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b Dipartimento di Biologia, Università di Napoli “Federico II”, Complesso Universitario di Monte Sant’Angelo, Via Cinthia, 80126, Napoli, Italy   

A R T I C L E  I N F O   

Handling Editor: K Kees Venema  

Keywords: 
Brassica rapa 
CaCO3 

Mineral elements 
Oxidative stress 
Photosynthesis 
TILLING 

A B S T R A C T   

Alkalinity is an important environmental factor that affects crop production and will be exacerbated in the 
current climate change scenario. Thus, the presence of carbonates and high pH in soils negatively impacts 
nutrient assimilation and photosynthesis and causes oxidative stress. A potential strategy to improve tolerance to 
alkalinity could be the modification of cation exchanger (CAX) activity, given that these transporters are 
involved in calcium (Ca2+) signaling under stresses. In this study, we used three Brassica rapa mutants (BraA. 
cax1a-4, BraA.cax1a-7, and BraA.cax1a-12) from the parental line ‘R-o-18’ that were generated by Targeting 
Induced Local Lesions in Genomes (TILLING) and grown under control and alkaline conditions. The objective 
was to assess the tolerance of these mutants to alkalinity stress. Biomass, nutrient accumulation, oxidative stress, 
and photosynthesis parameters were analyzed. The results showed that BraA.cax1a-7 mutation was negative for 
alkalinity tolerance because it reduced plant biomass, increased oxidative stress, partially inhibited antioxidant 
response, and lowered photosynthesis performance. Conversely, the BraA.cax1a-12 mutation increased plant 
biomass and Ca2+ accumulation, reduced oxidative stress, and improved antioxidant response and photosyn
thesis performance. Hence, this study identifies BraA.cax1a-12 as a useful CAX1 mutation to enhance the 
tolerance of plants grown under alkaline conditions.   

1. Introduction 

Currently, agriculture is facing an increasing demand for food due to 
a constantly growing population. As a result, it is estimated that agri
cultural crop production needs to increase from 25% to 70% in the 
coming years (Hunter et al., 2017). In addition, the consequences of 
climate change continue to worsen each year with sudden events such as 
drought, floods, and high temperatures that seriously threaten yields. 
Furthermore, the increase in arid areas, soils with high salinity, and 
alkalinity levels due to high temperatures and drought exacerbates this 
problem. Therefore, it is urgent to identify measures to improve agri
cultural production and food quality in this critical scenario (Owino 
et al., 2022). 

Specifically, alkaline and calcareous soils currently make up an 
important percentage of cultivable areas, especially in the Mediterra
nean area (Uzuner and Dengiz, 2020). These soils have high levels of 
CaCO3 and HCO3

− and a high pH. Alkalinity is a significant constraint for 

plant growth and crop productivity (Fatima et al., 2021; Rouphael et al., 
2010; Yin et al., 2019). The negative effects are caused by osmotic stress, 
ion toxicity, and the direct impact of high pH in the growth media (Yin 
et al., 2019). Indeed, CaCO3 is the compound with the greatest capacity 
to hinder pH reduction. Hence, soils with high CaCO3 presence pre
sented pH values higher than 7, making the bioavailability of most 
essential elements difficult (Tamir et al., 2021). Moreover, in these soils, 
bicarbonate ions interfere with the assimilation of nutrients, especially 
of P, K, and Mg, and reduce the availability of various micronutrients, 
mainly Fe (Capula-Rodríguez et al., 2016; Valdez-Aguilar and Reed, 
2007). This fact is because there is a high rate of Fe3+ precipitation, 
which forms hydroxides or other non-soluble compounds (Taalab et al., 
2019). Fe deficiency negatively affects plant physiology and biochem
istry because it is a necessary cofactor of numerous enzymes, including 
those that participate in chlorophyll biosynthesis. Furthermore, iron is 
important for the formation of the chlorophyll’s heme group, and its 
reduction causes a diminution of chlorophyll content and an impairment 
in the photosynthesis process (Huang and Wu, 2017). Thus, 
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photosynthesis is a process highly affected by alkalinity in crops and is 
therefore a significant indicator of plant tolerance to it (Li et al., 2014; 
Wang et al., 2022; Yin et al., 2019). 

Furthermore, another element that is significant in alkalinity is Ca2+. 
High levels of this element are toxic to plants, inhibiting seed germi
nation, reducing plant growth, and damaging cells because of the for
mation of Ca oxalate crystals (White and Broadley, 2003). Additionally, 
when its concentration is high, it induces prolonged stomatal closure, 
leading to a decrease in internal CO2 and, as a result, photosynthesis. 
Ca2+ also regulates aquaporins like PIP, and an increase in its concen
tration reduces the activity of aquaporins (Dayod et al., 2010). Besides, 
Ca2+ excess is also an abiotic stress factor as it reduces photosynthetic 
efficiency by preventing the correct flow of electrons and promotes the 
generation of reactive oxygen species (ROS) (Bačkor et al., 2017). 
During oxidative stress, high-energy electrons are transferred to mo
lecular oxygen producing ROS that are toxic compounds for plants. ROS 
cause disorganization of thylakoid structures, inhibit chlorophyll syn
thesis, and affect the functioning of photosystem II (D’Alessandro et al., 
2013; Gururani et al., 2015). Likewise, ROS interfere with cell com
pounds such as membrane lipids, and nucleic acids, leading to lipid 
peroxidation or DNA mutations (Chakradhar et al., 2017). 

In plant cells, cytosolic Ca2+ levels are mainly regulated by cation 
exchanger (CAX) transporters that participate in the transfer of bivalent 
cations such as Ca2+ into cell vacuoles. CAXs are essential for the 
maintenance of cellular homeostasis to produce the necessary concen
tration changes in cell signaling and respond to environmental signals 
(Conn et al., 2011). Several experiments proved that modifying CAX 
transporters or their gene expression levels can be useful for stress 
tolerance in numerous species (Ahmadi et al., 2018; Pittman and Hir
schi, 2016). In recent years, biotechnological techniques have been 
developed to produce new plant varieties adapted to adverse conditions, 
such as drought or salinity (Derbyshire et al., 2022). One of these 
techniques is Targeting Induced Local Lesions in Genomes (TILLING), 
which involves the generation of random mutations, identifying varia
tions in specific sequences, and associating them with a function or 
phenotype, allowing the identification of mutants without the need for 
transgenic breeding (Till et al., 2018). Using TILLING, the expression 
levels and substrate specificity of the CAX1 transporter were modified. 
These modifications resulted from single amino acid changes in the 
N-terminal regulatory region of CAX1 (Lochlainn et al., 2011; Manohar 
et al., 2011). Thus, studies were carried out in these TILLING mutants 
and they revealed improvements in facing various abiotic stresses, 

including salinity (Navarro-León et al., 2020a, 2020b). Furthermore, 
certain CAX1 modifications improve nutrient accumulation, photosyn
thesis performance, and ROS detoxification through ascorbate/gluta
thione (AsA/GSH) cycle enhancement (Navarro-León et al., 2020; 
Navarro-León et al., 2018). Therefore, in the present study, we aim to 
determine whether these CAX1 mutations confer tolerance to plants 
grown under alkaline conditions with high CaCO3 in the growth media, 
by analyzing growth, nutrient accumulation, photosynthesis, antioxi
dant response, and photosynthesis performance. 

2. Material and methods 

2.1. Plant material and growth conditions 

Three B. rapa ssp. trilocularis ‘R-o-18’ mutants were used: BraA. 
cax1a-4 (Alanine-to-Threonine change at amino acid 77), BraA.cax1a-7 
(Arginine-to-Lysine change at amino acid 44), and BraA.cax1a-12 
(Proline-to-Serine change at amino acid 56) and the parent line (R-o-18). 
The mutants were produced by TILLING technique as detailed by 
Lochlainn et al. (2011) and Graham et al. (2014). B. rapa seeds were 
placed on filter paper in Petri dishes until germination and then put in 
pots (13 cm × 13 cm x 12.5 cm) filled with vermiculite that were ar
ranged in plastic trays (55 cm × 40 cm x 8.5 cm) and placed in a growth 
chamber. The environmentally controlled conditions were: temperature 
(22/18 ◦C; day/night), humidity (60–80%), photoperiod (14/10-h; 
day/night), and photosynthetic active radiation (PAR) (350 μmol m-2 
s-1). The plants were supplied with a Hoagland nutritive solution 
composed of 6 mM KH2PO4, 4 mM Ca(NO3)2 • 4 H2O, 4 mM KNO3, 2 mM 
MgSO4 • 7 H2O, 1 mM NaH2PO4 • 2 H2O, 10 μM H3BO3, 5 μM Fe-chelate 
(Sequestrene; 138 FeG100), 2 μM MnCl2 • 4 H2O, 1 μM ZnSO4, 0.25 μM 
CuSO4 • 5 H2O, and 0.1 μM Na2MoO4 • 2 H2O. The pH of this solution 
was 5.5–6.0. The solution in the trays was removed every three days to 
prevent salt accumulation. For this, the trays were carefully washed with 
distilled water, and new nutritive solution was added. 

2.2. Experimental design and treatments 

The treatments were applied 30 days after germination and were 
maintained for 21 days. There were two different treatments: the control 
and the alkalinity treatment. Plants of the control treatment were 
watered with the previously described nutritive solution, while plants of 
the alkalinity treatment were watered with the same nutritive solution 
plus the addition of 25 mM CaCO

3 and a pH of 7.5–8.0. The trial involved 
two factors: alkalinity and BraA.cax1a mutation (‘R-o-18’, BraA.cax1a- 
4, BraA.cax1a-7, and BraA.cax1a-12). The experimental design consisted 
of a randomized complete block with 8 plants per tray and 3 trays 
(replications) per treatment, resulting in a sample size of 24 plants per 
treatment. Plant material was collected from each plant of each treat
ment and homogenized to obtain representative samples. 

2.3. Plant sampling 

The shoots were cut, washed with distilled water, and then dried on 
filter paper and weighed to determine the fresh weight (FW). A part of 
the plant material was lyophilized to obtain the dry weight (DW) and 
determine the concentrations of mineral elements, and the other part 
was frozen at − 40 ◦C for use in biochemical analysis. 

2.4. Plant material analysis 

2.4.1. Relative growth rate 
To measure the relative growth rate, leaves from each treatment 

were taken before the application of alkalinity. These leaves were dried 
in an oven at 70 ◦C for 24 h, and then weighed to obtain the initial dry 
weight (DWi). At the end of the experiment, the final dry weight (DWf) of 
the plants was obtained. The relative growth rate value was calculated 

Abbreviations 

A net photosynthesis rate 
APX ascorbate peroxidase 
ASA ascorbate 
E transpiration rate 
GSH glutathione 
CAX cation exchangers 
DHA dehydroascorbate 
EL electrolyte leakage 
GR glutathione reductase 
gs stomatal conductance 
GSSG oxidized glutathione 
MDA malondialdehyde 
PAR photosynthetic active radiation 
PS photosystem 
RC reaction center 
SOD superoxide dismutase 
TILLING Targeting Induced Local Lesions in Genomes 
WUE water use efficiency  
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using the equation RGR = (ln DWi – ln DWf)/T). T = 21 days. 

2.4.2. Nutrient concentration 
Leaf samples were ground and mineralized through wet digestion 

(Wolf, 1982). 0.1 g of leaves were taken and mineralized using nitric 
acid (HNO3) and 30% hydrogen peroxide (H2O2). After mineralization, 
20 mL of distilled water was added, and the concentration of mineral 
elements most affected by the presence of alkaline stress (K+, Ca2+, 
Mg2+, Fe3+, Cu2+, Mn2+ and Zn2+) were determined through spectro
metric techniques (IPC-OES). 

2.4.3. Cell membrane stability 
The determination of cell membrane stability was carried out using 

the electrolyte leakage test described by Soloklui et al. (2012). For this 
purpose, eight pieces of leaves obtained from different plants were cut, 
gently washed with deionized water, and placed in a Falcon tube con
taining 30 mL of deionized water. The tubes were then vortexed for 1 
min and the initial conductivity (EC1) was measured using a conduc
tivity meter (Cond 8; XS Instruments, Italy). The samples were then kept 
at 100 ◦C for 20 min to extract the released electrolytes and allowed to 
cool to room temperature. Finally, the final conductivity (EC2) was 
measured, and the percentage of electrolyte leakage was determined 
using the formula: (EC1/EC2) x 100. 

2.4.4. Determination of oxidative stress indicators 
Malondialdehyde (MDA) concentration was measured by spectro

photometry as described by Fu and Huang (2001). The method 
described by Junglee et al. (2014) was used to determine H2O2 con
centration. The O2

•‒ concentration was determined according to Xiao 
et al. (1999) by spectrophotometry. 

2.4.5. Determination of antioxidant enzyme activities 
Superoxide dismutase (SOD) activity was measured as described by 

Yu et al. (1998). This method is based on the inhibition of the photo
chemical reduction of nitroblue tetrazolium (NBT). The plant material 
(0.1 g) was extracted with 50 mM Hepes-HCl Buffer (pH 7.6). Subse
quently, it was centrifuged at 11000 rpm for 10 min. For the reaction, 5 
μl of the resulting supranatant containing SOD enzyme were mixed with 
the 195 μl of the reaction buffer containing 50 mM Na2CO3 (pH10.2), 12 
mM methionine, 0.1 mM EDTA-Na, 75 μM NBT, and 15 μM riboflavin. 
The was placed in a microplate, was illuminated for 15 min at a PPFD of 
380 μmol− 2s− 1, and the absorbance was read at 650 nm. Some repli
cations of the samples were not illuminated to correct background 
absorbance. One unit of SOD activity was defined as the amount of 
enzyme required to cause 50% inhibition of NBT reduction. 

The methodology described by Rao et al. (1996) was used to deter
mine ascorbate peroxidase (APX) and glutathione reductase (GR) 
enzyme activities. The plant material (0,1 g) was extracted with 100 mM 
phosphate potassium buffer (pH 7.5) and 0,05 mM EDTA-Na and was 
centrifuged at 12000 rpm for 20 min. The obtained supernatant was 
used for the APX and GR reactions. For APX, 40 μl of the extract was 
mixed with 80 μl of 100 mM phosphate potassium buffer (pH 7.5), 40 μl 
of 0.5 mM ascorbate, and 40 μl of 0.2 mM H2O2. The decrease in 
absorbance due to H2O2 consumption was measured at 290 nm for 3 
min. For GR activity determination 30 μl of the previously obtained 
extract was mixed with 90 μl of 100 mM Tris-HCl (pH 7.8), 40 μl of 0.2 
mM NADPH, and 40 μl of 0.5 mM GSSG. Then, the oxidation of NADPH 
at 340 nm was registered for 3 min. Enzyme activity was expressed as 
ΔAbs min− 1 mg− 1 protein. Protein concentration was quantified using 
the Bradford method (Bradford, 1976). 

2.4.6. Determination of ascorbic acid (AsA) and glutathione (GSH) 
concentrations 

The method described by Law et al. (1983) was used to quantify total 
AsA and reduced AsA concentrations. The dehydroascorbate (DHA) 
concentration was calculated by subtracting the concentration of 

reduced AsA from that of total AsA. The methodology described by 
Noctor and Foyer (1998) was followed to determine oxidized GSH 
(GSSG), and total GSH (reduced GSH + GSSG). The reduced GSH con
centration was calculated by subtracting the concentration of GSSG from 
that of the total GSH. The next formula: [(Reduced form) X 
100]/[Reduced + Oxidized forms] was used to calculate AsA and GSH 
redox states. 

2.5. Fluorescence parameters 

The Handy PEA Chlorophyll Fluorimeter (Hansatech Ltd., King’s 
Lynn, Norfolk, UK was used to obtain Chl a fluorescence parameters. The 
analysis was performed on developed and intermediate leaves of nine 
intact plants per treatment. The measurement area in leaves was kept in 
darkness for 30 min utilizing leaf clip holders. The fluorescence tran
sients with OJIP phases were induced by red light (650 nm; 3000 μmol 
photons m− 2s− 1). The obtained parameters were: fluorescence origin 
(Fo), fluorescence maximum (FM), variable Fluorescence (FM-Fo = FV), 
maximum quantum yield of primary photosystem II (PSII) photochem
istry (FV/FM), standardized area above the fluorescence curve (Sm), the 
proportion of active reaction centers (RC) (RC/ABS), dissipated energy 
flux per RC at t = 0 (DIo/RC), fluorescence value at 300 μs (K step), 
efficiency with which a trapped exciton move an electron further than 
quinone A into the electron transport chain (ψo), quantum yield for 
electron transport from quinone A to plastoquinone (φEo), the proba
bility that PSII Chl molecule function as RC (ɣRC), the performance index 
of electron flux from PSII based to intersystem acceptors (PIABS), and 
performance index of electron flux to PSI electron acceptors (PItotal) 
(Strasser et al., 2000). To represent these parameters the mean of each 
different BraA.cax1a plant was divided by the mean of R-o-18 plants 
grown under alkalinity conditions for each parameter to normalize the 
data and enable the comparison of parameters of different scales. 

2.6. Gas exchange parameters 

An infra-red gas analyzer LICOR 6800 Portable Photosynthesis Sys
tem (IRGA: LICOR Inc. Nebraska, USA) was used. The fully developed 
leaves of nine intact plants for each treatment were positioned in the leaf 
cuvette set with optimal growth conditions. The device was warmed up 
for 30 min and calibrated prior to the measurements. The cuvette con
ditions were: 60% relative humidity, 350 μmol m2 s− 1 PAR, and 500 
μmol mol⁻1 CO2 concentration. Net photosynthesis rate (A), transpira
tion rate (E), and stomatal conductance (gs) were obtained. Instanta
neous water use efficiency (WUE) was determined by dividing A by the 
corresponding E. 

2.7. Statistical analysis 

The statistical analysis was conducted using Statgraphics Centurion 
XVI software. The data underwent a simple analysis of variance 
(ANOVA), and a multifactorial ANOVA test was performed to assess the 
effects of the application and alkalinity on the mutant (A x M) and their 
significant influence on the results. The means were compared using 
Fisher’s least significant differences (LSD). The significance levels for 
both analyses were denoted as follows: * for P < 0.05, ** for P < 0.01, 
*** for P < 0.001, and NS for not significant. 

3. Results 

3.1. Weight and relative growth rate 

The application of alkaline stress to B. rapa plants decreased leaf 
biomass compared to control plants, except in BraA.cax1a-12 plants 
where no significant differences were observed. When comparing the 
different genotypes grown under control conditions, it was observed 
that the mutant plants had lower DW, FW, and RGR than the R-o-18 
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plants, with BraA.cax1a-7 having the lowest biomass. BraA.cax1a-12 
showed higher values than the other genotypes. On the other hand, 
BraA.cax1a-7 was the mutant with the lowest biomass values (Table 1). 

3.2. Mineral elements concentration 

BraA.cax1a-4 and BraA.cax1a-7 mutations enhanced K+ accumula
tion, while all mutations increased Ca2+ accumulation and did not cause 
effects on Mg2+ concentration in B. rapa grown under control condi
tions. Alkaline stress reduced K+ levels, increased Ca2+, and did not 
affect Mg2+ accumulation, except in BraA.cax1a-12 with no variations in 
these elements compared to control conditions (Table 2). Under alkaline 
conditions, BraA.cax1a-4 and BraA.cax1a-7 mutants showed higher K+

and lower Mg2+ concentrations, while BraA.cax1a-12 presented higher 
Ca2+ accumulations compared to R-o-18 plants (Table 2). 

Regarding micronutrients, BraA.cax1a-4 registered higher Fe3+ and 
Zn2+ levels, while BraA.cax1a-7 showed greater Mn2+ and Cu2+ than R- 
o-18 plants under control conditions. Generally, alkalinity reduced 
micronutrient accumulation in B. rapa plants, with the exceptions of 
Fe3+, Mn2+, and Cu2+ accumulation in BraA.cax1a-12, and Mn2+ and 
Cu2+ in BraA.cax1a-4 plants, which maintained control levels of these 
elements under alkaline conditions (Table 3). All BraA.cax1a plants 
showed higher Mn2+ concentrations under alkaline conditions 
compared to R-o-18 plants (Table 3). Regarding the other analyzed 
micronutrients, BraA.cax1a-4 plants registered higher values than R-o- 
18 plants (Table 3). 

3.3. Electrolyte leakage, malondialdehyde, and ROS concentrations 

BraA.cax1a-7 plants grown under control conditions showed higher 
EL percentage and O2

•‒ levels, but BraA.cax1a-12 presented lower MDA 
concentration than R-o-18 plants. Furthermore, the results showed an 
increase in oxidative stress indicators in B. rapa plants subjected to 
alkaline stress compared to control conditions, with the exception of EL 

and H2O2, which did not increase significatively in BraA.cax1a-12 plants 
(Table 4). When comparing B. rapa genotypes grown under alkaline 
stress, mutant BraA.cax1a-7 presented the highest EL and H2O2 values. 

Table 1 
Effect of alkalinity and BraA.cax1a mutations on shoot biomass and RGR in 
B. rapa plants.    

Fresh weight Dry weight RGR 

g plant− 1 g plant− 1  

Control R-o-18 0.70 ± 0.06a 10.61 ±
1.47a 

0.106 ± 0.006c 

BraA.cax1a-4 0.65 ± 0.09a 10.17 ±
1.68a 

0.115 ±
0.008ab 

BraA.cax1a-7 0.52 ± 0.09 
b 

7.90 ± 1.17b 0.112 ±
0.007bc 

BraA.cax1a- 
12 

0.64 ± 0.09a 9.57 ±
0.42ab 

0.120 ± 0.002a 

p-value * * * 
LSD0.05 0.11 1.7 0.008 

Alkalinity R-o-18 0.56 ±
0.04b 

8.14 ± 0.62b 0.093 ± 0.003c 

BraA.cax1a-4 0.54 ±
0.08b 

7.92 ± 1.68b 0.104 ± 0.007b 

BraA.cax1a-7 0.31 ± 0.04c 4.34 ± 0.59c 0.083 ± 0.006d 
BraA.cax1a- 
12 

0.65 ± 0.04a 9.51 ± 0.60a 0.120 ± 0.003a 

p-value *** *** *** 
LSD0.05 0.07 1.08 0.007 

Analysis of variance 
Alkalinity 

(A)  
*** *** *** 

Mutation 
(M)  

*** *** *** 

A x M  * ** *** 
LSD0.05  0.04 0.69 0.004 

Values are means ± standard deviation (n = 9). The levels of significance were 
represented as * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). Values with 
different letters indicate significant differences. 

Table 2 
Effect of alkalinity and BraA.cax1a mutations on cationic macronutrients con
centration in B. rapa plants.    

K+ Ca2+ Mg2+

mg g− 1 DW mg g− 1 DW mg g− 1 DW 

Control R-o-18 58.43 ± 1.60 
b 

21.03 ± 0.09c 10.64 ±
0.69a 

BraA.cax1a-4 68.10 ±
6.56a 

23.31 ± 0.74b 9.49 ± 0.31a 

BraA.cax1a-7 68.47 ±
4.63a 

23.96 ± 0.60b 9.52 ± 0.13a 

BraA.cax1a- 
12 

53.59 ±
3.80b 

28.43 ± 0.75a 10.94 ±
1.33a 

p-value ** *** NS 
LSD0.05 8.50 1.15 1.45 

Alkalinity R-o-18 50.40 ±
1.81b 

26.41 ± 0.72b 10.12 ±
0.20a 

BraA.cax1a-4 61.90 ±
1.44a 

26.36 ± 0.45b 9.40 ± 0.16b 

BraA.cax1a-7 62.90 ±
3.40a 

27.18 ±
0.65ab 

9.31 ± 0.18b 

BraA.cax1a- 
12 

52.61 ±
1.95b 

28.54 ± 1.12a 10.62 ±
0.63a 

p-value *** * ** 
LSD0.05 4.29 1.46 0.66 

Analysis of variance 
Alkalinity 

(A)  
** *** NS 

Mutation (M)  *** *** ** 
A x M  NS *** NS 
LSD0.05  3.10 0.60 0.52 

Values are means ± standard deviation (n = 9). The levels of significance were 
represented as NS (p > 0.05), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). 
Values with different letters indicate significant differences. 

Table 3 
Effect of alkalinity and BraA.cax1a mutations on micronutrients concentration 
in B. rapa plants.    

Fe3+ Mn2+ Zn2+ Cu2+

μg g− 1 DW μg g− 1 DW μg g− 1 DW μg g− 1 DW 

Control R-o-18 144.43 ±
9.05 b 

90.70 ±
4.11 b 

50.60 ±
5.93bc 

18.32 ±
0.71bc 

BraA. 
cax1a-4 

267.82 ±
17.48a 

93.44 ±
3.95 b 

65.04 ±
3.57a 

20.71 ±
1.98 b 

BraA. 
cax1a-7 

169.05 ±
15.94 b 

114.55 ±
4.69a 

51.38 ±
1.90 b 

24.52 ±
1.27a 

BraA. 
cax1a-12 

132.59 ±
20.40 b 

93.54 ±
10.04 b 

44.12 ±
1.50c 

17.74 ±
1.06c 

p-value *** ** *** ** 
LSD0.05 37.25 11.73 6.90 2.52 

Alkalinity R-o-18 126.94 ±
0.87 b 

82.71 ±
1.70 b 

47.21 ±
0.85 b 

16.13 ±
0.58 b 

BraA. 
cax1a-4 

157.76 ±
0.35a 

90.60 ±
1.20a 

52.47 ±
3.39a 

21.24 ±
1.15a 

BraA. 
cax1a-7 

138.22 ±
9.17 ab 

95.78 ±
5.19a 

39.07 ±
2.87c 

17.04 ±
0.98 b 

BraA. 
cax1a-12 

130.58 ±
22.56 b 

90.34 ±
5.07a 

40.02 ±
1.02c 

17.20 ±
1.14 b 

p-value * * *** ** 
LSD0.05 22.94 7.11 4.37 1.86 

Analysis of variance 
Alkalinity (A) *** ** *** *** 
Mutation (M) *** *** *** *** 
A x M  *** NS * *** 
LSD0.05  20.11 6.31 3.04 1.44 

Values are means ± standard deviation (n = 9). The levels of significance were 
represented as NS (p > 0.05), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). 
Values with different letters indicate significant differences. 
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Conversely, mutation BraA.cax1a-12 reduced MDA, O2
•‒, and H2O2 

values compared to R-o-18 plants (Table 4). 
Consideration of AsA/GSH cycle parameters showed that under 

alkalinity conditions, the three BraA.cax1a mutants had greater SOD 
activity compared to R-o-18 plants, with the highest values found in the 
BraA.cax1a-7 mutant (Fig. 1; Table S1). With regard to APX activity, it 
was lower in BraA.cax1a-7 and greater in BraA.cax1a-4 and BraA.cax1a- 
12 plants compared to R-o-18 plants (Fig. 1; Table S1). In addition, BraA. 
cax1a-7 plants presented lower reduced AsA and higher DHA levels, 
resulting in a lower AsA redox state. Alternatively, BraA.cax1a-12 plants 

registered lower DHA concentrations, but their AsA redox state was not 
different from that of R-o-18 plants (Fig. 1; Table S2). Concerning GSH, a 
lower GR activity was observed in BraA.cax1a-7, whereas this enzyme 
showed enhanced activity in BraA.cax1a-4 and BraA.cax1a-12 plants 
compared to R-o-18 plants. The GSH redox state was increased by BraA. 
cax1a-7 and BraA.cax1a-12 mutations because of an increase in reduced 
GSH levels and a reduction in GSSG concentration compared to R-o-18 
plants (Fig. 1; Table S3). 

3.4. Photosynthesis performance 

The analysis of Chl a fluorescence kinetics in our four genotypes 
subjected to alkalinity revealed the four typical OJIP phases (Fig. 2A). In 
Fig. 2A, BraA.cax1a-7 is identified as the one that presented the highest 
fluorescence values in all OJIP phases. In contrast, mutants BraA.cax1a- 
4 and BraA.cax1a-12 showed slightly higher values than the parental R- 
o-18 in the O phase, while in the P phase, the fluorescence was lower in 
these mutants. Moreover, the analysis of parameters derived from de 
OJIP data showed that BraA.cax1a-7 presented higher values of Fo, FM, 
DIo/RC, and K step but much lower values of FV/FM, RC/ABS, Ψo, ΦEo, 
ɣRC, and PI than the parental R-o-18 under alkalinity conditions 
(Fig. 2B). Conversely, the effects of BraA.cax1a-12 mutation were 
generally positive since this mutant showed higher Sm, Ψo, PIABS, and 
PItotal compared to parental R-o-18 plants. Finally, BraA.cax1a-4 showed 
higher DIo/RC and lower RC/ABS and PItotal values, although the effect 
was not as important as that caused by BraA.cax1a-7 (Fig. 2B). 

The gas exchange results showed that BraA.cax1a-7 plants registered 
lower A and WUE values than the other genotypes grown under control 
conditions. However, under these conditions, BraA.cax1a-12 plants 
presented lower E and gs but higher WUE values compared to the other 
plants. When alkaline conditions were applied, A and WUE were 
reduced compared to control conditions, except in the BraA.cax1a-12 
genotype. Furthermore, E and gs were only reduced in R-o-18 under 
alkaline treatment compared to control conditions. Finally, when 
comparing genotypes grown under alkaline conditions, it was found that 
BraA.cax1a-7 had lower A and WUE values. This mutant, together with 
BraA.cax1a-4, presented higher E and gs values, while BraA.cax1a-12 
showed the greatest WUE index compared to the other genotypes 
(Table 5). 

Table 4 
Effect of alkalinity and BraA.cax1a mutations on oxidative stress indicators in 
B. rapa plants.    

EL (%) MDA (μM 
g− 1 FW) 

O2
•‒ (μg 

g− 1 FW) 
H2O2 (μg 
g− 1 FW) 

Control R-o-18 19.98 ±
1.15 b 

2.98 ±
0.42a 

3.48 ±
0.11 b 

28.20 ±
1.53a 

BraA. 
cax1a-4 

19.10 ±
2.32 b 

2.85 ±
0.26a 

3.34 ±
0.17 b 

25.08 ±
1.75a 

BraA. 
cax1a-7 

22.11 ±
0.03a 

3.10 ±
0.11a 

3.63 ±
0.11a 

27.71 ±
2.76a 

BraA. 
cax1a-12 

20.48 ±
0.29 b 

2.41 ±
0.15 b 

3.33 ±
0.10 b 

20.56 ±
2.38a 

p-value *** ** ** NS 
LSD0.05 1.10 0.31 0.15 6.37 

Alkalinity R-o-18 22.89 ±
1.39 b 

4.12 ±
0.21 ab 

4.23 ±
0.25a 

38.84 ±
2.67 b 

BraA. 
cax1a-4 

21.15 ±
1.22 b 

4.32 ±
0.24a 

3.81 ±
0.05 b 

32.99 ±
2.23 b 

BraA. 
cax1a-7 

37.08 ±
3.77a 

4.00 ±
0.12 b 

3.88 ±
0.10 b 

58.55 ±
2.63a 

BraA. 
cax1a-12 

20.73 ±
0.83 b 

2.78 ±
0.14c 

3.62 ±
0.14c 

20.63 ±
1.11c 

p-value *** *** *** *** 
LSD0.05 3.90 0.22 0.18 6.63 

Analysis of variance 
Alkalinity 

(A)  
*** *** *** *** 

Mutation 
(M)  

*** *** *** *** 

A x M  *** *** *** *** 
LSD0.05  1.87 0.19 0.11 4.45 

Values are means ± standard deviation (n = 9). The levels of significance were 
represented as NS (p > 0.05), ** (p < 0.01), and *** (p < 0.001). Values with 
different letters indicate significant differences. 

Fig. 1. Effect of BraA.cax1a mutations on antioxidant enzyme activities and AsA/GSH cycle in B. rapa plants grown under alkaline conditions. Blue arrows indicate 
increments and red arrows indicate reductions of these parameters compared to the values of R-o-18 plants. The genotype marked in bold is the one that showed the 
greatest increases or decreases with respect to R-o-18 plants. 
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4. Discussion 

4.1. Plant growth 

Several studies have shown that the primary effect of alkaline stress 
is a reduction in biomass. For instance, different species grown with 
elevated concentrations of CaCO3 or other carbonates and high pH in the 
culture media presented lower growth rates (Cardarelli et al., 2010; de la 
Torre-González et al., 2018; Fatima et al., 2021; Tamir et al., 2021). In 
this study, the application of alkaline stress to B. rapa plants also 
decreased leaf biomass, except for BraA.cax1a-12 plants, which exhibi
ted better biomass indicators than the other genotypes. On the other 
hand, BraA.cax1a-7 was the mutant with the lowest biomass values 
(Table 1). These findings suggest that CAX1 transporters influence the 
growth of plants grown under alkaline conditions and that the mutation 
in BraA.cax1a-12 could enhance tolerance to high CaCO3 
concentrations. 

4.2. Nutrient concentration 

Previous studies proved that both CAX1 modifications and alkaline 
stress have an impact on the accumulation of mineral element in plants 
(Bessrour et al., 2018; Conn et al., 2011; de la Torre-González et al., 
2018; Navarro-León et al., 2018). The reduction of K+ and the increment 
in Ca2+ concentrations are common effects of alkaline stress when 
CaCO3 is applied to other species (Bessrour et al., 2018; Cardarelli et al., 
2010; Tamir et al., 2021). These variations in Ca2+ and K+ accumulation 
were also observed in most of the analyzed genotypes in our study 
(Table 2). Other studies noted that an adequate supply of K+ and Ca2+

can be beneficial in the tolerance to alkaline stress (Capula-Rodríguez 
et al., 2016; Wei et al., 2020). Hence, the higher Ca2+ accumulation of 
BraA.cax1a-12 and the maintenance of cationic macronutrient concen
trations could be key factors in the greater tolerance of this mutant to 
alkalinity. 

In general, the effect of alkalinity on the accumulation of micro
nutrients in B. rapa plants was negative (Table 3). A decrease in 
micronutrient accumulation in growth media with high pH and the 
presence of carbonates is a common effect (Cardarelli et al., 2010; de la 
Torre-González et al., 2018; Rouphael et al., 2010). However, in some 
studies, an increment in Mn2+ concentration was observed (Bessrour 
et al., 2018; Tamir et al., 2021). This effect on Mn2+ accumulation may 
be enhanced by CAX1 modifications since all BraA.cax1a plants showed 
higher Mn2+ concentrations under alkaline conditions (Table 3). This 
result is supported by the fact that CAX1 can also transport Mn2+ into 
vacuoles facilitating its accumulation in the shoot (Conn et al., 2011). 
Regarding the rest of the analyzed micronutrients, BraA.cax1a-4 plants 
registered higher values compared to R-o-18 plants (Table 3). Therefore, 
this mutation could promote the accumulation of micronutrients under 
alkaline stress conditions. 

Fig. 2. Results from Chl a fluorescence analysis in BraA.cax1a and R-o-18 
plants subjected to alkalinity. Native fluorescence induction curves (A). Radar 
plot showing OJIP-test parameters derived from Chl a fluorescence induction 
(B). Data normalization was made to enable the representation of all parame
ters on the same scale. The colored lines represent the relative increase or 
decrease in each of the BraA.cax1a mutants with respect to R-o-18 plants (black 
line). Represented values are means from nine data (n = 9). 

Table 5 
Effect of alkalinity and BraA.cax1a mutations on gas exchange parameters in 
B. rapa plants.    

A E gs WUE 

μmol m⁻2 

s⁻1 
mmol m⁻2 

s⁻1 
mol m⁻2 

s⁻1 
mmol 
mmol− 1 

Control R-o-18 46.01 ±
2.14a 

12.67 ±
0.74a 

1.16 ±
0.08 b 

3.63 ±
0.08 b 

BraA. 
cax1a-4 

46.48 ±
3.26a 

12.72 ±
1.18a 

1.18 ±
0.14 ab 

3.66 ±
0.08 b 

BraA. 
cax1a-7 

36.02 ±
0.92 b 

13.32 ±
0.51a 

1.33 ±
0.05a 

2.70 ±
0.05c 

BraA. 
cax1a-12 

42.20 ±
4.98a 

9.92 ±
1.68 b 

0.96 ±
0.12c 

4.28 ±
0.25a 

p-value ** ** ** *** 
LSD0.05 4.92 1.73 0.16 0.22 

Alkalinity R-o-18 34.79 ±
5.34 ab 

10.13 ±
1.35 b 

0.88 ±
0.12 b 

3.32 ±
0.20 b 

BraA. 
cax1a-4 

38.41 ±
1.56a 

12.92 ±
0.86a 

1.23 ±
0.14a 

2.98 ±
1.18 b 

BraA. 
cax1a-7 

30.13 ±
2.37 b 

13.11 ±
1.14a 

1.24 ±
0.16a 

2.30 ±
0.10c 

BraA. 
cax1a-12 

38.49 ±
4.83a 

9.42 ±
1.60 b 

0.78 ±
0.14 b 

4.12 ±
0.38a 

p-value * ** ** *** 
LSD0.05 5.96 1.95 0.22 0.36 

Analysis of variance 
Alkalinity (A) *** NS * *** 
Mutation (M) *** *** *** *** 
A x M  NS NS NS NS 
LSD0.05  2.59 0.87 0.09 0.14 

Values are means ± standard deviation (n = 9). The levels of significance were 
represented as NS (p > 0.05), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). 
Values with different letters indicate significant differences. 
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4.3. Oxidative stress indicators and antioxidant response 

As in most stresses affecting plants, alkaline stress causes an accu
mulation of ROS and increased degradation of cell membranes, often 
leading to an increased in MDA generation and electrolyte leakage (EL) 
(de la Torre-González et al., 2018; Fatima et al., 2021; Mon
tesinos-Pereira et al., 2018; Yin et al., 2019). In our experiment, the 
results showed an increment in oxidative stress indicators in B. rapa 
plants subjected to alkaline stress. Two exceptions were EL and H2O2, 
which did not significantly increase in BraA.cax1a-12 plants (Table 4). 
Moreover, the results suggest that BraA.cax1a-7 plants experienced 
higher oxidative stress than BraA.cax1a-12 plants, indicating that the 
latter genotype is better adapted to alkaline stress. 

Plants activate several defense mechanisms, including antioxidant 
enzyme activities and the accumulation of antioxidant compounds such 
as AsA and GSH, to cope with oxidative stress caused by alkalinity (de la 
Torre-González et al., 2018; Fatima et al., 2021; Liu and Saneoka, 2019; 
Yin et al., 2019). Overall, in our study, the results from the AsA-GSH 
cycle suggested a negative effect of the BraA.cax1a-7 mutation on AsA 
regulation and a general enhancement of the cycle by BraA.cax1a-12 
mutation, which could help this mutant tolerate alkalinity (Fig. 1). 
These results are consistent with other studies that have reported that 
alkalinity-tolerant plants have higher activities of antioxidant enzymes, 
such as APX, GR, and SOD, and a better GSH redox state (Liu and 
Saneoka, 2019; Montesinos-Pereira et al., 2018). 

4.4. Photosynthesis performance 

Several studies showed that alkaline conditions in growth media 
have a significant impact on photosynthesis (Li et al., 2010, 2014; 
Roosta, 2011; Wang et al., 2022; Yin et al., 2019). Chl a fluorescence and 
gas exchange analysis are two complementary approaches for analyzing 
photosynthesis performance and assessing the effects of stress on it 
(Gurbanova et al., 2019; Strasser et al., 2004). Chl a fluorescence mea
surement is used to study the photochemical stage of photosynthesis and 
provide various parameters derived from the fluorescence emission 
(Strasser et al., 2004). The analysis of Chl a fluorescence kinetics 
revealed a negative impact on photosynthetic performance caused by 
the BraA.cax1a-7 mutation in the CAX transporter (Fig. 2). Specifically, 
the results indicate reduced light-harvesting capacity, lower electronic 
transport between photosystems, and an increase in the waste of 
potentially useful energy in the form of fluorescence (Strasser et al., 
2004). Conversely, the effects of BraA.cax1a-12 mutation were generally 
positive. With regard to BraA.cax1a-4, its effects were generally nega
tive, although they were not as significant as those caused by BraA. 
cax1a-7 (Fig. 2B). 

The photosynthetic CO2 fixation stage and the transpiration rates can 
be analyzed using an infrared gas analyzer (IRGA) by measuring the CO2 
and H2O flux in the leaves (Gurbanova et al., 2019). The results obtained 
by IRGA suggest that BraA.cax1a-7 had a lower capacity to maintain CO2 
assimilation, while BraA.cax1a-12 was able to have a good regulation of 
stomatal aperture and to maintain A while avoiding water loss through 
the stomata (Table 5). Combining the fluorescence and gas exchange 
results, the BraA.cax1a-12 variation could be useful for maintaining 
photosynthetic performance under alkaline conditions and may be 
related to the better tolerance of this mutant to alkalinity (Table 1). 
Other studies have shown that the recovery of both fluorescence and gas 
exchange index values is a good indicator of increased tolerance to 
alkalinity (Sheoran et al., 2021; Wang et al., 2022; Zhang et al., 2012). 
Indeed, Wang et al. (2022) observed that Ca2+ application enhanced 
photosynthesis performance and alkalinity tolerance. In our experiment, 
the changes in photosynthesis due to CAX mutations may be because 
Ca2+ is required for multiple processes within photosynthesis, such as 
electron flow, protein regulation, stromal signaling, and stomatal 
response (Hochmal et al., 2015). 

5. Conclusions 

The application of alkalinity causes stress to B. rapa plants, as evi
denced by a reduction in biomass, altered nutrient accumulation, 
oxidative stress, and reduced photosynthetic efficiency. However, the 
different BraA.cax1a variations affected the alkalinity response of 
B. rapa. Thus, BraA.cax1a-7 had a negative effect on alkalinity tolerance, 
increased oxidative stress, partially hindered the antioxidant response, 
and lowered photosynthesis efficiency. Conversely, the BraA.cax1a-12 
mutation improved alkalinity tolerance, which could be related to 
higher Ca2+ accumulation, lower oxidative stress, and better antioxidant 
response and photosynthesis performance. As for BraA.cax1a-4, it 
showed an intermediate response similar to R-o-18, but enhanced 
micronutrient accumulation under alkaline conditions. Therefore, in 
this study, BraA.cax1a-12 was identified as a useful mutation to improve 
the performance of plants grown under alkalinity conditions. However, 
further research is needed to deepen the understanding of the exact 
mechanisms and to test CAX1 mutations in other species. 

Funding 

This work was supported by a grant from Plan Propio de Inves
tigación y Transferencia, University of Granada awarded to E.N.L. and 
by Erasmus traineeship program of the University of Naples “Federico II” 
awarded to A.G. Funding for open access charge: Universidad de 
Granada. 

Contribution 

BB conceived and designed research. ENL, AG, and SAC conducted 
experiments. ENL, AG and SAC analyzed data. ENL and AG wrote the 
manuscript. JJR, SE, and BB did a critical revision of the article. All 
authors read and approved the manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

We thank Dr. Martin R. Broadley and Dr. Neil Graham from Not
tingham University for providing us the seeds employed in this 
experiment. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.plaphy.2023.107712. 

References 

Ahmadi, H., Corso, M., Weber, M., Verbruggen, N., Clemens, S., 2018. CAX1 suppresses 
Cd-induced generation of reactive oxygen species in Arabidopsis halleri. Plant Cell 
Environ. 41, 2435–2448. https://doi.org/10.1111/pce.13362. 
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