNO3 and KCl (Figure 10). These results indicate that the 

increased salt sensitivity of NtCBL4A-1-OE lines is Na+ dependent.  
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Figure 10. Ion and osmotic stress evaluation on wild-type (WT) and NtCBL4A-1-overexpressing 

lines (OE-2 and OE-9) at 9 days after the start of treatment. Scale bars=10 cm. (A-F) The phenotype 

of WT and NtCBL4A-1-OE lines under control condition (1/2 Hoagland’s nutrient solution), osmotic stress 

(1/2 Hoagland’s nutrient solution added 15% PEG6000, ion stresses (1/2 Hoagland’s nutrient solutions 

added 100mM NaCl, 100mM NaNO3, 100mM KCl, and 100mM KNO3, respectively). Scale bars=10cm. 

(G-J) The plant height, shoot fresh weight, 5th leaf width, and 5th leaf length of WT and NtCBL4A-1-OE 

lines at 9 DAT Error bars indicate ±SD (n=6). Asterisks indicate statistically significant differences 

(Student’s t test, *p<0.05 and **p<0.01). 

CBL4 and CBL5 share high sequence similarity and they belong to the type I CBLs 

(Figure 1A). In Arabidopsis and S. italica, both CBL4 and CBL5 were reported to be 

responsible for the salt tolerance of plants (Zhu, 2000; Cheong et al., 2010; Zhang 

et al., 2017; Yan et al., 2022). However, our results showed that the overexpression 

of NtCBL4A-1 and NtCBL5A enhanced the salt sensitivity of transgenic tobacco 

plants based on this study and our previous report (Mao et al., 2021). Both NtCBL4A-

1- and NtCBL5A-OE lines exhibited necrotic lesions on leaves under salt stress. In 

addition, the Na+ content increases in both NtCBL4A-1- and NtCBL5A-OE lines were 

only slightly higher than that in WT under salt stress, indicating that the 

overexpressing lines exhibit higher Na+ sensitivity than WT. Therefore, we speculate 

that the Na+-sensitive mechanisms underlying the salt sensitivity of NtCBL4A-1-OE 

lines might be similar to that of NtCBL5A-OE lines, which is still unclear until now. A 

possible hypothesis is that the ectopic (over)expression of NtCBL5A might compete 

with other components of the CBL-CIPK network for Na+ vacuolar 

compartmentalization, leading to abnormal Na+ distribution (Mao et al., 2021). 

Considering many photosynthetic machinery-related genes were strongly inhibited 

and plant defense-related genes were induced under salt stress, the Na+ sensitivity 

of NtCBL5A-OE lines may also be related to defective photosystems or induced plant 

immune response. The next step would be to identify the common interacting 

proteins of NtCBL4A-1 and NtCBL5A, some of which could be key components in 

the salt tolerance system of tobacco (Mao et al., 2021). The elucidation of these 
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questions will broaden our knowledge of the CBL-CIPK network and the salt stress 

response of plants. 

CONCLUSIONS 

In this study, a detailed analysis of NtCBL family genes was conducted by 

bioinformatic analysis and expression profile analysis. The homoeologous genes 

from the two parental genomes were predicted to encode proteins with key amino 

acids and similar tertiary structures for subcellular localization and Ca2+-binding 

ability. Some NtCBL homoeologs from the two parental genomes are differentially 

regulated at the transcriptional level. The bioinformatics-supported information will 

serve as a basis for further research, including the characterization of family genes 

by using gene overexpressing or knock-out plants, elucidating their roles in stress 

response and growth trade-off, and accessing allelic variation to improve crop 

performance through breeding. In addition, the genetic experiment of NtCBL4A-1 

indicates the potential role of CBL genes in salt stress response. In summary, this 

study lays a good foundation for the functional characterization of NtCBL genes, and 

knowledge about these genes in tobacco will therefore likely support breeding efforts 

for improved Solanaceae crops under suboptimal conditions. 
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Supplementary Material 

 

Figure S1. The domain analysis of NtCBLs. Amino acid sequence alignment of NtCBLs. The amino 

acid sequences alignment of NtCBLs were performed using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) and displayed by GeneDoc (Nicholas, 1997). The domains of 

NtCBLs were predicted by the SMART online tool (http://smart.embl-heidelberg.de/).  
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Figure S2. Phylogenetic analysis of the CBL families in N. tabacum, A. thaliana, S. tuberosum, S. 

lycopersicum, S. pennellii, and C. annuum. The amino acid sequences were downloaded from NCBI 

(https://www.ncbi.nlm.nih.gov/). The phylogenetic tree was constructed by MEGA6 using the Neighbor-

Joining method.  
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Figure S3. Expression profiles of NtCBL genes in different tissues of tobacco plants at the adult 

stage. Gene expression level of NtCBL genes in leaves (A)  (SRA accession ID: SRX2655430, 

SRX2655478, SRX2655480, SRX2655632, SRX2655633, SRX2655634) and roots (B) (SRA accession 

ID: SRX4407884, SRX4407877, SRX4407878)  of tobacco at the adult stage that determined by 

published RNA-seq data (Li et al., 2017; Qin et al., 2020). The six biological replicates (every two 

replicates for upper, middle, and lower leaves)  of leaves are sampled at 15 days after topping (75 days 

after transplanting)  (Li et al., 2017), while the three biological replicates of roots are sampled at 0 h after 

topping (56 days after transplanting) (Qin et al., 2020). 
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Figure S4. Expression profiles of NtCBL genes in tobacco leaves under salt stress and drought 

stress were determined by RT-qPCR. (A and B) Heatmap pictures display the expression profiles of 

NtCBLs in leaf blades and roots under salt stress (1 day after the start of 100 mM NaCl treatment), 

respectively. (C) Heatmap pictures display the expression profiles of NtCBLs in leaf blades under drought 

stress (5 days after stopping water). The genes were ordered based on the similar expression response 

to stresses. The expression of these genes under salt and drought stress is relative to that of the reference 

gene NtL25 (Schmidt et al., 2010).  
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Table S1 | Primers used for RT-qPCR 

Primer name Sequence (5’ to 3’) Description 

NtCBL1A-1qF 
GTTCTTCCTCGTTTGT

CGTCCT 

Forward primer for NtCBL1A-1, this primer was designed 

based on the 5’-UTR sequence of NtCBL1A-1 

NtCBL1A-1qR 
ACAGCTCAAACAATG

CCTCAAC 
Reverse primer for NtCBL1A-1 

NtCBL1A-2qF 
CCCTTTTATTGCTGGT

TACTAG 

Forward primer for NtCBL1A-2, this primer was designed 

based on the 5’-UTR sequence of NtCBL1A-2 

NtCBL1B-qF 
CTGTTCAGTGGACGG

TCT 

Forward primer for NtCBL1B, this primer was designed 

based on the 5’-UTR sequence of NtCBL1B 

NtCBL1-qR 
GAACAGCTCAAACAAT

GC 
Common reverse primer for NtCBL1A-2 and NtCBL1B 

NtCBL1A-3qF 
ATTGGGTGGGGAGGA

TGCTA 

Forward primer for NtCBL1A-3, this primer was designed 

based on the 3’-UTR sequence of NtCBL1A-3 

NtCBL1A-3qR 
ACAGCATGCGTATCG

TTCCA 

Reverse primer for NtCBL1A-3, this primer was designed 

based on the 3’-UTR sequence of NtCBL1A-3 

NtCBL2A-qF 
CAGATTCATCTTATTT

AGTCGTTT 

Forward primer for NtCBL2A, this primer was designed 

based on the 5’-UTR sequence of NtCBL2A 

NtCBL2B-qF 
CATATTAGCATCCGTC

TCC 

Forward primer for NtCBL2B, this primer was designed 

based on the 5’-UTR sequence of NtCBL2B 

NtCBL2-qR 
CTCCGGATCTTCAAAG

C 
Common reverse primer for NtCBL2A and NtCBL2B 

NtCBL3-qF 
GACCCTTCAGTATCTT

AAGGAC 
Common forward primer for NtCBL3A and NtCBL3B  

NtCBL3A-qR 
AACTCAGAATAGATGA

GCAAGAC 

Reverse primer for NtCBL3A, this primer was designed 

based on the 3’-UTR sequence of NtCBL3B 

NtCBL3B-qR 
GAACTCAAAAATATAT

GAGCAAAA 

Reverse primer for NtCBL3B, this primer was designed 

based on the 3’-UTR sequence of NtCBL3B 

NtCBL4-qF 
GCACTGCTGCATGAA

TC 

Common forward primer for NtCBL4A-1, NtCBL4A-2, 

and NtCBL4B, even though this primer has a SNP with 

the CDS sequence of NtCBL4A-2 
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Primer name Sequence (5’ to 3’) Description 

NtCBL4A-1qR 
GCATCATCACTGTGG

AATAT 

Reverse primer for NtCBL4A-1, this primer was designed 

based on the 3’-UTR sequence of NtCBL4A-1 

NtCBL4A-2qR 
AACTCCTTTGCACTCC

ATAG 

Reverse primer for NtCBL4A-2, this primer was designed 

based on the 3’-UTR sequence of NtCBL4A-2 

NtCBL4B-qR 
CTAATGTCTTTTTTGA

TTCTTGA 

Reverse primer for NtCBL4B, this primer was designed 

based on the 3’-UTR sequence of NtCBL4B 

NtCBL5A-

UTR-31F 

TTTGCTAATAAACCCA

TCTTTG 
For the identification of endogenous NtCBL5A, 

NtCBL5A-UTR-31F was designed based on the 5’-UTR 

sequence of NtCBL5A (Mao et al., 2021) NtCBL5A-81R 
TCCAAAGAAAAATGTG

TCTGAG 

NtCBL5B-

595F 

TTGTGCTGAATACAGA

AGCG 
Forward primer for NtCBL5B 

NtCBL5BUTR-

82R 

TTCCTTTGATATTCGT

GCAG 

Reverse primer for NtCBL5B, this primer was designed 

based on the 3’-UTR sequence of NtCBL5B 

NtCBL6A-qF 
ATGAGCAACAATGCA

GGGAC 
Forward primer for NtCBL6A 

NtCBL6A-qR 
CCCGTTGTGCTTTGTG

ACG 
Reverse primer for NtCBL6A 

NtCBL7A-qF 
AATCTCCGTTTACATA

TATAGCTC 

Forward primer for NtCBL7A, this primer was designed 

based on the 5’-UTR sequence of NtCBL7A 

NtCBL7B-qF 
GAATCTCCGTATACTC

ATAAAACA 

Forward primer for NtCBL7B, this primer was designed 

based on the 5’-UTR sequence of NtCBL7B 

NtCBL7-qR 
GCCTAAAATCAAGATC

ACAAC 
Common reverse primer for NtCBL7A and NtCBL7B 

NtCBL8A-1qF TCCGAGCTTTGTCCTG Forward primer for NtCBL8A-1 

NtCBL8A-1qR 
AAACAGATTTTCCACT

ACGAC 

Reverse primer for NtCBL8A-1, this primer was designed 

based on the 3’-UTR sequence of NtCBL8A-1 

NtCBL8A-2qF 
GCCAAATTCTATCCTG

CTACTGC 

Forward primer for NtCBL8A-2, this primer was designed 

based on the 3’-UTR sequence of NtCBL8A-2 
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Primer name Sequence (5’ to 3’) Description 

NtCBL8A-2qR 
ACCAGAAATGAAGAA

AAAGGGAAA 

Reverse primer for NtCBL8A-2, this primer was designed 

based on the 3’-UTR sequence of NtCBL8A-2 

NtCBL8B-1qF TCCGAGCTTTGTCCTA Forward primer for NtCBL8B-1 

NtCBL8B-1qR 
AGATGTTTCCGATACG

CT 

Reverse primer for NtCBL8B-1, this primer was designed 

based on the 3’-UTR sequence of NtCBL8B-1 

NtCBL8B-2qF 
TTGATCCAGAAGAGT

GGAAGG 
Forward primer for NtCBL8B-2 

NtCBL8B-2qR 
AGAATTTGGCAGTTG

GCACC 

Reverse primer for NtCBL8B-2, this primer was designed 

based on the 3’-UTR sequence of NtCBL8B-2 

NtCBL9-qF 
CAAATCTGAATGGCG

AAG 
Common forward primer for NtCBL9A and NtCBL9B 

NtCBL9A-qR 
TTTTGAACTAGCATTT

CCTATTA 

Reverse primer for NtCBL9A, this primer was designed 

based on the 3’-UTR sequence of NtCBL9A 

NtCBL9B-qR 
CTAATTCTGAACTACA

TTTTCTACTC 

Reverse primer for NtCBL9B, this primer was designed 

based on the 3’-UTR sequence of NtCBL9B 

NtCBL10A-qF 
CTTTCTCTCTCTCTCT

CTGAATT 

Forward primer for NtCBL10A, this primer was designed 

based on the 5’-UTR sequence of NtCBL10A 

NtCBL10B-qF 
ACCACATAAAAACACA

CACCTTT 

Forward primer for NtCBL10B, this primer was designed 

based on the 5’-UTR sequence of NtCBL10B 

NtCBL10-qR 
GCTATTATTGGGAAAA

ATGC 
Common reverse primer for NtCBL10A and NtCBL10B 

NtCBL4A-1F 
ATGGGCTGCTTTCACT

CC 
Used for the clone of NtCBL4A-1 CDS 

NtCBL4A-1R 
TTAGACTTCCAAATCT

TCAACC 

NtCBL4A-1F-

Kpn Ⅰ 

GGGTACCATGGGCTG

CTTTCACTCC 
Used for the construction of plasmid pCHF3-NtCBL4A-1 

NtCBL4A-1R-

Xba Ⅰ 

CTCTAGATTAGACTTC

CAAATCTTCAACC 
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Primer name Sequence (5’ to 3’) Description 

pCHF3-62F 
GCACAATCCCACTATC

CTTCG 

For the identification of NtCBL4A-1-OE transgenic 

tobacco with NtCBL4A-1R 

NtCBL4A-1-qF 
AGTTCTTTCAGATGAT

GTTGTCG 
For the identification of exogenous NtCBL4A-1, pCHF3-

Allcheck-2  (Shi et al., 2021) was designed based on the 

sequence of 3’-UTR of exogenous gene 
pCHF3-

Allcheck-2 

GATGATACGAACGAA

AGCTCTGC 

For the gene with splicing variants, the primer pair was designed from the common sequence of splicing 

variants of a gene. 
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ABSTRACT 

Many tobacco (Nicotiana tabacum) cultivars are salt-tolerant and thus are potential 

model plants to study the mechanisms of salt stress tolerance. The CALCINEURIN 

B-LIKE PROTEIN (CBL) is a vital family of plant calcium sensor proteins that can 

transmit Ca2+ signals triggered by environmental stimuli including salt stress. 

Therefore, assessing the potential of NtCBL for genetic improvement of salt stress 

is valuable. In our studies on NtCBL members, constitutive overexpression of 

NtCBL5A was found to cause salt supersensitivity with necrotic lesions on leaves. 

NtCBL5A-overexpressing (OE) leaves tended to curl and accumulated high levels of 

reactive oxygen species (ROS) under salt stress. The supersensitivity of NtCBL5A-

OE leaves was specifically induced by Na+, but not by Cl-, osmotic stress, or drought 

stress. Ion content measurements indicated that NtCBL5A-OE leaves showed 

sensitivity to the Na+ accumulation levels that wild-type leaves could tolerate. 

Furthermore, transcriptome profiling showed that many immune response-related 

genes are significantly upregulated and photosynthetic machinery-related genes are 

significantly downregulated in salt-stressed NtCBL5A-OE leaves. In addition, the 

expression of several cation homeostasis-related genes were also affected in salt-

stressed NtCBL5A-OE leaves. In conclusion, the constitutive overexpression of 

NtCBL5A interferes with the normal salt stress response of tobacco plants and leads 

to Na+-dependent leaf necrosis by enhancing the sensitivity of transgenic leaves to 

Na+. This Na+ sensitivity of NtCBL5A-OE leaves might result from the abnormal Na+ 

compartmentalization, plant photosynthesis, and plant immune response triggered 

by the constitutive overexpression of NtCBL5A. Identifying genes and pathways 

involved in this unusual salt stress response can provide new insights into the salt 

stress response of tobacco plants. 

Keywords: CALCINEURIN B-LIKE PROTEIN (CBL), Na+, immune response, 

necrotic lesions, photosystem, reactive oxygen species (ROS), salt stress, 

tobacco 



                                                                Chapter 4 

103 

4 

INTRODUCTION 

Soil salinity causes serious yield losses because of its widespread occurrence and 

severe effects on crop physiology and metabolism (Munns and Tester, 2008). The 

potential crop yield losses induced by moderate salinity (8~10 dS/m) are about 55%, 

28%, and 15% in corn, wheat, and cotton, respectively (Satir and Berberoglu, 2016). 

It is estimated that about 30% of irrigated lands are salt-affected and thus 

commercially unproductive (Zaman and Heng, 2018). There are several strategies 

for the utilization of salt-affected lands, one of which is to breed or genetically 

engineer new varieties suitable for saline soils (Gong et al., 2020). Therefore, 

understanding the mechanisms underlying the plant salt stress response is of 

fundamental importance to mitigating the negative impact of soil degradation.  

Salt stress can be divided into two phases, the first of which is the osmotic or water-

deficit stress (Munns, 2005; Van Zelm et al., 2020). When exposed to salinity stress, 

plants experience an immediate osmotic effect around root cells that impairs water 

uptake and disturbs associated cell growth and metabolism, similar to the effects of 

drought stress. The second phase is a salt-specific ion toxicity effect (Munns, 2005; 

Van Zelm et al., 2020). At prolonged exposure to salinity, Na+ and Cl- are transported 

to leaf blades by the transpiration stream. When the ions accumulate to high levels, 

they become toxic and cause damage (Munns et al., 2008). The osmotic stress can 

be measured as a rapid inhibition of the rate of expansion of young leaves, while ion 

toxicity causes stress-induced senescence of older leaves due to either high leaf Na+ 

concentrations or low tolerance of the accumulated Na+ (Munns et al., 2008).   

Plants respond to the two phases of salinity stress via different signaling pathways 

(Bartels and Sunkar, 2005). Ca2+ functions as a secondary messenger to couple a 

wide range of extracellular stimuli to intracellular responses (Snedden and Fromm, 

1998; Snedden and Fromm, 2001). Osmotic and salt stresses induce rapid [Ca2+]cyt 

transients in the cytosol that trigger downstream pathways, allowing plants to adapt 

to these environmental changes by regulating enzymatic activity, ion channel activity, 
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and gene expression (Knight and Knight, 2001; Snedden and Fromm, 2001). The 

transduction of Ca2+ signals depends on Ca2+-sensor proteins (Trewavas and Malhό, 

1998). To date, four major classes of Ca2+ sensor proteins have been characterized 

in plants: CALMODULIN (CaM), CALMODULIN-LIKE PROTEIN (CML), CALCIUM-

DEPENDENT PROTEIN KINASE (CDPK), and CALCINEURIN B-LIKE PROTEIN 

(CBL) (Perochon et al., 2011).  

As vital Ca2+-sensors, CBLs mainly function by regulating the kinase activity of their 

partners CBL-INTERACTING PROTEIN KINASEs (CIPKs) in response to various 

abiotic stresses including salt stress (Luan, 2009). So far, several CBLs from various 

plant species have been reported to participate in the salt stress response by 

facilitating Na+ exudation and vacuolar sequestration. In the root, Arabidopsis 

thaliana AtCBL4 interacts with AtCIPK24 to unlock its kinase activity, and the 

activated AtCIPK24 can phosphorylate and activate the plasma membrane-localized 

Na+/H+ antiporter SALT OVERLY SENSITIVE 1 (SOS1), leading to Na+ extrusion 

from root cells (Qiu et al., 2002; Shi et al., 2002; Gong et al., 2020). This so-called 

SOS pathway was found to be conserved in many other plant species including rice 

(Oryza sativa), poplar (Populus trichocarpa and Populus euphratica), mustard 

(Brassica juncea), and apple (Malus domestica) (Martinez-Atienza et al., 2007; Tang 

et al., 2010; Chakraborty et al., 2012; Hu et al., 2012; Lv et al., 2014). In the shoot, 

AtCBL10 is capable of interacting with both AtCIPK24 and AtCIPK8 to phosphorylate 

SOS1, and thus enhancing Na+ efflux from cells (Quan et al., 2007; Lin et al., 2009; 

Yin et al., 2019). Moreover, the AtCBL10-AtCIPK24 complex was suggested to 

activate the tonoplast-localized Na+/H+ EXCHANGER (AtNHX) to sequester Na+ into 

vacuole for salt storage and detoxification of the cytosol (Qiu et al., 2004; Kim et al., 

2007). Orthologs of AtCBL10 in other species including wild tobacco (Nicotiana 

sylvestris), tomato (Solanum lycopersicum), and poplar (P. trichocarpa and P. 

euphratica) were also reported to be involved in the Na+ tissue tolerance mechanism 

(Li et al., 2012a; Tang et al., 2014; Dong et al., 2015; Egea et al., 2018). There are 

other CBLs that may participate in the salt stress response, although their roles and 
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mechanisms remain to be elucidated. For instance, both AtCBL5- and AtCBL1-

overexpressing (OE) plants showed enhanced tolerance to salt stress (Cheong, 

2003; Cheong et al., 2010). Ectopic and constitutive expression of CBL1 orthologs 

from the epiphytic orchid (Sedirea japonica), rape (Brassica napus), and soybean 

(Glycine max) in Arabidopsis also enhanced salt tolerance (Chen et al., 2012; Li et 

al., 2012b; Cho et al., 2018). However, the ectopic expression of PeCBL1 in 

Arabidopsis led to salt sensitivity, with the transgenic lines not being able to exclude 

Na+ under saline conditions (Zhang et al., 2013).  

Tobacco (Nicotiana tabacum) has been investigated as a potential model crop to 

adapt to salt stress via various strategies (Sun et al., 2020). N. tabacum L. cv. 

Zhongyan 100 is of good salt tolerance which can survive under 300 mM NaCl in a 

hydroponic growth system (data not shown). In our studies on NtCBL members in 

Zhongyan 100, NtCBL5A attracted our attention because its overexpression broke 

the salt tolerance of Zhongyan 100 and led to salt supersensitivity with severe 

necrotic lesions on leaves. Studies on CBL5 orthologs were only reported in 

Arabidopsis: overexpression of AtCBL5 enhanced the salt tolerance of transgenic 

Arabidopsis (Cheong et al., 2010; Wang et al., 2013). In this study, we explored the 

mechanisms underlying the salt sensitivity of NtCBL5A-OE leaves at the 

physiological, biochemical, and molecular levels. Our results indicate that 

constitutive overexpression of NtCBL5A leads to Na+-dependent leaf necrosis by 

enhancing the sensitivity of transgenic tobacco leaves to Na+. This Na+ sensitivity 

may be related to Na+ compartmentalization, plant photosynthesis, and plant 

immune response.  

MATERIALS AND METHODS 

Plant material 

N. tabacum L. cv. Zhongyan 100 was obtained from the Tobacco Research Institute 

of CAAS.  

Plasmids construction 
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The coding sequence of NtCBL5A was first amplified from cDNA synthesized from 

RNA extracted from veins of tobacco cultivar Zhongyan 100 with primers NtCBL5A-

1F and NtCBL5A-1R (Table S1) and cloned into the pMD19-T vector for sequencing. 

The NtCBL5A CDS was amplified from pMD19-T-NtCBL5A with primers NtCBL5A-

3F-Sac Ⅰ and NtCBL5A-3R-Kpn Ⅰ (Table S1). The gel-purified amplicon was 

digested with SacⅠand KpnⅠand cloned into the pCHF3 vector, resulting in the 

binary recombinant vector pCHF3-NtCBL5A. To construct the promoter plasmid 

pBI101-ProNtCBL5A::GUS, the upstream sequence of the NtCBL5A gene was 

identified from scaffold Nsyl_scaffold38441 of the tobacco genome. The 2780 bp 

upstream regulatory region of NtCBL5A including promoter sequence (ProNtCBL5A; 

Figure S1B) was amplified from Zhongyan100 DNA using the primer pair 

NtCBL5Apro-1F-Sal Ⅰand NtCBL5Apro-1R-SmaⅠ(Table S1) and cloned into a 

pMD19-T vector for sequencing. The promoter segment was subcloned from the 

pMD19-T-ProNtCBL5A construct using Sal Ⅰ and Sma Ⅰ into pBI101. All the 

constructs were confirmed by DNA sequencing by the BGI company. Confirmed 

constructs were transformed into Agrobacterium tumefaciens EHA105 for tobacco 

transformation. 

Generation of transgenic plants  

To generate the NtCBL5A-OE lines and ProNtCBL5A::GUS transgenic plants, 

Agrobacterium carrying pCHF3-NtCBL5A plasmid and pBI101-ProNtCBL5A::GUS 

plasmid were introduced into Zhongyan 100 respectively, by the Agrobacterium-

mediated leaf disc transformation method (Horsch et al., 1985). To screen for 

NtCBL5A-OE lines, positive transgenic plants of the T0 generation were identified 

by PCR with the primers NtCBL5A-1F and pCHF3-R (Table S1). The overexpression 

levels of all positive plants were checked by Real-Time quantitative PCR (RT-qPCR), 

the RNA samples for RT-qPCR were isolated from mixed whole plants at 12 days 

after germination (DAG) under control conditions. Eight lines with high NtCBL5A 

overexpression of the original 17 transgenic lines (T0 generation) were selected for 

propagation. More than 200 T1 seeds from T0 plants with high gene overexpression 
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levels were harvested and subsequently screened on the selection medium (1/2 MS 

medium with 50 μg/ml kanamycin). All these lines show sensitivity to salt stress. Two 

T1 lines (OE-2 and OE-15) with a segregation of around 3:1 (tolerance: sensitivity) 

were selected for harvesting T2 seeds. More than 200 T2 seeds were screened on 

the selection medium. The T2 generation with 100% kanamycin resistance was 

considered as homozygous plants and used for the evaluation of stress tolerance. 

Positive ProNtCBL5A::GUS transgenic lines of the T0 generation were identified by 

PCR with the primers pBI101-F and NtCBL5Apro-1R-SmaⅠ(Table S1). More than 

200 seeds from T0 seedlings were harvested and subsequently screened on 

selection medium as described above and positive T1 plants from three independent 

lines were selected for GUS staining assay. 

Application and phenotyping of salt and drought treatment  

Salt and drought stress experiments were conducted in 2019 at Unifarm, 

Wageningen University & Research in the Netherlands. Conditions of the 

greenhouse were 16 h light / 8 h dark at 25/23℃ and 70% relative humidity. The 

shortwave radiation level was maintained in the greenhouse compartment using 

artificial PAR (photosynthetically active radiation) when the incoming shortwave 

radiation was below 200 Wm-2. 

For the salt tolerance evaluations, tobacco seeds were sown in soil, and they 

germinated after about 8 days. About at 12 DAG, the young seedlings were 

transplanted in rock-wool plugs within float trays for 8 days, then they were 

transplanted to a circular flow hydroponic system filled with 1/2 Hoagland’s nutrient 

solution (500 L). The water used to prepare 1/2 Hoagland’s nutrient solution 

contained trace amounts of Na+ and Cl- (5.04 μg/ml and 6.72 μg/ml, respectively). 

After 6 days of acclimatization (at ~ 30 DAG), NaCl was added to the nutrient solution 

to a concentration of 50 mM on the first day to avoid salt shock, and the final NaCl 

concentration of 100 mM NaCl was reached the next day. From 4 days after the start 

of the treatment (DAT), photographs of the plants were taken every day until harvest. 

For assessing salt tolerance, indicative traits such as growth traits (leaf width and 
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length, root length, fresh/dry biomass) and ion content were measured.  

For the drought stress evaluation, a pilot experiment was conducted first to 

determine the wilting point of tobacco under the greenhouse conditions. Tobacco 

seeds were sown in soil. Young seedlings were transplanted to trays and pots at 12 

DAG and 22 DAG. Sixteen days after transplantation to pots (38 DAG), watering was 

stopped until the leaves started to exhibit slight wilting, at a recorded Soil Water 

Content (SWC) of 28% Full Field Capacity (FFC) (~43 DAG). For the drought 

tolerance evaluation experiment, SWC was kept around 60% FFC (control 

conditions) and 28% FFC (drought conditions) by supplying a limited amount of water 

every day for 3 weeks (~64 DAG). The SWC was monitored and recorded with a 

Grodan Water Content Meter and a gravimetrical method, where SWC=(Wwet-

Wdry)/FFC*100% (Wwet is the weight of wet soil and Wdry is the weight of dry soil). For 

assessing salt tolerance, shoot biomass and chlorophyll content were measured. 

Chlorophyll content was measured with the Minolta SPAD 502 Chlorophyll Meter 

(Ling et al., 2011). For chlorophyll content values, the average was taken of the 

measurements of 5 different areas of the 8th leaf (the first new leaf that appeared 

after the drought treatment started).  

Ion and osmotic stress evaluation 

For the ion and osmotic stress evaluation experiments, the plants were prepared as 

described for the salt evaluation experiments. The experiments were conducted in a 

hydroponic system filled with 1/2 Hoagland’s nutrient solution in 3 L containers. The 

solution was refreshed every two days to keep enough nutrition and a stable stress 

treatment. After 6 days of acclimatization, the stress was built up in two steps: ion 

concentrations were raised to 50 mM NaCl/NaNO3/KNO3/KCl, and for the osmotic 

stress treatment to 8% PEG6000, and the final stress conditions were reached 100 

mM NaCl/NaNO3/KNO3/KCl, 15% PEG6000 at the next day. Photographs of the 

plants were taken at 9 DAT.  

Ion content measurement 
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Ion content measurement contained 3 biological replications and every biological 

replication is a pool of 3 plants. Root samples were rinsed in ddH2O first, then were 

dried with absorbent paper to get rid of ions on the outside of the roots. Fresh 

samples were dried at 105℃ until stable weights, then the dry tissue was crushed 

to powder with a grinder. 30~50 mg of dry sample was placed into a test tube. The 

powdered samples were ashed at 650℃ for 6 hours. One milliliter of 3 M formic acid 

was added into the test tube and was shaken for 20 min at 5000 rpm at 99.9℃. Then 

9 mL Milli-Q® was added into the test tube and mixed. Then 0.2 mL sample was 

taken out and added into 9.8 mL Milli-Q® for 50 times dilution. The ion contents of 

dilution samples were measured using the Ion Chromatography (IC) system 850 

Professional (Metrohm Switzerland).  

GUS and DAB staining 

GUS staining was conducted using β-Galactosidase Reporter Gene Staining Kit 

(Beijing Leagene Biotech. Co., Ltd, Cat No./ID: DP0013, Beijing, China). Samples 

were placed into GUS staining solution and incubated at 37℃ overnight. The tissues 

then were placed in 95% ethanol until chlorophyll was washed out, and samples 

were photographed. The tissues were stored in FAA (Formaldehyde-Acetic Acid-

Ethanol) Fix Solution (Wuhan Servicebio Technology Co., Ltd, Cat No./ID: G1103-

500 ML, Wuhan, China). For H2O2 visualization with DAB staining, leaves were put 

in 1 mg/ml DAB (3, 3’-Diaminobenzidine tetrahydrochloride hydrate) (Sigma-Aldrich, 

Cat No./ID: D5637-1G, Darmstadt, Germany) and vacuum infiltrated until DAB 

solution was taken up, after which the leaves were incubated in DAB staining solution 

for 16 h in the dark. The leaves were subsequently transferred to 95% ethanol for 24 

h to remove chlorophyll. Afterwards, leaves were photographed (Kissoudis, 2016).  

RNA isolation and RNA-seq analyses 

At 4 DAT, the 5th leaf blades (with main veins removed) of four individual plants under 

control conditions and saline conditions in the daytime were sampled and frozen 

immediately in liquid nitrogen. Leaf blades from four individual plants were mixed 
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and ground to powder. RNA was isolated and purified with the RNeasy Plus Mini Kit 

(Qiagen, Cat No./ID: 74134, the Netherlands) following the manufacturer’s protocol. 

RNA samples of WT and OE-2 overexpression lines from two independent salt 

treatment experiments were used for transcriptome sequencing. RNA integrity was 

assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system 

(Agilent Technologies, CA, USA). RNA-seq was performed by the Novogene using 

Illumina Polymerase-based sequencing-by-synthesis, obtaining a read length of 150 

bp and coverage of 48 to 81 million reads per sample. Raw reads of fastq format 

were firstly processed through in-house perl scripts so that all the downstream 

analyses were based on the clean data with high quality. Reference genome and 

gene model annotation files 

(ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/asse

mbly/Nitab-v4.5_genome_Chr_Edwards2017.fasta.gz ) were downloaded from 

NCBI. Index of the reference genome was built using Hisat2 v2.0.5 and paired-end 

clean reads were aligned to the reference genome using Hisat2 v2.05. The mapped 

reads of each sample were assembled by StringTie (v1.3.3b) (Pertea et al., 2015) in 

a reference-based approach. FeatureCounts v1.5.0-p3 was used to count the reads 

numbers mapped to each gene and then FPKM of each gene was calculated based 

on the length of the gene and read counts mapped to this gene. DEGs of two groups 

were performed using the DESeq2 R package (1.20.0) and resulting P-values were 

adjusted using the Benjamini and Hochberg’s approach for controlling the false 

discovery rate. Genes with an adjusted P-value <0.05 found by DESeq2 were 

assigned as differentially expressed. ClusterProfiler R package was used to test the 

statistical enrichment of DEGs in KEGG pathways. 

Real-time PCR and semi-quantitative RT-PCR 

For RT-qPCR, RNA was reverse transcribed into cDNA using HiScript Ⅲ  RT 

SuperMix for qPCR (+g DNA wiper) (Vazyme Biotech. Co., Ltd, Cat No./ID: R323-01, 

Nanjing, China) and the cDNA was amplified using ChamQ Universal SYBR qPCR 

Master Mix (Vazyme Biotech. Co., Ltd, Cat No./ID: Q711, Nanjing, China) on the 
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LightCycler® 96 Instrument (F. Hoffmann-La Roche Ltd, Switzerland). All the primers 

used for RT-qPCR can be found in Table S1. The amplification reactions were 

performed in a total volume of 10 μl, containing 5 μl 2×ChamQ SYBR qPCR mix, 0.6 

μl forward and reverse primers (10 μM), 1 μl cDNA (10 times diluted), and 3.4 μl 

ddH2O. The RT-qPCR amplification program was as follows: 95℃ for 10 min; 95℃ 

for 10 s, 60℃ for 30 s and amplification for 40 cycles. Each sample comprised 3 

technical replications. Analysis of the relative gene expression data was conducted 

using the 2-ΔC’t (Livak and Schmittgen, 2001). For semi-quantitative RT-PCR, RNA 

was reverse transcribed into cDNA using iScriptTM Reverse Transcription Supermix 

for RT-qPCR (BIO-RAD, Cat No./ID: 6031, California, USA) and cDNA was amplified 

using DreamTaq DNA Polymerase (Thermo Fisher Scientific, Cat No./ID: EP0702, 

Massachusetts, USA). The amplification reactions were performed in a total volume 

of 20 μl, containing 0.1 μl DreamTaq DNA polymerase, 2 μl 10×DreamTaq buffer, 0.4 

μl dNTP mixture (5 mM each), 1 μl forward and reverse primers (10 μM), 2 μl cDNA, 

and 14.5 μl ddH2O. The semi-quantitative RT-PCR amplification program was as 

follows: 95℃ for 5 min; 95℃ for 30 s, 52℃ for 30 s, 72℃ for 30 s (30 cycles); 72℃ 

for 30 s.  

Accession numbers 

Sequence data from this article can be found under the following accession numbers. 

For genes from tobacco and O. sativa, sequences can be found in the NCBI 

database (https://www.ncbi.nlm.nih.gov/): NtCBL5A (XM_016642104.1), NsylCBL5 

(KM658159.1), NtomCBL5 (XM_018767788.1), OsCBL1 (DQ201195), OsCBL2 

( DQ201196), OsCBL3 (DQ201197), OsCBL4 (DQ201198), OsCBL5 (DQ201199), 

OsCBL6 (DQ201200), OsCBL7 (DQ201201), OsCBL8 (DQ201202), OsCBL9 

(DQ201203), OsCBL10 (DQ201204).  For genes from S. lycopersicum, sequences 

can be found in the SGN database (https://solgenomics.net/):  SlCBL1 

(Solyc06g060980), SlCBL2 (Solyc12g015870), SlCBL4-1 (Solyc08g036590), 

SlCBL4-2 (Solyc12g055920), SlCBL8 (Solyc08g054570), SlCBL10 

(Solyc08g065330). For genes from A. thaliana, squences can be found in the TAIR 
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database (https://www.arabidopsis.org/): AtCBL1 (AT4G17615), AtCBL2 

(AT5G55990), AtCBL3 (AT4G26570), AtCBL4 (AT5G24270), AtCBL5 (AT4G01420), 

AtCBL6 (AT4G16350), AtCBL7 (AT4G26560), AtCBL8 (AT1G64480), AtCBL9 

(AT5G47100), AtCBL10 (At4G33000). The RNA-seq data from this article can be 

found in the National Center for Biotechnology Information Gene Expression 

Omnibus (GEO) data repository under accession number GSE181164 

(https://www.ncbi.nlm.nih.gov/geo/subs/?view=samples&series=181164). 

Statistical analysis   

Statistical analysis was done using IBM SPSS Statistics 23 software. Significant 

differences were examined by one-way ANOVA using the LSD test at P<0.05 and 

<0.001. The figures were drawn by GraphPad Prism 6.0. 

RESULTS 

The cloning and expression analysis of NtCBL5A 

N. tabacum is a natural allotetraploid derived from two diploid progenitors: N. 

sylvestris as the maternal genome donor and Nicotiana tomentosiformis as the 

paternal genome donor (Yukawa et al., 2006). We predicted and cloned 12 NsylCBLs 

based on the N. sylvestris genome data published in NCBI 

(https://www.ncbi.nlm.nih.gov/) (An et al., 2020). One of these 12 NsylCBLs (NCBI 

reference sequence: XM_009758979.1) had the closest phylogenetic relationship 

with AtCBL5 (At4g01420) and therefore was named NsylCBL5 (GenBank: 

KM658159.1). The ortholog of NsylCBL5 in N. tabacum L. cv. Zhongyan 100 was 

subsequently cloned and named NtCBL5A (NCBI reference sequence number: 

XM_016642104.1). The coding sequence (CDS) of NtCBL5A is identical to the CDS 

of NsylCBL5 and has 28 nucleotide differences with the CDS of NtomCBL5 (NCBI 

reference sequence number: XM_018767788.1) (Figure S1A).  

The CDS of NtCBL5A is 642 bp in length, encoding a 213-amino-acid protein. The 

NtCBL5A protein is predicted to have four potential elongation factor hands (EF-

hands) by the SMART (http://smart.embl-heidelberg.de/) (Letunic and Bork, 2018) 
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and SWISS-MODEL (https://swissmodel.expasy.org/) (Waterhouse et al., 2018) 

(Figure 1A, B). The EF-hand motif is the conserved domain of CBL proteins with an 

α-helix-loop-α-helix structure that binds Ca2+ (Sánchez-Barrena et al., 2013). A 

phylogenetic tree of NtCBL5A with all identified CBL proteins in A. thaliana, O. sativa, 

and S. lycopersicum distributed the CBL members over 4 clusters, and NtCBL5A 

was included in ClusterⅠwith closest phylogenetic relationship to AtCBL5 (Figure 

1C). 

Semi-quantitative RT-PCR indicated that NtCBL5A is specifically expressed at a 

higher level in stems and a relatively lower level in main veins of young tobacco 

seedlings, and it is not detectable in roots and leaf blades (with main veins removed) 

at 30 days after germination (DAG) (Figure 2A). We examined tissue-specific 

expression in more detail using independent ProNtCBL5A::GUS transgenic tobacco 

lines with a 2780 bp upstream regulatory region of NtCBL5A including the promoter 

(Figure S1B) driving expression of a GUS reporter gene. Consistent with the semi-

quantitative RT-PCR result, strong GUS activity was mainly detected in veins and 

stems of tobacco seedlings (Figure 2B-F). At 3 DAG and 20 DAG, GUS staining was 

only observed in the veins and the top of the stem (Figure 2B-D). At 40 DAG, GUS 

staining was still limited to the veins and the stem (Figure 2E, F).  
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Figure 1 | Structure and phylogenetic relationship of NtCBL5A. (A) Amino acid sequence of NtCBL5A 

and the positions of four EF-hands predicted by SMART. (B) The 3D structure of NtCBL5A predicted by 

SWISS-MODEL. (C) Phylogenetic analysis of NtCBL5A and all known CBL members from A. thaliana, O. 

sativa, and S. lycopersicum. The amino acid sequences of AtCBLs, OsCBLs, and SlCBLs were 

downloaded from TAIR (https://www.arabidopsis.org/), NCBI (https://www.ncbi.nlm.nih.gov/), and Sol 

Genomics Network (https://solgenomics.net/), respectively. The phylogenetic tree was constructed by 

MEGA6 using the Neighbor-Joining method. 
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Figure 2 | The expression profile of NtCBL5A in tobacco plants. (A) The expression profile detection 

in different tissues by semi-quantitative RT-PCR at 30 days after germination (DAG), L25 is the reference 

gene (Schmidt and Delaney, 2010). (B-F) The GUS staining of different tissues of ProNtCBL5A::GUS 

plants at different growth stages. They are seedlings at 3 DAG (B), seedlings at 5 DAG (C), seedlings at 

20 DAG (D), leaves of the seedlings at 40 DAG (E), stem and root tissues of the seedlings at 40 DAG (F), 

respectively. 

Overexpression of NtCBL5A induces salt supersensitivity with necrotic 

lesions on leaves 

Two independent homozygous NtCBL5A-OE lines (OE-2, OE-15) with different 

overexpression levels were selected for salt tolerance evaluation (Figure 3A, B). 

Wild-type (WT) and NtCBL5A-OE lines were treated under control conditions (1/2 

Hoagland’s nutrient solution) and saline conditions (1/2 Hoagland’s nutrient solution 

with 100 mM NaCl) in a hydroponic growth system. Under control conditions, there 

were no phenotype differences between WT and NtCBL5A-OE lines. Under saline 
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conditions, constitutive overexpression of NtCBL5A led to salt supersensitivity 

(Figure 3C). There were leaf chlorosis spots on NtCBL5A-OE leaves at the early 

stage of salt stress that developed fast into severe necrotic lesions within two weeks 

(Figure 4A). In each NtCBL5A-OE plant, the 5th leaf that emerged just before the 

initiation of the salt treatment showed the most severe necrotic lesions (Figure 3C), 

and the occurrence of necrotic lesions started from leaf tip and leaf margin (Figure 

4A). The overexpression level of NtCBL5A appeared to be related to the necrotic 

phenotype, for the OE-2 line with higher NtCBL5A expression level showed more 

severe necrotic lesions than OE-15 (Figure 4A). 

Shoot dry weight and fresh weight of each tobacco line were reduced significantly 

under salt stress, and the reduction of NtCBL5A-OE lines was larger than that of WT 

at 9 DAT (Figure 3D, E). Under saline conditions, the length and width of the 5th 

NtCBL5A-OE leaves were more reduced with curly and narrow leaf shapes (Figure 

4). In addition, ROS accumulation in the 5th NtCBL5A-OE leaves was higher than 

that in WT leaves under salt stress at 2 DAT and 6 DAT (Figure S2; Figure 4D). Root 

lengths of NtCBL5A-OE lines and WT were similarly affected by salinity, but root 

fresh weight was reduced more in the NtCBL5A-OE lines than in WT at 9 DAT (Figure 

S3).  
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Figure 3 | The detection of NtCBL5A expression and above-ground phenotype of wild-type (WT) 

and NtCBL5A-overexpressing (OE) lines (OE-2 and OE-15) under control conditions and salt 

stress (100 mM NaCl). Scale bars=10 cm. (A) Relative expression analysis of endogenous NtCBL5A 

(the NtCBL5A driven by 35S promoter) determined by RT-qPCR in different tissues of tobacco seedlings 

at 4 days after the start of treatment (DAT). The expression of NtCBL5A is relative to the reference gene 

L25 and the seedlings are 30-DAG (days after germination) old. (B and C) Relative expression analysis 

of endogenous NtCBL5A and exogenous NtCBL5A (the NtCBL5A driven by its own promoter in tobacco) 

determined by RT-qPCR in whole plants. The expression of NtCBL5A is relative to the reference gene 

L25 and the seedlings are 12-DAG old. The reverse primer pCHF3-Allcheck-1 used for amplifying 

exogenous NtCBL5A was designed according to the sequence of the overexpression vector pCHF3, 

referring to pCHF3-Allcheck-2 (Shi et al., 2021). (D) The shoot phenotype of WT and NtCBL5A-OE lines 

at 9 DAT. (E and F) The shoot fresh weight and dry weight of WT and NtCBL5A-OE lines at 9 DAT. Error 

bars indicate ±SD (n=3 for gene expression detection, n=17 for shoot fresh/dry weight determination), 



Chapter 4 

118 

4 

different letters above bars (a, b, and c) indicate significant statistical difference based on one-way ANOVA 

with LSD test (P<0.05).  

 

Figure 4 | The determination of physiological parameters in wild-type (WT) and NtCBL5A-

overexpressing lines (OE-2 and OE-15). (A) The phenotype of the 5th leaf of WT and NtCBL5A-OE 

lines under control conditions and salt stress (100 mM NaCl) from 4 DAT to 13 DAT. (B and C) Leaf length 

and leaf width determination of the 5th leaf at 8 DAT. (D) DAB staining of tobacco under control conditions 

and salt stress (100 mM NaCl) at 6 DAT. Error bars indicate ±SD (n=17), different letters above bars (a, 
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b, and c) indicate significant statistical difference based on one-way ANOVA with LSD test (P<0.05). Scale 

bars=2 cm. 

The necrotic lesions are specifically induced by high Na+ in the nutrient 

solution  

The response to the osmotic component of salt stress bears similarity to the 

response to drought (Bartels and Sunkar, 2005). Therefore, the effect of drought 

stress on NtCBL5A-OE plants was determined as well. WT and NtCBL5A-OE lines 

were exposed to drought stress in pots under greenhouse conditions. At 21 DAT, all 

the lines showed reduced growth compared to the control plants with no water 

limitation, but there were no significant phenotype differences between the WT and 

NtCBL5A-OE plants under drought stress (Figure 5A). Under drought stress, plant 

height, fresh and dry shoot weight of each line were decreased, while chlorophyll 

content of each line was significantly increased compared to control conditions 

(Figure 5B-E). There were no differences between WT and NtCBL5A-OE lines under 

drought stress (Figure 5B-E), suggesting that osmotic stress alone did not trigger 

necrotic lesions on NtCBL5A-OE leaves. A 15% PEG6000 treatment was conducted 

to confirm that the necrotic lesions on transgenic lines are not caused by osmotic 

stress. Indeed, the PEG6000-induced osmotic stress did not induce leaf necrosis in 

OE-2 and OE-15 lines (Figure 6B). 

Under saline conditions, both Na+ and Cl- can be toxic to the plant (Munns et al., 

2008). To identify the ion that is responsible for the necrotic phenotype of NtCBL5A-

OE lines under salt stress, the plants were exposed not only to 100 mM NaCl, but 

also to 100 mM NaNO3, 100 mM KNO3, and 100 mM KCl (Quan et al., 2007). At 9 

DAT, both WT and NtCBL5A-OE lines exhibited reduced growth under all treatments 

relative to control conditions (Figure 6). NtCBL5A-OE lines showed leaf necrosis only 

under NaCl and NaNO3 treatments but not under KNO3 and KCl treatments (Figure 

6C-F), suggesting that the necrotic lesions on NtCBL5A-OE lines are specifically 

induced by high levels of Na+ in the nutrient solution. 
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Figure 5 | Phenotypic analysis of wild-type (WT) and NtCBL5A-overexpressing (OE) lines (OE-2 

and OE-15) under control conditions and drought stress. Scale bars=30 cm. (A) The phenotype of 

WT and NtCBL5A-OE lines under control conditions and drought stress at 21 days after the start of 

treatment (DAT) and 64 days after germination (DAG). (B) The chlorophyll content of the 8th leaf of WT 

and NtCBL5A-OE lines from 3 DAT to 21 DAT. (C-E) The plant height, fresh shoot biomass, and dry shoot 

biomass of WT and NtCBL5A-OE lines at 21 DAT. Error bars indicate ±SD (n=4), different letters above 

bars (a, b, and c) indicate significant statistical difference based on one-way ANOVA with LSD test 

(P<0.05).  
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Figure 6 | Ion and osmotic stress evaluation on wild-type (WT) and NtCBL5A-overexpressing lines 

(OE-2 and OE-15) at 9 days after the start of treatment. (A) The phenotype of WT and NtCBL5A-OE 

lines under control condition (1/2 Hoagland’s nutrient solution). (B) The phenotype of WT and NtCBL5A-

OE lines under osmotic stress (1/2 Hoagland’s nutrient solution added 15% PEG6000). (C-F) The 

phenotype of WT and NtCBL5A-OE lines under ion stresses (1/2 Hoagland’s nutrient solutions added 100 

mM NaCl, 100 mM NaNO3, 100 mM KCl, and 100 mM KNO3, respectively). Scale bars=10 cm. 4th leaves 

under light (Light), covered by aluminum-foil paper (Covered), and under dark (Dark), which were zoomed 

in at the right part of the panel. 

Overexpression of NtCBL5A enhances the sensitivity of transgenic tobacco 

leaves to Na+  

To elucidate the cause of the salt-induced necrotic lesions in NtCBL5A-OE leaves, 

we measured the ion contents in the 5th leaf blades (with main veins removed) of all 

tobacco lines at three treatment time points (4, 6, 9 DAT). It needs to mention first 

that there was no significant difference between leaf water contents of WT and 

NtCBL5A-OE (Figure S4A). Na+ contents in the 5th leaf blades of all lines were 

strongly increased under salt stress relative to control conditions and increased with 

treatment time. Compared to WT, Na+ contents in the 5th leaf blades of NtCBL5A-

OE lines were higher under salt stress but the difference was not large (Figure 7A). 
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More specifically, during the 4~9 DAT, the Na+ contents in the 5th leaf blades of WT, 

OE-2, and OE-15 tobacco plants are in the range of 39.18~51.64 μg/mg, 

44.95~69.71 μg/mg, and 47.36~64.31 μg/mg, respectively. In other words, the 5th 

leaf blades of WT lines could reach a similar Na+ content level to that of OE lines 

with treatment time, but they did not exhibit any necrotic lesions at all during the 

treatment period (Figure 7A; Figure 4A). Cl- contents in the 5th leaf blades of all lines 

were strongly increased under salt stress relative to control conditions and increased 

with time, but there was no significant difference between WT and NtCBL5A-OE lines 

under salt stress (Figure 7C). K+, Ca2+, and Mg2+ contents in all lines were 

significantly decreased under salt stress but also for these ions there was still no 

significant difference between WT and NtCBL5A-OE plants (Figure S4B-D).  

We also measured the Na+ and Cl- contents in different tissues (leaf blades: all 

leaves with main veins removed; main veins: main veins from all leaves; stems; roots) 

of all lines under control conditions and 100 mM NaCl stress at 10 DAT. Under salt 

stress, Na+ contents in all tissues of all lines were strongly increased relative to 

control conditions, and Na+ contents in leaf blades of NtCBL5A-OE lines were 

significantly higher than those of WT (Figure 7B). In contrast, Na+ contents in main 

veins, stems, and roots of OE-2 and OE-15 were significantly lower than those of 

WT under salt stress (Figure 7B). Cl- contents in all tissues of all lines were strongly 

increased under salt stress relative to control conditions but there was no significant 

difference between different lines (Figure 7D). Taken together, ion content data 

suggested that the overexpression of NtCBL5A may promote Na+ loading into leaf 

blades, but the necrotic lesions are caused by the increased Na+ sensitivity of 

NtCBL5A-OE leaves. 



                                                                Chapter 4 

123 

4 

 

Figure 7 | Na+ and Cl- contents in wild-type (WT) and NtCBL5A-overexpressing lines (OE-2 and OE-

15) under control conditions and salt stress (100 mM NaCl). (A and C), Na+ and Cl- contents in the 

5th leaf blades (with main veins removed) at 4 DAT, 6 DAT, and 9 DAT. (B and D) Na+ and Cl- contents in 

different tissues (leaf blades: all leaves with main veins removed; main veins: main veins from all leaves; 

stems; roots) at 10 DAT. C means control conditions, while S means salt stress. Error bars indicate ±SD 

(n=3), every biological replication is a mixed pool of 3 plants. One-way ANOVA with LSD test (*P<0.05 

and **P<0.01) was used to analyze statistical significance. 

Differentially expressed genes (DEGs) in NtCBL5A-OE leaves under salt stress 

were analyzed 

To further identify the genes and pathways involved in the necrotic phenotype of 

NtCBL5A-OE lines, the leaf transcriptome profiling of WT and OE-2 lines grown 

under control conditions and salt stress (100 mM NaCl) at 4 DAT were sequenced 

and compared. Two datasets of differentially expressed genes (DEGs) were made 

in which we identified the genes that were differentially expressed as a result of the 

overexpression of NtCBL5A: Control-WT vs Control-OE2 (C-WT/C-OE2), Salt-WT 

vs Salt-OE2 (S-WT/S-OE2). Another two datasets were also used to identify the 

transcripts that were responsive to the salt treatments: Control-WT vs Salt-WT (C-

WT/S-WT) and Control-OE2 vs Salt-OE2 (C-OE2/S-OE2). DEGs from C-WT/C-OE2 
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and S-WT/S-OE2 were compared to select the transcripts affected by NtCBL5A 

overexpression only under salt stress (dotted lines in Figure 8A, D; Figure S5). We 

also compared DEGs from C-WT/S-WT and C-OE2/S-OE2 to identify the specific 

transcripts affected by salt stress and only in NtCBL5A-OE lines (dotted lines in 

Figure 8B, E; Figure S5). This procedure was done for two independent experiments, 

and only DEGs that were identified in both experiments were considered (highlighted 

part in Figure 8A, B, D, E). The OE-affected DEGs and salt-affected DEGs together 

resulted in 2079 up-regulated DEGs and 1154 down-regulated DEGs (Figure 8C, F), 

strongly affected by the combination of NtCBL5A overexpression and salt stress.  

The up-regulated DEGs were enriched in 10 KEGG (Kyoto encyclopedia of genes 

and genomes) (Kanehisa et al., 2020) pathways (padj<0.05) (Figure 8G). Among 

them, “plant-pathogen interaction” (KEGG ID: sly04626) and “MAPK signaling 

pathway-plant” (KEGG ID: sly04016) attracted our attention because many DEGs 

identified as belonging to these two pathways are related to HR and cell death, 

including PATHOGENESIS RELATED PROTEIN 1a (PR1a), PR1b, PR1c, PR-Q, 

PR-R major form, PR-R minor form, ETHYLENE RESPONSE FACTOR 1 (ERF1), 

ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1, SA-related signal transducers), 

and RPM1-INTERACTING PROTEIN 4 (RIN4). Besides, Ca2+ channels CYCLIC 

NUCLEOTIDE-GATED ION CHANNEL (CNGC) and other two types of Ca2+-sensor 

genes CML and CDPK were also enriched in the MAPK signaling pathway-plant. 

Interestingly, these genes are highly up-regulated only under the combination of 

NtCBL5A overexpression and salt stress. The down-regulated DEGs were enriched 

in 4 KEGG pathways (padj<0.05) (Figure 8H). In “photosynthesis” (KEGG ID: 

sly00195) and “photosynthesis-antenna proteins” (KEGG ID: sly00196) pathways, 

many genes related to photosystem I (e.g., PsaD, PsaH, and PsaE), photosystem 

Ⅱ (e.g., PsbD, PsbQ, and PsbW), photosynthetic electron transport (PetE, PetF, 

and PetH), and light-harvesting chlorophyll protein complex (e.g. Lhca1-5, Lhcb1, 

and Lhcb3-6) were significantly down-regulated.  
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Figure 8 | The analysis of leaf transcriptome data of wild-type (WT) and the NtCBL5A-

overexpressing line (OE-2) at 4 DAT. (A) Venn diagram with four up-regulated gene sets: Experiment 1 

(Exp1)-C-WT/C-OE2, Exp 1-S-WT/S-OE2, Exp 2-C-WT/C-OE2, and Exp 2-S-WT/S-OE2. (B) Venn 

diagram with four up-regulated gene sets: Exp1-C-WT/S-WT, Exp 1-C-OE2/S-OE2, Exp 2-C-WT/S-WT, 

and Exp 2-C-OE2/S-OE2. (C) Venn diagram with two sets: OE-affected up-regulated DEGs and Salt-

affected up-regulated DEGs. (D) Venn diagram with four down-regulated gene sets: Exp 1-C-WT/C-OE2, 

Exp 1-S-WT/S-OE2, Exp 2-C-WT/C-OE2, and Exp 2-S-WT/S-OE2. (E) Venn diagram with four down-

regulated gene sets: Exp 1-C-WT/S-WT, Exp 1-C-OE2/S-OE2, Exp 2-C-WT/S-WT, and Exp 2-C-OE2/S-

OE2. (F) Venn diagram with two sets: OE-affected down-regulated DEGs and Salt-affected down-

regulated DEGs. (G and H) KEGG enrichment of up-regulated genes and down-regulated genes. The 

pathways labeled in blue were significantly enriched pathways. Count: the number of DEGs, bigger circle 

means more DEGs number; GeneRatio: the number of DEGs / the total number of genes in this pathway; 
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padj: P-value, padj<0.05 means significant difference, redder color means greater significance. The raw 

data of RNA-seq can be found in GEO data repository with the accession number GSE181164, in which 

samples were named as C-WT-1, S-WT-1, C-OE2-1, S-OE2-1, C-WT-2, S-WT-2, C-OE2-2, S-OE2-2. “C” 

refers to “Control”, “S” refers to “Salt”, “WT” refers to “wild-type”, “OE2” refers to the OE2 line of NtCBL5A-

overexpressing lines, “1” refers to “Experiment 1”, and “2” refers to “Experiment 2”. 

Plant defense- and cation homeostasis-related genes are regulated in 

NtCBL5A-OE leaves under salt stress 

Under salt stress, NtCBL5A-OE leaves exhibited necrotic lesions that bear 

resemblance to hypersensitive reaction (HR)-like cell death in plant response to 

pathogen infection. To understand the causes of the necrotic lesions, we specifically 

examined the expression of the HR marker genes N-RICH PROTEIN (NRP) (Ludwig 

and Tenhaken, 2001) and HYPERSENSITIVE-RELATED 203J (hypersensitive-

related 203J) (Pontler et al., 1994), as well as the plant defense-related genes in the 

“Plant-pathogen interaction” pathway and “MAPK signaling pathway-plant” pathway 

(Figure 8G). NPR and HSR203J genes were strongly up-regulated in NtCBL5A-OE 

leaves under salt stress (Figure 9A, B). In addition, the expression levels of plant 

defense-related genes like PR genes (PR1a, PR1b, PR1c, PR-Q, and PR-R) (Sinha 

et al., 2014), EDS1 (Lapin et al., 2020), RIN4 (Ray et al., 2019), ERF1 (Lorenzo et 

al., 2003), and CATALASE 1 (CAT1) (Tran and Jung, 2020) were much higher in 

NtCBL5A-OE leaves than those in WT leaves under salt stress (Figure 9C-H; Figure 

S6A-D). Taken together, these data suggested that salinity stress activates an 

immunity-related response specifically in the NtCBL5A-OE lines.  

Under saline conditions, Na+ accumulation in NtCBL5A-OE leaves was slightly 

higher than that in WT leaves (Figure 7A). Therefore, we hypothesized that NtCBL5A 

overexpression may affect the expression of several cation homeostasis-related 

genes involved in salt stress response. Based on the transcriptome analysis, several 

genes required for K+, Na+, and Ca2+ homeostasis were significantly up- or down-

regulated by combined condition of NtCBL5A overexpression and salt stress. The 
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expression profile of these genes was validated by RT-qPCR. Cation/H+ 

EXCHANGER 18 (CHX18) and Na+/Ca2+ EXCHANGER 1 (NCX1) gene were 

strongly up-regulated (Figure 9 I, J), while vacuolar CATION/PROTON 3 (CAX3) 

gene involved in ion vacuolar compartmentalization (Martinoia et al., 2007; Zhao et 

al., 2007) was down-regulated in WT and even more strongly inhibited in NtCBL5A-

OE lines under saline conditions (Figure 9K). In addition, the expression of Ca2+ 

channels CNGC1 was up-regulated in NtCBL5A-OE leaves under saline conditions 

(Figure 9L). The results of RT-qPCR were consistent with the transcriptome data and 

indicated that NtCBL5A overexpression greatly affects the expression of cation 

homeostasis-related genes under salt stress. 

 

Figure 9 | Relative expression analysis of plant defense-related marker genes, Na+ homeostasis- 

and Ca2+ homeostasis-related genes determined by RT-qPCR in tobacco leaves. (A-L) The 

expression of these genes are relative to the reference gene L25 under control conditions and salt stress 

(100 mM NaCl) at 4 days after the start of treatment. Their gene IDs in the reference tobacco genome 

database (ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-
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v4.5_genome_Chr_Edwards2017.fasta.gz) are NRP (Nitab4.5_0000798g0120), HSR203J 

(Nitab4.5_0002719g0120), PR-Q (Nitab4.5_0003207g0080), PR1a (Nitab4.5_0003771g0010), PR1b 

(Nitab4.5_0005400g0020), PR1c (Nitab4.5_0004861g0040), PR-R minor (Nitab4.5_0004097g0050), PR-

R major (Nitab4.5_0000360g0100), CHX18 (Nitab4.5_0006998g0030), NCX1 (Nitab4.5_0005404g0030), 

CAX3 (Nitab4.5_0000102g0080), CNGC1 (Nitab4.5_0000258g0120). Error bars indicate ±SD (n=3). 

One-way ANOVA with LSD test (*P<0.05, **P<0.01) was used to analyze statistical significance.  

Photosynthetic machinery-related genes are strongly inhibited in NtCBL5A-

OE leaves under salt stress 

Under salt stress, NtCBL5A-OE leaves exhibited chlorotic spots developing into 

necrotic lesions from 4 DAT (Figure 4A). To gain further insight into the causes of the 

chlorotic spots, we examined the expression levels of the photosynthesis essential 

genes in the “Photosynthesis” pathway and “Photosynthesis-antenna proteins” 

pathway (Figure 8H). PsaH, PsaE, and PsaD in photosystem Ⅰ; PsbQ, PsbX, and 

OXYGEN EVOLVING ENHANCER PROTEIN 1 (OEE1) in photosystem Ⅱ; LIGHT-

HARVESTING CHLOROPHYLL PROTEIN COMPLEX (Lhca3, Lhcb3, and Lhcb4); 

FERREDOXIN (Fd) in photosynthetic electron transport; F-ATPase delta subunit; 

and GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE A (GAPA) in Calvin 

cycle were examined, RT-qPCR results showed that their expression in both WT and 

NtCBL5A-OE leaves were significantly inhibited by salinity at 4 DAT (Figure 10). 

More importantly, their expression levels in NtCBL5A-OE leaves were significantly 

lower than that in WT leaves under salt stress (Figure 10). These data suggested 

that the photosynthetic machinery might be more severely affected in NtCBL5A-OE 

leaves than in WT leaves under salt stress at 4 DAT. 
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Figure 10 | Relative expression analysis of photosynthesis-related genes determined by RT-qPCR 

in tobacco leaves. (A-L) The expression of these genes are relative to the reference gene L25 under 

control conditions and salt stress (100 mM NaCl) at 4 days after the start of treatment (DAT). Their gene 

IDs in the reference tobacco genome database  

(ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-

v4.5_genome_Chr_Edwards2017.fasta.gz) are PsaH (Nitab4.5_0000351g0060), PsaE 

(Nitab4.5_0000385g0230), PsaD (Nitab4.5_0014875g0010), PsbQ (Nitab4.5_0002345g0070), PsbX 

(Nitab4.5_0000073g0060), OEE1 (Nitab4.5_0000108g0110), Lhca3 (Nitab4.5_0000923g0200), Lhcb3 

(Nitab4.5_0012832g0010), Lhcb4 (Nitab4.5_0011597g0020), Fd (Nitab4.5_0004129g0010), F-ATPase 

delta subunit (Nitab4.5_0006745g0030), GAPA (Nitab4.5_0010299g0040). Error bars indicate ±SD (n=3). 

One-way ANOVA with LSD test (*P<0.05, **P<0.01) was used to analyze statistical significance.  

DISCUSSION 

The mechanisms of salt stress response have been the subject of many research 

studies. A lot of candidate genes involved in salt stress response have been 

identified, including genes responsible for sensing and signaling in roots, 
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photosynthesis, Na+ accumulation in shoots and vacuoles, and accumulation of 

organic solutes (Munns et al., 2008). However, actual improvements to salt tolerance 

in crops have been limited, partially because salt tolerance is a polygenic trait 

controlled by quantitative loci (Ismail and Horie, 2017). Therefore, more pathway 

components in the salt stress response need to be explored. The strategy of 

generating a phenotype by targeted overexpression can be used as a powerful tool 

to identify the potential response pathway components (Prelich, 2012). In this study, 

constitutive overexpression of NtCBL5A greatly interferes with the normal salt stress 

response of tobacco and induces Na+-dependent salt supersensitivity with necrotic 

lesions on leaves. Analysis of this phenotype generated by NtCBL5A overexpression 

may provide insight into genes and relatively poorly explored pathways that are 

involved in the salt stress response of plants. 

CBL-CIPK complexes act as important nodes in the plant signaling cascade, linking 

environmental stimuli with multiple biochemical and physiological responses. 

[Ca2+]cyt triggered by salinity stress can be sensed by CBLs (Perochon et al., 2011). 

One CBL can interact with different CIPKs and each CIPK may phosphorylate 

diverse targets (Ma et al., 2020). Therefore, constitutive overexpression of a CBL 

gene may generate a cascade effect, overreacting to the [Ca2+]cyt transients triggered 

by salinity stress and leading to unexpected phenotypes. To elucidate the 

mechanisms underlying the necrotic phenotype, the NtCBL5A-OE lines were 

evaluated at the physiological, biochemical, and molecular levels. We found that the 

necrotic phenotype was uniquely induced by high levels of Na+ rather than Cl- and 

osmotic stress in the nutrient solution. Many genes related to cation homeostasis, 

plant immunity, and the photosynthetic machinery were affected at the transcriptional 

level in NtCBL5A-OE leaves under salt stress. The constitutive overexpression of 

NtCBL5A may make more potential pathway components in salt stress response 

detectable. 
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Constitutive overexpression of NtCBL5A may interfere with the network 

responsible for tobacco tolerance 

Under saline conditions, plants suffer from Na+ toxicity due to Na+ accumulation in 

the leaves (Munns et al., 2008). Generally, Na+ can accumulate to toxic 

concentrations earlier in old leaves than in younger growing leaves because the old 

leaves no longer expand and so no longer dilute the salt (Munns et al., 2008). In 

addition, basal zones of leaf blades accumulate more ions than tip zones because 

the dehydration process starts at the leaf tip (de Lacerda et al., 2003). Inconsistent 

with the normal pattern of Na+ accumulation in plants, however, the 5th leaf of 

NtCBL5A-OE tobacco developed the earliest and most severe necrotic lesions in 

this study (Figure 3C) and the occurrence of necrotic lesions started from leaf tip and 

leaf margin (Figure 4A). Ion content determination provides us with more information 

about the necrotic lesions. Although the severe necrotic lesions occurring on 

NtCBL5A-OE leaves were Na+-dependent, their total Na+ accumulation was only 

slightly higher than that of WT leaves. The difference in Na+ concentrations is 

statistically significant but not large. Specifically, during 4~9 DAT, the Na+ contents 

in the 5th leaves of WT, OE-2, and OE-15 are in the range of 39.18~51.64 μg/mg, 

44.95~69.71 μg/mg, and 47.36~64.31 μg/mg, respectively (Figure 7A). The 5th 

leaves of WT plants remained green with Na+ accumulating up to 51.64 μg/mg, while 

NtCBL5A-OE lines exhibited obvious chlorotic spots or necrotic lesions with a similar 

level of Na+ accumulation in their leaves (Figure 4A; Figure 7A). Taken the 

phenotypic analysis and Na+ determination together, it is possible that the distribution 

of Na+ over different tissues and cell organelles was affected by NtCBL5A 

overexpression. We did find the expression of several cation homeostasis-related 

genes such as CHX18, NCX1, and vacuolar CAX3 were regulated in salt-stressed 

NtCBL5A-OE leaves (Figure 9). To sum up, the compromised Na+-handling ability 

and Na+ homeostasis may contribute more to the formation of necrotic lesions on 

NtCBL5A-OE leaves.  

Overexpression phenotypes often result from competition-based mechanisms 
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(Prelich, 2012). The necrotic phenotype may result from the interference of 

ectopically expressed NtCBL5A with other components of the CBL-CIPK network 

that are important in the salt stress response of tobacco. CBL members with close 

phylogenetic relationships were shown to be able to interact with the same CIPK. 

Both AtCBL1 and AtCBL9 interact with AtCIPK23 to regulate K+ uptake under low-

potassium conditions by activating K+ transporters (Li et al., 2006; Aleman et al., 

2011; Ragel et al., 2015). In addition, AtCBL2 and AtCBL3 both interact with 

AtCIPK12 as crucial regulators of vacuole dynamics (Steinhorst et al., 2015), and 

work with AtCIPK3/9/23/26 at the tonoplast to sequester Mg2+ into vacuole to avoid 

high Mg2+ toxicity (Tang et al., 2015). Some CBL family members are supposedly 

able to compete for the same CIPK member, but they are “spatially isolated” because 

of different subcellular localization or tissue-specific expression. For example, both 

AtCBL4 and AtCBL10 interact with AtCIPK24 to regulate Na+ homeostasis under salt 

stress, but the AtCBL4-AtCIPK24 complex mainly works in roots for Na+ exclusion, 

the AtCBL10-AtCIPK24 complex mainly works in shoots for Na+ efflux or 

compartmentalization (Kim et al., 2007; Lin et al., 2009). This cooperation or 

competition of CBL family members suggests that ectopically expressed NtCBL5A 

might compete with other NtCBLs for the same NtCIPK and interfere with their 

functions, for instance with the NtCBL-NtCIPK complex that is regulating Na+ 

vacuolar compartmentalization and thus affect Na+ sequestration into the vacuole. 

As a result, Na+ might be less efficiently compartmentalized in vacuole, increasing 

the toxicity of Na+ in the cytoplasm. This would be in agreement with our hypothesis 

that the Na+ sensitivity of the NtCBL5A-OE lines under saline conditions might be 

partly caused by compromised distribution of Na+ within the leaves. This hypothesis 

can be verified by co-overexpression of NtCBL5A and its competing NtCBL, which 

may reverse the necrotic phenotype of NtCBL5A-OE leaves (Prelich, 2012).  

The Na+ sensitivity of NtCBL5A-OE leaves may be related to defective 

photosystems and ROS 

Both transcriptome analyses and RT-qPCR results indicated that the expression of 
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photosynthesis-related genes in NtCBL5A-OE leaves were significantly inhibited by 

salinity at 4 DAT (Figures 8H and 10), which is consistent with the dotted chlorosis 

phenotype at this time point (Figure 4A). To understand whether photosynthesis 

dysfunction is related to the salt-induced necrotic phenotype of NtCBL5A-OE leaves, 

we examined the expression levels of photosynthesis-related genes at very early 

stages of salt treatment (1 DAT and 2 DAT) when there were no chlorotic spots or 

necrotic lesions in NtCBL5A-OE leaves. RT-qPCR results showed that their 

expression levels in NtCBL5A-OE leaves were lower than those in WT already at 1 

DAT (Figure S6E-P), which suggests that the photosynthetic machinery of NtCBL5A-

OE leaves may be affected shortly after the start of salt treatment.  

It has been reported that some leaf lesion-mimic phenotypes are connected to 

defective photosystems (Zulfugarov et al., 2014; Bruggeman et al., 2015; Wang et 

al., 2015; Tang et al., 2020). Light energy input exceeds energy utilization when CO2 

assimilation and NADP+ regeneration in the Calvin cycle are inhibited by salinity-

induced stomatal limitation, leading to overreduction of the electron transport chain 

and the generation of ROS (Attia et al., 2009; Hajiboland, 2014). If the capacity of 

the ROS scavenging system is not sufficient, excessive ROS will accumulate and 

lead to damage. The ROS accumulation in NtCBL5A-OE leaves was higher than that 

in WT under salt stress already at 2 DAT and 6 DAT (Figure S2; Figure 4D). Possibly, 

the light energy input in NtCBL5A-OE leaves exceeds energy utilization when the 

Calvin cycle is more inhibited than light reaction in the photosynthesis of NtCBL5A-

OE leaves under salt stress, and the resulting ROS generation in NtCBL5A-OE 

leaves might beyond the ROS scavenging ability and lead to the necrotic lesions.  

The question then remains that how overexpression of NtCBL5A in combination with 

high Na+ in the root environment triggers excess ROS production and affects the 

photosynthetic machinery. It is remarkable that the expression of photosynthetic 

machinery-related genes already changed at 1 DAT, ROS appeared to be already 

elevated at 2 DAT, and chlorotic symptoms developed quickly after the start of salt 

treatment. This might indicate that the salt supersensitivity is initiated already during 
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the early salinity response of the plant. Although it is generally accepted that the first 

response to salt stress in plants is triggered by the osmotic stress component of 

salinity, recent studies indicated that plants also specifically sense the presence of 

high Na+ in the soil at the early stages of salt stress (Lamers et al., 2020; Van Zelm 

et al., 2020). This triggers Ca2+ waves in the roots that even reach the leaves (Choi 

et al., 2014). Additionally, ROS are rapidly activated (Miller et al., 2010). Members of 

the CBL-CIPK signaling network may play a role in the translation of the second 

messenger Ca2+ (Manishankar et al., 2018), and the AtCBL1/9-AtCIPK26 complex 

was shown to be able to interact with AtRbohF which is a member of the ROS burst-

regulating Rboh gene family (Drerup et al., 2013). It is therefore conceivable that 

ectopic and constitutive overexpression of NtCBL5A may interfere with the Ca2+ and 

ROS-mediated response of plants following early sensing of high Na+ levels in the 

root environment. Further exploration of the reason for necrotic lesions on NtCBL5A-

OE leaves might help to gain insight into this early Na+ response of plants as part of 

the response to salinity, and the crosstalk between the salt stress response and 

photosynthesis. 

The Na+ sensitivity of NtCBL5A-OE leaves may be related to plant immune 

response 

Transcriptome analysis provided additional information on cause of the fast-

developing necrotic symptoms of NtCBL5A-OE tobacco. The expression of cell 

death- and immune response-related genes were induced in NtCBL5A-OE leaves 

under salt stress. These included NRP and HSR203J, which are immunity-related 

cell death HR marker genes that are activated as part of the plant disease defense 

and execution of the cell death programme (Ludwig and Tenhaken, 2001). In addition, 

many plant defense-related genes like PR genes, ERF1, EDS1, and RIN4 were also 

specifically strongly up-regulated in NtCBL5A-OE lines under saline conditions 

(Figure 9A-H; Figure S6A-D), suggesting that PAMP- and effector-triggered 

responses are induced in NtCBL5A-OE leaves under salt stress. The CBL-CIPK 

network has been widely reported to be involved in HR-related plant immunity to 
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pathogens, such as SlCBL10-SlCIPK6 (Gutiérrez-Beltrán et al., 2017), AtCIPK6 

(Sardar et al., 2017), OsCIPK15 (Kurusu et al., 2010), CaCIPK1 (Ma et al., 2019), 

TaCBL4-TaCIPK5 (Liu et al., 2018), TaCIPK10 (Liu et al., 2019), and MeCBL1/9-

MeCIPK23 (Yan et al., 2018). Moreover, Cassava MeCBL1/9-MeCIPK23 positively 

regulates plant’s defense against Xanthomonas axonopodis pv. manihotis via 

affecting the expression of defense-related genes including PR1, PR2, PR5, and 

NPR1 (nonexpresser of PR genes 1) (Yan et al., 2018). Crosstalk between the 

response to abiotic and biotic stress and the role of plant immune-related genes in 

this crosstalk has been shown by others (Nejat and Mantri, 2017; Saijo and Loo, 

2020), and it is possible that some plant immune-related DEGs in NtCBL5A-OE 

leaves under salt stress might be involved in the combined salt stress and biotic 

stress response. 
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Supplementary Material 

 

Figure S1 | The coding sequence alignment of NtCBL5A, N. sylvestris CBL5 (NsylCBL5), and N. 

tomentosiformis CBL5 (NtomCBL5) (A) and the cloned upstream regulatory region of NtCBL5A 

(B). 
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Figure S2 | DAB staining of tobacco under control conditions and salt stress (100 mM NaCl) at 2 

DAT. 

 

Figure S3 | Root phenotype (A), root length (B), and root fresh weight (C) of wild-type (WT) and 

NtCBL5A-overexpressing lines (OE-2 and OE-15) under control conditions and salt stress (100 

mM NaCl) at 9 DAT. Scale bar=10 cm. Error bars indicate ±SD (n=17), different letters above bars (a, b, 

and c) indicate significant statistical difference based on one-way ANOVA with LSD test (P<0.05).   
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Figure S4 | Leaf water content and K+ , Ca2+, Mg2+ determination. (A) Leaf water content of wild-type 

(WT) and NtCBL5A-overexpressing lines (OE-2 and OE-15) under control conditions and salt stress (100 

mM NaCl) at 9 DAT. Leaf water content (%) =(Wfresh-Wdry)/Wfresh*100% (Wfresh is the leaf fresh weight and 

Wdry is the leaf dry weight). Error bars indicate ±SD (n=17). (C-D) K+, Ca2+, and Mg2+ contents in the 5th 

leaf (without main vein) of WT and NtCBL5A-OE lines under control conditions and salt stress (100 mM 

NaCl) at 4 DAT, 6 DAT, and 9 DAT. C means control conditions, while S means salt stress. Error bars 

indicate ±SD (n=3), every biological replication is a mixed pool of 3 plants. One-way ANOVA with LSD 

test (*P<0.05 and **P<0.01) was used to analyze statistical significance. 

 

Figure S5 | The flow of OE-affected DEGs (A) and Salt-affected DEGs analysis (B). The read color 

indicates the “Treatment Group” relative to “Control Group” for transcriptome analysis. 
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Figure S6 | Relative expression analysis of immunity-related genes and photosynthesis-related 

genes to reference gene L25 by RT-qPCR. (A-D) Gene expression analysis of immunity-related genes 

at 4 DAT under control conditions and salt stress (100 mM NaCl). (E-P) Gene expression analysis of 

photosynthesis-related genes at 1 DAT and 2 DAT under salt stress (100 mM NaCl). Their gene IDs in 

the reference tobacco genome database 

(ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-

v4.5_genome_Chr_Edwards2017.fasta.gz) are EDS1 (Nitab4.5_0002101g0050), RIN4 

(Nitab4.5_0003020g0010), ERF1 (Nitab4.5_0010541g0010), CAT1 (Nitab4.5_0009821g0010), PsaH 

(Nitab4.5_0000351g0060), PsaE (Nitab4.5_0000385g0230), PsaD (Nitab4.5_0014875g0010), PsbQ 

(Nitab4.5_0002345g0070), PsbX (Nitab4.5_0000073g0060), OEE1 (Nitab4.5_0000108g0110), Lhca3 

(Nitab4.5_0000923g0200), Lhcb3 (Nitab4.5_0012832g0010), Lhcb4 (Nitab4.5_0011597g0020), Fd 

(Nitab4.5_0004129g0010), F-ATPase delta subunit (Nitab4.5_0006745g0030), GAPA 

(Nitab4.5_0010299g0040). Error bars indicate ±SD (n=3). One-way ANOVA with LSD test (*P<0.05, 

**P<0.01) was used to analyze statistical significance. 
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Table S1 | Primers used for gene expression analysis and plasmid construction 

Primer name Sequence (5’ to 3’) Description 

NtCBL5A-1F 
ATGGGCTGTGCTTTAAGAAAGCAA

GA Used for the clone of NtCBL5A CDS 

NtCBL5A-1R TCAGAAATCCTTGTAAATCTCATC 

NtCBL5A-3F-Sac

Ⅰ 

CGAGCTCATGGGCTGTGCTTTAAG

AAAGCAAGA Used for the construction of plasmid 

pCHF3- NtCBL5A NtCBL5A-3R-Kpn

Ⅰ 

GGGGTACCTCAGAAATCCTTGTAA

ATCTCATC 

NtCBL5Apro-1F-

SalⅠ 

ACGCGTCGACGTTAGATTTGTCCC

TCCGTG Used for the construction of plasmid 

pBI101- NtCBL5Apro::GUS NtCBL5Apro-1R-

SmaⅠ 

TCCCCCGGGTTTATAGTAATATTTT

TGTGTTGTTATG 

pCHF3-R ATTCTGGTGTGTGCGCAATG 
For the indentification of NtCBL5A-

OE transgenic tobacco. 

pBI101-F CCGATTCATTAATGCAGCTG 

For the indentification of 

NtCBL5Apro::GUS transgenic 

tobacco. 

NtCBL5A-UTR-

31F 
TTTGCTAATAAACCCATCTTTG 

For the identification of endogenous 

NtCBL5A, NtCBL5A-UTR-31F was 

designed based on the 5’-UTR 

sequence of NtCBL5A 
NtCBL5A-81R TCCAAAGAAAAATGTGTCTGAG 

NtCBL5A-564F CTCAAGGATATCACAGCTGCATT For the identification of exogenous 

NtCBL5A, pCHF3-Allcheck-1 was 

designed based on the sequence of 

3’-UTR of exogenous NtCBL5A, 

referring to pCHF3-Allcheck-2 (Shi 

et al., 2021). 

pCHF3-Allcheck-1 TGCAGGTCGACTCTAGAGGAT 

NRP-qF ACTATGTTTCCAAAAGGCCTGA RT-qPCR primers for NRP 
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Primer name Sequence (5’ to 3’) Description 

NRP-qR CCATTTAAGCCAAAATCAAGAACC (Nitab4.5_0000798g0120) 

HSR203J-qF CTTGCGATGCCGGTTTTTCC RT-qPCR primers for HSR203J 

(Nitab4.5_0002719g0120) HSR203J-qR GGCGAGTCGCATTGGAGATA 

PR1a-qF GTAATATCCCACTCTTGCCGTG RT-qPCR primers for PR1a 

(Nitab4.5_0003771g0010) PR1a-qR CCTCAGCTAGGTTTTCGCCG 

PR1b-qF ACCATTAACTTGGGACAACGG RT-qPCR primers for PR1b 

(Nitab4.5_0005400g0020) PR1b-qR TACGCCAAACCACCTGAGTA 

PR1c-qF ATCCCACTCTTGTCATGCTC RT-qPCR primers for PR1c 

(Nitab4.5_0004861g0040) PR1c-qR GAAATCGCCACTTCCCCAAG 

PR-Q-qF GTGGATCCCTGAGTGCAGAA RT-qPCR primers for PR-Q 

(Nitab4.5_0003207g0080) PR-Q-qR CGTGGGAAGATGGCTTGTTG 

PR-R minor-qF AACTAATGGCGGTTGCCGTA RT-qPCR primers for PR-R minor 

(Nitab4.5_0004097g0050) PR-R minor-qR CCACATGATCCAGGCCCATT 

PR-R major-qF GTGAACCCAGGAACAGTCCA RT-qPCR primers for PR-R major 

(Nitab4.5_0000360g0100) PR-R major-qR ACGACATCCTCCATTGGTCG 

EDS1-qF AGGCCGAAGCGTTATAGGTT RT-qPCR primers for EDS1 

(Nitab4.5_0002101g0050) EDS1-qR GGGACCAATCCCATGCCTTT 

RIN4-qF GGGATGAACCAATGGGGCTA RT-qPCR primers for RIN4 

(Nitab4.5_0003020g0010) RIN4-qR TTCCCTTCCAAAACAGGCGA 

ERF1-qF GCTTCCTCAAGTACTCCACACA RT-qPCR primers for ERF1  

(Nitab4.5_0010541g0010), ERF1-

qF was designed from 5’-UTR 
ERF1-qR TGTAACGGTGATTGATCTTGGA 

CAT1-qF TGTTCAAGTACTGTGGTCATCTTCT RT-qPCR primers for CAT1 

(Nitab4.5_0009821g0010) ， CAT1-

qF and CAT1-qR were designed 

from 3’-UTR 

CAT1-qR AACGGAAGACAGAGTAGCAGC 

CHX18-qF CAGCACCCCTGAAATGTCCA RT-qPCR primers for NHX18 

(Nitab4.5_0006998g0030) CHX18-qR ACAACACGTGGCTGTCTCAA 
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Primer name Sequence (5’ to 3’) Description 

NCX1-qF CCGAGAAGAGAAGTGCTTGGA RT-qPCR primers for NCX1  

(Nitab4.5_0005404g0030) NCX1-qR TCTTGGCAAGTCAAGTGGCA 

CAX3-qF TGTCTGTGGAACCAGTACTTAACA RT-qPCR primers for CAX3  

(Nitab4.5_0000102g0080) CAX3-qR ATAACCGCCTCATCTTCCGC 

CNGC1-qF TCCTGATAATCTGAGAGCACGA RT-qPCR primers for CNGC1 

(Nitab4.5_0000258g0120) CNGC1-qR AGTCGACCACACATTGCATCT 

PsaH-qF CCATTGCCGGAACAAAACTCA RT-qPCR primers for PsaH  

(Nitab4.5_0000351g0060) PsaH-qR GAACTTGCTCTGAAGGGGGT 

PsaE-qF AGCAGAGACAAAGACATGGCAA RT-qPCR primers for PsaE  

(Nitab4.5_0000385g0230), PsaE-qF 

was designed from 5’-UTR 
PsaE-qR AACGAGCCTCGGGAAGTTG 

PsaD-qF TGGCAACTCAAGCTTCTCTCTT RT-qPCR primers for PsaD  

(Nitab4.5_0014875g0010) PsaD-qR CTTCTTTTGTGGCGGCTTCTT 

PsbQ-qF TCCCCCACCCTACTTCTATCA RT-qPCR primers for PsbQ  

(Nitab4.5_0002345g0070), PsbQ-

qF was designed from 5’-UTR 
PsbQ-qR TAACAGTGCTCAAACGGGCT 

PsbX-qF TGCCAATAAGGCCATCAAAACAAA RT-qPCR primers for PsbX  

(Nitab4.5_0000073g0060) PsbX-qR CAGCAGCTTGTGCTACATCAG 

OEE1-qF GGAGCTCCAGAAGGAGAACG RT-qPCR primers for OEE1  

(Nitab4.5_0000108g0110), OEE1-

qR was designed from 3’-UTR 
OEE1-qR ACCCCAAGGTCTTAAAAATCTCTCT

Lhca3-qF TGATCATTTGGCTGATCCCGT RT-qPCR primers for Lhca3 

(Nitab4.5_0000923g0200), Lhca3-

qR was designed from 3’-UTR 
Lhca3-qR CCCCTTTTTAGCATTACAGATGACA

Lhcb3-qF TGTCACTGGCAAAGGTCCTC RT-qPCR primers for Lhcb3  

(Nitab4.5_0012832g0010)， Lhcb3-

qR was designed from 3’-UTR 
Lhcb3-qR GCTAGTGGTATTTATCACATGGCA 



Chapter 4 

152 

4 

Primer name Sequence (5’ to 3’) Description 

Lhcb4-qF CCCAACGCACCTTGTTTTTCA RT-qPCR primers for Lhcb4  

(Nitab4.5_0011597g0020), both 

Lhcb4-qF and Lhcb4-qR were 

designed from 3’-UTR 

Lhcb4-qR TAGCGTTTGATATTTCCTTCTCCT 

Fd-qF TCCTTACTCATGCAGAGCTGG RT-qPCR primers for Fd  

(Nitab4.5_0004129g0010) Fd-qR ATTGAGGGGTTTAGGCAGTGA 

F-ATPase delta 

subunit-qF 
CAGTCCAGATCACCCCCGA RT-qPCR primers for F-ATPase 

delta subunit  

(Nitab4.5_0006745g0030) 
F-ATPase delta 

subunit -qR 
TAGGGTTCCGTTCGACTTGG 

GAPA-qF ACACTGGTGGTGTCAAGCAA RT-qPCR primers for GAPDH  

(Nitab4.5_0010299g0040) GAPA-qR TCTTGGCTCCAGCCTGAATG 
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ABSTRACT 

Overexpression of Nicotiana tabacum NtCBL5A was shown to induce severe 

necrotic lesions on leaves under salt stress. We hypothesized that overexpression 

of NtCBL5A may interfere with the function of other NtCBLs, possibly through 

competition of binding to similar NtCIPK partners. In this study, we examined 

possible NtCBL/NtCIPK candidates that overexpressed NtCBL5A may interfere with 

and their role in the salt stress response of tobacco. We assessed the salt tolerance 

of NtCBL5A::NtCBL10A co-overexpressing lines and found that NtCBL10A 

overexpression relieved the necrotic phenotype of NtCBL5A-OE lines, indicating 

NtCBL10A may play a role in salt tolerance of tobacco. Further studies showed that 

Nt-cbl10a and Nt-cbl10b single mutants exhibited salt sensitivity with reduced 

chlorophyll content and chlorotic spots on leaves. In addition, Nt-cbl10acbl10b 

double mutants showed salt hypersensitivity with fast-developing chlorosis and 

severe necrotic lesions on leaves under salt stress. Interestingly, the necrosis 

phenotype of Nt-cbl10acbl10b double mutants is light-dependent, while the chlorosis 

phenotype of Nt-cbl10acbl10b double mutants is light-independent. The stomatal 

conductance and photochemical efficiency of photosystem 2 (PhiPS2) of the Nt-

cbl10acbl10b double mutant were significantly inhibited at the very early salt stress 

response stage. NtCIPK24A is a common interactor of NtCBL5A and NtCBL10A, and 

Nt-cipk24a and Nt-cipk24b single mutants showed slight salt sensitivity. Results in 

this study indicate that NtCBL10 is a key component in the salt tolerance of tobacco, 

and NtCIPK24A could be one of the partners of NtCBL10 in the salt stress response 

of tobacco. 

Keywords: CBL10, CBL5, CBL4, CIPK24, salt tolerance, tobacco, Na+; Cl- 
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INTRODUCTION 

The Calcineurin B-like Protein (CBL) - CBL-interacting Protein Kinase (CIPK) 

network is involved in plant development and stress adaptation as well as in the 

crosstalk between development and stress adaptation (Mao et al., 2022). In 

Arabidopsis thaliana, several CBL and CIPK components have been reported to be 

involved in the salt stress response of plants. The most well-known CBL-CIPK 

pathway that is responsible for salt tolerance is the SOS (salt overly sensitive) 

pathway: AtCBL4 (AtSOS3) works with AtCIPK24 (AtSOS2) to phosphorylate and 

activate the PM-localized Na+/H+ antiporter AtSOS1, leading to Na+ extrusion from 

the plant cells (Qiu et al., 2002; Shi et al., 2002; Nunez-Ramirez et al., 2012).  

The SOS pathway was reported to be conserved in many other plant species, 

including Brassica napus, Malus domestica, Oryza sativa, Populus trichocarpa, 

Setaria italica, and Solanum lycopersicum (Martinez-Atienza et al., 2007; Tang et al., 

2010; Hu et al., 2012; Liu et al., 2015; Zhang et al., 2017; Cho et al., 2021). Recently, 

the SOS pathway was shown to include additional CBL-CIPK components. AtCBL8 

was reported to be a Ca2+-sensor switch for enhanced SOS pathway efficiency 

(Steinhorst et al., 2022). The AtCBL8-AtCIPK24-AtSOS1 pathway is activated by a 

higher Ca2+-signal amplitude: the structural conformation, interaction with AtCIPK24, 

and AtCIPK24-mediated phosphorylation of AtCBL8 are largely Ca2+-dependent. 

This indicates that the AtCBL8-AtCIPK24 pathway activates SOS1 when enough 

cytosolic Ca2+  is induced by high salt stress. Furthermore, different from At-cbl4 

mutants that are sensitive to a very low degree of salt stress (25 mM NaCl), the At-

cbl8 mutant only exhibits salt sensitivity under a high degree of salt stress (75 mM 

or 100 mM NaCl) (Mehra and Bennett, 2022; Steinhorst et al., 2022). AtCBL10 is 

regarded as another addition to the SOS pathway because AtCBL10-AtCIPK8 

positively regulates the SOS1 activity of extruding excess Na+ from shoots of plants 

subjected to salinity (Yin et al., 2019). In addition, AtCBL10-AtCIPK24 was predicted 

to activate a tonoplast-localized Na+/H+ exchanger AtNHX for Na+ sequestration into 

vacuoles in leaves but this has not been evidenced (Kim et al., 2007).  
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Tobacco (Nicotiana tabacum) is considered to be a relatively salt-tolerant crop but 

the underlying tolerance mechanisms are unknown. A recent report showed that the 

isolated leaves from N. benthamiana plants were able to detoxify Na+ rapidly even 

under massive salt loads by compartmentation of cytosolic Na+ into vacuoles (Graus 

et al., 2023). Whether CBL genes play a regulatory role in salt tolerance of tobacco, 

for instance in regulating Na+ transport over the vacuolar membrane similar to 

Arabidopsis, remains to be established. We showed in a previous report that there 

are 24 NtCBL genes in N. tabacum, and that overexpression of NtCBL5A and 

NtCBL4A-1 enhanced the salt sensitivity of transgenic tobacco, leading to similar 

necrotic lesions on leaves (Chapter 3, Chapter 4) (Mao et al., 2021). Whether these 

genes indeed play roles in the salt stress response and salt tolerance in wild-type 

tobacco remains to be established. The ectopic overexpression of a gene, especially 

for the gene whose expression is normally limited to specific conditions or specific 

cell types, can interfere with other proteins, complexes, or pathways, for instance by 

competitive interaction (Prelich, 2012). We hypothesized that the ectopic 

(over)expression of NtCBL5A or NtCBL4A-1 might compete with other components 

of the CBL-CIPK network (for instance the CBL10-CIPK pathway) (Mao et al., 2021).  

To identify potential CBL-CIPK pathways that overexpressed NtCBL5A and 

NtCBL4A-1 may interfere with, we conducted a yeast-two hybrid assay first to screen 

the NtCBL proteins that share the same NtCIPK interactors with NtCBL5A and 

NtCBL4A-1. Then we co-overexpressed NtCBL5A and the candidate gene 

NtCBL10A and evaluated the salt tolerance of NtCBL10A::NtCBL5A co-

overexpressing lines as well as loss-of-function mutants of NtCBL10. In addition, we 

also constructed the loss-of-function mutants of NtCIPK24 and evaluated their salt 

tolerance because NtCIPK24A is the common interactor of NtCBL4A-1, NtCBL5A, 

and NtCBL10A. In summary, our results demonstrate that NtCBL10 is a key 

component in the salt tolerance of tobacco, with likely diverse functions in ion 

homeostasis that are essential for maintaining photosynthetic capacity. Furthermore, 

we hypothesize that NtCIPK24A could be one of the partners of NtCBL10 in the salt 
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stress response of tobacco. 

MATERIALS AN D METHODS 

Plant materials, growth conditions, and application of salt treatment 

N. tabacum L. cv. Zhongyan 100 cultivar was used as plant material in this study. 

For determining the expression profiles of NtCBL genes in different tobacco tissues 

at a young stage, tobacco plants were grown in 2022 at Unifarm, Wageningen 

University & Research in the Netherlands. The conditions of the greenhouse were 

16 h light / 8 h dark at 25/23oC and 70% relative humidity. The shortwave radiation 

level was maintained in the greenhouse compartment using artificial PAR 

(photosynthetically active radiation) when the incoming shortwave radiation was 

below 200 Wm-2 (Mao et al., 2021). Tobacco seeds were first sown in the soil. At 20 

days after germination (DAG), the young tobacco plants were transplanted in rock-

wool plugs within float trays for hydroponic cultivation (1/2 Hoagland’s nutrient 

solution). After 6 days of acclimatization (at ~26 DAG), plants were transplanted to 

a circular flow hydroponic system filled with 1/2 Hoagland’s nutrient solution (500 L). 

The water used to prepare 1/2 Hoagland’s nutrient solution contained trace amounts 

of Na+ and Cl- (5.51 μg/ml and 7.88 μg/ml, respectively). After 6 days of 

acclimatization (at ~ 32 DAG), NaCl was added to the nutrient solution to a 

concentration of 50 mM on the first day to avoid salt shock, and 100 mM NaCl 

concentration was reached the next day, and 200 mM NaCl concentration was 

reached the next day after 100 mM NaCl treatment. From the day of 100 mM NaCl 

treatment, photographs of the plants were taken and different tissues (leaf blades: 

all leaves with main veins removed; main veins: main veins from all leaves; stems; 

roots) of young tobacco plants were sampled every day for ion content measurement 

until harvest. For assessing salt tolerance, chlorophyll content was measured with 

the Apogee MC-100 Chlorophyll Meter (Masaló and Oca, 2020), and stomatal 

conductance and chlorophyll fluorescence were measured with the LI-600 

Porometer/Fluorometer (Price, 2021).  

Cultivation of grafted and excised plants 
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For grafting, strong tobacco plants were selected. The stems of the scion and stock 

plants were cut with grafting scissors and joined by wrapping the wound with 

preservative film. After one month the wound was healed and the grafted plants were 

subjected to salt stress. For excised plants, the roots of plants were cut and their 

stems were planted in rock-wool plugs for 1 week of acclimatization, then salt stress 

was applied. 

Application of dark treatment 

For the covering treatment, the 4th leaves of the used plants were covered with 

aluminum foil at the same time as the initiation of the salt treatment. For the dark 

treatment, whole plants were covered with light-tight black trays at the same time as 

the initiation of the salt treatment. 

Generation of NtCBL10A-OE plants and NtCIPK24A-OE plants 

To generate the gene overexpressing lines, Agrobacterium carrying pCHF3-

NtCBL10A plasmid and pCHF3-NtCIPK24A plasmid were introduced into cultivar 

Zhongyan 100 by the Agrobacterium-mediated leaf disc transformation method 

(Horsch et al., 1985). The screening of homozygous transgenic plants was done as 

previously described (Mao et al., 2021). Primers for cloning genes, identifying 

positive transgenic plants, and quantifying overexpression levels are listed in Table 

S2.  

Generation of gene-editing mutants 

The sgRNAs (Table S2) were designed on the online website CRISPR MultiTargeter 

http://www.multicrispr.net/index.html. The sgRNA fragments were synthesized and 

inserted at the BsaⅠ site of the pDC45 vector (Li et al., 2022) using T4 ligase 

(Accurate Biotechnology (Hunan) Co., Ltd, Cat No./ID: AG11801, Changsha, China). 

To generate the gene-editing lines, pDC45-NtCBL10A, pDC45-NtCBL10B, pDC45-

NtCBL10, pDC45-NtCIPK24A, pDC45-NtCIPK24B, and pDC45-NtCIPK24 plasmids 

were transformed into Agrobacterium tumefaciens EHA105 and then were 

introduced into Zhongyan 100 by the Agrobacterium-mediated leaf disc 

transformation method (Horsch et al., 1985). The edited sequences of NtCBL10A 
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and NtCBL10B were identified by PCR with the primer pairs pDC45-NtCBL10A-

JCF/pDC45-NtCBL10A-JCR and pDC45-NtCBL10B-JCF/pDC45-NtCBL10B-JCR 

(Table S2), respectively. The editing of NtCIPK24A and NtCIPK24B were identified 

by PCR with the primer pairs pDC45-NtCIPK24A-JCF/pDC45-NtCIPK24A-JCR and 

pDC45-NtCIPK24B-JCF/pDC45-NtCIPK24B-JCR (Table S2), respectively. 

Yeast two-hybrid assay 

The coding sequences of NtCBL1A-1/1A-2/2A/3A/4A-1/5A/6A/9A/10A were cloned 

into the pGADT7 vector, then the plasmids were transformed into yeast strain AH109 

(Mehla et al., 2015). The coding sequences of NtCIPK1A-1/2A/4A/6A/7A-2/11A-

2/16A/17A/24A/25A/27A/28A were cloned into the pGBKT7 vector, and then the 

plasmids were transformed into another yeast strain Y187 (Mehla et al., 2015). 

AH109 yeast colony containing a pGADT7-NtCBL plasmid and Y187 yeast colony 

containing a pGBKT7-NtCIPK plasmid were raised in 0.5 mL 2YPDA medium for 

mating 24 hrs (30 0C, 50 rpm shaking bed). Then the 2YPDA medium with mated 

AH109 and Y187 yeast strains was centrifuged at 6000 rpm for 1 min, the 

supernatant was discarded and the yeast was washed three times with 1 mL 0.9% 

NaCl. 100 μL suspension was distributed onto SD/-Leu-Trp and SD/-Leu-Trp-Ade-

His medium, then the Petri dishes were incubated at 30 0C for 3-5 days. The yeast 

colony grew on the SD/-Leu-Trp-Ade-His medium was transferred to new SD/-Leu-

Trp-Ade-His medium for further screening (repeat three times).  

Statistical analysis   

Statistical analysis was done using IBM SPSS Statistics 23 software. Significant 

differences were examined by Student’s t test or one-way ANOVA with LSD test at 

p<0.05 and p<0.01. The figures were drawn by GraphPad Prism 6.0. 

RESULTS 

The identification of NtCIPK family members and their interactions with 

NtCBLs  

A genome-wide search for NtCIPKs was conducted in the N. tabacum genome using 
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the protein sequences of 26 A. thaliana AtCIPKs as queries. Fifty-seven NtCIPK 

genes were identified and numbered according to the names of the most similar 

AtCIPK genes (Figure S1, Table S1). Twenty-nine NtCIPKs had the highest 

sequence similarity with CIPKs of the maternal progenitor N. sylvestris and were 

labeled “A”, while 28 NtCIPKs were more similar to CIPKs of the paternal progenitor 

N. tomentosiformis and were labeled “B”. NtCIPKs with the highest similarity to the 

same AtCIPK protein were numerically ordered. For example, the three NtCIPK 

genes that were found to be the most similar to AtCIPK1 were named NtCIPK1A-1, 

NtCIPK1A-2, and NtCIPK1A-3. For brevity, we refer to all the paralogous genes of 

one specific NtCIPK when “A” or “B” is not specifically pointed out in this paper. The 

number of amino acids (AA), theoretical isoelectric point (pI), and molecular weight 

(MW) of the NtCIPKs are listed in Table S1. Some NtCIPK genes encode splicing 

variants that are translated into proteins of different lengths. For these, the one 

encoded longest protein was selected as a representative. 

Twelve NtCIPK genes (NtCIPK1A-1/2A/4A/6A/7A-2/11A-

2/16A/17A/24A/25A/27A/28A) were successfully cloned in our lab. To identify NtCBL 

proteins that are able to interact with the NtCIPK proteins encoded by these genes, 

a yeast-two hybrid assay was conducted. The results showed that NtCBL4A-1 and 

NtCBL5A were able to bind to the same NtCIPKs, and so were NtCBL1A-1 and 

NtCBL1A-2, as well as NtCBL2A and NtCBL3A (Figure 1). These pairs of NtCBL 

proteins also have similar amino acid sequences (Chapter 3). NtCBL4A-1 and 

NtCBL5A share putative NtCIPK partners with NtCBL2A/3A/9A/10A (Figure 1), 

indicating overexpressed NtCBL4A-1 and NtCBL5A may be able to compete with 

these proteins for their NtCIPK partners when expressed in the same tissues. 
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Figure 1. The interaction between NtCBL proteins and NtCIPK proteins. SD/-Leu-Trp indicates the 

synthetic defined (SD) media lacking tryptophan (Trp) and leucine (Leu). SD/-Ade/-His/-Leu/-Trp indicates 

SD media lacking tryptophan (Trp), leucine (Leu), histidine (His), and adenine (Ade). Red squares indicate 

the positive interaction between proteins in the yeast-hybrid system. 

The salt sensitivity of NtCBL5A-OE is dependent on the shoot genotype  

Most NtCBL members have expression preference for either shoots or roots: 

NtCBL2, 3, and 10 are mainly expressed in shoots while NtCBL9 is mainly expressed 

in roots (Chapter 3). The phenotype of NtCBL4A-1-OE and NtCBL5A-OE transgenic 

tobacco plants is mainly manifested in the leaves. To see whether the phenotype is 

established by interference with NtCBL-involving salt stress response mechanisms 

that originate in the roots or the shoots, we conducted a grafting experiment with WT 

as root stock and NtCBL5A-OE line (OE-2) as the scion, and vice versa. Results 

showed that the necrotic phenotype was visible in the plants with NtCBL5A-OE as 

the scion, but not with NtCBL5A-OE as the stock (Figure 2A and 2B). In addition, we 

conducted salt stress on excised (rootless) shoots (Figure 2C). The rootless shoots 

of NtCBL5A-OE lines (OE-2 and OE-15) also exhibited the necrosis phenotype 

under salt stress. These results demonstrate that the salt-induced necrosis of 

NtCBL5A-OE under salt stress is triggered in the shoot. Therefore, NtCBL5A 
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overexpression is more likely to interfere with the function of other NtCBL genes such 

as NtCBL2, NtCBL3, and NtCBL10 which are mainly expressed in shoots. (Chapter 

3). 

Figure 2. Salt treatments on grafted or excised WT and NtCBL5A-OE lines under salt stress (100 

mM NaCl). Scale bars=10 cm. (A) The phenotype of grafted plants under salt stress at 30 DAT (days after 

reaching 100 mM NaCl treatment). The left grafted plant is NtCBL5A-OE-2 as the stock and WT as the 

scion, and the right grafted plant is WT as the stock and NtCBL5A-OE-2 as the scion. (B) The phenotype 

of the grafted plant with NtCBL5A-OE-2 as the scion of a lateral branch of WT at 30 DAT. (C) The 

phenotype of excised shoot of WT and NtCBL5A-OE lines under salt stress at 7 DAT. 

NtCBL10A overexpression relieves the salt sensitivity of NtCBL5A-OE lines 

Of the three possible candidates involved in the salt-sensitive necrotic phenotype of 

NtCBL4A-1-OE and NtCBL5A-OE lines, NtCBL10 is the most likely candidate. 
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Arabidopsis AtCBL10 is a well-known component in the salt stress signaling and 

response pathway that is linked to the SOS pathway (AtCBL4-AtCIPK24 pathway) 

and it was suggested to regulate Na+ sequestration into vacuoles (Kim et al., 2007).  

To establish a possible role for NtCBL10 in the salt stress response of tobacco and 

the necrotic phenotype of NtCBL4A-1 and NtCBL5A, we crossed the homozygous 

NtCBL5A-OE-2 line with homozygous NtCBL10A-OE lines (OE-1, OE-16) and 

assessed the phenotype of the hybrid lines co-overexpressing NtCBL5A and 

NtCBL10A under salt stress. Lines co-overexpressing NtCBL4A and NtCBL5A were 

included as well. Co-overexpression of NtCBL4A-1 and NtCBL5A had an additive 

effect on the salt sensitivity of transgenic tobacco with fast-developing necrosis 

(Figure 3A), while NtCBL10A overexpression greatly relieved the necrotic symptoms 

of NtCBL5A-OE lines (Figure 3A) and improved growth vigor under saline conditions 

(Figure 3C and 3D). These results are in line with the hypothesis that ectopic 

(over)expression of NtCBL5A interferes with the function of NtCBL10A in salt 

tolerance. 
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Figure 3. The shoot phenotype of hybrid lines (WTNtCBL5A-OE, NtCBL4A-1-OENtCBL5A-OE, 

NtCBL10A-OE-16NtCBL5A-OE, NtCBL10A-OE-1NtCBL5A-OE) under control conditions and 

salt stress (100 mM NaCl). Scale bars=10 cm. (A) The shoot phenotype of hybrid lines at 9 DAT (days 

after reaching 100 mM NaCl treatment). White arrowheads indicate the leaves which were zoomed in at 

the bottom part of the panel. (B) Relative expression analysis of exogenous NtCBL5A, NtCBL4A-1, and 

NtCBL10A in leaves of different hybrid lines determined by RT-qPCR. Error bars indicate ±SD (n=3). The 

expression levels are relative to the reference gene NtL25 (Schmidt and Delaney, 2010). (C and D) The 

shoot fresh weight and plant height of hybrid lines at 9 DAT. Error bars indicate ±SD (n=8). Different letters 

above bars (a, b, and c) indicate significant statistical differences based on one-way ANOVA with LSD 

test (P<0.05). 

Growth response to salt stress of NtCBL10 loss-of-function mutants 

Being an allotetraploid, tobacco has two copies of AtCBL10 orthologs: NtCBL10A 

and NtCBL10B originating from the maternal diploid tobacco species N. sylvestris 

and paternal diploid tobacco species N. tomentosiformis, respectively (Chapter 3). 

NtCBL10A has a higher overall expression level (about 3 fold) than NtCBL10B in all 

detected tissues (Chapter 3) and both their expression levels were upregulated in 

the leaf blade by 100 mM NaCl stress. Their protein sequences differ only at three 

amino acids (Figure S2), indicating they may have functional redundancy. To gain 

further insight into the role of NtCBL10 in salt tolerance of tobacco and the 

interference of NtCBL4A-1 and NtCBL5A overexpression with this role, we 

constructed the single mutants Nt-cbl10a (Figure S3A) and Nt-cbl10b (Figure S3B) 

as well as the double mutant Nt-cbl10acbl10b (Figure S3C) using the CRISPR/Cas9 

technique. All of the gene editing-induced mutations cause premature termination of 

protein translation (Figure S3). 

The salt tolerance of the knock-out mutants was assessed under 100 mM NaCl 

treatment. At 7 DAT (days after reaching 100 mM NaCl treatment), the phenotype 

and growth characteristics of the mutants were similar to WT plants under control 

conditions (Figure 4). Under salt stress, however, the Nt-cbl10a and Nt-cbl10b single 

mutants exhibited chlorotic spots on their leaves, and the Nt-cbl10acbl10b double 
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mutant even showed extremely fast-developing severe chlorosis with necrotic 

lesions (Figure 4A, Figure S4). In addition, the growth vigor of Nt-cbl10acbl10b 

double mutant was significantly reduced under salt stress compared to WT plants 

(Figure 4B-E). These results clearly indicate that NtCBL10A and NtCBL10B play a 

key role in the salt tolerance of tobacco and they may be functionally redundant. The 

Nt-cbl10a single mutants exhibited earlier and more severe salt-sensitive phenotype 

than Nt-cbl10b single mutant (Figure S4), which is consistent with the higher 

expression level of NtCBL10A compared to NtCBL10B (Chapter 3). 

 

Figure 4. The shoot phenotype of WT, Nt-cbl10a single mutant, Nt-cbl10b single mutant, Nt-

cbl10acbl10b double mutant, and NtCBL10A-OE lines under control conditions and salt stress 

(100 mM NaCl). Scale bars=10 cm. (A) The shoot phenotype of plants at 8 DAT. White arrowheads 

indicate the 4th leaves which were zoomed in at the bottom part of the panel. (B-E) The plant height, 



Chapter 5 

166 

5 

shoot fresh weight, 4th leaf width, and 4th leaf length of all lines at 8 DAT (days after reaching 100 mM 

NaCl treatment). Error bars indicate ±SD (n=6). Asterisks indicate statistically significant differences 

compared with WT (#) under control or saline conditions (Student’s t test, *p<0.05 and **p<0.01).  

Physiological response to salt stress of NtCBL10 loss-of-function mutants  

For the physiological characterization of the salt response of the NtCBL10 loss-of-

function mutants, we measured the chlorophyll content, stomatal conductance, and 

photochemical efficiency of photosystem 2 (PhiPS2) at 3 DAT and 7 DAT. The 

chlorophyll content of the Nt-cbl10acbl10b double mutant was already greatly 

reduced under salt stress at 3 DAT (Figure 5A). At 7 DAT, the chlorophyll contents of 

Nt-cbl10a and Nt-cbl10b single mutants were also significantly reduced by salt stress 

but much less than that of Nt-cbl10acbl10b double mutant (Figure 5D). Similarly, 

stomatal conductance and chlorophyll fluorescence of Nt-cbl10acbl10b double 

mutant were also decreased already at 3 DAT (Figure 5B and 5C). The PhiPS2 of 

Nt-cbl10a and Nt-cbl10b single mutants was not significantly reduced at both 3 DAT 

and 7 DAT compared to WT (Figure 5C and 5F), indicating that the loss of single 

NtCBL10A or NtCBL10B did not severely affect the photosynthesis of tobacco.  

The leaf ion contents of all lines were measured to assess whether changed ion 

homeostasis would underly the extreme salt sensitivity of the NtCBL10 loss-of-

function mutants. Results showed that Na+, Ca2+, and Mg2+ contents were not 

significantly different between WT, mutants, and NtCBL10A-OE lines under both 

control and saline conditions (Figure 5G, S5A, and S5B). Interestingly, the Cl- content 

of the Nt-cbl10acbl10b double mutant was significantly lower than that of WT and 

other mutants under salt stress (Figure 5H), while the K+ content was increased in 

the double mutant (Figure 5I).  
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Figure 5. The determination of physiological parameters of WT,  Nt-cbl10a, Nt-cbl10b single 

mutants, Nt-cbl10acbl10b double mutant, and NtCBL10A-OE lines under control conditions and 

salt stress (100 mM NaCl). (A-F) The chlorophyll content, stomatal conductance, and chlorophyll 

fluorescence of all lines at 3 DAT (days after reaching 100 mM NaCl treatment) (A-C) and 7 DAT (D-F). 

Error bars indicate ±SD (n=6). (G-I) Ion contents (Na+, Cl-, and K+) in leaf blades of all lines under control 

and saline conditions at 7 DAT. Error bars indicate ±SD (n=4). Asterisks indicate statistically significant 

differences compared with WT (#) under control or saline conditions (Student’s t test, *p<0.05 and 

**p<0.01).  

Our results showed that in the Nt-cbl10acbl10b double mutant, photosynthetic 

activity is inhibited and chlorophyll breakdown is initiated very shortly after imposing 

salt stress. We examined this fast-developing phenotypic response of the double 

mutant in more detail, monitoring changes in photosynthetic parameters and ion 

contents in the Nt-cbl10acbl10b double mutant and WT tobacco plants every day 

after imposing 100 mM NaCl stress (0-5 DAT). The chlorophyll content, stomata 

conductance, and photochemical efficiency of photosystem 2 (PhiPS2) of Nt-

cbl10acbl10b double mutant were affected already at 1 DAT (48 hrs after the first 50 
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mM NaCl addition at 0 DAT, 24 hrs after reaching 100 mM NaCl) (Figure 6B-D) with 

chlorotic symptoms visible already at 1 DAT and necrotic spots visible at 2 DAT 

(Figure 6A), and further developing chlorosis and necrosis over the next few days. 

At these very early stages of salt treatment, Na+ contents were only slightly increased 

in all plants, and Na+ content of the Nt-cbl10acbl10b double mutant accumulated at 

a similar rate as WT from 0 to 5 DAT (Figure 6E). These results do not support a role 

for leaf Na+ accumulation and toxicity in the severe salt sensitivity phenotype of the 

Nt-cbl10acbl10b double mutant. Ca2+ and Mg2+ contents were not significantly 

different between WT and mutants under both control and saline conditions (Figure 

S5C and S5D). In addition, the Na+/K+ ratios of WT and Nt-cbl10acbl10b double 

mutant under salt stress were also quite similar (Figure S5E), indicating the salt-

sensitive phenotype of the double mutant is not likely because of the imbalanced 

Na+/K+ ratio. Interestingly, Cl- accumulated at a significantly lower rate in the Nt-

cbl10acbl10b double mutant compared to WT (Figure 6F), and the Na+/Cl- 

accumulation ratio in the double mutant was much higher than that in the WT (Figure 

S5F). 
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Figure 6. The phenotype and physiological parameters of WT and Nt-cbl10acbl10b double mutant 

on different time points after salt treatment (100 mM NaCl). (A) The shoot phenotype of plants at 0-5 

DAT (days after reaching 100 mM NaCl treatment). (B-D) The chlorophyll content, stomatal conductance, 

and chlorophyll fluorescence of all lines at 0-5 DAT. Error bars indicate ±SD (n=12). (E-G) Ion contents 

(Na+, Cl-, and K+) in leaf blades of all lines under control and saline conditions at 0-5 DAT. Error bars 

indicate ±SD (n=4). Asterisks indicate statistically significant differences of Nt-cbl10acbl10b double 
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mutant compared with WT under control or saline conditions at different time points (Student’s t test, 

*p<0.05 and **p<0.01).  

The chlorosis and necrosis phenotypes of Nt-cbl10acbl10b double mutant 

under salt stress are independent 

Previous reports have shown that some lesion-mimic phenotype is connected to light 

or defective photosystems (Zulfugarov et al., 2014; Bruggeman et al., 2015; Wang 

et al., 2015; Tang et al., 2020). In the Nt-cbl10acbl10b double mutant, photosynthesis 

was affected already at a very early stage of salt treatment (Figure 5C and 6D). We 

explored whether the salt-sensitive phenotype of the Nt-cbl10acbl10b double mutant 

leaves was light-dependent in a dark treatment (whole plants in the dark at the same 

time with salt treatment). Results showed that the Nt-cbl10acbl10b double mutant 

leaves still suffered possibly even more from early chlorophyll breakdown and 

chlorosis of the leaf blades in the dark, but necrotic lesions were no longer visible 

(Figure 7B). These results suggest that the salt stress-induced necrosis of the Nt-

cbl10acbl10b double mutant leaves is dependent on light but the breakdown of 

chlorophyll is light-independent.  

Ion content results showed that Na+ accumulation of both WT and Nt-cbl10acbl10b 

double mutants was very low from 1 DAT to 6 DAT (Figure 7D), which may argue 

against a role for Na+ accumulation in the chlorophyll breakdown of the Nt-

cbl10acbl10b double mutant. Interestingly, the reduced rate of Cl- accumulation in 

the Nt-cbl10acbl10b double mutant compared to WT under salt stress was reversed 

in the leaves grown in the dark (Figure 6F and 7E). Ca2+ and Mg2+ contents were still 

not significantly different between WT and mutants under both control and saline 

conditions in the dark (Figure S5G and S5H). 
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Figure 7. The phenotype and physiological parameters of WT and Nt-cbl10acbl10b double mutant 

on different time points after salt treatment (100 mM NaCl) in the dark. (A) The shoot phenotype of 

plants at 7 DAT (days after reaching 100 mM NaCl treatment). (B) The shoot phenotype of plants at 0-7 

DAT. Scale bar=10 cm. (C) The chlorophyll content of all lines at 0-7 DAT. Error bars indicate ±SD (n=8). 

(D-F) Ion contents (Na+, Cl-, and K+) in leaf blades of all lines under control and saline conditions at 1, 3, 

and 6 DAT. Error bars indicate ±SD (n=3). Asterisks indicate statistically significant differences of Nt-

cbl10acbl10b double mutant compared with WT under control or saline conditions at different time points 

(Student’s t test, *p<0.05 and **p<0.01).  
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NtCIPK24 loss-of-function mutants exhibited slight salt sensitivity under high 

salt stress 

A suggested CBL10-interacting partner in the vacuole-targeted salt stress response 

is CIPK24 (Kim et al., 2007). To study the role of NtCIPK in the salt stress response 

of tobacco, we constructed the single mutants Nt-cipk24a and Nt-cipk24b (Figure 

S6A and S6B), and also tried to construct the double mutant Nt-cipk24acipk24b 

(Figure S6C). However, the double knockout of both NtCIPK24A and NtCIPK24B 

failed because of defective callus development (Figure S6D), indicating that 

NtCIPK24 may have a key function in plant development. 

The salt tolerance of Nt-cipk24a and Nt-cipk24b single mutants was assessed under 

100 mM NaCl and 200 mM NaCl treatments. Under control conditions, the Nt-

cipk24b-7 mutant had an inferior growth vigor compared to WT, all of the other lines 

showed similar growth vigor as the WT under control. Under 100 mM NaCl treatment, 

the growth vigor of Nt-cipk24a and Nt-cipk24b single mutants was slightly inhibited 

(Figure 8). The growth vigor inhibition of Nt-cipk24a and Nt-cipk24b single mutants 

was more obvious under 200 mM NaCl treatment (Figure 8). In addition, the Nt-

cipk24a and Nt-cipk24b single mutants had a minor salt-sensitive phenotype with 

chlorosis spots on the leaves under 200 mM NaCl (Figure 8A and 8E). The Nt-

cipk24b single mutant was a bit more sensitive to salt stress than the Nt-cipk24a 

single mutant (Figure 8), which is consistent with NtCIPK24B having a slightly higher 

expression level than that of NtCIPK24A (analysis from published RNA-seq data, 

Figure S7). However, we did not find a significant difference in stomatal conductance, 

chlorophyll fluorescence, and ion contents between WT and Nt-cipk24 single 

mutants under 200 mM NaCl (Figure S8). This may be because of functional 

redundancy between NtCIPK24A and NtCIPK24B in the salt stress response of 

tobacco.  
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Figure 8. The shoot phenotype and physiological parameters of wild-type (WT), Nt-cipk24a single 

mutant, Nt-cipk24b single mutant, and NtCIPK24A-overexpressing (OE) line (OE-5) under control 

conditions and salt stress (100 mM and 200 mM NaCl). Scale bars=10 cm. (A) The shoot phenotype 

of WT, Nt-cipk24a single mutant, Nt-cipk24b single mutant, and NtCIPK24A-OE line at 13 DAT (days after 

reaching 100 mM NaCl treatment). White arrowheads indicate the 4th leaves which were zoomed in at 

the bottom part of the panel. (B-E) The shoot fresh weight, 4th leaf length, 4th leaf width, and chlorophyll 

content of all lines. Error bars indicate ±SD (n=6). Asterisks indicate statistically significant differences 

compared with WT (#) under control or saline conditions (Student’s t test, *p<0.05 and **p<0.01).  
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DISCUSSION 

Members of the CBL gene family play important roles in stress response of plants, 

and very often are involved in the regulation of ion homeostasis (Mao et al., 2022). 

The severe salt stress-sensitive necrotic phenotype of tobacco plants ectopically 

overexpressing NtCBL4A-1 and NtCBL5A led us to propose that NtCBL4A-1 and 

NtCBL5A might affect essential salt stress signaling pathways and the salt stress 

response, possibly by interfering with the function of other CBL family members 

(Chapter 3 and 4). In this study, we demonstrate that NtCBL10 is a potential 

candidate that can bind the same CIPK partner (NtCIPK24A) as NtCBL4A-1 and 

NtCBL5A. Knocking out NtCBL10 in tobacco results in an even more severe salt-

sensitive phenotype that includes very fast-developing chlorosis in addition to 

necrotic symptoms. The early breakdown of chlorophyll along with fast-reduced 

PhiPS2 suggests a direct devastating effect on photosynthetic components in the 

Nt-cbl10acbl10b double mutant. Our results show that NtCBL10 is of pivotal 

importance to the salt tolerance of tobacco, and that NtCBL10 may be involved in 

the regulation of several essential salt stress response pathways. 

In this study, the Nt-cbl10acbl10b double mutant exhibited a phenotype with both 

chlorosis and necrosis under salt stress in the light, while it only exhibited the 

chlorosis symptom under salt stress in the dark. These results indicate that the 

chlorosis phenotype is light-independent and the necrosis phenotype is light-

dependent, and these two kinds of phenotype may be caused by different disturbed 

pathways because of the loss of NtCBL10. A possible explanation for this may be 

linked to the wide range of regulatory functions that CBL10 appears to have in 

response to salt stress. In Arabidopsis, AtCBL10 was found to regulate not only Na+ 

transport, but also H+, K+, and Ca2+ transport through both CIPK-dependent and 

CIPK-independent pathways (Plasencia et al., 2020). 

The light-dependent necrotic phenotype of Nt-cbl10acbl10b and Na+ 

homeostasis as well as Cl- homeostasis 

A dark treatment was conducted on NtCBL5A-OE lines as well, and the results 
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showed that their necrotic phenotype is also light-dependent (Figure 9), which is 

similar to the necrosis observed in the Nt-cbl10acbl10b double mutant. However, the 

light-independent fast-developing chlorosis phenotype appears to be unique to the 

Nt-cbl10acbl10b double mutant. These results indicate that the ectopic 

overexpression of NtCBL5A may only interfere with the NtCBL10 activities that 

protect against necrosis under saline conditions. 

A role for CBL10 together with CIPK24 in regulating Na+ transport over the tonoplast 

was proposed in Arabidopsis (Kim et al., 2007). It was suggested that the tonoplast-

localized CBL10-CIPK24 complex regulates Na+ sequestration into the vacuole 

through the vacuolar NHX transporter, which was initially thought to be a Na+/H+ 

antiporter (Kim et al., 2007). However, there is some controversy regarding the 

function of the vacuolar NHX transport activity, and other Na+ transporters may be 

involved (Plasencia et al., 2020).  

The fact that tonoplast-targeted regulation of Na+ transport by CBL10 under saline 

conditions requires association with CIPK24 may explain why overexpression of 

NtCBL4A-1 and NtCBL5A resulted in necrosis but not extensive chlorosis as 

observed in the Nt-cbl10acbl10 double mutant: when ectopically expressed, 

NtCBL4A-1 and NtCBL5A may compete with NtCBL10 for NtCIPK24 binding, thus 

negatively affecting the CBL10-CIPK24-regulated Na+ sequestration in the vacuole 

specifically. This hypothesis is supported by two observations: (1) the NtCBL4A-1-

OE::NtCBL5A-OE hybrid plants had more severe salt sensitivity than WT:: NtCBL5A-

OE hybrid plants, indicating NtCBL4A-1 overexpression may interfere with the same 

component as NtCBL5A overexpression. (2) NtCBL10A overexpression was able to 

partly reverse the salt-sensitive phenotype caused by overexpression of NtCBL5A 

in a NtCBL10A-OE::NtCBL5A-OE hybrid plant with more moderate salt sensitivity 

than WT:: NtCBL5A-OE hybrid plants.  

The initial increase in whole leaf Na+ content of the Nt-cbl10acbl10b double mutant 

was shown to be quite similar to that of WT plants (Figure 6E). However, WT plants 

can store excess Na+ in the vacuole. If Na+ is not transported to the vacuole in the 
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Nt-cbl10acbl10b double mutant, Na+ will accumulate to toxic levels in the cytosol 

much faster, and this can cause necrotic symptoms. In recent years, it has become 

evident that CBL10 also affectes Na+ transport over the plasma membrane as part 

of the SOS pathway (Plasencia et al, 2021). AtCBL10-AtCIPK8 and AtCBL10-

AtCIPK24 modules appear to be able to interact with SOS1 activity of extruding Na+ 

into the apoplast (Quan et al., 2007; Lin et al., 2009; Yin et al., 2019). In the Nt-

cbl10acbl10b double mutant, the loss of this Na+ extruding activity would also 

contribute to a higher relative Na+ concentration in the cytosol. The lack of necrotic 

symptoms under a dark treatment may then be explained by the significantly lower 

leaf Na+ accumulation rate of leaves in the dark (Figure 7D). 

The Nt-cbl10acbl10b double mutant also accumulated significantly less Cl- under 

salt stress compared to WT (Figure 5H and 6F), indicating that NtCBL10 is also 

involved in Cl- homeostasis. To our knowledge, there is no report about the role of 

CBL10 in Cl- homeostasis regulation. Geilfus (2018) suggested that the disturbance 

of chloroplastidial Cl- homeostasis might affect the generation of the pH gradient 

between the lumen and stroma under Cl- salinity via an unbalancing of the proton-

counterbalancing fluxes of Cl-, which would lead to the reduction of PSⅡ, but this 

has not been experimentally confirmed. In the dark treatment, the reduced rate of Cl- 

accumulation in the Nt-cbl10acbl10b double mutant compared to WT under salt 

stress was reversed (Figure 7E), which is also consistent with the disappearance of 

the necrotic phenotype in the dark. But whether the difference in Cl- handling is 

functionally related to the necrotic symptoms remains to be established. 
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Figure 9. Shoot phenotype of wild-type (WT) and NtCBL5A-overexpressing lines (OE-2 and OE-15) 

under salt stress (100 mM NaCl) in the dark treatment. Scale bars=10 cm. (A) The phenotype of WT 

and NtCBL5A-OE lines under salt stress (S) at 9 DAT (days after reaching 100 mM NaCl treatment). (B) 

The phenotype of WT and NtCBL5A-OE lines under salt stress at 12 DAT. White arrowheads indicate the 

4th leaves under light (Light), covered by aluminum-foil paper (Covered), and under dark (Dark), which 

were zoomed in at the right part of the panel. 

The light-independent chlorotic phenotype of Nt-cbl10acbl10b double mutant 

and other regulatory functions of CBL10 

The chlorotic symptoms in the Nt-cbl10acbl10b double mutant developed much 
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faster than in the NtCBL4A-1 and NtCBL5A-overexpressing lines. Moreover, the 

chlorotic symptoms of the Nt-cbl10acbl10b double mutant were observed both under 

light and dark conditions, while the necrosis was no longer visible under dark 

conditions. This indicates that the fast-developing chlorosis of the Nt-cbl10acbl10b 

double mutant under salt stress may be linked to another impaired function of 

NtCBL10 than the one linked to necrosis. 

The chlorotic symptoms in the Nt-cbl10acbl10b double mutant were already detected 

within 24 hrs of reaching the final NaCl concentration of 100mM NaCl (Figure 6A and 

7A). Both chlorophyll content and photochemical efficiency of photosystem 2 

(PhiPS2) were also decreased by this time, and decreased further in the next few 

days (Figure 6B and 6D). This suggests that chlorophyll and possibly other 

components of the photosynthetic machinery were directly affected by the saline 

conditions in the Nt-cbl10acbl10b double mutant, and that NtCBL10 may play an 

essential role in protecting chlorophyll and photosynthetic capacity already at very 

early stages of salt stress. 

Although we cannot rule out a role for cytosolic Na+ accumulation in the development 

of the chlorotic symptoms, the low rate of leaf Na+ concentration increase in the Nt-

cbl10acbl10b double mutant grown in the dark while chlorotic symptoms still 

developed very fast suggests that Na+ accumulation itself is not causal to the 

chlorosis and fast breakdown of chlorophyll. As mentioned before, CBL10 was 

shown to be involved in the regulation of the transport and distribution of several ions 

under salt stress, including not only Na+ but also H+, K+, and Ca2+ (Plasencia et al., 

2020). This leads to the possibility that the effect of the Nt-cbl10acbl10b double 

mutant on photosynthetic components and parameters is linked to other regulatory 

functions of CBL10. 

Other targets for CBL10 regulation of the salt stress response may be the H+ 

transporters in the tonoplast. In a tomato Sl-cbl10 mutant, the gene expression of 

the vacuolar H+ pumps SlAVP1 and SlVHA-A1 was downregulated under saline 

conditions (Egea et al., 2018). These are thought to provide the proton gradient over 
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the tonoplast that drives the Na+ transport into the vacuole. In addition, AtCBL10 was 

suggested to regulate plasma membrane H+-ATpase activity in Arabidopsis thaliana 

in a CIPK-independent manner, directly interacting with plasma membrane H+-

ATPases AtAHA4 and AtAHA11 (Xie et al., 2022). Proton pumps in the tonoplast and 

plasma membrane need to be tuned and are under strict regulation to ensure a 

balanced pH in the cytosol, which may also involve the NHX family of antiporters 

(Cosse and Seidel, 2021). Impaired regulation of the H+ pumps may result in 

impaired H+ homeostasis and pH regulation, which can be highly damaging to the 

leaf cell functioning, and induce chlorophyll breakdown (Long et al., 2017). Whether 

impaired pH regulation is causal to the fast-developing chlorosis in the Nt-

cbl10acbl10b double mutant under salt stress remains to be established.  

CBL10 also functions as a repressor by directly interacting with targets in a CIPK-

independent way. AtCBL10 was reported to competitively interact with AKT1 against 

the AtCBL1/9-AtCIPK23 complex, repressing the potassium uptake regulated by 

AtCBL1/9-AtCIPK23 (Ren et al., 2013). Our results also showed the K+ accumulation 

in Nt-cbl10acbl10b double mutant was affected under salt stress compared to WT 

(Figure 5I and 6G). At the very early stage of salt treatment (0-3 DAT), the K+ 

accumulation in the double mutant is significantly lower than that in WT but the 

difference is decreasing with time (Figure 6G). At 5 DAT and 7 DAT, our data showed 

a higher K+ accumulation in Nt-cbl10acbl10b double mutant than that in WT (Figure 

5I and 6G). The Na+/K+ ratios in WT and Nt-cbl10acbl10b are always similar during 

0-5 DAT (Figure S5E). These results showed that the K+ homeostasis affected by 

the loss of NtCBL10 is changing with time and is complicated, which may rather be 

a consequence than a cause of salt sensitivity.  

Interestingly, CBL10 was also found to directly interact with and repress TOC34 

protein, a member of the TOC (translocon of the outer membrane of the chloroplasts) 

complex with GTPase activity to regulate protein importation into chloroplasts (Cho 

et al., 2016). The interaction between CBL10 and chloroplast-localized protein 

seems also linked to the chlorophyll breakdown and PS Ⅱ defect in NtCBL10 loss-

of-function mutants but needs more research to provide the evidence. 
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Supplementary Material 

 

Figure S1. Phylogenetic tree of the NtCIPKs and AtCIPKs. The amino acid sequences of AtCIPKs 

were downloaded from TAIR (https://www.arabidopsis.org/). The phylogenetic tree was constructed by 

MEGA6 using the Neighbor-Joining method.  
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Figure S2. The protein sequence alignment of NtCBL10A and NtCBL10B. 

 

Figure S3. The position of gRNA, edited sequence, and protein translation of the edited sequence 

of Nt-cbl10a single mutant (A), Nt-cbl10b single mutant (B), and Nt-cbl10acbl10b double mutant 

(C).  
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Figure S4. The phenotype of WT and Nt-cbl10acbl10b double mutants under salt stress on 

different days after treatment (DAT). 
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Figure S5. Ca2+ and Mg2+ contents in leaf blades of plants under control conditions and salt stress 

(100 mM NaCl). (A and B) Ca2+ and Mg2+ contents of WT,  Nt-cbl10a, Nt-cbl10b single mutants, Nt-

cbl10acbl10b double mutant, and NtCBL10A-OE lines under control conditions and salt stress (100 mM 

NaCl) at 7 DAT  (days after reaching 100 mM NaCl treatment). Error bars indicate ±SD (n=4).  (C and 

D) Ca2+ and Mg2+ contents in leaf blades of WT and Nt-cbl10acbl10b double mutant under control and 

saline conditions at 0-5 DAT. Error bars indicate ±SD (n=4). (E and F) Na+/K+ ratio (mol/mol) and Na+/Cl- 

ratio (mol/mol) in WT and Nt-cbl10acbl10b double mutant under salt stress at 0-5 DAT.  (G and H) Ca2+ 

and Mg2+ contents in leaf blades of WT and Nt-cbl10acbl10b double mutant under control and saline 

conditions at 1, 3, and 6 DAT in the dark. Error bars indicate ±SD (n=3). Asterisks indicate statistically 

significant differences compared with WT (#) under control or saline conditions (Student’s t test, *p<0.05 

and **p<0.01).  
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Figure S6. The editing way and tissue culture of Nt-cipk24 mutants. The sgRNA position, edited 

sequence, and protein translation of the edited sequence of Nt-cipk24a-40 mutant (A), Nt-cipk24b-

3/7 mutants (B), and Nt-cipk24acipk24b double mutant (C). (D) The callus vigor with different sgRNA in 

tissue culture. 
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Figure S7. Expression profiles of NtCIPK genes in different tissues of tobacco plants at the adult 

stage. Gene expression level of NtCIPK genes in leaves (A)  (SRA accession ID: SRX2655430, 

SRX2655478, SRX2655480, SRX2655632, SRX2655633, SRX2655634) and roots (B) (SRA accession 

ID: SRX4407884, SRX4407877, SRX4407878) of tobacco at the adult stage that determined by published 

RNA-seq data (Li et al., 2017; Qin et al., 2020). The six biological replicates (every two replicates for 

upper, middle, and lower leaves)  of leaves are sampled at 15 days after topping (75 days after 

transplanting) (Li et al., 2017), while the three biological replicates of roots are sampled at 0 h after topping 

(56 days after transplanting) (Qin et al., 2020). 
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Figure S8. Physiological parameters of wild-type (WT), Nt-cipk24a single mutant, Nt-cipk24b single 

mutant, and NtCIPK24A-overexpressing (OE) line (OE-5) under control conditions and salt stress 

(200 mM NaCl) at 8 DAT and the detection of NtCIPK24A expression level in WT and NtCIPK24AOE-

5 leaves. (A and B) The stomatal conductance and chlorophyll fluorescence of all lines at 13 DAT (days 

after reaching 100 mM NaCl treatment). Error bars indicate ±SD (n=6). (C-G) The ion contents (Na+, Cl-, 

K+, Ca2+, and Mg2+) in leaves of all lines at 13 DAT. Error bars indicate ±SD (n=4). (H) The expression 

level of NtCIPK24A (endogenous and exogenous) in WT and NtCIPK24AOE-5 plant leaves determined 

by RT-qPCR. Error bars indicate ±SD (n=3). The expression levels are relative to the reference gene 

NtL25 (Schmidt and Delaney, 2010). Asterisks indicate statistically significant differences compared with 

WT (#) under control or saline conditions (Student’s t test, *p<0.05 and **p<0.01).  
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Table S1 Properties of NtCIPKs 

Name 
Diploid 

Progenitors 

Gene Symbol in 

NCBI 

Representative 

Protein Accession
AA NW pI 

NtCIPK1A-1 N. sylvestris LOC107821370 XP_016503297.1 454 51226.57 6.45 

NtCIPK1A-2  N. sylvestris LOC107827270 XP_016509849.1 450 51004.78 8.78 

NtCIPK1B 
N. 

tomentosiformis 
LOC107802461 XP_016481456.1 454 51260.58 6.40 

NtCIPK2A N. sylvestris LOC107810567 XP_016490846.1 483 54811.93 8.97 

NtCIPK2B 
N. 

tomentosiformis 
LOC107824126 XP_016506349.1 483 55020.19 9.01 

NtCIPK3A N. sylvestris LOC107776926 XP_016452366.1 438 50019.45 8.06 

NtCIPK3B 
N. 

tomentosiformis 
LOC107807209 XP_016487035.1 438 50066.42 7.15 

NtCIPK4A N. sylvestris LOC107803544 XP_016482770.1 450 50397.05 9.17 

NtCIPK4B 
N. 

tomentosiformis 
LOC107782505 XP_016458873.1 439 49161.75 9.15 

NtCIPK5A N. sylvestris LOC107808490 XP_016488508.1 455 52179.35 8.75 

NtCIPK5B 
N. 

tomentosiformis 
LOC107797269 XP_016475627.1 455 52168.33 8.85 

NtCIPK6A-1 N. sylvestris LOC107807183 XP_016487006.1 432 48477.30 9.03 

NtCIPK6A-2 N. sylvestris LOC107796784 XP_016475078.1 425 47667.16 9.16 

NtCIPK6B-1 
N. 

tomentosiformis 
LOC107769442 XP_016444144.1 432 48523.34 9.03 

NtCIPK6B-2 
N. 

tomentosiformis 
LOC107782385 XP_016458754.1 425 47452.09 9.27 

NtCIPK7A-1 N. sylvestris LOC107764765 XP_016438856.1 437 48601.01 9.18 

NtCIPK7A-2  N. sylvestris LOC107760209 XP_016433711.1 443 49909.52 9.13 

NtCIPK7B 
N. 

tomentosiformis 
LOC107815522 XP_016496610.1 437 48516.88 9.14 

NtCIPK8A N. sylvestris LOC107780181 XP_016456199.1 454 51223.00 7.61 
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Name 
Diploid 

Progenitors 

Gene Symbol in 

NCBI 

Representative 

Protein Accession
AA NW pI 

NtCIPK8B 
N. 

tomentosiformis 
LOC107771583 XP_016446477.1 447 50690.28 6.66 

NtCIPK9A N. sylvestris LOC107783805 XP_016460311.1 446 50760.95 8.92 

NtCIPK9B 
N. 

tomentosiformis 
LOC107826251 XP_016508704.1 446 50689.87 8.70 

NtCIPK10A N. sylvestris LOC107824640 XP_016506926.1 466 53428.65 8.87 

NtCIPK10B 
N. 

tomentosiformis 
LOC107829924 XP_016512882.1 463 52980.05 8.54 

NtCIPK11A-

1 
N. sylvestris LOC107762191 XP_016436014.1 433 49625.59 9.16 

NtCIPK11B-

1 

N. 

tomentosiformis 
LOC107831457 XP_016514707.1 430 49200.03 8.74 

NtCIPK11A-

2  
N. sylvestris LOC107824639 XP_016506925.1 441 50349.43 8.54 

NtCIPK11B-

2 

N. 

tomentosiformis 
LOC107829925 XP_016512883.1 441 50309.43 8.66 

NtCIPK11B-

3 

N. 

tomentosiformis 
LOC107762565 XP_016436426.1 413 47348.67 8.47 

NtCIPK12B-

1 

N. 

tomentosiformis 
LOC107781785 XP_016458041.1 479 53995.97 8.71 

NtCIPK12B-

2 

N. 

tomentosiformis 
LOC107802445 XP_016481439.1 479 54064.09 8.71 

NtCIPK14A-

1 
N. sylvestris LOC107782101 XP_016458427.1 449 50474.71 7.12 

NtCIPK14B 
N. 

tomentosiformis 
LOC107796817 XP_016475123.1 449 50653.05 6.74 

NtCIPK14A-

2 
N. sylvestris LOC107777345 XP_016452834.1 447 50445.10 9.47 
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Name 
Diploid 

Progenitors 

Gene Symbol in 

NCBI 

Representative 

Protein Accession
AA NW pI 

NtCIPK14A-

3 
N. sylvestris LOC107792810 XP_016470533.1 441 49886.45 9.43 

NtCIPK16A  N. sylvestris LOC107804789 XP_016484207.1 475 53478.46 9.13 

NtCIPK17A N. sylvestris LOC107779145 XP_016454982.1 454 51480.67 5.97 

NtCIPK17B 
N. 

tomentosiformis 
LOC107830418 XP_016513448.1 454 51453.60 5.78 

NtCIPK19A N. sylvestris LOC107788099 XP_016465245.1 467 52676.70 8.57 

NtCIPK19B 
N. 

tomentosiformis 
LOC107786980 XP_016463980.1 466 52572.63 8.58 

NtCIPK20A N. sylvestris LOC107802446 XP_016481441.1 462 52494.39 9.11 

NtCIPK20B 
N. 

tomentosiformis 
LOC107781784 XP_016458040.1 462 52510.39 9.10 

NtCIPK21A N. sylvestris LOC107822258 XP_016504268.1 442 50666.48 7.95 

NtCIPK21B 
N. 

tomentosiformis 
LOC107765371 XP_016439495.1 427 48904.96 9.25 

NtCIPK23A N. sylvestris LOC107774785 XP_016449915.1 454 51045.65 9.05 

NtCIPK23B 
N. 

tomentosiformis 
LOC107761884 XP_016435661.1 454 51058.73 9.05 

NtCIPK24A N. sylvestris LOC107806313 XP_016485936.1 446 50347.24 9.14 

NtCIPK24B 
N. 

tomentosiformis 
LOC107795862 XP_016474051.1 443 50078.82 9.02 

NtCIPK25A N. sylvestris LOC107806709 XP_016486416.1 449 50969.73 8.98 

NtCIPK25B N. 

tomentosiformis 
LOC107831360 XP_016514613.1 449 51011.88 8.91 

NtCIPK26A N. sylvestris LOC107817023 XP_016498273.1 438 50235.79 7.22 

NtCIPK27A N. sylvestris LOC107784517 XP_016461145.1 457 51966.36 9.14 

NtCIPK27B N. 

tomentosiformis 
LOC107821353 XP_016503277.1 473 53967.46 9.08 

NtCIPK28A N. sylvestris LOC107813683 XP_016494457.1 441 49825.50 9.00 
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Name 
Diploid 

Progenitors 

Gene Symbol in 

NCBI 

Representative 

Protein Accession
AA NW pI 

NtCIPK28B N. 

tomentosiformis 
LOC107829119 XP_016512043.1 441 49860.66 9.18 

NtCIPK29B-

1 

N. 

tomentosiformis 
LOC107803568 XP_016482796.1 446 50435.56 9.17 

NtCIPK29B-

2 

N. 

tomentosiformis 
LOC107810628 XP_016490908.1 446 50339.30 8.90 

AA, the number of amino acids; pI, theoretical isoelectric point; MW, molecular weights. The AA, pI, and 

MW were calculated with the ExPASy tool (https://web.expasy.org/protparam/). 

Table S2 | Primer and sgRNA sequences 

Primer name Sequence (5’ to 3’) Description 

NtCBL10A-1F ATGGATTCAACCCGAGATTCTC 
For the amplification of NtCBL10A 

NtCBL10A-1R TCACAACAAATGGCTTTTCTCCG 

NtCIPK24A-1F ATGAAGAAAGTGAAGAGGAAG 
For the amplification of NtCIPK24A 

NtCIPK24A-1R TCAGCGAGTCATTGTTCTAAG 

pCHF3-R ATTCTGGTGTGTGCGCAATG 

For the identification of NtCBL10A-OE 

and NtCIPK24A-OE transgenic 

tobacco together with  NtCBL10A-1F 

and NtCIPK24A-1F, respectively. 

pCHF3-Allcheck-2 GATGATACGAACGAAAGCTCTGC 

pCHF3-Allcheck-2 (Shi et al., 2021) 

was designed based on the sequence 

of 3’-UTR of exogenously 

overexpressed genes  

NtCBL5A-564F CTCAAGGATATCACAGCTGCATT 

For detecting the expression level of 

exogenous NtCBL5A together with 

pCHF3-Allcheck-2 

NtCBL4A-1-qF AGTTCTTTCAGATGATGTTGTCG 

For detecting the expression level of 

exogenous NtCBL4A-1 together with 

pCHF3-Allcheck-2 
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Primer name Sequence (5’ to 3’) Description 

NtCBL10A-qF ACTGGGTTCATTGAGCGAGA 

For detecting the expression level of 

exogenous NtCBL10A together with 

pCHF3-Allcheck-2 

NtCIPK24A-qF ACAAAATACCGAGACGGGGG For the detection of NtCIPK24A 

expression (both endogenous and 

exogenous) level in the NtCIPK24A-

OE plants 

NtCIPK24A-qR AAAACCTCGTGAAGCCGAAC 

NtL25-qF CAAAAGTTACATTCCACCG Primers of reference gene NtL25 

(Schmidt and Delaney, 2010) for RT-

qPCR 
NtL25-qR TTTCTTCGTCCCATCAGGC 

NtCBL10A-sgRNA GTTGGCAAGACGGGCAAGGT 
The gRNA sequence for knocking out 

of NtCBL10A 

NtCBL10B-sgRNA GAAGTTGGGTTATGATTATA 
The gRNA sequence for knocking out 

of NtCBL10B 

NtCBL10-sgRNA CGTCCCAACAAGAAGAAGTT 
The gRNA sequence for knocking out 

of NtCBL10 

NtCIPK24A-

sgRNA 
GTTTGCACAAAATACCGAGA 

The gRNA sequence for knocking out 

of NtCIPK24A 

NtCIPK24B-

sgRNA 
GAATATCTGAGGATGAAGCG 

The gRNA sequence for knocking out 

of NtCIPK24B 

NtCIPK24-sgRNA TCGTGAAGCCGAACTATGCA 
The gRNA sequence for knocking out 

of NtCIPK24 

pDC45-

NtCBL10A-JCF 

CCTTTCTCTCTCTCTCTCTGAATT

AT 
For the identification of edited gene 

sequence of NtCBL10A in Nt-cbl10a 

mutants and Nt-cbl10acbl10b mutants 
pDC45-

NtCBL10A-JCR 
GATTTCTTCAGAGTTCGAGTTC 

pDC45-

NtCBL10B-JCF 
ACCACATAAAAACACACACCTT For the identification of edited gene 

sequence of NtCBL10B in Nt-cbl10b 

mutants and Nt-cbl10acbl10b mutants 
pDC45-

NtCBL10B-JCR 
AACAAAAGCAAAGGAAAAAAGG 
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Primer name Sequence (5’ to 3’) Description 

pDC45-

NtCIPK24A-JCF 
AATTTTGCCAGCTGTAATGTC For the identification of edited gene 

sequence of NtCIPK24A in Nt-cipk24a 

mutants  
pDC45-

NtCIPK24A-JCR 

CGAAAGGAAGTATATTTTAGTACC

TG 

pDC45-

NtCIPK24B-JCF 

CCTTCTAGTAAGTAAAAAATTCCA

TC 
For the identification of edited gene 

sequence of NtCIPK24B in Nt-cipk24b 

mutants 
pDC45-

NtCIPK24B-JCR 

CAGTTAAATGCTTAGGATAGATAA

TTC 
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CBL and CIPK family genes form a complex CBL-CIPK regulatory network that plays 

vital roles in both plant development and stress responses (Mao et al., 2022). The 

CBL-CIPK regulatory network is involved in two levels of crosstalk between plant 

development and stress adaptation: direct crosstalk through interaction with 

regulatory proteins, and indirect crosstalk through adaptation of correlated 

physiological processes that affect both plant development and stress responses 

(Chapter 2) (Mao et al., 2022). The roles of the CBL-CIPK regulatory network are 

best identified in the model plant Arabidopsis thaliana but much less is known in 

solanaceous crops.  

The aim of this thesis was to identify key CBL genes in the salt stress response of 

tobacco. We first conducted a genome-wide analysis of the NtCBL gene family 

(Chapter 3). Twenty-four NtCBL genes were identified from N. tabacum, from which 

14 NtCBL genes were derived from the maternal genome donor N. sylvestris and 10 

were derived from the paternal genome donor N. tomentosiformis. These NtCBLs 

were clustered into three different groups based on phylogenetic analysis, and these 

groups have distinct N-terminal characteristics. The EF-hand motifs of NtCBLs 

contain amino acid substitutions and configuration changes that may be responsible 

for the variation in Ca2+-binding abilities. Most NtCBL genes have splicing variants. 

The 5’-UTRs of homoeologous NtCBL genes from the parental genomes of 

allotetraploid tobacco differ in length and intron presence, which may contribute to 

variations in gene translation efficiency or preferences of protein interaction. The 

expression profile of NtCBL genes in different tissues and under salt/drought stress 

was also determined. The presented information lays a good foundation for the 

following gene functional analysis of NtCBL genes.   

CBL4 (also known as SOS3) is a well-known gene that was reported to play an 

important positive role in salt tolerance in many plant species. Therefore tobacco 

NtCBL4A-1 was expected to play a role in the salt tolerance of tobacco. However, 

the expression of NtCBL4A-1 was greatly inhibited by salt stress (Chapter 3), which 

does not seem consistent with the conserved role of CBL4 in the salt tolerance of 
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other plant species. This may point to a different function of tobacco NtCBL4A-1. In 

order to understand the role of NtCBL4A-1 in the salt stress response of tobacco, 

the NtCBL4A-1-overexpressing (NtCBL4A-1-OE) lines were evaluated for salt 

tolerance. In Chapter 3, results showed that the overexpression of NtCBL4A-1 lead 

to a salt-supersensitive phenotype. There are three NtCBL4 homoeologous genes 

(NtCBL4A-1, NtCBL4A-2, and NtCBL4B) in N. tabacum, and they may have 

functional redundancy given the high sequence similarity. Experiments involving 

loss-of-function mutants of NtCBL4 may provide additional insight into the role of 

NtCBL4 homoeologs in salt tolerance but I did not have enough time within the 

context of my PhD thesis to construct the single mutant of NtCBL4A-1 nor the triple 

mutant of NtCBL4. 

We also observed a salt-supersensitive phenotype in NtCBL5A-overexpressing 

(NtCBL5A-OE) lines (Chapter 4) (Mao et al., 2022), which is very similar to the 

phenotype we observed in NtCBL4A-1-OE lines (Chapter 3). Considering 

endogenous NtCBL4A-1 is mainly expressed in roots (Chapter 3) and NtCBL5A is 

mainly expressed in veins and stems (Chapter 4) (Mao et al., 2022), we 

hypothesized that the salt-supersensitive phenotype of NtCBL4A-1-OE leaves and 

NtCBL5A-OE leaves may be caused by the ectopic overexpression of these genes, 

thus interrupting other CBL-CIPK pathways rather than the CBL-CIPK modules that 

NtCBL4A-1 and NtCBL5A are endogenously involved in during the tobacco salt 

response. The phenotype of the loss-of-function mutant of NtCBL5 (we evaluated 

the salt tolerance of Nt-cbl5a, Nt-cbl5b, and Nt-cbl5acbl5b double mutant) is similar 

to the WT phenotype under salt stress, which confirms that NtCBL5A is not likely to 

be a key component in the salt tolerance of tobacco (Figure 1).  

In the yeast-two hybrid experiment, we evidenced that NtCBL4A-1, NtCBL5A, and 

NtCBL10A can bind the same NtCIPK (Chapter 5). In addition, NtCBL10A 

overexpression was shown to relieve the salt-sensitive phenotype of NtCBL5A-OE 

lines, supporting our hypothesis that NtCBL5A overexpression may interfere with 

another CBL-CIPK (i.e. CBL10-CIPK) pathway. NtCBL4A-1 overexpression was 
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shown to enhance the salt-sensitive phenotype of NtCBL5A-OE lines, indicating that 

overexpression of NtCBL4A-1 and NtCBL5A may interfere with the same CBL-CIPK 

pathway. Therefore, we concluded that NtCBL10 plays a key role in the salt tolerance 

of tobacco. Further stress tolerance assessment of the loss-of-function mutants of 

NtCBL10 confirmed that NtCBL10A and NtCBL10B are key components in salt 

stress response (Chapter 5). Based on the two possibly independent salt-sensitive 

phenotypes (chlorosis and necrosis) of the Nt-cbl10acbl10b double mutant under 

salt stress, we concluded that the knockout of NtCBL10 may interfere with several 

physiological pathways, in line with the recent reports in the literature reviewed by 

Plasencia et al (2021). Because NtCIPK24 is a candidate partner of NtCBL10 in salt 

tolerance mechanisms of tobacco, we also evaluated the salt tolerance of Nt-cipk24a 

single and Nt-cipk24b single mutants (double mutant failed to be constructed 

because of a lethal callus). We detected slight salt sensitivity of the Nt-cipk24a and 

Nt-cipk24b single mutants and suggest that NtCIPK24 may indeed be one of the 

partners of NtCBL10 in salt stress response. 

 

Figure 1. The editing ways of loss-of-function mutants of NtCBL5 and the phenotype of plants 

under salt stress (100 mM NaCl) at 13 DAT (days after salt treatment). (A-D) The position of gRNA 

and protein translation of the edited sequence of Nt-cbl5a single mutant (A), Nt-cbl5b single mutant (B), 



                                                                Chapter 6 

201 

6 

Nt-cbl5acbl5b-1 double mutant (C), and Nt-cbl5acbl5b-5 double mutant (D). (E) The shoot phenotype of 

wild-type (WT), Nt-cbl5a single mutant, Nt-cbl5b single mutant, Nt-cbl5acbl5b double mutant, and 

NtCBL5A-OE-2 plants under salt treatment. 

The versatile roles of CBL10 and the salt-sensitive phenotypes of Nt-

cbl10acbl10b double mutant 

CBL10 is considered to be a key master regulator of stress signaling and response 

under salinity, drought, flooding, and K+ deficiency stresses, by activating (in a CIPK-

dependent manner) or repressing (by direct interaction) downstream targets in 

different subcellular locations (Plasencia et al., 2021). CBL10 was shown to be 

involved in the regulation of the transport and distribution of several ions under salt 

stress, including not only Na+ but also H+, K+, and Ca2+ (Plasencia et al., 2021). This 

means that the homeostasis of not only Na+ but also other ions may be affected in a 

loss-of-function mutant of CBL10. In Chapter 5, we observed two possibly 

independent salt-sensitive symptoms (chlorosis and necrosis) of the Nt-

cbl10acbl10b double mutant under salt stress. The question that still needs to be 

answered is which NtCBL10-dependent adaptations to stress are underlying the 

different aspects of the salt-hypersensitive phenotype of the Nt-cbl10acbl10b double 

mutant. Although we did not have time within the thesis project to target all the 

regulatory functions of NtCBL10 in response to salt stress experimentally, the results 

give rise to highly interesting insights and hypotheses on NtCBL10 functions under 

salt stress that are further discussed below. 

The role of CBL10 and the necrotic phenotype of Nt-cbl10acbl10b double 

mutant 

Na+ homeostasis 

We found similar necrotic lesions in the NtCBL5A-OE and Nt-cbl10acbl10b double 

mutant under salt stress (Chapter 4, Chapter 5). Even though we found that Na+ 

accumulation in both NtCBL5A-OE leaves and Nt-cbl10acbl10b double mutant 

leaves were comparable to that of WT, Na+ accumulation may still play a role in the 

development of the necrotic lesions when the distribution of Na+ within the leaf and 
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leaf cells is considered. This hypothesis is based on the report that the tonoplast-

localized CBL10-CIPK24 pathway positively regulates the Na+ sequestration into the 

vacuole (Kim et al., 2007). If Na+ transport to the vacuole is affected in the Nt-

cbl10acbl10b double mutant, Na+ will accumulate to toxic levels in the cytosol much 

faster, and this may cause necrotic symptoms (Figure 2). In addition, AtCBL10 was 

also reported to interact with AtCIPK24 and AtCIPK8 (which has high sequence 

similarity with AtCIPK24, 60.9% AA pairwise identity), regulating Na+ transport over 

the plasma membrane out of the cell (Quan et al., 2007; Lin et al., 2009; Kleist et al., 

2014; Yin et al., 2019). If NtCBL10 has the same function as AtCBL10, the loss-of-

function of NtCBL10 may also lead to impaired Na+ extrusion, thus contributing to a 

higher relative Na+ concentration in the cytosol (Figure 2).  

The hypothesis of disturbed Na+ homeostasis in the cytosol seems in line with the 

fact that the necrotic symptoms of NtCBL5A-OE lines and the Nt-cbl10acbl10b 

double mutant under salt stress are light-dependent (Chapter 5). Plants grown under 

dark conditions transpire much less than plants grown under light, which will 

influence the transpiration flow. This is likely to affect the accumulation rate of Na+ in 

the leaves: Na+ is transported to the leaf blades with the transpiration stream and is 

deposited there under continuous salt stress, and only a small proportion of the Na+ 

is recirculated to roots through phloem for most plants (Tester, 2003). Therefore, it is 

likely that the Na+ accumulates faster in plant leaves under light conditions (with high 

transpiration flow) than under dark conditions, which is evidenced by the leaf Na+ 

measurements in light and dark-treated leaves (Chapter 5, Figure 6E and 7D). In 

this case, the appearance of necrotic symptoms of NtCBL5A-OE lines and Nt-

cbl10acbl10b double mutant may be possibly delayed in dark conditions. 

Cl- homeostasis 

In Chapter 5, it was shown that the Nt-cbl10acbl10b double mutant accumulated 

significantly less Cl- under salt stress compared to WT. This does not seem to be 

caused by less xylem flow/transpiration even though the stomatal conductance of 

Nt-cbl10acbl10b double mutant is lower than that of WT (Chapter 5, Figure 5B and 
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5E), because the Na+ accumulation between WT and mutant was not significantly 

different. Therefore, it may be related to Cl- uptake in the roots or the efficiency of Cl- 

root-to-shoot translocation. Although there is no report of CBL10 playing a role in Cl- 

homeostasis, the CBL-CIPK network has been reported to regulate the Cl- root-to-

shoot translocation. AtCBL1/9-AtCIPK23 can activate the anion channel SLOW-

TYPE ANION CHANNEL (SLAC1) in Xenopus oocytes, which is a PM-localized 

protein that is highly permeable to malate and chloride in guard cells (Maierhofer et 

al., 2014). SLAC1 has four homologues, which are the SLAC1-associated 

homologues 1 to 4 (SLAH1 to SLAH4). SLAH3 can also be activated by AtCBL1/9-

AtCIPK23 in Xenopus oocytes, and it can form chloride-conducting heteromeric 

channels with SLAH1 in xylem-pole pericycle cells to regulate chloride root-to-shoot 

translocation (Maierhofer et al., 2014; Cubero-Font et al., 2016). AtCBL10 is reported 

to be able to interfere with AtCBL1/9-AtCIPK23 complexes by directly and 

competitively interacting with downstream targets. For instance, AtCBL10 competes 

with AtCBL1/9-AtCIPK23 in the interaction with AKT1 and repress the potassium 

uptake induced by AtCBL1/9-AtCIPK23 (Ren et al., 2013). Whether CBL1/9-CIPK23 

also activates SLAC1 as well as its homologues (SLAH), and whether the reduced 

Cl- accumulation in the leaves of the Nt-cbl10acbl10b double mutant under saline 

conditions is linked to the lack of CBL10 regulation of this mechanism is still 

speculative (Figure 2).  

For most plant species, Na+ tends to reach a toxic concentration before Cl- does, so 

Cl- has received much less attention in salt tolerance research than Na+ (Munns and 

Tester, 2008). For some species with woody stems and roots including soybean, 

grapevines, and citrus, Cl- becomes the more toxic component under salt stress 

because the plant can manage the Na+ transport better than Cl- transport by 

effectively withholding Na+ root-to-shoot translocation (Munns and Tester, 2008). 

Excessive Cl- is considered toxic mainly because it is widely thought of as an 

antagonistic molecule of NO3
-, an important source of nitrogen (Colmenero-Flores et 

al., 2019). Cl- is a micronutrient for plant growth, working as an essential cofactor for 
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the oxygen evolution of the photosystemⅡ and regulating cell osmolarity and the 

electrical charge balance of cations (Colmenero-Flores et al., 2019). Cl- is a non-

assimilating highly mobile anion and is preferred by plants to balance the electric 

charges of important cations to stabilize the electric potential of cell membranes and 

regulate pH gradients (Geilfus, 2018b; Colmenero-Flores et al., 2019). The 

chloroplast envelops and the thylakoid membrane exhibit a high permeability for Cl- 

(U and W, 1981; Bose et al., 2017) and Cl- is the most abundant anion in the 

chloroplast stroma (50-90 mM) (Neuhaus and Wagner, 2000). Cl- influx from the 

stroma to the lumen is essential for thylakoid swelling after the onset of illumination, 

and Cl- re-export to the stroma would cause the thylakoid to shrink during the 

transition to darkness (Colmenero-Flores et al., 2019). In addition, the accumulated 

protons in the thylakoid lumen can be electrically counterbalanced by Cl- influx, thus 

possibly regulating the pH gradient between the lumen and the stroma. Therefore, 

the disturbance of chloroplastidial Cl- homeostasis might lead to the reduction of PS

Ⅱ (Geilfus, 2018a). In our study, the reduced rate of Cl- accumulation in the Nt-

cbl10acbl10b double mutant compared to WT under salt stress was reversed in the 

leaves grown in the dark (Chapter 5, Figure 6F and 7E), and the necrotic lesions 

disappeared. Whether there is any connection between Cl- accumulation in Nt-

cbl10acbl10b and the necrotic phenotype remains to be established, but it is 

interesting to explore. 

Reactive oxygen species (ROS) 

In Chapter 4, we found that ROS accumulation in NtCBL5A-OE leaves was higher 

than that in WT under salt stress already at 2 DAT (days after reaching 100 mM NaCl 

treatment) and 6 DAT (Chapter 4, Figure S2 and 4D) (Mao et al., 2021). Under salt 

stress, the Calvin cycle is inhibited by salinity-induced stomatal limitation, leading to 

the over-reduction of the electron transport chain and the generation of ROS (Attia 

et al., 2009; Hajiboland, 2014). Possibly, the light energy input in NtCBL5A-OE 

leaves may exceed energy utilization when the Calvin cycle is more inhibited than 

the light reaction in the photosynthesis of NtCBL5A-OE leaves under salt stress. 
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Therefore, the resulting ROS generation in NtCBL5A-OE leaves might exceed the 

ROS scavenging ability, leading to necrotic lesions. Even though we do not have 

ROS accumulation data of the Nt-cbl10acbl10b mutant under salt stress, it is not 

unlikely that ROS species also accumulated in Nt-cbl10acbl10b double mutant. Our 

results showed that the stomata conductance of Nt-cbl10acbl10b double mutant was 

more severely inhibited by salt stress since 1 DAT (Chapter 5, Figure 6). This 

stomatal limitation may cause an enhanced imbalance between ROS production and 

scavenging at the very early stage of salt treatment, thus leading to the necrotic 

symptom of the Nt-cbl10acbl10b double mutant. 

 

Figure 2. Schematic picture to show the pathways that NtCBL10 may be involved in by activating 

(in a CIPK-dependent manner) or repressing (by direct interaction) downstream targets in different 

subcellular locations. Exo CBL4/5 means overexpressed exogenous NtCBL4/5. Pointed and blunt 

arrowheads indicate activating and inhibitory processes, respectively. The dotted lines indicate proposed 

connections that still require validation. The question mark (?) means the Na+/H+ antiporter has not been 

identified yet. The red lighting sign with a “P” inside means phosphorylation. 
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The role of CBL10 and the chlorotic symptom of Nt-cbl10acbl10b double 

mutant 

The chlorosis symptom of Nt-cbl10acbl10b double mutant is light-independent, in 

contrast to the light-dependent chlorotic spots on NtCBL5A-OE leaves. Although we 

cannot rule out a role for cytosolic Na+ accumulation in the development of the 

chlorotic symptoms, the low rate of leaf Na+ concentration increase in the Nt-

cbl10acbl10b double mutant grown in the dark while chlorotic symptoms still 

developed very fast suggests that Na+ accumulation itself is not causal to the 

chlorosis and fast breakdown of chlorophyll. So then the question remains: what 

causes the extreme and fast-developing chlorosis in the Nt-cbl10acbl10b double 

mutant? 

CBL10 also appears to be involved in the regulation of H+ homeostasis by amongst 

others affecting the activity of the vacuolar H+-ATPase (V-ATPase, VHA) and the 

vacuolar H+-pyrophosphatase (V-PPase, AVP1), which are two vital proton pumps in 

the tonoplast for energizing ion transport (Figure 2) (Hedrich et al., 1989). VHA 

consists of two subcomplexes which are the peripheral V1 complex (eight subunits 

VHA-A to -H) for ATP hydrolysis and the membrane-integral V0 complex (VHA-a, -c, 

-c’, -c’’, -d, and -e) for proton translocation (Cipriano et al., 2008). AtCIPK24 was 

reported to interact with the peripheral VHA-B subunits and stimulate H+ transport 

activity (Batelli et al., 2007). In addition, in a tomato Sl-cbl10 mutant, the gene 

expression of the vacuolar H+ pumps SlAVP1 and SlVHA-A1 was downregulated 

under saline conditions compared to WT (Egea et al., 2018), suggesting SlCBL10 

affects H+ homeostasis, possibly as a driver for Na+ compartmentation into the 

vacuole. Therefore, CBL10-CIPK24 may contribute to Na+ compartmentation by 

stimulating the tonoplast-localized proton pumps (regulating the H+ homeostasis) 

(Figure 2). Furthermore, AtCBL10 was also suggested to negatively regulate the 

activity of AtAHA4 and AtAHA11 in an AtCIPK-independent manner by direct 

interaction (Figure 2) (Xie et al., 2022). Impaired regulation of the H+ pumps under 

saline conditions may result in impaired H+ homeostasis and pH regulation, which 
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can be highly damaging to the leaf cell functioning, and even induce chlorophyll 

breakdown (Long et al., 2017). Whether impaired pH regulation is causal to the fast-

developing chlorosis in the Nt-cbl10acbl10b double mutant under salt stress remains 

to be established.  

Interestingly, a VHA-deficient det3 mutant showed severe salt sensitivity (Batelli et 

al., 2007), but this salt sensitivity was evidenced later to be caused by reduced VHA 

activity in the trans-Golgi network/early endosome (TGN/EE) but not at the tonoplast. 

A loss-of-function mutant of VHA-a2 and VHA-a3 (two VHA-a isoforms localized in 

the tonoplast) did not show salt sensitivity and still accumulated Na+, while the loss-

of-function of VHA-a1 (an isoform localized in the TGN/EE) was salt-supersensitive 

(Krebs et al., 2010). The TGN/EE is an organelle with complex cellular roles, one of 

which is sorting and delivering proteins to the apoplast, PM, and vacuole. Plant cells 

always maintain a low luminal pH and the impaired TGN/EE pH regulation may lead 

to severe plant growth defects (McKay et al., 2022). These reports proposed a key 

role for H+ homeostasis in the endosomal system that also greatly affects the salt 

tolerance of plants.  

The VHA is often found to be co-localized with a specific member of the Cl- channel 

(ClC) family of anion transporters (Scholl et al., 2021). ClCd and ClCf are two H+/Cl- 

antiporters that are colocalized with VHA-a1 in the TGN/EE and regulate the pH in 

the Golgi stack (Scholl et al., 2021). In addition, plant TGN/EE pH regulation requires 

the cation chloride cotransporter (CCC) that electroneutrally transports Cl- across 

membranes with the cations Na+/K+ (McKay et al., 2022). These results showed that 

Cl- homeostasis directly relates to and contributes to H+ homeostasis and Na+ 

homeostasis of the TGN/EE. The imbalanced accumulation of Na+ and Cl- in Nt-

cbl10acbl10b may also lead to interfered H+ homeostasis in the TGN/EE system of 

tobacco and thus to severe plant defects.  

Interestingly, CBL10 was also found to directly interact with and repress the TOC34 

protein (Figure 2), a member of the TOC (translocon of the outer membrane of the 

chloroplasts) complex with GTPase activity to regulate protein import into 
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chloroplasts (Cho et al., 2016). This study evidenced the subcellular localization of 

CBL10 in the chloroplast and indicated that CBL10 may play a role in chloroplast 

functions, which seems in line with our result that the knockout of NtCBL10 leads to 

chlorophyll breakdown and PS Ⅱ defects under salt stress. The importance of 

maintaining ion homeostasis in the different cellular organelles under salt stress 

conditions may be underestimated, and the putative role of CBL-CIPK network 

components in the correct functioning of these organelles under stress conditions is 

certainly worth exploring. 

Considerations when using gene overexpression and gene knockout lines for 

gene characterization 

Overexpressing a gene in the same species or another (model) species is a widely 

used strategy to explore gene function as a parallel approach to gene loss-of-

function mutants (by silencing or knocking out genes). The expectation often is that 

overexpression and knockout/silencing of a gene will cause opposite phenotypes. 

However, that does not have to be the case. In practical experiments, overexpression 

may even cause the same phenotype with loss-of-function or no phenotype (Prelich, 

2012), especially when the gene is expressed under a constitutive promoter that 

drives expression in all tissues, developmental stages, and conditions. The 

overexpression of a gene, in particular for the gene whose expression is normally 

limited to specific conditions or specific cell types, can cause inhibition or activation 

of a protein complex or pathway that it normally would not interact with (Prelich, 

2012). Most examples of the inhibitory effect of gene overexpression involve protein-

protein competitive interactions, inhibiting the original complex or pathway by 

competing with their interacting member (Prelich, 2012). The overexpression 

phenotype induced by competition-based mechanisms can be reversed by co-

overexpression of the target protein (Prelich, 2012). In this thesis, we found that 

overexpression of NtCBL5A led to a supersensitivity phenotype under salt stress. 

However, the gene expression profile of NtCBL5A and the salt tolerance assessment 

results of Nt-cbl5acbl5b double mutant seem to confirm that the NtCBL5 is not a key 
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component in salt stress tolerance of tobacco, and that the salt-sensitive phenotype 

of the NtCBL5A-OE lines is likely not related to its endogenous function. This shows 

that caution is required in deducing gene functions from overexpression phenotypes. 

At the same time, however, overexpression phenotypes can be highly insightful 

when interpreted correctly, as is also exemplified in this thesis. The proposed 

interference of NtCBL5A overexpression based on the salt-sensitive phenotype 

enabled us to hypothesize on the different activities of NtCBL10 and the 

physiological processes underlying the salt hypersensitivity with fast-developing 

chlorosis and necrosis of the loss-of-function mutant of NtCBL10. 

Gene loss-of-function mutants have been widely accepted as a convincing material 

to explore real gene functions. It is important to keep in mind that the mutant 

phenotype could be a combined result that attributes to several interfered signaling 

pathways, especially when this gene has versatile functions such as NtCBL10 in this 

thesis.  

Na+-imaging technique for detecting Na+ distribution in the cell is needed for 

our further studies 

Whether Na+ accumulation can be directly responsible for the salt sensitivity of 

NtCBL4A-1-OE lines, NtCBL5A-OE lines, and the Nt-cbl10acbl10b double mutant 

remains to be established. I only measured ion contents in the whole leaf blades. 

Disturbed distribution of Na+ at the cellular level may result in highly elevated Na+ 

concentrations in the cytosol and the chloroplast, even when the total Na+ content of 

the leaf is not much different from that in WT. It would be highly insightful to be able 

to quantify ion contents in the different cellular compartments, and understand how 

the cellular distribution of the ions is affected in the NtCBL transgenic lines. 

Future experiments therefore may be considered that use a Na+ indicator with a high-

resolution confocal imaging technique. A commonly used Na+ indicator is CoroNA 

Green dye. Na+ measurement by CoroNa Green fluorescent dye imaging was first 

conducted in animals (Meier et al., 2006). In 2015, Wu (Wu et al., 2015) published a 

protocol for quantifying Na+ distribution between cytosol and vacuole of root cells by 



Chapter 6 

210 

6 

CoroNa Green fluorescent dye imaging (Wu et al., 2015). By co-staining the plant 

cells with CoroNa Green-AM and FM4-64, another dye that stains both plasma and 

vacuolar membranes, a better resolution of Na+-imaging can be obtained to observe 

the intracellular compartments (Wu et al., 2015). Then the cytosolic and vacuolar 

Na+ fluorescent intensities are used to represent Na+ concentration (Wu et al., 2015; 

Wu et al., 2018). This type of experiment will allow us to see whether NtCBL10 is 

essential for the correct distribution of Na+ in the (intra)cellular compartments, and 

whether the NtCBL4A-1 and NtCBL5A overexpression interferes with this specific 

NtCBL10 activity. 

Low Na+ might be used as nutrition for the tobacco growth  

In our studies of salt treatment on tobacco, we found that WT tobacco growth was 

significantly inhibited under 100 mM NaCl. However, we also found in our 

experiments that tobacco had a significantly better growth vigor under very mild NaCl 

treatments (10 mM, 25 mM) than under control conditions at 9 DAT (Figure 3). There 

is substantial evidence that lower levels of Na+ supply is of potential benefit to the 

normal growth and development of some species with moderate to high salt 

resistance (Slama et al., 2007; Subbarao et al., 2010; Gattward et al., 2012). Na+ 

may be capable of replacing K+ as internal osmoticum, stomatal function, 

photosynthesis, counter-ion in long-distance transport, and enzyme activation, the 

extent of which varies between plant species (Subbarao et al., 2010). The vacuolar 

K+ is replaceable to a large extent by Na+ because this osmotic function is 

nonspecific, and this replacement within the vacuole makes K+ available for specific 

functions within the cell or for translocation (Marschner, 1971). This is thought to be 

the reason why Na+ contributes to the osmotic relations and the mineral nutrition in 

moderate to high salt-tolerant plants (having the ability to accumulate large amounts 

of Na+ in vacuoles), especially if K+ is present at suboptimal levels (Wakeel et al., 

2010). Growth stimulation by low levels of Na+ attracts both practical and scientific 

interest because of the potential to utilize Na as inexpensive fertilizer. The underlying 

mechanism of growth stimulation by Na+ in the relatively salt tolerance crop tobacco 
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has never been reported, but it would be interesting to investigate this.  

Figure 3. The shoot phenotype and physiological indicators of wild-type (WT) under control 

conditions and different salt stresses. Scale bars=10 cm. (A) The shoot phenotype of WT under control 

conditions and different salt stresses at 9 DAT. (B-E) The plant height, shoot fresh weight, 5th leaf length, 

and 5th leaf width of WT. Error bars indicate ±SD (n=9). (F-I) The Na+, K+, Ca2+, and Mg2+ contents of the 

5th leaves of WT tobacco. Error bars indicate ±SD (n=3). Different letters above bars (a, b, and c) indicate 

significant statistical differences based on one-way ANOVA with LSD test (P<0.05).  

“Tolerant” or “Sensitive” is a relative term and should be restricted to specific 

evaluation criteria or situation 

Plant tolerance is often defined as the degree to which the plant can withstand 

moderate or severe stress without significant adverse effects. However, plant 

tolerance is a relative term in practice. Researchers often assess and describe 

“tolerant” or “sensitive” based on the plant performance that is specific to their 

particular studies. But several points need to be considered to evaluate plant 

tolerance.  
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First, stress tolerance or sensitivity is affected by developmental stages. For instance, 

rice is salt-sensitive at two growth stages: the seedling stage and the reproductive 

stage. The salt sensitivity of rice at these two stages is controlled mostly by different 

sets of genes (Singh et al., 2010). The salt tolerance of rice at the reproductive stage 

is directly associated with rice yield (Palao et al., 2013). Therefore, a genotype with 

salinity tolerance at the seedling stage does not mean it is tolerant at the reproductive 

stage as well nor makes sure of a good rice yield, and vice versa (Ahmadizadeh et 

al., 2016). Second, “tolerant” or “sensitive” are determined based on agronomic traits. 

However, different agronomic traits may be needed with different breeding objectives. 

For example, the tolerance screening based on plant vigor may only identify the 

cultivars or breeding lines with non-dwarf plant types (Zeng et al., 2002). In addition, 

some traits which are disliked by breeders may contribute to survival and 

reproduction, which could be considered tolerant from a plant’s perspective. For 

instance, plants may allocate Na+ to old leaves, thus reducing Na+ accumulation 

when old leaves die and be shed to protect the young leaves (Tester and Davenport, 

2003). Therefore, the necrosis of old leaves is not necessarily a clue of salt sensitivity. 

Moreover, traits associated with tolerance may have a dual effect. For example, most 

traits associated with drought tolerance are positive in very severe scenarios and 

negative in milder scenarios, or the opposite trend (Tardieu, 2012). Therefore, 

spectacular results obtained in one drought scenario may have limited interest in 

improving food security in other geographical areas with water scarcity. Therefore, 

the description of “tolerant” or “sensitive” should be restricted to specific criteria or 

situations. 

From an agronomical point of view, stress tolerance should mean (relatively) high 

yield and quality under stress conditions. For Solanaceae, that could mean leaves 

(tobacco), fruits (tomato), or tubers (for potato). In other words, breeding for different 

crops has different criteria for “tolerance”. As researchers, we often define a stress-

tolerant plant as a plant with the least reduction in biomass/yield when grown under 

stress conditions compared to the biomass/yield under normal ideal conditions. Any 
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genotype that is able to maintain growth may have very interesting stress tolerance 

traits that can contribute to higher yield, no matter whether it is the one with the 

highest yield under stress. For breeders, however, stress-tolerant varieties often 

should have high yields under stress as well as under normal conditions. Many 

genes that are responsible for stress tolerance and are proposed as targets for 

improving stress tolerance of crops may also be involved in plant development via 

direct involvement or indirect physiological connection, thus leading to a trade-off 

between stress tolerance and yield (higher tolerance under stress conditions but 

lower yield under normal conditions). This may be the main reason why only very 

few salt-tolerant genes identified in the lab have been successfully used for 

improving stress tolerance without yield penalties in the field trials, even though 

numerous stress-tolerant genes were reported based on lab experiments. Aligning 

and/or managing expectations with respect to stress tolerance between scientists, 

breeders, and growers is therefore important. Scientists may need to carefully select 

traits with a minimal trade-off, or investigate the effects of a combination of traits in 

the same variety to minimize growth trade-offs and fulfill the requirement of breeders 

and growers. 

Possible breeding strategies targeting CBL genes 

Genome-editing based on the CRISPR-Cas technique is regarded as a highly 

efficient plant breeding technology, especially with the development of non-

transgenic genome editing techniques. Yang et al (2023) designed fusions of Cas9 

and guide RNA transcripts to tRNA-like sequence motifs that can move RNAs from 

transgenic rootstocks (Arabidopsis) to grafted WT scions (Arabidopsis or Brassica 

rapa) and achieve heritable gene editing. In addition, an engineered biocontainable 

RNA virus (TSWV) was also developed to deliver CRISPR/Cas nucleases to achieve 

non-transgenic heritable mutations without tissue culture (Liu et al., 2023). With 

these state-of-the-art genome editing techniques, different combinations of favorable 

alleles and flexible regulation of the combinations may be helpful to make 

considerable progress in stress tolerance breeding (transgene-free). 
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Could CBL genes be eligible as targets for improving the stress tolerance of crops? 

AtCBL10 was reported to have a contrasting function in drought stress tolerance 

versus salt stress tolerance in Arabidopsis. The At-cbl10 mutant exhibited a higher 

drought tolerance than WT with an unknown mechanism until now (Kang and Nam, 

2016), so knocking out of AtCBL10 may result in a line for improved drought 

tolerance but decreased salt tolerance. In this case, the best strategy might be to 

modify gene expression or protein function rather than knocking out the gene. 

Possibly, the native promoter of CBL10 can be replaced by a salt stress-inducible 

promoter to make sure that CBL10 still exerts its essential role during salt stress, 

while having low or no expression under normal and/or drought conditions. For 

allopolyploid plants like tobacco, knocking out only one of NtCBL10 homoeologs 

(NtCBL10A or NtCBL10B) may be a possible alternative to enhance drought 

tolerance while hardly affecting the salt stress response. As described, AtCBL10 has 

diverse functions, at least partly attributed to its different subcellular localizations 

(PM, tonoplast, chloroplast, and membrane vesicles) (Quan et al., 2007; Batistic et 

al., 2010). The tonoplast association of AtCBL10 requires S-acylation of the C 

residue at position 38 and contributes to salt tolerance (Chai et al., 2020). The 

substitution of this C residue to Ser (S) in AtCBL10 leads to cytoplasmic and nuclear 

localization and dysfunction under salt stress (Chai et al., 2020). This demonstrates 

that inducing targeted mutations to modify the subcellular location of proteins can be 

a strategy to modify the protein functions. The precondition for this is we have a 

detailed understanding of how the protein works in different subcellular locations. 

With respect to fine-tuning different activities, the multiple splicing variants for CBL 

genes may provide an additional tool (Mao et al., 2022). Overexpressing or knocking 

out specific splice variants could result in functional moderation of CBL functions. 

However, a more detailed functional characterization of these splicing variants would 

be required first. 

Concluding remarks 

In this thesis, I conducted the genome-wide analysis of CBL family gene in 
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allotetraploid tobacco, obtaining a comprehensive understanding of the sequence, 

protein characteristics, and gene expression profiles of NtCBL family genes. 

Overexpression of NtCBL4A-1 and NtCBL5A led to salt supersensitivity of transgenic 

tobacco, which may be because the ectopic overexpression of them interfered with 

the function of other NtCBLs. In the end, NtCBL10 was evidenced to play a vital role 

in salt tolerance. In addition, NtCBL10-interacting NtCIPK24 also contributes to salt 

tolerance. This study provides data for the functional identification of CBL genes and 

the selection of candidate stress-tolerant genes in N. tabacum, which will likely be 

useful for the genetic improvement of Solanaceae crops in general. In addition, this 

thesis provides insight into the physiological roles of the CBL-CIPK network in the 

crosstalk between plant growth and stress adaptation, and the crosstalk between 

homeostasis regulation of different ions, enhancing the knowledge of the 

mechanisms underlying salt stress response of plants. 
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Ca2+ transients in the cytosol ([Ca2+]cyt) act as major physiological signals to initiate 

appropriate responses. The CBL-CIPK network decodes [Ca2+]cyt transients that are 

initiated during plant development and in response to environmental changes. 

Several functions of the CBL-CIPK regulatory network have been identified in more 

detail in the model plant A. thaliana, but much less is known about their functions in 

solanaceous crops.  

Chapter 1 introduced the CBL-CIPK network and current knowledge on how it 

decodes Ca2+ transients triggered by stress stimuli. It summarized current 

knowledge on salt stress response mechanisms and the role of CBL-CIPK modules 

in the regulation of these mechanisms. 

Chapter 2 is a review that describes how the CBL-CIPK regulatory network is 

involved in two levels of crosstalk between plant development and stress adaptation: 

direct crosstalk through interaction with regulatory proteins, and indirect crosstalk 

through adaptation of correlated physiological processes that affect both plant 

development and stress responses. This chapter thus provides novel insights into 

the physiological roles of the CBL-CIPK network in plant growth and stress 

adaptation and the trade-off between plant growth and stress response. 

In Chapter 3, a genome-wide analysis of the NtCBL gene family in tobacco was 

performed. Twenty-four NtCBL genes were identified in N. tabacum, of which 14 

NtCBL genes were derived from the maternal genome donor N. sylvestris and 10 

from the paternal genome donor N. tomentosiformis. Based on their sequences we 

predicted the subcellular localization and Ca2+-binding ability of NtCBL proteins, as 

well as gene structure and splicing variants of NtCBL genes at the level of individual 

homoeologs. In addition, the expression profiles of NtCBL genes were determined 

in different tissues and at different developmental stages, as well as under salt and 

drought stress. The NtCBL4A-1 gene from the ancestral N. sylvestris genome was 

characterized in more detail because of its reported role in the salt stress response 

of other plant species but its deviating expression response in tobacco from that of 

other species. Results showed that the overexpression of NtCBL4A-1 led to a salt-
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supersensitive phenotype. There are three NtCBL4 homoeologous genes 

(NtCBL4A-1, NtCBL4A-2, and NtCBL4B) in N. tabacum, and they may have 

functional redundancy because of their high sequence similarity. Experiments 

involving loss-of-function mutants of NtCBL4 may provide additional insights into the 

role of NtCBL4 homoeologs in salt tolerance but I did not have enough time within 

the context of my PhD thesis to construct the single mutant of NtCBL4A-1 nor the 

triple mutant of NtCBL4. 

In Chapter 4, we focused on another member of the CBL family that was suggested 

to play a role in salt tolerance: CBL5. Tobacco plants overexpressing NtCBL5A were 

evaluated under saline conditions and exhibited hypersensitivity to salt stress 

(expressed as highly necrotic leaves). This hypersensitive phenotype was shown to 

be potentially linked to abnormal Na+ compartmentalization, plant photosynthesis, 

and plant immune response triggered by the constitutive overexpression of NtCBL5A. 

The salt-supersensitive phenotype of NtCBL5A-overexpressing (OE) lines was very 

similar to the phenotype we observed in NtCBL4A-1-OE lines under salt stress. 

Considering that both NtCBL4A-1 and NtCBL5A were ectopically overexpressed in 

the leaf blades of these transgenic plants, we hypothesized that the salt-

supersensitive phenotype of NtCBL4A-1-OE leaves and NtCBL5A-OE leaves may 

be caused by interference with other CBL-CIPK pathways rather than their native 

functions in salt stress response. The response to salt stress of the loss-of-function 

mutant of NtCBL5 (Nt-cbl5a, Nt-cbl5b, and Nt-cbl5acbl5b double mutant) was later 

shown to be similar to WT plants (Chapter 6), confirming that NtCBL5A does not 

appear to be a key component in the salt tolerance of tobacco  

In Chapter 5, we further investigated the salt-supersensitive response of NtCBL4A-

1-OE and NtCBL5A-OE lines and the possible interference with other CBL-CIPK 

pathways. We evaluated the salt tolerance of NtCBL4A-1::NtCBL5A co-

overexpressing lines and NtCBL10A::NtCBL5A co-overexpressing lines. Results 

showed that co-overexpression of NtCBL4A-1 and NtCBL5A had an additive effect 

on the salt sensitivity of transgenic tobacco, while NtCBL10A overexpression greatly 
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relieved the salt sensitivity of NtCBL5A-OE lines. This indicated that the salt 

sensitivity caused by NtCBL4A-1 overexpression and NtCBL5A overexpression may 

be linked to the function of NtCBL10A. This was corroborated by the fact that 

NtCBL4A-1, NtCBL5A, and NtCBL10A interacted with the same NtCIPK24A in the 

yeast two-hybrid system. Increased salt sensitivity of Nt-cbl10a single mutants and 

Nt-cbl10b single mutants, and the hypersensitivity of the Nt-cbl10acbl10b double 

mutants further demonstrated that NtCBL10A and NtCBL10B are essential for the 

salt tolerance of tobacco. The Nt-cipk24a and Nt-cipk24b single mutants also 

showed increased salt sensitivity compared to WT. We were however not able to 

obtain the Nt-cipk24acipk24b double mutant because of defective callus 

development. 

In Chapter 6, I summarized all findings and discussed our hypothesis on the salt-

sensitive phenotypes induced by the overexpression of NtCBL4A-1, NtCBL5A, and 

the knock-out of NtCBL10. Our results indicated that two possibly independent salt-

sensitive phenotypes (chlorosis and necrosis) of the Nt-cbl10acbl10b double mutant 

are exhibited under salt stress, and the salt sensitivity of NtCBL4A-1-OE and 

NtCBL5A-OE lines may link to the necrotic symptoms of Nt-cbl10acbl10b under salt 

stress. The question that still needs to be answered is which NtCBL10-dependent 

adaptations to stress are underlying the different aspects of the salt-hypersensitive 

phenotype of the Nt-cbl10acbl10b double mutant. I did not have time within this 

thesis project to add data targeting all the regulatory functions of NtCBL10 in 

response to salt stress, but I discussed the results based on the available literature. 

The necrotic symptoms of Nt-cbl10acbl10b double mutant may be linked to disturbed 

Na+ homeostasis, Cl- homeostasis, and ROS production. I hypothesized that the fast-

developing chlorotic symptoms of Nt-cbl10acbl10b double mutant may be caused by 

abnormal regulation of H+ homeostasis in the plasma membrane, tonoplast, and 

trans-Golgi network/early endosome. Further experiments are needed to test these 

intriguing hypotheses. Finally, I discussed the results of this thesis in the context of 

breeding for abiotic stress tolerance and the improvement of crops. 
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