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Ca2+ de�ciency disrupts ROS homeostasis 
and induces tip burn in Chinese cabbage
Hong Liu1, Guoqing Du1, Haowen Cai1, Shigeng Ma1, Mengting Mao1, Xijiao Kang1 and Shanshan Nie1*   

Abstract 

Ca2+ deficiency causes irreversible physiological disorders that markedly reduce the yield and quality of many 

horticultural crops, leading to substantial economic losses. Tip burn in Chinese cabbage (Brassica rapa ssp. pekinen-

sis) is associated with  Ca2+ deficiency; however, the underlying molecular mechanisms remain poorly understood. 

In this study,  Ca2+ deficiency suppressed growth and impaired photosynthetic performance in Chinese cabbage 

seedlings. Under  Ca2+ deficiency, cytosolic  Ca2+ levels decreased, accompanied by excessive reactive oxygen species 

(ROS) accumulation in the leaves. Foliar application of dimethylthiourea (DMTU), an ROS scavenger, alleviated  Ca2+ 

deficiency-induced tip burn by reducing ROS accumulation. RNA-seq analysis further revealed significant enrichment 

of the mitogen-activated protein kinase signaling and plant hormone signal transduction pathways during tip-burn 

development. Several differentially expressed genes associated with these pathways were identified as responsive 

to  Ca2+ deficiency. Compared with normal  Ca2+ and DMTU-rescued conditions, the respiratory burst oxidase homolog 

D (BrRbohD-2) gene was markedly upregulated under  Ca2+ deficiency. Overexpression of BrRbohD-2 increased ROS 

accumulation and aggravated tip burn in Chinese cabbage seedlings, whereas its suppression reduced ROS levels 

and alleviated tip burn. These findings provide important insights into the role of BrRbohD-2 and the regulatory mech-

anisms underlying  Ca2+ deficiency-related disorders in Brassicaceae crops.
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Introduction
Calcium  (Ca2+) is an essential macronutrient for plants 

and plays critical roles in various aspects of plant growth, 

development, and responses to abiotic stresses (White 

and Broadley 2003; McAinsh and Pittman 2009; Swar-

breck et  al. 2013).  Ca2+ deficiency induces irreversible 

physiological disorders that significantly reduce yield and 

quality, leading to substantial economic losses in many 

horticultural crops (White and Broadley 2003; McAinsh 

and Pittman 2009). Common manifestations include 

bitter pit in apples (Torres et al. 2024), blossom-end rot 

in tomatoes (Ho and White 2005), black heart in celery 

(Aloni and Pressman 1987), and tip burn in leafy vege-

tables (Kuronuma and Watanabe 2021).  Ca2+ deficiency 

is associated with complex interactions among mineral 

elements and environmental factors, which disrupt  Ca2+ 

uptake and transport, create unfavorable growth condi-

tions, and result in uncoordinated plant development 

(White and Broadley 2003; Kuronuma et al. 2020). �ese 

deficiency-related disorders are often linked to a decrease 

in cytosolic  Ca2+ levels below a critical threshold, espe-

cially in rapidly growing tissues (Kuronuma and Watan-

abe 2021; Torres et al. 2024).

Leafy vegetables are particularly susceptible to  Ca2+ 

deficiency stress and frequently exhibit tip-burn symp-

toms, including small black spots on petioles, necrosis 

at leaf margins, lesion formation, new curling, shrinking, 

and wilting of young leaves (Li et al. 2022, 2023; Cui et al. 

2023). Studies on Chinese cabbage (Brassica rapa ssp. 

pekinensis) have shown that localized  Ca2+ deficiency 
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in the developing leaf apex, leading to insufficient  Ca2+ 

supply, is a major cause of tip burn (Su et  al. 2019). At 

the cellular level,  Ca2+ is primarily stored in various orga-

nelles, with the vacuole and endoplasmic reticulum (ER) 

serving as major reservoirs (Stael et al. 2012; Costa et al. 

2018). �e dynamic regulation of intracellular  Ca2+ levels 

is essential for rapid responses to environmental stimuli 

and for determining stress resistance (Wang and Luan 

2024). �ese fluctuations are controlled by  Ca2+ transport 

and storage systems involving diverse  Ca2+ transport-

ers, channels, signaling components, and  Ca2+-binding 

proteins (Berridge et al. 2003; Kudla et al. 2010; He et al. 

2021). Among these, well-characterized  Ca2+ transport-

ers include plasma membrane-localized autoinhibited 

 Ca2+-ATPase (ACAs), vacuolar calcium-proton exchang-

ers (CAXs), and ER calcium ATPase (ECA), which col-

lectively regulate  Ca2+ efflux to maintain cytosolic 

 Ca2+ homeostasis (Robertson 2013; Ma and Berkowitz 

2017). In contrast, cyclic nucleotide-gated ion channels 

(CNGCs) facilitate  Ca2+ influx and are recognized as key 

components in early signaling events (Yang et al. 2024). 

�e coordinated activity of these channels and transport-

ers underpins  Ca2+ signaling and is critical for maintain-

ing cytosolic  Ca2+ homeostasis (Bose et  al. 2014; Wang 

and Luan 2024).

Different environmental stimuli can induce changes in 

the cytosolic  Ca2+ concentration and also alter reactive 

oxygen species (ROS) homeostasis (Kadota et  al. 2015; 

Nadarajah 2020). ROS are key signaling molecules that 

function in a variety of plant processes, including the 

induction of  Ca2+ cascades, stress perception, and signal 

transduction (Ali et al. 2023; Ravi et al. 2023). Most ROS 

are generated by plant NADPH oxidases, also known as 

respiratory burst oxidase homolog (RBOH) proteins. 

However, excessive accumulation of excess ROS leads 

to oxidative stress and damages essential biomolecules 

(Chapman et al. 2019; Li et al. 2019). �erefore, maintain-

ing ROS homeostasis is critical for preventing oxidative 

damage and enabling adaptive responses to environ-

mental stresses (Chapman et  al. 2019; Ali et  al. 2023). 

�e interplay between ROS and  Ca2+ signaling primar-

ily involves  Ca2+ channels,  Ca2+ sensors, and RBOHs, 

including the highly expressed RBOHD, which is regu-

lated by  Ca2+ through direct binding to EF-hand motifs 

(Kadota et al. 2015; Ali et al. 2023; Ravi et al. 2023). �e 

model plant Arabidopsis thaliana contains 10 RBOH 

family members, and studies have shown that different 

RBOHs play distinct roles in regulating various biological 

processes (Kadota et al. 2015; Chapman et al. 2019). For 

instance, RBOHD and RBOHF are major contributors to 

ROS production in response to multiple abiotic stresses 

(Zhai et  al. 2018), while a specific role for RBOHD has 

been reported under iron deficiency (Miller et al. 2009). 

Additionally, ROS participate in the activation of the 

mitogen-activated protein kinase (MAPK) cascade, a 

central signaling pathway that transduces extracellular 

stimuli into intracellular responses during environmen-

tal stress (Jalmi and Sinha 2015; Niekerk et  al. 2024). 

However, the specific molecular mechanisms underly-

ing  Ca2+ deficiency-induced ROS signaling that initiate 

and regulate tip burn in Chinese cabbage remain largely 

unexplored.

�erefore, the objectives of this study were to evalu-

ate the physiological effects of  Ca2+ deficiency-induced 

tip burn and to investigate the role of ROS accumulation 

under  Ca2+ deficiency in Chinese cabbage. A system-

atic analysis was conducted to assess disease progres-

sion, cytosolic  Ca2+ levels, ROS accumulation, and the 

expression of the ROS-producing gene BrRbohD-2 in 

leaves exhibiting tip-burn symptoms. Furthermore, the 

pivotal role of BrRbohD-2-dependent ROS production in 

mediating tip burn under  Ca2+ deficiency was validated 

through overexpression and gene-silencing experiments. 

�is study provides novel molecular insights into the 

mechanisms underlying  Ca2+ deficiency-induced disor-

ders in Chinese cabbage and other crops.

Materials and methods
Plant materials and treatments

Two high-generation inbred lines of Chinese cabbage, 

the tip-burn-susceptible line ‘10S42’ and the resistant 

line ‘10S27’ (Cui et  al. 2023), were used for  Ca2+ defi-

ciency treatment and tip-burn phenotype analysis. Ger-

minated seeds were grown in 1/4-strength Hoagland 

nutrient solution under standard growth conditions 

for 7 d. �e seedlings were then transferred to full-

strength Hoagland nutrient solution until the second 

true leaf was fully expanded. �e seedlings were cul-

tivated in a controlled growth chamber under a 16  h 

light (24 °C, 216 μmol·m–2
·s–1)/8 h dark (16 °C) photo-

period with 55% relative humidity (Huo et al. 2024). For 

 Ca2+-deficiency treatments, seedlings were exposed to 

Hoagland solutions containing 0.75, 0.5, and 0.25  mM 

 Ca2+. �ese concentrations were selected based on 

preliminary experiments and a previous report (Cui 

et  al. 2023). A normal Hoagland solution containing 

4 mM  Ca2+ was used as the control. �e disease index 

(DI) and severity of tip burn were assessed based on 

the rating criteria described by Li et  al. (2023).  Ca2+ 

fertilizer supplementation is a common agricultural 

practice used to prevent tip burn during the growth 

of Chinese cabbage. To evaluate mitigation strategies, 

seedlings subjected to  Ca2+ deficiency (0.25 mM  Ca2+) 

were sprayed with 25 mM  CaCl2 solution as a positive 
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control to alleviate tip burn, while distilled water was 

used as a control treatment. In addition, seedlings were 

sprayed with 1 mM dimethylthiourea (DMTU), a scav-

enger of  H2O2 and  O2
•–, to assess its effect on tip burn. 

Each seedling was sprayed with 1 mL of solution once 

every 2 d.

Determination of physiological parameters

�e maximum leaf area of seedlings was measured using 

a portable laser leaf area meter (Win FOLIA, REGENT 

Instruments Inc., Quebec City, Canada). Root activity 

was determined following the method of Onanuga and 

Adl (2012). Chlorophyll and carotenoid contents were 

measured using a spectrophotometer (Infinite M200 

PRO, Tecan Group Ltd., Männedorf, Switzerland), at 

470, 649, and 665 nm, as previously described (Huo et al. 

2024). �e net photosynthetic rate (Pn), stomatal con-

ductance (Gsw), transpiration rate (E), and intercellular 

 CO2 concentration (Ci) were measured using an LI-6800 

portable photosynthesis system (LI-COR Biosciences, 

Lincoln, Nebraska, USA). Chlorophyll fluorescence 

parameters, including the maximum quantum yield of 

PSII (Fv/Fm), effective photochemical efficiency [Y(Ⅱ)], 

photochemical quenching coefficient (qP), and non-pho-

tochemical quenching (NPQ), were determined using 

a Dual-PAM-100 chlorophyll fluorometer (Heinz Walz 

GmbH, Effeltrich, Germany). Histochemical staining was 

performed to detect  H2O2 and  O2
•– accumulation using 

3,3′-diaminobenzidine (DAB) and nitroblue tetrazolium 

(NBT), respectively. Malondialdehyde (MDA) content 

and  H2O2 levels were quantified using commercial assay 

kits (Suzhou Comin Biotechnology Co., Ltd., Suzhou, 

China) according to the manufacturer’s instructions, with 

measurements taken on a microplate reader (Multiskan 

Spectrum, �ermo Scientific, Waltham, MA, USA).

Measurement of total  Ca2+ and  Mn2+ contents 

and cytosolic  Ca2+ levels

Heart leaf samples from  Ca2+-deficient plants were pre-

pared according to the method described by Cui et  al. 

(2023) and used to determine total  Ca2+ and  Mn2+ con-

tents following the procedure of Bai et  al. (2023). To 

assess cytosolic  Ca2+ levels, samples were washed three 

times with phosphate-buffered saline (PBS) solution and 

then incubated in 15  μM Fluo-4 acetoxymethyl ester 

(AM) solution for 2  h in the dark. �e green fluores-

cence signal was observed using a confocal laser scanning 

microscope (Leica TCS SP8, Leica Microsystems, Wet-

zlar, Germany) with excitation and emission wavelengths 

of 488 and 530  nm, respectively. ImageJ software was 

used to quantify the gray values of the green fluorescence.

RNA-seq analysis

After 20 d of  Ca2+ deficiency treatment, heart leaf apex 

samples from ‘10S42’ were collected and sent to Gened-

enovo Biotechnology Co., Ltd. (Guangzhou, China) for 

RNA-seq analysis. cDNA libraries corresponding to the 

NC (normal, 4 mM  Ca2+), DC (0.25 mM  Ca2+ deficiency), 

and DCDM (0.25 mM  Ca2+ deficiency with DMTU treat-

ment) groups were constructed. �ree biological repli-

cates were included for each treatment. Clean reads were 

mapped to the Chinese cabbage reference genome (V3.1; 

https:// brass icadb. cn). Gene expression levels were quan-

tified as transcripts per million (TPM). Differentially 

expressed genes (DEGs) were defined based on the crite-

ria |log2fold change|≥ 1 and FDR < 0.05. Functional anno-

tation and enrichment analyses were performed using the 

Gene Ontology (GO) and Kyoto Encyclopedia for Genes 

and Genomes (KEGG) databases with a significance 

threshold of P values ≤ 0.05. Bioinformatics analyses were 

performed using Omicsmart (https:// www. omics mart. 

com), an online platform for interactive data analysis.

Transient overexpression of BrRbohD-2 in Chinese cabbage 

leaves

�e BrRbohD-2 coding sequence was cloned into the 

pCAMBIA-2300 vector fused with the green fluores-

cent protein (GFP) reporter and introduced into Agro-

bacterium tumefaciens strain GV3101. For transient 

expression analysis, Agrobacterium GV3101 cells har-

boring the CaMV35Spro::BrRbohD-2-GFP construct (or 

CaMV35Spro::GFP as a control) were cultured overnight 

and resuspended in induction medium (10  mM MES, 

10 mM  MgCl2, and 200 μM acetosyringone; pH 5.6) to an 

 OD600 of 1.0. Approximately 1 mL of the suspension was 

infiltrated into the leaves of Chinese cabbage at the two-

leaf stage using a syringe. After 24 h, the seedlings were 

treated with  Ca2+-deficient Hoagland solution (0.1  mM 

 Ca2+) and incubated in the dark for 2 d. Leaves infiltrated 

with the empty vector strain or  ddH2O were used as con-

trols. GFP fluorescence was observed using a confocal 

laser scanning microscope (Leica TCS SP8) to confirm 

successful infiltration. �e infiltrated leaves were subse-

quently collected for further analysis.

Virus-induced gene silencing (VIGS) of BrRbohD-2 

in Chinese cabbage

In accordance with the method described by Xiao et al. 

(2020), a VIGS system based on cabbage leaf crumple 

virus (CaLCuV) was employed. A 500 bp fragment from 

each of BrRbohD-2 and phytoene desaturase (BrPDS; 

BraA04g007910.3C) was cloned into the PCVA vec-

tor. Subsequently, Agrobacterium suspensions contain-

ing PCVB were mixed with those harboring PCVA, 

https://brassicadb.cn
https://www.omicsmart.com
https://www.omicsmart.com
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PCVA-BrRbohD-2, or PCVA-BrPDS, resulting in 

three infiltration treatments: PCVA/PCVB (control), 

PCVA-BrRbohD-2/PCVB, and PCVA-BrPDS/PCVB 

(positive control, which produces a photobleaching 

phenotype following gene silencing). Germinated seeds 

with approximately 1 cm radicles were immersed in the 

infection mixture and subjected to vacuum infiltration at 

–0.08 MPa for 20 min. �e seeds were then planted in soil 

and grown under normal conditions. PCVA-BrRbohD-2/

PCVB seedlings at the two-leaf stage were selected based 

on the photobleaching phenotype observed in the PCVA-

BrPDS/PCVB plants and used for subsequent  Ca2+ defi-

ciency treatment (0.1 mM  Ca2+).

Quantitative real-time PCR (RT-qPCR)

Total RNA extraction, cDNA synthesis, and RT-qPCR 

analysis were performed as described by Nie et al. (2019). 

RT-qPCR was conducted using an IQ5 Real-Time PCR 

Detection System (Bio-Rad Laboratories, Hercules, CA, 

USA). Specific primers were designed using Primer Pre-

mier 5 software (Table S1). Relative gene expression lev-

els were calculated using the  2–ΔΔCT method. Each sample 

was analyzed with three biological replicates, and each 

biological replicate included three technical replicates.

Statistical analysis

Statistical analyses were performed using one-way analy-

sis of variance (ANOVA) followed by Duncan’s multiple 

range test in SPSS 26.0 software. Data are presented as 

means ± SEMs (P < 0.05). Correlations between tip-burn 

severity and 23 physiological indices were evaluated 

using Pearson’s correlation analysis. A radar chart was 

used for comprehensive analysis of multiple indices.

Results
E�ects of  Ca2+ de�ciency stress on tip-burn occurrence 

and growth in Chinese cabbage

To investigate the effects of  Ca2+ deficiency on tip-burn 

occurrence in Chinese cabbage, seedlings of ‘10S27’ and 

‘10S42’ were subjected to different  Ca2+ concentrations. 

As the  Ca2+ concentration decreased, tip-burn sever-

ity and DI increased in both lines (Fig.  1a, b), whereas 

shoot and root fresh weights decreased progressively 

(Fig. 1c, d). Root length, root activity, and maximum leaf 

area also showed a gradual decline (Fig. S1). �ese results 

indicate that  Ca2+ deficiency significantly induces tip 

burn and inhibits growth in Chinese cabbage seedlings. 

After 20 d of treatment under 0.25 mM  Ca2+, the DI was 

significantly greater in ‘10S42’ than in ‘10S27’ (Fig.  1e), 

Fig. 1 Observation of tip burn in Chinese cabbage lines ‘10S27’ and ‘10S42’ under  Ca2+ deficiency. a Phenotype and disease index (DI) of tip burn 

in ‘10S27’ seedlings. b Phenotype and DI of tip burn in ‘10S42’ seedlings. c Shoot fresh weight. d Root fresh weight. e DI at 20 d under 0.25 mM  Ca2+ 

deficiency conditions. Scale bar = 3 cm (a, b). Different letters indicate significant differences at P < 0.05. Data are presented as the mean ± SEM 

of three independent replicates
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indicating that ‘10S42’ is sensitive, whereas ‘10S27’ is tol-

erant to  Ca2+ deficiency-induced tip burn.

Phenotypic analysis of heart leaves revealed that tip-

burn symptoms, including withered leaf margins, leaf 

curling, and leaf shrinkage and wilting, were observed 

in both ‘10S27’ and ‘10S42’ under  Ca2+ deficiency stress, 

with symptoms being most severe at 0.25  mM  Ca2+ 

(Fig. 2a). Moreover, as the  Ca2+ concentration decreased, 

total chlorophyll and carotenoid contents declined in a 

concentration-dependent manner in both lines (Fig. 2b). 

Measurements of photosynthetic parameters showed 

that Pn, E, and Gsw decreased progressively, whereas Ci 

increased (Fig. 2c). Under  Ca2+-deficient conditions, Fv/

Fm, Y(II), and qP also decreased, whereas NPQ increased 

in both lines (Fig.  2d). �ese results indicate that  Ca2+ 

deficiency-induced tip burn severity is closely associated 

with reduced photosynthetic performance in Chinese 

cabbage.

Ca2+ de�ciency a�ects  Ca2+ and  Mn2+ contents 

and reduces cytosolic  Ca2+ levels in leaves

In this study, the concentrations of major macronutrient 

cations  (Ca2+ and  Mn2+) in the roots, outer leaf apex, and 

heart leaf apex were measured under  Ca2+-deficient con-

ditions. �e contents of both  Ca2+ and  Mn2+ decreased 

in different tissues of ‘10S27’ and ‘10S42’ seedlings with 

different  Ca2+ concentrations (Table 1). Under 0.25 mM 

 Ca2+ treatment, the total contents of  Ca2+ and  Mn2+ were 

the highest in the roots, followed by the outer leaf apex, 

and the lowest in the heart leaf apex in both lines (Fig. 3a, 

b). Moreover, the total  Ca2+ content in the heart leaf apex 

of ‘10S27’ was significantly higher than that in ‘10S42’ 

under 0.25  mM  Ca2+ treatment (Fig.  3a), whereas the 

total  Mn2+ content did not differ significantly between 

the two lines (Fig. 3b).

Furthermore, cytosolic  Ca2+ levels in heart leaves 

exhibiting tip-burn symptoms were assessed. Cytosolic 

Fig. 2 Effects of  Ca2+ deficiency stress on the photosynthetic performance of Chinese cabbage leaves. a Tip-burn phenotype of heart leaves. b 

Chlorophyll and carotenoid contents. FW, fresh weight. Scale bar = 1 cm. c Net photosynthetic rate (Pn), transpiration rate (E), stomatal conductance 

(Gsw), and intercellular CO₂ concentration (Ci) values. d Maximum quantum efficiency of PSII (Fv/Fm), effective quantum yield of PSII [Y(Ⅱ)], 

photochemical quenching (qP), and non-photochemical quenching (NPQ) values. Different letters indicate significant differences at P < 0.05. Data 

are presented as the mean ± SEM of three independent replicates
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 Ca2+ levels decreased in both lines under  Ca2+ defi-

ciency (Fig.  3c, d). Under 0.25  mM  Ca2+ treatment, the 

heart leaf apex of ‘10S42’ exhibited significantly weaker 

 Ca2+ fluorescence signals than that of ‘10S27’ (Fig. 3c, d). 

In contrast, as the  Ca2+ concentration decreased, cyto-

solic  Ca2+ levels in the root tips increased significantly 

(Fig.  3e, f ), which may be associated with reduced root 

activity under  Ca2+ deficiency. �e differential changes in 

cytosolic  Ca2+ levels between roots and leaves may lead 

to increased accumulation of cytosolic  Ca2+ in roots, but 

insufficient  Ca2+ supply to the upper leaves, especially 

the heart leaves, resulting in more pronounced tip-burn 

symptoms.

Ca2+ de�ciency-induced tip burn is closely correlated 

with excessive ROS accumulation in leaves

Under  Ca2+ deficiency stress, MDA and  H2O2 contents 

increased progressively in the heart leaf apex of both 

lines, which was consistent with the increase in tip-burn 

DI (Fig.  4a, b). Histochemical staining further revealed 

more intense NBT and DAB staining in heart leaves 

under  Ca2+-deficient conditions, indicating increased 

accumulation of  O2
•– and  H2O2, respectively (Fig.  4c). 

Moreover, staining intensity was the highest under 

0.25 mM  Ca2+ treatment and was significantly greater in 

‘10S42’ than in ‘10S27’ (Fig. 4c).

Comprehensive analysis of the 24 indices in response to 

 Ca2+ deficiency in both lines was performed using radar 

charts. Higher values of DI,  H2O2, MDA, Ci, and NPQ 

were exhibited in ‘10S42’ across all treatments, whereas 

lower values of Pn, Fv/Fm, qP, and related parameters 

were detected in ‘10S42.’ �ese analyses clearly revealed 

differences in susceptibility between ‘10S27’ and ‘10S42’ 

(Fig.  4d). Pearson correlation analysis showed that 

tip-burn DI was most strongly correlated with  H2O2 

(r = 0.9384) and MDA (r = 0.9361), followed by root activ-

ity (r = –0.9312), Fv/Fm (r = –0.9288), NPQ (r = 0.9144), 

and Pn (r = –0.9141) (Fig. 4e). �ese results indicate that 

 Ca2+ deficiency-induced tip-burn severity is closely asso-

ciated with excessive ROS accumulation in leaves.

Exogenous application of DMTU alleviates  Ca2+ 

de�ciency-induced tip burn

To further examine whether ROS accumulation is 

directly associated with  Ca2+ deficiency-induced tip 

burn in Chinese cabbage, foliar application of  CaCl2 and 

DMTU (an  H2O2 and  O2
•– scavenger) was performed in 

‘10S42’ under 0.25 mM  Ca2+ deficiency stress. Following 

 CaCl2 and DMTU treatments, tip-burn symptoms were 

almost completely absent, and the DI was significantly 

reduced (Fig.  5a, b). Compared with the  Ca2+-deficient 

group, shoot fresh weight, Pn, and Fv/Fm increased in 

the DMTU-treated group, whereas NPQ decreased sig-

nificantly (Fig.  5c, d).  CaCl2 treatment resulted in the 

highest values of shoot fresh weight, Pn, and Fv/Fm and 

the lowest NPQ (Fig. 5c, d). Furthermore, both  CaCl2 and 

DMTU treatments significantly increased cytosolic  Ca2+ 

levels in heart leaves (Fig.  5e). Consistently,  CaCl2- and 

DMTU-treated seedlings showed the least intense NBT 

and DAB staining in heart leaves, indicating reduced 

accumulation of  H2O2 and  O2
•– (Fig. 5f, g). Similar trends 

were observed in ‘10S27’ (Fig. S2). �ese findings indicate 

that DMTU application reduces excess ROS and allevi-

ates  Ca2+ deficiency-induced tip burn in Chinese cab-

bage seedlings.

Table 1 Total  Ca2+ and  Mn2+ contents in different tissues of Chinese cabbage under  Ca2+ deficiency conditions

‘10S42’ (tip-burn-susceptible) and ‘10S27’ (resistant), high-generation inbred lines of Chinese cabbage; DW, dry weight

Tissue Ca2+ de�ciency 
condition

10S27 10S42

Ca2+/mg·g–1 DW Mn2+/μg·g–1 DW Ca2+/mg·g–1 DW Mn2+/μg·g–1 DW

Root 4 mM 5.145 ± 0.264a 0.278 ± 0.012a 4.336 ± 0.020a 0.260 ± 0.002a

0.75 mM 2.713 ± 0.115b 0.243 ± 0.004b 2.035 ± 0.005b 0.225 ± 0.010b

0.5 mM 1.711 ± 0.078c 0.213 ± 0.003c 1.571 ± 0.015c 0.179 ± 0.004c

0.25 mM 1.567 ± 0.073c 0.160 ± 0.006d 1.317 ± 0.092d 0.144 ± 0.006d

Outer leaf apex 4 mM 16.060 ± 0.522a 0.348 ± 0.002a 13.383 ± 0.038a 0.296 ± 0.001a

0.75 mM 6.285 ± 0.268b 0.282 ± 0.003b 4.224 ± 0.043b 0.211 ± 0.002b

0.5 mM 2.879 ± 0.090c 0.203 ± 0.004c 2.082 ± 0.075c 0.159 ± 0.006c

0.25 mM 1.466 ± 0.416d 0.130 ± 0.007d 1.130 ± 0.092d 0.123 ± 0.003d

Heart leaf apex 4 mM 5.077 ± 0.037a 0.260 ± 0.004a 5.077 ± 0.037a 0.164 ± 0.001a

0.75 mM 3.143 ± 0.146b 0.153 ± 0.004b 2.156 ± 0.005b 0.130 ± 0.001b

0.5 mM 1.677 ± 0.089c 0.131 ± 0.001c 1.370 ± 0.006c 0.115 ± 0.002c

0.25 mM 1.506 ± 0.035c 0.086 ± 0.001d 0.972 ± 0.010d 0.081 ± 0.002d
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RNA-seq analysis of DMTU-mediated alleviation of  Ca2+ 

de�ciency-induced tip burn in Chinese cabbage

To investigate the molecular mechanism by which 

DMTU alleviates  Ca2+ deficiency-induced tip burn, 

nine cDNA libraries were constructed from the heart 

leaf apex of ‘10S42’ under normal conditions (NC), 

 Ca2+ deficiency conditions (DC), and  Ca2+ deficiency 

with DMTU treatment (DCDM), with three bio-

logical replicates (Fig.  6a). �e number of clean reads 

ranged from 35.01 to 40.10 million across the libraries, 

with GC contents of 46.99–47.76% and Q30 values of 

91.40–93.73% (Table  S2). �e reads were mapped to 

the Chinese cabbage reference genome with an aver-

age mapping efficiency ranging from 86.88% to 89.22% 

(Table  S2). Differential expression analysis identified 

3540 DEGs in the NC vs DC comparison (3013 upreg-

ulated and 527 downregulated), 2594 DEGs in the 

DC vs DCDM comparison (302 upregulated and 2292 

Fig. 3 Total  Ca2+ and  Mn2+ contents and cytosolic  Ca2+ levels in Chinese cabbage seedlings under  Ca2+ deficiency. a, b Total  Ca2+ contents (a) 

and total  Mn2+ contents (b) in the root, outer leaf apex, and heart leaf apex at 20 d after 0.25 mM  Ca2+ deficiency treatment. DW, dry weight. * 

P < 0.05, ** P < 0.01. c, d Cytosolic  Ca2+ levels in the heart leaf apex. Green fluorescence signal (c) and relative fluorescence intensity (d). e, f Cytosolic 

 Ca2+ levels in roots. Green fluorescence signal (e) and relative fluorescence intensity (f). Scale bar = 25 µm (c, e). Different letters indicate significant 

differences at P < 0.05. Data are presented as the mean ± SEM of three independent replicates
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downregulated), and 42 DEGs in the NC vs DCDM 

comparison (23 upregulated and 19 downregulated) 

(Fig.  6b). Additionally, 12 DEGs were common to all 

three comparisons. Pairwise overlaps included 2237 

common DEGs between NC vs DC and DC vs DCDM, 

15 between DC vs DCDM and NC vs DCDM, and 28 

between NC vs DC and NC vs DCDM (Fig. 6c).

Functional annotation and enrichment analysis cat-

egorized these DEGs into 45, 44, and 26 GO subcatego-

ries in the NC vs DC, DC vs DCDM, and NC vs DCDM 

comparisons, respectively (Fig. S3). Additionally, 3540, 

2594, and 42 DEGs were annotated to 128, 116, and 14 

KEGG pathways in the comparisons (Fig. S3). �e meta-

bolic pathway (ko01100) and biosynthesis of secondary 

metabolites (ko01110) were significantly enriched across 

all three comparisons. Furthermore, plant hormone sig-

nal transduction (ko04075) and the MAPK signaling 

pathway (ko04016) were significantly enriched in the NC 

vs DC and DC vs DCDM comparisons, but not in the NC 

vs DCDM comparison. �ese results suggest that DEGs 

associated with plant hormone and MAPK signaling 

pathways may play important roles in the regulation of 

 Ca2+ deficiency-induced tip burn.

Fig. 4 Effects of  Ca2+ deficiency on reactive oxygen species (ROS) accumulation in Chinese cabbage leaves. a Malondialdehyde (MDA) content. FW, 

fresh weight. b Hydrogen peroxide content  (H2O2) content. c Histochemical staining with nitroblue tetrazolium (NBT) and 3,3′-diaminobenzidine 

(DAB). Scale bar = 1 cm. d Radar chart of 24 tip-burn-related indices in ‘10S27’ and ‘10S42’. DI, disease index; NPQ, non-photochemical quenching; 

Ci, intercellular CO₂ concentration; ILT-Ca2+, inner leaf tip  Ca2+; Car, carotenoid; R-Mn2+, root  Mn2+; R-Ca2+, root  Ca2+; ILT-Mn2+, inner leaf tip  Mn2+; 

QLT-Ca2+, outer leaf tip  Ca2+; E, transpiration rate; qP, coefficient photochemical quenching; ChlII, Chlorophyll; R-L, root length; R-FW, root fresh 

weight; Gsw, stomatal conductance; YⅡ, effective quantum yield of PSII; L-A, leaf angle; S-FW, shoot fresh weight; QLT-Mn2+, outer leaf tip  Mn2+; Pn, 

net photosynthetic rate; Fv/Fm, maximum quantum efficiency of PSII; R-A, root activity. e Pearson correlation analysis of the 24 indices. Different 

letters indicate significant differences at P < 0.05. Data are presented as the mean ± SEM of three independent replicates
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Analysis of DEGs related to  Ca2+ signal transduction 

under  Ca2+ de�ciency stress

Imbalances in  Ca2+ signal transduction and reductions in 

cytosolic  Ca2+ levels may contribute to  Ca2+ deficiency-

induced tip burn (Su et  al. 2019; Li et  al. 2023). In this 

study, 32 DEGs encoding  Ca2+-binding proteins were 

upregulated in the NC vs DC comparison and downregu-

lated in the DC vs DCDM comparison (Fig. 7a; Table S3). 

Additionally, eight DEGs encoding  Ca2+ transport-

associated proteins were identified, five of which were 

upregulated in the NC vs DC comparison and five were 

downregulated in the DC vs DCDM comparison (Fig. 7b; 

Table  S3). �e expression levels of BrCNGC2, BrC-

NGC4, and cation exchanger 1–2 (BrCAX1-2) were sig-

nificantly lower in both the NC vs DC and NC vs DCDM 

comparisons (Fig.  7b). To validate the RNA-seq results, 

eight  Ca2+-transport-associated genes were selected for 

RT-qPCR analysis. �e results showed that the expres-

sion levels of BrACA4, BrACA11, BrCAX1-1, BrCAX1-2, 

BrCAX3, and BrECA3 was significantly upregulated in 

DC compared with NC and DCDM, whereas BrCNGC2 

and BrCNGC4 were significantly downregulated in DC 

(Fig. 7c). �e RT-qPCR results were consistent with the 

RNA-seq data, except for BrCAX1-2, confirming the reli-

ability of the RNA-seq analysis.

Analysis of DEGs related to plant hormone signaling 

and the MAPK cascade under  Ca2+ de�ciency stress

�e enrichment analysis revealed significant enrich-

ment of pathways related to plant hormone signaling 

and the MAPK cascade in the NC vs DC and DC vs 

DCDM comparisons. A total of 17 DEGs involved in 

the MAPK signaling pathway were upregulated in the 

NC vs DC comparison and downregulated in the DC vs 

DCDM comparison (Fig. 8a; Table S4). �ree BrRBOH 

genes—BrRbohD-1, BrRbohD-2, and BrRbohF—were 

identified as significantly differentially expressed. BrR-

bohD-2 (BraA06g037010.3.1C) was also significantly 

downregulated in the DCDM treatment compared with 

the NC treatment group, suggesting that it is likely 

involved in the mechanism by which DMTU alleviates 

 Ca2+ deficiency-induced tip burn.

Fig. 5 Effect of dimethylthiourea (DMTU) spraying on  Ca2+ induced-tip burn in Chinese cabbage. a Tip-burn phenotype of seedlings after  CaCl2 

and DMTU treatment under  Ca2+ deficiency. b Disease index of tip burn. c Shoot fresh weight. d Net photosynthetic rate (Pn), maximum quantum 

efficiency of PSII (Fv/Fm), and non-photochemical quenching (NPQ). e Cytosolic  Ca2+ levels in the heart leaf apex. f Nitroblue tetrazolium (NBT) 

and 3,3′-diaminobenzidine (DAB) staining. g Hydrogen peroxide  (H2O2) and superoxide anion  (O2
•–) contents. FW, fresh weight. Scale bars = 3 cm 

(a), 25 µm (e), and 1 cm (f). Different letters indicate significant differences at P < 0.05. Data are presented as the mean ± SEM of three independent 

replicates
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Additionally, 16 DEGs involved in the plant hormone 

signal transduction pathway were identified in this 

study (Fig.  8b; Table  S4). �e expression of all these 

DEGs was upregulated in the NC vs DC comparison 

and downregulated in the DC vs DCDM comparison. In 

the NC vs DCDM comparison, eight DEGs were upreg-

ulated (e.g., pyrabactin resistance 1-like genes BrPYL6-

1 and BrPYL6-2), whereas one DEG (ABA-insensitive 5, 

BrABI5) was downregulated (Table S4).

Functional analysis of the role of BrRbohD-2 in regulating 

 Ca2+ de�ciency-induced tip burn in Chinese cabbage

To further validate the function of BrRbohD-2 in 

response to  Ca2+ deficiency stress, its overexpres-

sion (OE-BrRbohD-2) and silencing were performed in 

Chinese cabbage seedlings. �e fusion of BrRbohD-2 

with the pCAMBIA2300-GFP vector generated a pCAM-

BIA2300-BrRbohD-2 fusion expression construct, which 

was injected into Chinese cabbage leaves (Fig. 9a). Strong 

GFP fluorescence and increased BrRbohD-2 expression 

were observed in infiltrated leaves (Fig.  9b, c), indicat-

ing successful overexpression in OE-BrRbohD-2 plants. 

Compared with control plants, OE-BrRbohD-2 seedlings 

subjected to  Ca2+ deficiency (0.1  mM  Ca2+) exhibited 

more severe tip-burn symptoms and higher DI (Fig.  9d, 

e). Further analysis showed that OE-BrRbohD-2 leaves 

exhibited more intense NBT and DAB staining after 8 d 

of  Ca2+ deficiency stress (Fig.  9f ), indicating increased 

ROS accumulation. Moreover, cytosolic  Ca2+ levels 

(indicated by reduced green fluorescence) were lower in 

Fig. 6 Identification of differentially expressed genes (DEGs) by RNA-seq analysis in Chinese cabbage. a Tip burn phenotype of seedlings 

under normal conditions (NC),  Ca2+ deficiency conditions (DC), and  Ca2+ deficiency with dimethylthiourea (DMTU) treatment (DCDM). Heart leaves 

(white boxes) were used for cDNA library construction. Scale bar = 3 cm. b Numbers of DEGs. c Venn diagram showing unique and shared DEGs 

among different libraries
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Fig. 7 Heatmap showing expression patterns of differentially expressed genes (DEGs) related to  Ca2+-binding proteins (a) and  Ca2+ transport 

proteins (b). Expression values from RNA-seq data are  log2-transformed  (log2fold change,  log2FC) and displayed as color gradients from blue 

to red. c Validation of the expression of eight  Ca2+ transport-related genes by real time-quantitative PCR (RT-qPCR). Different letters indicate 

significant differences at P < 0.05. BrCBLs, Brassica rapa calcineurin B-like genes; BrCAMs, calmodulin; BrCPKs, calcium-dependent protein kinases; BrCMLs, 

calmodulin-like genes; BrCAXs, calcium-proton exchangers; BrACA s, autoinhibited Ca2+-ATPases; BrECA, endoplasmic reticulum calcium ATPases; BrCNGCs, 

cyclic nucleotide-gated ion channels 

Fig. 8 Heatmap showing expression patterns of differentially expressed genes (DEGs) related to the mitogen-activated protein kinase (MAPK) 

signaling pathway (a) and plant hormone signal transduction pathway (b). Expression values from RNA-seq data were  log2-transformed  (log2fold 

change,  log2 FC) and are displayed as color gradients from blue to red. BrMKKs, Brassica rapa mitogen-activated map kinase kinases; BrRBOHDs, 

respiratory burst oxidase homologs; BrMPKs, mitogen-activated protein kinases; BrMKSs, map kinase substrates; BrOXIs, oxidative signal-inducible genes; 

BrPYL, pyrabactin resistance 1-like genes; BrABIs, ABA-insensitive genes; BrTGA s, TGACG-binding factors; BrSnRKs, SNF1-related protein kinases; BrSAGs, 

senescence-associated genes; BrAIPs, ABI3-interacting proteins; BrNPRs, nonexpressor of pathogenesis-related genes; BrPRBs, basic pathogenesis-related 

proteins 
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Fig. 9 Phenotypic analysis of Brassica rapa respiratory burst oxidase homolog D-2 (BrRbohD-2)-overexpressing (OE-BrRbohD-2) seedlings under  Ca2+ 

deficiency stress. a Schematic diagram of the pCAMBIA2300-BrRbohD-2 vector. b Observation of green fluorescent protein (GFP) fluorescence 

in BrRbohD-2-overexpressing seedlings. c Validation of BrRbohD-2 expression. d Tip-burn phenotype in BrRbohD-2-overexpressing seedlings. e 

Disease index of tip-burn. f Nitroblue tetrazolium (NBT) and 3,3′-diaminobenzidine (DAB) staining. g Cytosolic  Ca2+ levels in heart leaves. Scale 

bars = 25 µm (b, g) and 1 cm (d, f). Different letters indicate significant differences at P < 0.05. Data are presented as the mean ± SEM of three 

independent replicates
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OE-BrRbohD-2 leaves compared with controls (Fig.  9g). 

�ese results suggest that overexpression of BrRbohD-2 

aggravates  Ca2+ deficiency-induced tip burn in Chinese 

cabbage seedlings.

Furthermore, the expression of BrRbohD-2 was 

silenced using VIGS, and BrPDS-silenced seedlings 

exhibiting photobleaching and leaf shrinkage pheno-

types were used to validate successful infection (Fig. 10a; 

Fig. 10 Silencing of BrRbohD-2 in Chinese cabbage (Brassica rapa) seedlings. a Phenotypes of the phytoene desaturase (BrPDS)-silenced seedlings. 

b Validation of BrRbohD-2 expression in PCVA-BrRbohD-2/PCVB plants. c Phenotypes of PCVA/PCVB (control) and PCVA-BrRbohD-2/PCVB plants 

after 0.1 mM  Ca2+ deficiency treatment. d Disease index of tip burn. e Nitroblue tetrazolium (NBT) and 3,3-diaminobenzidine (DAB) staining. f 

Cytosolic  Ca2+ levels in heart leaves. * P < 0.05, ** P < 0.01. Scale bars = 1 cm (a, c, e) and 25 µm (f). Data are presented as the mean ± SEM of three 

independent replicates
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Xiao et al. 2020; Li et al. 2024). Compared with the con-

trol group injected with the PCVA/PCVB vector, PCVA-

BrRbohD-2/PCVB-infected Chinese cabbage seedlings 

showed reduced expression of BrRbohD-2 (Fig.  10b), 

confirming successful gene silencing. Under  Ca2+ defi-

ciency conditions, BrRbohD-2-silenced seedlings exhib-

ited alleviated tip-burn symptoms and reduced DI 

(Fig. 10c, d). Additionally, NBT and DAB staining inten-

sity was reduced, whereas cytosolic  Ca2+ levels increased 

in BrRbohD-2-silenced leaves (Fig. 10e, f ). �ese results 

indicate that silencing BrRbohD-2 alleviates  Ca2+ defi-

ciency-induced tip burn in Chinese cabbage seedlings.

Discussion
Tip burn, also known as leaf tip necrosis, is a  Ca2+-related 

physiological disorder that severely affects the quality 

and yield of Brassica leafy vegetables (Lee et  al. 2013; 

Kuronuma and Watanabe 2021). Its occurrence is pri-

marily associated with  Ca2+ deficiency and inadequate 

 Ca2+ delivery to rapidly growing leaf apices (Su et  al. 

2019).  Ca2+ is an essential macronutrient in plants, but 

its mobility from older tissues to developing organs is 

highly limited. It plays a crucial structural and signaling 

role in cell walls and membranes, thereby maintaining 

normal physiological functions under abiotic stress con-

ditions (Zhu 2016; Yuan et  al. 2025). Under  Ca2+ defi-

ciency, plants exhibit impaired growth and development, 

often accompanied by severe parenchymal cell necrosis 

(Li et  al. 2022; Yuan et  al. 2025). Furthermore, proper 

 Ca2+ transport across cellular membranes is essential for 

maintaining intracellular  Ca2+ homeostasis (Demidchik 

et al. 2018). Consequently, many studies have focused on 

elucidating  Ca2+ uptake and transport mechanisms to 

develop strategies for mitigating  Ca2+-deficiency-related 

disorders in vegetables.

Chinese cabbage (Brassica rapa ssp. pekinensis) is an 

economically important leafy vegetable worldwide, and 

tip burn is one of its most prevalent physiological dis-

orders, significantly limiting production and quality 

(Su et al. 2019; Yuan et al. 2025). Despite its agronomic 

importance, the physiological and molecular mechanisms 

underlying tip burn susceptibility remain incompletely 

understood. In this study, we used a tip-burn-susceptible 

line (‘10S42’) and a resistant line (‘10S27’) of Chinese cab-

bage to investigate the physiological basis of tip burn and 

identify key regulatory factors involved in this disorder.

Ca2+ deficiency severely inhibits growth and induces 

physiological disorders in Brassica species, leading to 

typical tip-burn symptoms (Li et al. 2022; Zhang et al. 

2022; Cui et  al. 2023). In this study, Chinese cabbage 

seedlings of both ‘10S27’ and ‘10S42’ exhibited typical 

tip-burn symptoms under  Ca2+ deficiency, including 

withered leaf margin, heart leaf curling, and heart leaf 

shrinkage and wilting, consistent with previous reports 

(Li et  al. 2022; Cui et  al. 2023). Overall, tip burn sig-

nificantly reduces vegetable growth and yield (Su et al. 

2016; Kuronuma and Watanabe 2021). In the present 

study, shoot and root fresh weights of Chinese cabbage 

plants significantly decreased under  Ca2+ deficiency 

stress, accompanied by marked reductions in maxi-

mum leaf area, root length, and root activity. �ese 

results indicate that  Ca2+ deficiency-induced tip burn 

severely affects plant biomass accumulation. Moreover, 

the DI of tip burn significantly increased at 0.25  mM 

 Ca2+ and was higher in ‘10S42’ than in ‘10S27,’ indicat-

ing differential sensitivity of the two lines to  Ca2+ defi-

ciency stress.

Photosynthesis is one of the most sensitive physiologi-

cal processes in plants under stress (Chaves et al. 2009). 

Leaf chlorophyll content is closely associated with pho-

tosynthetic performance, and changes in photosynthetic 

parameters are key indicators of stress responses (Li 

et  al. 2022; Zhang et  al. 2022). In this study, total chlo-

rophyll and carotenoid contents significantly decreased, 

reflecting the impact of  Ca2+ deficiency on pigment accu-

mulation in Chinese cabbage seedlings. Similarly, photo-

synthetic rate and chlorophyll fluorescence parameters 

also decreased under  Ca2+-deficient conditions. �ese 

results indicate that decreased chlorophyll content and 

impaired photosynthetic performance are positively 

associated with reduced photosynthetic capacity, which 

may contribute to tip-burn severity and ultimately affect 

plant growth.

Tip-burn injury occurs in young leaves, which contain 

lower  Ca2+ levels than older leaves; thus,  Ca2+ deficiency 

in developing leaves is considered a key factor leading to 

tip burn (White and Broadley 2003). Plants exhibiting tip 

burn not only show typical symptoms at the margins of 

young developing leaves, where  Ca2+ levels are particu-

larly low, but also display an unbalanced distribution of 

major macronutrient cations (Lee et al. 2013; Kuronuma 

and Watanabe 2021). In this study,  Ca2+ distribution and 

 Mn2+ content were analyzed across different tissues. �e 

results showed that  Ca2+ concentration was higher in the 

tip-burn-resistant line ‘10S27’ than in the susceptible line 

‘10S42.’ Moreover, the lowest levels of  Ca2+ and  Mn2+ 

were detected in the heart leaf apex, the primary tissue 

affected by  Ca2+ deficiency (Su et al. 2019; Li et al. 2022; 

Cui et al. 2023). Tip burn is closely associated with  Ca2+ 

uptake and accumulation (Yuan et  al. 2018, 2021). Fur-

thermore,  Ca2+ deficiency reduced cytosolic  Ca2+ con-

centration in the heart leaf apex, but increased it in roots, 

where a significant decrease in root activity was observed. 

�ese findings suggest that  Ca2+ deficiency stress may 

impair  Ca2+ transport from roots to shoots, leading to 

localized  Ca2+ deficiency in young leaves—especially in 
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the heart leaf apex—thereby increasing the incidence of 

tip burn in Chinese cabbage seedlings.

�e formation and elimination of ROS in plants are 

maintained in a dynamic balance, whereas  Ca2+ defi-

ciency disrupts this equilibrium (Carassay et  al. 2012; 

Ali et  al. 2023). Plants have evolved physiological and 

metabolic mechanisms to maintain cellular homeostasis, 

which is characterized by a basal level of ROS (Nadara-

jah 2020; Mittler et  al. 2022). However, excessive ROS 

accumulation disrupts homeostasis, leading to oxida-

tive stress and cellular toxicity (Chapman et  al. 2019; 

Nadarajah 2020).  Ca2+ deficiency, which causes bitter 

pit in apple, significantly enhances ROS production and 

reduces antioxidant capacity (Sun et al. 2022). Similarly, 

in tomato, ROS play a key role in  Ca2+-deficiency-related 

blossom-end rot, where  Ca2+ imbalance strongly influ-

ences disease severity (Topcu et  al. 2022). In this study, 

 H2O2 and MDA contents increased under  Ca2+ defi-

ciency in both ‘10S27’ and ‘10S42,’ and NBT and DAB 

staining showed consistent responses, confirming 

enhanced ROS accumulation under stress. �ese results 

indicate that  Ca2+-deficiency-induced ROS accumulation 

contributes to the development of tip burn in Chinese 

cabbage seedlings. Moreover, correlation analysis of 24 

physiological parameters revealed that  H2O2 was nega-

tively correlated with DI, highlighting a strong associa-

tion between ROS levels and  Ca2+-deficiency-induced tip 

burn. Overall, these findings are consistent with previ-

ous reports (Topcu et al. 2022; Leong et al. 2023; Li et al. 

2023). As key signaling molecules involved in numerous 

physiological pathways, ROS represent an important area 

of research. However,  Ca2+ deficiency stress is known to 

induce excessive ROS accumulation, leading to oxidative 

damage (Li et al. 2022; Topcu et al. 2022). �erefore, in 

this study, DMTU was applied to mitigate abnormal ROS 

accumulation in Chinese cabbage seedlings under  Ca2+ 

deficiency conditions. As expected, DMTU application 

alleviated tip-burn severity, and the DI was significantly 

lower in both the  CaCl2 and DMTU treatments com-

pared with the  Ca2+ deficiency treatment alone. Notably, 

the critical photosynthetic parameters improved, and 

cytosolic  Ca2+ levels in leaves were partially restored 

following treatment. �ese results strongly suggest that 

 Ca2+ deficiency-induced tip burn is closely associated 

with excessive ROS accumulation (Li et al. 2023; Mukher-

jee et al. 2023; Kolupaev et al. 2024).

To counteract the adverse effects of abiotic stress, 

plants have evolved multiple protective mechanisms, 

including efficient scavenging of excess ROS to alleviate 

stress-induced cellular damage (Nadarajah 2020; Fedo-

reyev 2024; Wang et  al. 2024). �e alleviation of  Ca2+ 

deficiency-induced tip burn by DMTU is also associated 

with the maintenance of  Ca2+ homeostasis. Impor-

tantly, various transport proteins and oxidases have been 

reported to participate in  Ca2⁺ uptake, intracellular dis-

tribution, and ROS regulation (Demidchik et  al. 2018; 

Zhang et  al. 2022). �e influx and efflux of  Ca2+ across 

the cellular membrane depend on multiple transport-

ers that collectively regulate cytosolic  Ca2+ homeostasis 

(Demidchik et  al. 2018). Among these, ACA and CAX 

proteins are well-characterized tonoplast-localized trans-

porters that primarily mediate  Ca2+ sequestration into 

vacuoles (Fuglsang and Palmgren 2021). In Arabidopsis, 

aca4/11 double mutants exhibit elevated basal  Ca2+ lev-

els and enhanced  Ca2+ signaling amplitudes compared 

with wild-type plants, highlighting their key role in intra-

cellular  Ca2+ regulation (Hilleary et  al. 2020). Similarly, 

the cax1/cax3 double knockout leads to leaf and shoot 

tip necrosis (Cheng et al. 2005). In addition, ECA3 plays 

a crucial role in maintaining  Ca2+/Mn2+ homeostasis 

between the cytoplasm and the endoplasmic reticulum 

(Li et  al. 2008). In the present study, RNA-seq analysis 

identified eight DEGs associated with  Ca2+ transport 

proteins, among which BrACA4, BrACA11, BrCAX1-

1, BrCAX1-2, and BrCAX3 were significantly down-

regulated in the DCDM treatment group. In contrast, 

BrCNGC2 and BrCNGC4 were upregulated, suggesting 

enhanced  Ca2+ influx into the cytosol in the NC and 

DCDM groups. Overall, the expression patterns of key 

 Ca2+ transporters were consistent with altered cytosolic 

 Ca2+ homeostasis, reflecting reduced  Ca2+ availability 

in the cytosolic matrix, and ultimately contributing to 

aggravated tip-burn symptoms.

ROS serve as crucial signaling molecules that regulate 

plant responses to diverse abiotic stresses, including  Ca2+ 

deficiency (Chapman et  al. 2019; Nadarajah 2020). Sev-

eral metabolic processes, along with NADPH oxidases 

(RBOHS), initiate complex signaling cascades that ena-

ble plants to adapt to adverse environmental conditions 

(Chapman et  al. 2019; Li et  al. 2019). RBOH genes play 

pivotal roles in regulating ROS production and represent 

key enzymatic sources of ROS in plants (Chapman et al. 

2019; Li et al. 2019). In this study, transcriptome analysis 

revealed that the MAPK signaling pathway was signifi-

cantly enriched with DEGs. In addition, three NADPH 

oxidase-related DEGs, namely BrRbohD-1, BrRbohD-2, 

and BrRbohF, were identified. In particular, BrRbohD-2 

expression was significantly upregulated in the DC group 

compared with the NC and DCDM groups, suggesting 

that enhanced BrRbohD-2 expression is closely associ-

ated with  Ca2+ deficiency-induced tip burn. Studies in 

various plant species have revealed RBOHD functions 

as a key regulator of ROS production, particularly in 

 H2O2 accumulation (Kadota et al. 2015). In oilseed rape, 
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upregulation of RbohD and RbohF has been reported to 

promote ROS accumulation and accelerate leaf senes-

cence (Yang et  al. 2018). Similarly, heterologous over-

expression of Cucumis melo RBOHD (CmRBOHD) in 

Arabidopsis thaliana leads to excessive  H2O2 production 

(Guo et al. 2023), while elevated expression of RsRbohD1 

in radish (Raphanus sativus  L.) is associated with ROS 

accumulation and physiological disorders (Gong et  al. 

2024). In this study, overexpression of BrRbohD-2 was 

associated with a higher DI of tip burn in ‘10S42’ seed-

lings under  Ca2+ deficiency stress. In addition,  H2O2 and 

 O2
•– levels increased, whereas cytosolic  Ca2+ concentra-

tion decreased in the treatment group compared with the 

control. �ese results are consistent with RNA-seq data 

showing that BrRbohD-2 upregulation under  Ca2+ defi-

ciency stress. Similarly, previous studies in tomato have 

reported that  Ca2+ deficiency is associated with increased 

ROS accumulation, enhanced NADPH oxidase activ-

ity, and a higher incidence of blossom-end rot (Mestre 

et  al. 2012). More importantly, VIGS of BrRbohD-2 sig-

nificantly reduced tip-burn DI, decreased  H2O2 and  O2
•– 

levels, and increased cytosolic  Ca2+ concentration under 

 Ca2+ deficiency stress. Overall, these results indicate that 

BrRbohD-2 aggravates  Ca2+ deficiency-induced tip burn 

in Chinese cabbage by promoting ROS accumulation.

Conclusions
In this study, seedlings of the susceptible Chinese cab-

bage line ‘10S42’ and the resistant line ‘10S27’ exhibited 

tip burn under  Ca2+-deficient conditions. �e results 

clarified the physiological and molecular mechanisms 

underlying  Ca2+ deficiency-induced tip burn in Chi-

nese cabbage.  Ca2+ deficiency stress reduced cytosolic 

 Ca2+ levels, impaired photosynthetic performance, 

and triggered ROS accumulation, whereas these symp-

toms could be alleviated by spraying the ROS scaven-

ger DMTU. Under  Ca2+ deficiency stress, disruption 

of ROS homeostasis was accompanied by significant 

changes in the expression of  Ca2+ transport-related 

genes, including BrACA4, BrACA11, BrECA3, BrCAX1-

1, BrCAX1-2, BrCAX3, BrCNGC2, and BrCNGC4. 

More importantly,  Ca2+ deficiency stress induced 

the upregulation of BrRbohD-2. Functional analyses 

through overexpression and silencing of BrRbohD-2 

strongly supported its critical role in linking  Ca2+ defi-

ciency to ROS accumulation and tip-burn develop-

ment. Overall, these findings provide valuable insights 

into the molecular basis of  Ca2+ deficiency-related dis-

orders in Chinese cabbage and suggest that BrRbohD-2 

is a promising target for improving resistance to  Ca2+ 

deficiency stress.
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Additional file 1: Figure S1. Statistics of growth-related indices of Chinese 

cabbage at 20 d after  Ca2+ deficiency stress. a–e Root length phenotype 

(a), Root length statistics (b), Root activity (c, d), Maximum leaf area (e). 

Different letters indicate significant differences at P < 0.05. Data are pre-

sented as the mean ± SEM of three independent replicates.

Additional file 2: Figure S2. Effect of dimethylthiourea (DMTU) spraying on 

 Ca2+ deficiency-induced tip burn in ‘10S27’ Chinese cabbage. a Tip-burn 

phenotype of seedlings after  CaCl2 and DMTU treatments under  Ca2+ 

deficiency stress. b Disease index of tip burn. c Shoot fresh weight. d 

Net photosynthetic rate (Pn), maximum quantum efficiency of PSII (Fv/

Fm), photochemical quenching (qP), and non-photochemical quenching 

(NPQ) values. Scale bar = 3 cm (a). Different letters indicate significant 

differences at P < 0.05. Data are presented as the mean ± SEM of three 

independent replicates.

Additional file 3: Figure S3. Gene Ontology (GO) enrichment (a–c) and 

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment (d–f ) 

analyses in ‘10S42’ Chinese cabbage under  Ca2+ deficiency.

Additional file 4: Table S1 Primer sequences used for reverse transcrip-

tion quantitative PCR (RT‒qPCR) analysis. Table S2 Summary of RNA-seq 

data for Chinese cabbage ‘10S42.’ Table S3 Information on differentially 

expressed genes (DEGs) related to  Ca2+-binding proteins and  Ca2+ 

transport-associated proteins. Table S4 Information on DEGs related to the 

mitogen-activated protein kinase (MAPK) signaling and plant hormone 

signal transduction pathways.
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