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ABSTRACT 16 

This study aimed to investigate the underlying physiological, biochemical, and molecular mechanisms 17 

responsible for Brassica napu’s potential to remediate Cd-contaminated soil under current (CC) vs. future 18 

(FC) climate (400 vs. 800 ppm of CO2, 21/14 °C vs. 25/18 °C). B. napus exhibited good tolerance to low 19 

Cd treatments (Cd-1, Cd-10, i.e., 1, 10 mg kg−1) under both climates without visible phytotoxicity 20 

symptoms. TI sharply decreased by 47% and 68% (p < 0.05), respectively, in Cd-50 and Cd-100 treated 21 

shoots under CC, but to a lesser extent (−26% and −53%, p < 0.05) under FC. This agreed with increased 22 

photosynthetic apparatus performance under FC, primarily due to a significant decrease in the closure of 23 

active PSII RCs ((dV/dt)o, TRo/RC) and less dissipated excitation energy (DIo/RC, φDo). Calvin Benson 24 

cycle-related enzyme activity also improved under FC with 2.2-fold and 2.4-fold (p < 0.05) increases in 25 

Rubisco and TPI under Cd-50 and Cd-100, respectively. Consequentially, a 2.2-fold and 2.3-fold (p < 26 
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0.05) boosted Pr resulted in a 2.3-fold and 2.4-fold (p < 0.05) increase in the DW of Cd-50 and Cd-100 27 

treated shoots, respectively. This also led to a decrease (26%, p < 0.05) in shoot Cd concentration under 28 

both high Cd treatments with a slight reduction in BCF. Translocation factor (TF) decreased (on average 29 

42%, p < 0.05) by high Cd treatments under both climates. However, under Cd-100, FC increased TF by 30 

1.7-fold (p < 0.05) compared to CC, which could be explained by significant increases in the expression 31 

of HMA genes, especially BnaHMA4a and BnaHMA4c. Finally, Cd TU increased under FC by 65% and 32 

76% (p < 0.05) under Cd-50 and Cd-100. This led to a shorter hypothetical remediation time for reaching 33 

the Cd pollution limit by 35 (p > 0.05) and 61 (p < 0.05) years, respectively, compared to CC. 34 

 35 

Keywords: Brassica napus, Future climate, HMA genes, Photosynthetic apparatus performance, CBC-36 

related enzymes, Phytoextraction potential.  37 

 38 

1. Introduction 39 

 40 

Increased anthropogenic activities including mining, smelting, disposal of manure, wastewater, 41 

or sewage sludge and indiscriminate use of phosphate fertilizers and pesticides have resulted in 42 

widespread soil contamination with heavy metals (HMs) (Dutta et al., 2021; Haider et al., 2021; Yan et 43 

al., 2020). Among these HMs, cadmium (Cd) is a non-essential element known for its harmful effect on 44 

plant growth and physiology (Dutta et al., 2021; Sabir et al., 2020). Cd is highly phytotoxic even at low 45 

concentrations (Ali et al., 2017; Gallego et al., 2012; Jiang et al., 2016; Yang et al., 2017). For example, 46 

most plants exhibit visible Cd toxicity symptoms when the bioavailable Cd concentration exceeds 0.001 47 

mg kg−1 or reaches 3-30 mg kg−1 in plant tissues (Dutta et al., 2021). Cd accumulation in plant induces 48 

many morphological, physiological, and biochemical toxic effects on plant growth and development, 49 

with the photosynthetic apparatus, especially the photosystems I (PSI) and II (PSII), being the primary 50 
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site of Cd action (Haider et al., 2021; He et al., 2017). Depending on continent and country, Cd 51 

concentrations in unpolluted soils range from 0.01 to 1 mg kg−1 with a global mean of 0.36 mg kg−1 and 52 

a European average of 0.2 mg kg−1 (Dutta et al., 2021; Kubier et al., 2019). Soil Cd content of more than 53 

3 mg kg−1 is considered a critical Cd pollution limit (Dutta et al., 2021). However, soil Cd levels near 54 

industrial and agricultural activities far exceed this limit, reaching > 150 mg kg−1 (Ali et al., 2017). Unlike 55 

organic contaminants, Cd is non-biodegradable and therefore persists for a long time after being 56 

introduced into the soil (Suman et al., 2018; Yan et al., 2020). Moreover, Cd is one of the most mobile 57 

elements in the environment (Kubier et al., 2019), with the highest solubility in water (Hussain and 58 

Keçili, 2020) and thus can be quickly taken up by plants (Hussain et al., 2021). This, however, facilitates 59 

Cd removal from the soil via phytoextraction, which is a safe, clean, cost-effective plant-based 60 

technology to translocate the soil’s heavy metals to aboveground harvestable biomass of plants (Khalid 61 

et al., 2017; Diarra et al., 2021). In recent years, phytoextraction has become the most prominent 62 

phytoremediation method for extracting HMs from polluted soil (Yan et al., 2020).  63 

One important criterion that must be considered during plant selection for phytoextraction is 64 

climatic and soil conditions (Suman et al., 2018). Change in climatic conditions influences the plant-65 

heavy metal interaction (Rajkumar et al., 2013). Therefore, it is important to investigate the future climate 66 

(FC) effect on phytoextraction performance. Atmospheric CO2 concentration continues to rise, reaching 67 

annual averages of 415 ppm in 2022 (Lindsey, 2022). It is expected to roughly double from current levels 68 

by 2100 (IPCC, 2021) under the SSP3-7.0 scenario with high greenhouse gas (GHG) and CO2 emissions 69 

(IPCC, 2021). The global surface temperature will also continue to increase until at least mid-century, 70 

adding 2.8 to 4.6 °C by the end of this century (2081-2100), compared to 1850-1900, under the high 71 

GHG emissions scenario (IPCC, 2021). However, Europe has been experiencing a warming trend that is 72 

more rapid than the global average from 1991 to 2021, which was more than twice as fast as the global 73 

average, about +0.5 °C per decade (WMO, 2022). According to the Coupled Model Intercomparison 74 
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Project phase 6 (CMIP6) and SSP3-7.0 scenarios, Europe’s projected land temperature rise by the end of 75 

the century will be +4.26 °C on average, relative to the historical baseline of 1995-2014 (Tebaldi et al., 76 

2021). 77 

The effects of elevated CO2 concentration (eCO2) and warming on plant growth and metal 78 

accumulation have been shown to significantly differ depending on the environment’s physical-79 

chemical-biological features and the plant species (Rajkumar et al., 2013). eCO2 has a positive effect on 80 

Cd phytoremediation in polluted soils, owing to the significant increase in plant biomass (Jia et al., 2010; 81 

Li et al., 2010), metal accumulation (Guo et al., 2015, 2011) or both (Li et al., 2010). On the other hand, 82 

decreases in Cd concentrations in different plant organs have also been reported under eCO2 (Jia et al., 83 

2010; Li et al., 2010) or higher air temperature conditions (Li et al., 2012; Ma et al., 2017; Rabêlo et al., 84 

2020). Predicted elevated temperatures are expected to increase the pollutant’s toxicity but will accelerate 85 

chemical degradation also (Noyes et al., 2009). Therefore, the overall change in phytoextraction 86 

efficiency remains unclear and depends on the climatic variable’s effects on plant metabolism, and the 87 

phytoextraction could increase or decrease.  88 

Another vital point for effective phytoextraction is the appropriate selection of an efficient plant 89 

capable of growing in a contaminated environment and transferring toxic contaminants to its 90 

aboveground organs (Khalid et al., 2017; Suman et al., 2018; Yan et al., 2020). Among the characteristics 91 

that determine the phytoextraction potential of a plant species, the key factors are metal-accumulating 92 

capacities and aboveground biomass (Yan et al., 2020). In this regard, B. napus, a fast-growing crop, is 93 

known for high-stress tolerance and the ability to sequester Cd in Cd-contaminated soils, promoting long-94 

term soil decontamination (Li et al., 2018; Rizwan et al., 2018; Suman et al., 2018). Furthermore, oilseed 95 

crops have the advantage over other Cd-tolerant plants because they can generate by-products, such as 96 

biofuels, which contribute to the economy (Rizwan et al., 2018; Romih et al., 2012; Sebastian and Prasad, 97 

2014). Regarding metal-accumulating capacities, some members of the heavy metal P1B-ATPase (HMA) 98 
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family, which function as transporters to hydrolyze ATP for the transport of metal ions (Argüello et al., 99 

2007), are responsible for Cd translocation in various plant species and play a vital role in Cd 100 

detoxification (Li et al., 2018). For example, in rice, OsHMA2 is linked to vascular tissue zinc loading 101 

and tonoplast localization (Yamaji et al., 2013). In Arabidopsis thaliana and rice, HMA3 is 102 

predominantly expressed in roots, limiting Cd translocation to shoots by selectively sequestrating Cd into 103 

root vacuoles (Chao et al., 2012; Ueno et al., 2010). Meanwhile, OsHMA4 functions to sequester Cu into 104 

root vacuoles, limiting Cu accumulation in the grain (Huang et al., 2016). HvHMA1 plays a role in Zn 105 

and Cd transport into barley grain (Mikkelsen et al., 2012). HMA genes also play a significant role in Cd 106 

translocation in wheat, in which they are localized in the plasma membrane (Tan et al., 2013). In A. 107 

thaliana, overexpression of AtHMA3 resulted in a 2- to 3-fold increase in Cd accumulation compared to 108 

wild-type plants (Morel et al., 2009). There is also evidence of several HMA genes, e.g., BnHMA2;2, 109 

BnHMA2;3, BnHMA2;5 (Li et al., 2018) and BnaHMA4c (Zhang et al., 2020), responding to Cd stress 110 

in B. napus. 111 

Recently, B. napus demonstrated high Cd tolerance and ability to Cd phytoextraction from low 112 

and moderate Cd-polluted soil but showed low Cd removal efficiency in highly Cd-contaminated soil 113 

under current climate (CC) conditions (Kniuipytė et al., 2023). Meanwhile, our previous studies have 114 

shown that eCO2 and higher air temperature conditions improved B. napus biomass production and 115 

photosynthetic performance (Dikšaitytė et al., 2020, 2019; Juozapaitienė et al., 2019). Therefore, we 116 

hypothesized that FC conditions with eCO2 and increased temperature could enhance Cd phytoextraction 117 

potential of B. napus. This study aimed to investigate the physiological, biochemical, and molecular 118 

mechanisms that link metal-accumulating capacities and photosynthetic performance with 119 

phytoextraction efficiency in B. napus. To this end, we deeply investigated the expression of HMA genes, 120 

underlying Cd transfer efficiency from roots to shoots, photosynthetic apparatus performance, and 121 
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Calvin-Benson cycle (CBC)-related enzyme activity in response to Cd-induced stress under CC and FC 122 

conditions.  123 

2. Materials and methods 124 

 125 

2.1. Experimental materials and soil preparation 126 

The rapeseed (Brassica napus L., var. ‘Fenja’) seeds were obtained from the Institute of 127 

Agriculture of the Lithuanian Research Centre for Agriculture and Forestry. The pot experiment was 128 

conducted in controlled environment growth chambers (10 m3 chamber volume, 2.0 × 2.0 × 2.5 m width, 129 

length, height). The used field soil (Calcari-Endohypogleyic Luvisol) of the top layer (0-20 cm deep) 130 

was collected from the Academy of Agriculture Experimental Research Station of Vytautas Magnus 131 

university (Kaunas district, Lithuania). The soil was grounded into particles up to 10 × 10 mm in size 132 

and mixed with agroperlite and sand (fraction 0-2 mm) in a 5:3:2 volume ratio. The prepared soil was 133 

placed in 3-liter vegetation pots (2.5 kg) and 60 kg N ha−1 of complex NPK commercial fertilizer (12-134 

11-18 + microelements) (Achema, Lithuania) was applied. Before soil fertilization, the main physical 135 

and chemical characteristics of the prepared soil, such as pH (ISO 10390), mineral nitrogen (Nmin, N-136 

NO3 + N-NO2 and N-NH4, ISO 13395 and ISO 11732), plant-available P and K determined by Egner-137 

Riehm-Domingo (A-L) method (Egnér et al., 1960), plant-available S, Ca, and Mg (LVP D-12:2021 and 138 

LVP D-13:2021 standards), soil organic carbon (C, ISO 10694), humus (ISO 10694), soil organic matter 139 

(SOM, ISO 10694), and electrical conductivity (EC, ISO 11265) were analyzed (Table S1). Before the 140 

experimental analyses, soil samples were air-dried and sieved through a 2-mm mesh.  141 

 142 

2.2. Experimental design and growth conditions 143 

The experiment was carried out in a completely randomized block design using two factors (Cd 144 

and climate). Five Cd concentrations (0, 1, 10, 50, and 100 mg kg−1) and two climate conditions (current 145 
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climate (CC) and future climate (FC)) were applied. Three replicates for each Cd treatment (supplied as 146 

CdCl2 × 2.5H2O), designated as Cd-0, Cd-1, Cd-10, Cd-50, and Cd-100, were prepared for CC and FC, 147 

yielding a total of 30 experimental units. Half of the pots contained different Cd concentrations were 148 

placed in growth chamber with CC conditions (the air temperature (Tair) of 21/14 °C (day/night), 149 

corresponding to the long-term average temperature of the vegetation period in Lithuania, 400 ppm 150 

atmospheric CO2 concentration and relative air humidity (RH) of 55-60/65-70% (day/night)). The second 151 

half of the pots placed in growth chamber with FC conditions (Tair of 25/18 °C, 800 ppm of CO2, and 152 

RH of 45-50/55-60%). Other growing conditions in both chambers were maintained identically: a 14 h 153 

photoperiod per day and ~ 300 mol m−2 s−1 photosynthetically active radiation (PAR) at the top of the 154 

plant height. PAR was provided by a combination of natural daylight luminescent lamps (Philips, 155 

Waterproof OPK Natural Daylight LF80 Wattage 2 × 58 W/TL-D 58 W) and high-pressure sodium lamp 156 

(Philips MASTER GreenPower CG T 600 W). The CO2 concentration was automatically controlled by 157 

adjusting the amount of injected CO2 gas and the chamber conditioner. Tair in the growth chambers was 158 

manually controlled at the operating cupboards (Emerson Network Power S.r.l., Italy, model No. 159 

S06UC021V300020FX051260) of the growth chambers. The IGSS 9–13175 software was used to 160 

control the climate program. Tair, RH, and CO2 were measured using an automated sensor (CO2HRT-161 

D, Regin, Källered, Sweden) placed in both chambers.  162 

The prepared soil with embedded Cd was left for stabilization in the chambers for seven days 163 

under CC and FC conditions. Then fifteen rapeseed seeds were sown in a pot. On the 21st day after 164 

sowing (DAS), plants were thinned, leaving seven units per pot. On the 34th DAS, all plants were 165 

fertilized again with the complex NPK fertilizer (NPK 12-11-18 + microelements) at a rate of 60 kg N 166 

ha−1. Throughout the experiment, plants grown in both chambers were regularly watered with tap water 167 

to maintain a volumetric soil water content (SWC) of 30%, as measured with a Theta Probe ML2x sensor 168 

in conjunction with a handset HH2 moisture meter at a depth of 6 cm (Delta-T Devices Ltd., Cambridge, 169 
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UK). To avoid an “edge” effect on plant growth, pots in the same chamber were rotated every other day. 170 

Moreover, to prevent a possible chamber effect on plant growth, all plants were transferred from one 171 

chamber to another twice during the experiment, re-establishing the required climatic conditions. The 172 

morphological parameters for treatment comparisons were assessed on the 64th DAS, while 173 

physiological parameters were measured one day earlier (63 DAS). 174 

 175 

2.3.  Analysis of gene expression  176 

To investigate the molecular mechanism of Cd tolerance in B. napus, the expression levels of 177 

homologous HMA1-4 genes under CC and FC conditions were evaluated using a quantitative real-time 178 

polymerase chain reaction (qRT-PCR). The TransZol kit was used to extract total RNA from rapeseed 179 

radicles grown under control (Cd-0) or Cd stress (Cd-1, Cd-10, Cd-50, and Cd-100) conditions (Trans 180 

Gene Biotech) (Huang et al., 2012). The first strand cDNA was synthesized with 500 ng RNA using the 181 

HiScript® II Q Select RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme Biotech) according to the 182 

manufacture protocol. The gene copy-specific primers for homologous genes were created using Primer 183 

Premier 5 (Table S2). The qRT-PCR assay was performed in the LightCycler® 480 qPCR machine 184 

(Roche Life Science) using the LightCycler® 480 SYBR Green I Master kit following the manufacturer’s 185 

instructions. BnACTIN7’s relative expression levels were normalized using the △CT method (Zhang et 186 

al., 2018). 187 

 188 

2.4. Evaluation of photosynthetic apparatus performance 189 

A plant efficiency analyzer (Handy PEA, Hansatech Instruments, King’s Lynn, Norfolk, 190 

England) was used to measure chlorophyll a fluorescence (ChlF). The youngest fully expanded leaves 191 

were dark-adapted for 15 min before being illuminated with a saturating ultra-bright red-light pulse (650 192 

nm, 1800 mol photons m−2 s−1) from an array of three light-emitting diodes, which provided uniform 193 
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illumination over the area of leaf exposed by the leaf clip (4 mm dia). The light pulse generates a fast 194 

fluorescence rise from the initial fluorescence intensity (F0) when all reaction centers are open to a 195 

maximal (Fm) when all reaction centers are closed. The data from 1-sec measurements were used to 196 

calculate various biophysical parameters derived from the OJIP transients using the JIP-test equations 197 

(Strasser et al., 2010, 2004, 2000). JIP-test is a mathematical model developed as a biophysical tool for 198 

assessing the cascade of chloroplast redox reactions at microsecond or millisecond scales (Kalaji et al., 199 

2016) based on the theory of ‘energy flow’ across thylakoid membranes (Strasser et al., 2000). The JIP-200 

test parameters, their abbreviations, formulas, and definitions used in this study are presented in Table 201 

S3. 202 

 203 

2.5.  Determination of photosynthetic and antioxidant pigment content 204 

High-performance liquid chromatography (HPLC) (silica-based C18 column; Waters 205 

Spherisorb 5 m ODS1 4.6 250 mm) was used to determine the content of photosynthetic and antioxidant 206 

pigments after separation on a reverse phase, as described by de Sousa et al. (2022). Acetonitrile (C2H3N), 207 

methanol (CH3OH), and water (H2O) in the ratio 81:9:10 were used as solvent A, and methanol (CH3OH) 208 

and ethyl acetate (C4H8O2) (68:32) was used as solvent B. A diode array detector (LC-10ADvp, 209 

Shimadzu, Tokyo, Japan) was used to detect molecules. 210 

 211 

2.6. CBC-related enzyme’s activity measurements 212 

The activity of ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) enzyme was 213 

measured in leaf extracts using a modified Wang and Portis (1992) method as it was previously described 214 

by de Sousa et al. (2022). RuBisCO activity was measured after NADH oxidation (340 nm) (Racker, 215 

1962), and relative Rubisco levels were measured as described earlier by Soares et al. (2016). Activities 216 

of fructose 1,6-bisphosphatase (FBPase) (EC 3.1.3.11), triose-phosphate isomerase (TPI) (EC 1.2.1.12), 217 
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phosphoglycerate kinase (PGK) (EC 2.7.2.3), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 218 

(EC 1.2.1.12), and aldolase (ALS) (EC 4.1.2.13) were also measured following NADH oxidation at 340 219 

nm. TPI activity was measured according to Aoyagi and Bassham’s (1983) method, PGK and GAPDH 220 

based on Latzko and Gibbs’s (1968) description, and ALS using the Russell and Gibbs (1967) procedure. 221 

All these photosynthetic enzyme assays have been described previously by de Sousa et al. (2022).  222 

 223 

2.7. Evaluation of gas exchange 224 

 225 

The photosynthetic rate (Pr, µmol CO2 m
−2 s−1), stomatal conductance (gs; mol H2O m−2 s−1), 226 

transpiration rate (E; mmol H2O m−2 s−1), the ratio of intercellular to ambient CO2 concentration (Ci/Ca), 227 

and water use efficiency (WUE, µmol CO2 mmol−1 H2O, determined by Pr / E) were estimated using a 228 

portable LI-6400 infrared gas-exchange system (Li-6400, LI-COR Inc., NE, USA), calibrated according 229 

to the specifications of manufacturer. The youngest fully expanded leaves of three randomly chosen 230 

plants per pot with three pots per treatment were measured. Measurements were taken after CO2 and H2O 231 

flux stabilization to ensure that photosynthetic responses reflected those within the growth chambers 232 

(Dan Wang et al., 2014). CO2 concentration and temperature in the leaf cuvette were maintained under 233 

plants’ growth conditions. In CC, leaf chamber conditions were controlled at 21 °C (block temperature) 234 

and 400 µmol mol−1 CO2 concentration of the reference cell, resulting in a mean leaf cuvette CO2 235 

concentration of 397 ± 0.4 µmol mol−1. In FC, block temperature and CO2 concentration of the reference 236 

cell were set at 25 °C and 800 µmol mol−1, resulting in a mean leaf cuvette CO2 concentration of 794 ± 237 

0.5 µmol mol−1. After achieving a steady state under those conditions (usually in 5-10 min), 238 

measurements were automatically logged for 5 min every 15 sec. The air flow rate through the 239 

assimilation chamber was maintained at 500 µmol s−1. The humidity (RH) inside the leaf cuvette were 240 
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allowed to vary depending on the conditions in the plant’s growth chambers. PAR outside the leaf 241 

chamber under CC and FC was 214 ± 0.7 and 219 ± 2.3 µmol m−2 s−1 on average (p > 0.05), respectively.  242 

 243 

2.8. Determination of biomass and Cd concentration 244 

Then separated shoots and roots biomass of all seven rapeseeds in the pot was determined based 245 

on constant dry weights (DW) (g) after drying in a forced-air ventilation oven at 70 °C. After oven-246 

drying, milled (Retsch MM400, Germany) samples (∼ 0.2 g) were microwave-digested (Milestone 247 

ETHOS One, Italy) with 65% HNO3 and 30% H2O2 solutions (v/v = 8/2) and Cd concentration was 248 

determined by inductively coupled plasma optical emission spectrometry (ICP-OES) on an Optima 8000 249 

(PerkinElmer, USA) (Wheal et al., 2011). The accuracy of the analytical methods was verified using 250 

certified reference material CRM − BCR − 129 Hay Powder (Institute for Reference Materials and 251 

Measurements) and blank reagent samples. The Cd standard was analyzed every 20 samples to monitor 252 

the ICP-OES signal drift, with each sample being scanned three times. 253 

 254 

2.9. Evaluation of phytoextraction efficiency  255 

Cd phytoextraction efficiency by rapeseed under CC and FC was estimated by calculating the 256 

bioconcentration factor (BCF) and translocation factor (TF) (Ali et al., 2013), Cd-tolerance index (TI) 257 

for shoots (Antoniadis et al., 2017) and the shoot total cadmium uptake (TU) index (Dos Santos Utmazian 258 

et al., 2007) according to eq. 1–4.  259 

 260 

BCF  = 
Cshoot

Csoil
                                                                                                                                                      (1) 261 

 262 

where Cshoot is Cd concentration (mg kg−1 DW) in shoot and Csoil is Cd concentration (mg kg−1) in soil. 263 

 264 
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TF  = 
Cshoot

Croot
                                                                                                                                                         (2) 265 

 266 

where Croot is Cd concentration (mg kg−1 DW) in root. 267 

 268 

TI = 
Shoot DW in Cd polluted soil
Shoot DW in non-polluted soil

                                                                                                              (3) 269 

 270 

TU  =  Cshoot × Shoot DW                                                                                                                                (4) 271 

 272 

In addition, based on Cd TU for shoots per pot in a unit of area per time, Cd phytoextraction 273 

potential for Cd-1–Cd-100 treatments under CC and FC conditions was calculated (eq. 5). The 274 

hypothetical remediation time (HRT) required to reduce Cd-contaminated soil to Cd pollution limit of 3 275 

mg kg−1 (Dutta et al., 2021) or lower soil guideline value (SGV) based on ecological risk of 10 mg kg−1 276 

(Tóth et al., 2016) was calculated according to eq. 6 (adapted from Antoniadis et al., 2017 and Rabêlo et 277 

al., 2020).  278 

 279 

Phytoextraction potential (kg ha–1 year–1) = TU × nnumber of plants in pot 
area time⁄                                                         (5) 280 

 281 

where area is the area of the pot used in this study (0.0266 m2) and time is the time (in days = 43 days) 282 

of plant growth from the thinning to seven units in a pot (n = 7). 283 

 284 

Hypothetical remediation time (years) = Cdsoil − Cdpollution limit or SGV

Phytoextraction potential/SWH
                                                  (6) 285 

 286 
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where Cdsoil is the Cd concentrations (mg kg−1) in soil, SGV is the soil guideline value (the lower SGV 287 

of 10 mg kg−1 based on ecological risk, according to Tóth et al. (2016) was used in this study), and SWH 288 

(kg ha−1) is the weight of soil (in kg) on one hectare, calculated by multiplying the area of a hectare (10 289 

000 m2) by a depth of the arable layer (assumed to be 0.15 m) and by the bulk density of the soil used in 290 

this study (1200 kg m3). 291 

 292 

2.10. Statistical analysis 293 

All statistical analyses were performed using the STATISTICA 8 software after ensuring the 294 

data normality and homoskedastic. To compare the means of the measured variables between climates 295 

within each Cd concentration and the measured variables between Cd concentrations within each climate, 296 

one-way analysis of variance (ANOVA) was used, followed by post hoc all pairwise multiple comparison 297 

tests (Fishers’ LSD). The two-way ANOVA was used to assess the effects of Cd, climate, and their 298 

interaction on the tested parameters. Pearson’s correlation analysis was applied to evaluate the 299 

relationship between the variables under consideration. The graphs were created using excel software, 300 

and the results were expressed as means ± standard error (SE). In all statistical analyses, were fixed 301 

effects, and a p-value ≤ 0.05 was the threshold for significance. Hierarchical Clustering Heatmaps were 302 

plotted by the SRpolt tool (https://www.bioinformatics.com.cn/en) using the Euclidean distance and the 303 

complete linkage method.  304 

 305 

3. Results 306 

3.1. Expression of HMA genes involved in HM translocation  307 

In the presence of Cd, B. napus showed up-regulation of four HMA family genes under CC 308 

conditions and eight under FC. The expressions of BnaHMA1a, BnaHMA1b, BnaHMA2a, and 309 

BnaHMA4c were increased under both climates, and BnaHMA2b, BnaHMA3a, BnaHMA3b, and 310 

https://www.bioinformatics.com.cn/en
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BnaHMA4a only under FC (Fig. 1A-H). Under CC conditions, the expression level of BnaHMA1a and 311 

BnaHMA4c genes was significantly increased in Cd-10–Cd-100 treatments (Fig. 1A, H), and BnaHMA1b 312 

and BnaHMA2a in high (Cd-50 and Cd-100) treatments only (Fig. 1B, C). Under FC, BnaHMA4c 313 

expression was 1.8 to 4.9 times (p < 0.05) up-regulated in both low and high Cd treatments compared to 314 

their respective control. However, the expression level of all other HMA1-4 genes was significantly 315 

increased only in high Cd treatments. BnaHMA1a, BnaHMA1b, BnaHMA2a, and BnaHMA2b expression 316 

was significantly up-regulated in Cd-50 and Cd-100 treatments (Fig. 1A-D), while BnaHMA3a, 317 

BnaHMA3b, and BnaHMA4a only in Cd-100 (Fig. 1E-G). All BnaHMA genes were influenced by Cd, 318 

meanwhile the climate and Cd × climate interaction had no significant effect on BnaHMA1a, 319 

BnaHMA1b, and BnaHMA3a genes (Table S4). Under both climates, the most up-regulated was the 320 

expression of BnaHMA2a and BnaHMA4c genes. The expression level of BnaHMA2a increased by 2.4 321 

and 3.3 times (p < 0.05) in Cd-50 and by 2.7 and 4.6 times (p < 0.05) in Cd-100 under CC and FC 322 

conditions, respectively. BnaHMA4c expression was up-regulated by 2.1 and 3.1 times (p < 0.05) in Cd-323 

50 and by 2.2 and 4.9 times (p < 0.05) in Cd-100 under CC and FC conditions (Fig. 1C, H).  324 

 325 

3.2. Photosynthetic apparatus performance 326 

The deleterious Cd effect on photosynthetic apparatus performance was more pronounced under 327 

CC than FC conditions (Fig. 2A and B). Twenty-nine of the thirty-three JIP-test parameters analyzed 328 

were significantly (p < 0.05) affected by Cd treatment under CC conditions (Table S5). The values of 329 

Fm, Fv, Fv/Fo, tFm, Area, Sm, φPo, ψEo, φEo, δRo, φRo, REo/RC, RC/ABS, ABS/CSm, TRo/CSm, 330 

ETo/CSm, REo/CSm, RC/CSm, PIabs, PItotal, SFIabs, DFabs, and DFtotal parameters were 331 

significantly decreased, while dVG/dto, (dV/dt)o, φDo, ABS/RC, TRo/RC, and DIo/RC showed 332 

increases compared to control. Only high Cd treatments significantly affected these JIP-test parameters 333 

(Fig. S1C) with Fm, Fv, Fv/Fo, φPo, φEo, φDo, ABS/RC, TRo/RC, DIo/RC, REo/RC, ABS/CSm, 334 
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TRo/CSm, ETo/CSm, and DFabs changing from control plants only in Cd-100 (Fig. 2A and Table S5). 335 

The only exception is PItotal, which showed a significantly higher value in Cd-10 (p < 0.05). Under FC 336 

conditions, significant differences from the respective control (Cd-0 under FC) were observed in sixteen 337 

JIP-test parameters, with tFm, Area, Sm, φRo, RC/ABS, REo/CSm, RC/CSm, PIabs, PItotal, SFIabs, and 338 

DFtotal decreasing, while dVG/dto, (dV/dt)o, ABS/RC, TRo/RC, and ETo/RC increasing (Figs. 2B and 339 

S1C, Table S5). Of these, dVG/dto and (dV/dt)o were significantly affected by Cd-10–Cd-100 340 

treatments, tFm – by Cd-50 and Cd-100, and all others only by Cd-100.  341 

As for the extracted and technical ChlF parameters, the most noticeable variations were 342 

observed in dVG/dto and (dV/dt)o, which increased up to 3.2 and 2.7 times by Cd-100 treatment under 343 

CC and by 76% and 67% under FC conditions, respectively (all p < 0.05) (Fig. 2A, B and Table S5). 344 

Among the yield and efficiency parameters, the most obvious negative Cd influence was observed in 345 

φRo, which was reduced by 57% and 17% (p < 0.05) under CC and FC conditions. In the specific energy 346 

fluxes per active PSII RC, the most notable changes occurred in ABS/RC, TRo/RC, and DIo/RC that 347 

correspond to absorption, trapping, and dissipation, respectively. Under CC conditions, in Cd-100 348 

treatment, these parameters increased by 73%, 63%, and 2.3 times (all p < 0.05), respectively. 349 

Meanwhile, FC increased them by 43%, 44% (p < 0.05), and 38% (p > 0.05), respectively. Regarding 350 

the phenomenological energy fluxes, the most pronounced changes were observed in REo/CSm and 351 

RC/CSm, which decreased by 66% and 70% under CC conditions and only 21% and 35% under FC 352 

conditions, respectively (all p < 0.05). The performance indexes and driving forces changed dramatically 353 

under both CC and FC conditions, particularly PItotal and DFtotal. These parameters in Cd-100 treatment 354 

were reduced by 87% and 5.0-fold under CC conditions and by 49% and 38% under FC conditions, 355 

respectively (all p < 0.05) (Fig. 2A, B and Table S5). 356 

Overall, except for Fo, N, REo/RC, DIo/CSm, and REo/CSm, all other JIP-test parameters were 357 

significantly affected by Cd. Climate considerably altered Fo, Fv, Fv/Fo, tFm, Area, φPo, φDo, DIo/RC, 358 
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TRo/CSm, and DIo/CSm. Meanwhile, the interaction of these factors had a significant effect on Fm, Fv, 359 

Fv/Fo, Area, Sm, all yield/efficiency parameters, REo/RC, ABS/CSm, TRo/CSm, ETo/CSm, REo/CSm, 360 

and performance indexes and driving forces, except SFIabs (Table S4). 361 

 362 

3.3. Photosynthetic and antioxidant pigments 363 

Both chlorophylls (Chl) a and b were significantly influenced by Cd and climate but not their 364 

interaction (ANOVA, Table S4). The contents of Chl a and b were reduced by 37% to 67% (p < 0.05) 365 

on average in Cd-10–Cd-100 treatments compared to Cd-0 under CC conditions. Under FC conditions, 366 

Chl a reduced by 38% and 48% (p < 0.05) in Cd-50 and Cd-100, and Chl b by 20% to 63% (p < 0.05) in 367 

Cd-10–Cd-100 treatments (Fig. 3A, B). Cd-stressed and non-Cd-affected rapeseed tended to have higher 368 

chlorophylls a and b levels under FC than CC conditions, with Chl a content being 45% (p < 0.05) higher 369 

in Cd-10 treatment and Chl b 28% and 35% (p < 0.05) in Cd-10 and Cd-50, respectively. Cd significantly 370 

affected antioxidant pigments, climate only α-carotene, while the interaction of these factors was 371 

substantial only for violaxanthin (Table S4). Contrary to photosynthetic pigments, antioxidant pigments 372 

content increased in response to Cd stress (Figs. 3C-G and S1A). The contents of α-carotene, neoxanthin, 373 

and violaxanthin were significantly increased in Cd-10–Cd-100 treatments under CC conditions and Cd-374 

50 and Cd-100 under FC. β-carotene content increased considerably in Cd-10–Cd-100 treatments, while 375 

lutein content in Cd-50 and Cd-100. Out of these parameters, the most noticeable changes were observed 376 

for β-carotene, which increased in stressed plants by 48% to 112% under CC and 40% to 138% under 377 

FC conditions, respectively (all p < 0.05). 378 

 379 

3.4. CBC-related enzymes activity 380 

Cd significantly affected all Calvin-Benson cycle (CBC)-related enzymes, climate RuBisCO, 381 

TPI, and PGK activity, and ALS showed factors interaction (Table S4). CBC-related enzyme activity 382 
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was gradually decreased in response to Cd stress with a higher effect of Cd-10–Cd-100 treatments under 383 

CC than FC conditions, except for ALS (Figs. 4A-F and S1A). Under both climates, the most affected 384 

enzyme was RuBisCO, which decreased by 60% to 74% in Cd-10–Cd-100 treatments under CC and 17% 385 

to 63% in Cd-1–Cd-100 treatments under FC (all p < 0.05). RuBisCO, TPI, and PGK activity was 386 

consistently higher under FC compared to CC conditions in both non-Cd-affected and Cd-stressed 387 

rapeseed, with up to 2.2 and 1.7-fold (p < 0.05) for Rubisco and PGK in Cd-50, respectively, and by 2.4-388 

fold (p < 0.05) for TPI in Cd-100 (Fig. 4, A, C, D). Meanwhile, the activity of FBPase increased under 389 

FC conditions only in Cd-10–Cd-100 treatments, and GAPDH and ALS only in Cd-50 and Cd-100, but 390 

did not differ significantly (p > 0.05) from those under CC conditions, except that ALS activity of non-391 

Cd-treated rapeseed was by 32% (p < 0.05) lower under FC than CC. 392 

 393 

3.5. Gas exchange performance  394 

Photosynthetic rate (Pr) and water use efficiency (WUE) of rapeseed grown in low Cd levels 395 

did not differ from control (Cd-0), while significantly decreased by 40% and 23% in Cd-50 and by 67% 396 

and 60% in Cd-100 treatment, respectively, (all p < 0.05) under CC conditions (Figs. 5A, E, and S1A). 397 

Under FC conditions, the harmful Cd effect decreased Pr by 13%, 28%, and 58%, and WUE by 10%, 398 

13%, and 34% in Cd-10, Cd-50, and Cd-100 treatments, respectively (all p < 0.05). However, in Cd-100, 399 

Pr and WUE were 2.3- and 2.8-fold (p < 0.05) higher under FC than CC conditions (Fig. 5A, E). In low 400 

treatments, Cd did not affect stomatal conductance (gs) or transpiration rate (E) (Fig. 5B, D). Meanwhile, 401 

Cd-50 reduced gs by 18% (p < 0.05) under both climates. It was decreased twice as much as in Cd-50 in 402 

Cd-100 under CC (p < 0.05) but was less affected under FC conditions (Fig. 5B). E in Cd-50 was reduced 403 

by 22% and 17% (p < 0.05) under CC and FC, respectively and did not change (p > 0.05) between Cd-404 

50 and Cd-100 treatments under CC conditions, while Cd-100 reduced it twice as much as Cd-50 (p < 405 

0.05) under FC (Fig. 5D). The intercellular to ambient CO2 concentration (Ci/Ca) exhibited the opposite 406 
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response trend to Cd treatment compared to that of Pr under both climates (Figs. 5C and S1A). Under 407 

CC conditions, Ci/Ca increased in Cd-50 and Cd-100 by 15% and 26% (p < 0.05), respectively, compared 408 

to Cd-0. Meanwhile, it started to shift in the reverse direction of Pr in Cd-10 treatment, being 20% (p < 409 

0.05) higher in Cd-100 under FC conditions. To sum up, all gas-exchange parameters were considerably 410 

affected by Cd. The effect of climate was not substantial for E, while the interaction between these factors 411 

on gs only (Table S4).  412 

 413 

3.6. Growth performance 414 

 415 

In terms of the onset of visual symptoms of Cd phytotoxicity in the aboveground part, visible 416 

leaf lesions such as chlorosis, leaf rolling, and growth retardation were only noticed in plants grown with 417 

Cd-50 and Cd-100 treatments, being more pronounced under CC conditions (Fig. 6A and B). Shoot dry 418 

weight (DW) of Cd-stressed rapeseed followed the trend of Pr and WUE under both climates (Figs. 6C, 419 

5A, E and S1A). Low soil Cd concentrations did not affect (p > 0.05) rapeseed growth under CC 420 

conditions. Cd-1 treatment was the only exception, as it had a hormesis effect on root growth, increasing 421 

root DW by 38% (p < 0.05) compared to control (Cd-0) (Fig. 6C, E). High Cd contamination considerably 422 

reduced shoot and root DW by 46% and 58% under Cd-50 and by 68% and 79% under Cd-100 treatment, 423 

respectively (all p < 0.05). Under FC conditions, a significant reduction of shoot DW started from Cd-424 

10 treatment with 17–53% (p < 0.05) decreases under Cd-10−Cd-100 treatments, compared to respective 425 

control plants (Cd-0 under FC). Meanwhile, root DW was significantly affected (–42%, p < 0.05) only 426 

in Cd-100 treatment. 427 

The analysis of two-way ANOVA revealed that both factors (Cd and climate) significantly 428 

influenced shoot and root biomass, but the interaction between them was only significant for roots (Table 429 

S4). FC conditions improved both non-Cd-affected and Cd-stressed rapeseed growth. Shoot and root DW 430 
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of rapeseed grown in non-Cd-contaminated soil (Cd-0) under FC increased by 63% and 36% (p < 0.05), 431 

respectively, compared to CC conditions. Meanwhile, shoot DW of Cd-stressed rapeseed was raised from 432 

32% (p < 0.05) under Cd-1 to 2.4-fold (p < 0.05) under Cd-100. The stimulating FC effect on root growth 433 

was even more pronounced, with root DW being 2.6- and 3.8-fold (p < 0.05) higher under FC than CC 434 

in Cd-50 and Cd-100 treatments, respectively. However, no significant difference was found between 435 

climates regarding root growth in low Cd treatments (Fig. 6C, E). 436 

 437 

3.7. Cd concentration in shoots and roots 438 

The Cd concentration in rapeseed increased as soil Cd concentration increased, with roots 439 

having significantly higher values than shoots. These increases were considerably reduced under FC 440 

compared to CC conditions, especially under high Cd treatments (Figs. 6D, F and S1A). When soil Cd 441 

concentration increased from 10 to 100 mg kg−1, Cd concentration in shoots increased nine-fold (p < 442 

0.05), reaching the highest values of 106 and 79 µg g−1 under CC and FC conditions, respectively. 443 

Meanwhile, it raised more than twenty-one and thirteen-fold (p < 0.05), reaching 502 and 209 µg g−1 in 444 

the roots under CC and FC conditions, respectively. Overall, Cd concentration in shoots and roots was 445 

significantly influenced by Cd treatment, climate, and Cd × climate interaction (Table S4). 446 

 447 

3.8. Phytoextraction efficiency 448 

The tolerance index (TI) of shoots was not affected by low Cd treatments but sharply decreased 449 

in Cd-50 and Cd-100 treatments (53% and 32%, p < 0.05, respectively), compared to control plants under 450 

CC conditions. Meanwhile, TI was significantly but more gradually decreased by Cd-50 and Cd-100 451 

treatments under FC conditions, compared to their respective control, being 40 and 47% (p < 0.05) higher 452 

under FC than CC conditions (Fig. 6G). Cd translocation from roots to shoots declined with increasing 453 

Cd contamination under CC conditions. Meanwhile, no clear TF dependence on Cd soil concentrations 454 
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was observed under FC. Nevertheless, under both climates, TF values in high Cd treatments were 42% 455 

on average (p < 0.05) lower than in low Cd treatments (Figs. 6H and S1D). Significant changes between 456 

climates in TF were observed only under Cd-100 treatments, i.e., 1.7-fold higher (p < 0.05) under FC 457 

than CC (Fig. 6H). The bioconcentration factor (BCF) in Cd-contaminated soil was consistently but not 458 

significantly lower under FC (0.7–0.9) than in CC (0.9–1.2) conditions (p > 0.05). Also, BCF did not 459 

differ (p > 0.05) between Cd treatments neither under CC nor under FC conditions (Fig. 6I). Contrary to 460 

TI, the total Cd uptake (TU) index for shoots increased with increasing soil Cd concentrations under both 461 

climates. However, a sharper increase was observed under FC with significantly higher values of TU and 462 

potential for Cd phytoextraction in Cd-50 and Cd-100 treatments, compared to CC conditions (Figs. 6J 463 

and S1D, Table 1). Therefore, the hypothetical remediation time (HRT) to reduce highly Cd-464 

contaminated soil to the target guideline values was considerably shorter under FC than CC (Table 1). 465 

The HRT to Cd pollution limit and lower SGV based on ecological risk under FC would be 48 and 41 466 

years, respectively, in Cd-50 and 82 and 76 years in Cd-100. Meanwhile, an additional 35 or 29 years (p 467 

> 0.05) in Cd-50 and 61 or 57 years (p < 0.05) in Cd-100 would be needed to achieve these goals under 468 

CC. According to our results, phytoextraction efficiency-related parameters (TF, TI, TU, and 469 

phytoextraction potential) were influenced by Cd, and the effect of Cd was also climate-dependent. 470 

Climate significantly affected BCF, TU, and phytoextraction potential (Table S4). Both factors 471 

considerably affected HRT but not their interaction. 472 

 473 

4. Discussion 474 

4.1. Future climate conditions upregulated the expression of HMA genes involved in Cd translocation in 475 

Cd-stressed B. napus 476 

To understand the basis underlying the altered Cd accumulation and translocation under Cd and 477 

climate treatment conditions, we evaluated the expression level of genes in the HMA family. These genes 478 
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play a vital role in Cd transportation and detoxification (Huang et al., 2022; Li et al., 2018; Nazmul Hasan 479 

et al., 2022). Previous research has shown that HMA2 and HMA4 are two essential genes that mediate 480 

Cd translocation in Arabidopsis thaliana (Wong and Cobbett, 2009) and high HMA2 and HMA4 481 

expression in roots is responsible for highly efficient root-to-shoot Cd translocation in B. napus (Wu et 482 

al., 2015). Although the expression of HMA1-4 genes increased in leaves of B. napus grown in high Cd 483 

treatments, TF decreased under both CC and FC conditions (Figs. 1A-H, 6H, and S1B). Moreover, the 484 

BnaHMA1a, BnaHMA1b, BnaHMA2a, and BnaHMA4c genes were significantly negatively correlated 485 

with TF (r = −0.48 to −0.67, p < 0.05). However, in Cd-100 treatment, the expression of BnaHMA2b, 486 

BnaHMA3a, BnaHMA3b, and BnaHMA4a genes were induced only under FC conditions, and 487 

BnaHMA2a and BnaHMA4c were more expressed under FC than CC (Figs. 1C-H and S1B). 488 

Accordingly, cluster analysis group HMA genes in a separate cluster under Cd-100 and FC conditions 489 

(Fig. S1B). It suggested that the translocation of Cd from roots to shoots in Cd-100 was enhanced under 490 

FC and it well corresponded with the significant increases in TI, TF, and TU index values (Fig. 6G, H, 491 

J). Furthermore, a significant positive relationship was found between BnaHMA3a and TF (r = 0.97, p < 492 

0.05), BnaHMA4a and BnaHMA4c correlated positively with TI (r = 0.96 and 0.97, p < 0.05), and 493 

BnaHMA4a with TU (r = 0.96, p < 0.05). In this regard, different HMA1-4 genes have been reported to 494 

be the most important for Cd transportation in rapeseed. For example, the results of Zhang et al. (2020) 495 

proposed that BnaHMA4c might be the crucial gene for Cd transfer from root to shoot, as its expression 496 

level in radicle was significantly higher in Cd-sensitive compared to Cd-tolerant genotype under both 497 

normal and Cd stress conditions. They hypothesized that the higher Cd transfer coefficient from radicle 498 

to cotyledon might have effectively served the radicle in the Cd-sensitive rapeseed genotype to survive 499 

Cd stress with limited detoxification. Meanwhile, Li et al. (2018) found that BnHMA2;3 likely plays a 500 

vital role in Cd influx into the leaves of B. napus, as its expression level was the most up-regulated in the 501 

leaves of plants treated with Cd. The high expression level of HMA3 in the leaves of Cd 502 
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hyperaccumulators, such as T. caerulescens, also enhanced Cd sequestration into the leaf vacuoles, 503 

increasing its uptake (Ueno et al., 2011). However, in Cd non-hyperaccumulator species, Cd is 504 

transported to the shoot cells, such as hydathodes and guard cells along the transpiration stream, most 505 

likely due to the absence of transporters for accumulation in other leaf cells (Ueno et al., 2011).  506 

 507 

4.2. Future climate conditions improved photosynthetic performance in Cd-stressed B. napus 508 

The behavior patterns of JIP-test parameters with the most pronounced peaks in Cd-100 509 

treatment revealed the similar nature of Cd action under both climates. However, it differed notably in 510 

extent, with a much higher effect under CC conditions (Fig. 2A, B). The huge increment in dVG/dto and 511 

(dV/dt)o in both climates corresponded well with the decreases in tFm, Area, and Sm, exhibiting strong 512 

negative linear relationships between them (r = −0.69 to −0.91, all p < 0.001). The increase in (dV/dt)o 513 

implies that the harmful Cd effect caused a higher reduction of QA to QA
− (i.e., the closure of PSII RCs), 514 

converting excitation energy into free energy of the redox couple QA
–/QA (Strasser et al., 2000). 515 

Meanwhile, the decrease in Sm indicated that less energy was required to close all RCs because fewer 516 

electrons were transferred into the electron transport chain (ETC) from QA
–, resulting in a shorter time 517 

to reach the Fm (Strasser et al., 2000). It is reflected by the decline in tFm and its strong positive linear 518 

correlation with Sm (r = 0.77, p < 0.001). Similar behavior of Sm and tFm under Cd stress was observed 519 

in the study of Franić et al. (2020). The disturbances in electron transport from RCs to the quinone pool 520 

also resulted in a drastic decrease in Area, as previously discussed by other authors (Gautam et al., 2014; 521 

Kumar et al., 2020; Mehta et al., 2010). The significant decrease in Fm under CC reflected the increased 522 

number of QA non-reducing (i.e., non-active) RCs that dissipated the energy of absorbed photons into 523 

heat, the process known as non-photochemical quenching (Brestic et al., 2012; Maxwell and Johnson, 524 

2000). As there was no significant change in Fo, Fv also decreased, which in turn resulted in the reduction 525 

of Fv/Fo (Fig. 2A and Table S5), indicating a decline in electron supply from the PSII donor side due to 526 
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functional impairment in the activity of the water-splitting/oxygen-evolving complex (OEC) (Janeeshma 527 

et al., 2021). Fm, Fv, and Fv/Fo all had a strong positive linear relationship with Sm (r = 0.81-0.87, p < 528 

0.001) under CC conditions.  529 

All the quantum yields related to electron transport were significantly decreased in Cd-100 530 

treatment under CC (Fig. 2A and Table S5) in the sequence φRo > φEo > φPo. This indicated less 531 

photoinduced electron transfer from the PSII RC P680 to QA, from QA
− to PQ, and from PQ− to PSI end 532 

electron acceptors, respectively (Fghire et al., 2015). Therefore, the results imply that Cd affected both 533 

the donor and acceptor sides of PSII. It inhibited the OEC on the donor side and electron transport 534 

between QA
− and QB

− (i.e., from primary to secondary quinone electron acceptor of PSII) on the acceptor 535 

side, which is consistent with the findings of Sigfridsson et al. (2004) and was previous discussed in our 536 

other recent study with rapeseed (Dikšaitytė et al., 2023). Moreover, a reduction in δRo indicates a 537 

decrease in electron flow at the acceptor side of PSI caused by the inactivation of ferredoxin-NADP+-538 

reductase (Schansker et al., 2005). Furthermore, unlike the quantum yields associated with electron 539 

transport, φDo increased significantly under CC conditions in Cd-100 (Fig. 2A and Table S5), exhibiting 540 

a strong negative linear relationship with Fm (r = −0.88, p < 0.001). It further suggested that some RCs 541 

were transformed into ‘heat sinks’ where the excitation energy was dissipated as heat rather than being 542 

converted to photochemical energy (Strasser et al., 2010). 543 

As the increase in ABS/RC was accompanied by the increases in TRo/RC and DIo/RC (r = 0.99 544 

and 0.96, respectively, p < 0.001) and the substantial reduction of RC/ABS (r = −0.96, p < 0.001), it 545 

indicated changes in both RC functionality and the functional antenna size (Luo et al., 2016; Yusuf et 546 

al., 2010). According to Strasser et al. (2000), TRo/RC expresses the initial rate of RCs closure as a 547 

fraction of the total number of RCs that can be closed because, under stress conditions, some RCs may 548 

be inactivated in the sense of being transformed to quenching sinks without reducing QA to QA
–. This 549 

assumption is supported by the strong positive linear correlation between TRo/RC and (dV/dt)o (r = 0.97, 550 
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p < 0.001). Meanwhile, like an increase in φDo, an increase in DIo/RC indicates that there were still 551 

absorbing antenna Chls that did not feed the active RCs but dissipated their excitation energy through 552 

heat (Kalaji et al., 2018; Yusuf et al., 2010). Under both climates, DIo/RC correlated strongly with φDo 553 

(r = 0.92, p < 0.001) and Fm (r = −0.86, p < 0.001). Furthermore, an increase in TRo/RC, which displayed 554 

a strong negative linear relationship with Fv/Fo (r = −0.94, p < 0.001) under CC, could also be used as 555 

an indicator of OEC impairment by stress treatment (Kalaji et al., 2014). In agreement with the finding 556 

of Kalaji et al. (2016) that PSII was more sensitive to Cd impact than PSI, the higher increase in TRo/RC 557 

than the reduction of quantum yields related to electron transport (Fig. 2A, B and Table S5) indicated 558 

that electron flow was most affected at the PSII donor side. Thus, these results suggested that the 559 

transformation of some active PSII RCs to non-QA-reducing forms could be either due to their structural 560 

changes to ‘heat sinks’ or due to OEC inactivation.  561 

In phenomenological energy fluxes, the ABS/CSm, TRo/CSm, ETo/CSm, and REo/CSm 562 

correlated positively with RC/CSm (r = 0.86−0.95, p < 0.001) and RC/ABS (r = 0.77−0.86, p < 0.001) 563 

and negatively with ABS/RC, TRo/RC, and DIo/RC (r = −0.78 to −0.90, p < 0.001). ETo/CSm and 564 

REo/CSm also exhibited a strong negative linear relationship with (dV/dt)o (r = −0.95 and −0.87, 565 

respectively, p < 0.001). Thus, Cd-induced changes in the specific energy fluxes per active PSII RCs 566 

with the reverse response of phenomenological energy fluxes per exited CSm indicated that when a 567 

portion of PSII RCs was inactivated, rapeseed leaves adapted to changed RC functionality by enhancing 568 

the light energy absorption capacity of the remaining active RCs. These adaptations agree with the 569 

findings of other studies (Fghire et al., 2015; Gupta, 2019; Liu et al., 2019).  570 

The decrease in SFIabs suggests that the utilization of absorbed light energy within the 571 

remaining active PSII RCs was inefficient due to high dissipation, resulting in the excitation energy not 572 

being fully utilized in photochemical reactions. This is supported by a strong negative linear relationship 573 

between SFIabs and DIo/RC (r = −0.89, p < 0.001), which is consistent with the findings of Song et al. 574 
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(2016), who demonstrated that with more heat dissipation, the light use efficiency was lower and the 575 

reduction in the photosynthetic rate was higher. Therefore, the decline in ETC caused by the loss of PSII 576 

activity provides a reasonable explanation of the sharp decrease in PIabs, and the damage to the PSI 577 

function perfectly explains the even higher drop in PItotal, which were much more pronounced under 578 

CC conditions (Fig. 2A, B and Table S5). As a result, the overall photosynthetic driving forces, DFabs 579 

and DFtotal, also fell extremely low. All these performance indexes and driving forces displayed a 580 

significant positive linear relationship with Pr (r = 0.48−0.66, p < 0.001 or p < 0.01).  581 

Cd-induced non-stomatal constraints to photosynthesis could be related to the reduced content 582 

of photosynthetic pigments (Fig. 3A, B). Küpper et al. (2007) discovered that cadmium strongly inhibited 583 

Chl a and b synthesis and their stable binding to proteins, causing damage to photosynthetic apparatus, 584 

specifically reducing light-harvesting complex II and both photosystems, especially PSII, in both the 585 

hyperaccumulator Thlaspi caerulescens and the non-accumulator T. fendleri. A linear positive 586 

relationship between Chl a and b content and all quantum yields and efficiencies, as well as SFIabs, 587 

PIabs, and PItotal, was also found in this study (r = 0.43−0.78, p < 0.05). Furthermore, Cd stress 588 

decreased the chloroplast density, resulting in chlorosis in rapeseed (Baryla et al., 2001), which was seen 589 

in high soil Cd contamination, being more pronounced under CC (Fig. 6A, B). Moreover, the increased 590 

content of carotenes and xanthophylls (Fig. 3C-G), which are found in PSII, specifically, β-carotene in 591 

RCs while xanthophylls are present in the light-harvesting antenna complexes (Swapnil et al., 2021), 592 

could act as the protectors of photosynthetic apparatus against reactive oxygen species (ROS) generation 593 

under Cd-10–Cd-100 treatments, as non-enzymatic ROS scavengers (Haider et al., 2021). The protection 594 

function has been shown to involve quenching 3Chl* and 1O2 by excitation transfer mechanism followed 595 

by thermal energy dissipation (Swapnil et al., 2021). Correspondingly, a positive correlation was found 596 

between these carotenoids (except violaxanthin) and DIo/RC (r = 0.48−0.65, p < 0.01), and a negative 597 
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with Fm (r = −0.40 to −0.57, p < 0.05). Meanwhile, φDo had a significant positive correlation with α-598 

carotene (r = 0.49, p < 0.01) and lutein (r = 0.36, p < 0.05).  599 

Further, the findings of our study revealed that better rapeseed photosynthetic performance 600 

under FC in response to Cd stress could also be related to higher enzyme activities related to all 601 

carboxylation (RuBisCO), reduction (PGK and GAPDH), and regeneration (FBPase, TPI, and ALS) 602 

phases in the C-fixation reactions of photosynthesis (Fig. 4A-F). Cd has previously been shown to inhibit 603 

RuBisCO activity in different plant species, such as jack bean (Lee and Roh, 2003) and peppermint 604 

(Ahmad et al., 2018). Lee and Roh (2003) discovered that the reduction in RuBisCO activity was related 605 

to the decline of RuBisCO activase activity and lower intensity of both the large and small subunits of 606 

RuBisCO, leading to a subsequent alteration of RuBisCO levels. In addition, the findings of Song et al. 607 

(2019) also suggested that the decrease in photosynthesis caused by Cd exposure may be partly a result 608 

of the drop in the values for the maximum rate of RuBisCO carboxylation (Vcmax) and ribulose-1,5-609 

bisphosphate (RuBP) regeneration (Jmax) capacity. Meanwhile, the decline in Vcmax could be due to a 610 

decrease in active RuBisCO (Peña-Rojas et al., 2004), while Jmax limited activity of enzymes involved in 611 

the regeneration phase of CBC, such as fructose 1,6-bisphosphatase (FBPase) and sedoheptulose-1,7-612 

bisphosphatase (SBPase), and a lack of NADPH or ATP (Lawlor and Cornic, 2002). At photosynthetic 613 

machinery, GAPDH and PGK catalyze the reversible conversion of reduction of 3-phosphoglycerate 614 

(PGA) to glyceraldehyde-3-phosphate (Michelet et al., 2013; Reddy and Wendisch, 2014), a crucial step 615 

in photosynthesis linking the thylakoid membranes’ photochemical events with the carbon metabolism 616 

(Price et al., 1995). In this study, Rubisco, PGK, GAPDH, FBPase, TPI, and ALS were all significantly 617 

positively correlated with all the quantum yields and efficiencies related to electron transport and 618 

ETo/CSm (r = 0.36−0.63, p < 0.05), except for ALS with φPo. Therefore, these results indicated that Cd 619 

threatens to reduce the efficiency of CO2 fixation, inhibiting the CBC-related enzymes and thus 620 

biosynthesis of sucrose and starch, while FC conditions alleviate this treatment. These findings further 621 
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validated that the effect of Cd stress on rapeseed photosynthesis was mainly non-stomatal limited but 622 

caused by the decrease in electron transfer rate. 623 

Moreover, while gs was significantly decreased in high Cd treatments, Ci/Ca was simultaneously 624 

increased under both climate conditions (Fig. 5B, C), showing a strong negative linear correlation (r = 625 

−0.88, p < 0.001). These results imply higher CO2 concentration in chloroplasts, which agrees with the 626 

effect of Cd shown on CO2 fixation in different plant species (Andrade et al., 2019; Song et al., 2019; 627 

Silva Cunha et al., 2020). Furthermore, Ci/Ca increased more under CC conditions (Fig. 5C), where the 628 

lower gs-induced decrease in CO2 assimilation potential could not be compensated by higher atmospheric 629 

CO2. This means that non-stomatal Cd constraint was more pronounced under CC, while FC tended to 630 

reduce it. In agreement, eCO2 and temperature were previously found to increase Pr and growth of 631 

rapeseed, showing a relatively high upper-temperature rise limit, and eCO2 further expanded this limit 632 

(Dikšaitytė et al., 2020, 2019; Juozapaitienė et al., 2019). The reduction in gs of Cd-treated rapeseed also 633 

correlated well with the response of transpiration (r = 0.90, p < 0.001). It has been argued that reduced 634 

transpiration in plants exposed to Cd can limit its transport from roots to leaves and thus reduce oxidative 635 

damage to the photosynthetic apparatus (Andrade et al., 2019; Gratão et al., 2015). Therefore, it 636 

suggested that the decrease in E in high Cd treatments (Fig. 5D) could have been a Cd tolerance strategy 637 

to protect photosynthetic functions (Haider et al., 2021) by reducing its translocation from roots to 638 

aboveground organs (Fig. 6H). Besides, this assumption corresponds well with the strong positive linear 639 

relationship between E and TF (r = 0.77, p < 0.001). In addition, E and Pr also had a significant positive 640 

linear relationship with WUE (r = 0.48, p < 0.01 and r = 0.96, p < 0.001, respectively), which measures 641 

productivity as an input/output ratio (Evans and Sadler, 2008) and has been defined as the ratio of water 642 

used by the plant for metabolism and loss through transpiration (Ruggiero et al., 2017). Thus, the much 643 

stronger relationship of WUE to Pr, as compared to E, means that Cd had a significantly higher negative 644 

impact on the photosynthesis process than on water balance.  645 
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 646 

4.3. Climate conditions altered Cd accumulation and phytoextraction efficiency in B. napus 647 

The translocation factor (TF) indicates the plant’s efficiency in the transportation of the 648 

accumulated metal from its roots to shoots (Ali et al., 2013). It also quantifies plant defense mechanisms 649 

that tend to restrict inorganic contaminants to the root system to prevent HM translocation to vital aerial 650 

organs (Antoniadis et al., 2017). Our results showed that FC led to increased Cd tolerance of rapeseed 651 

grown in Cd-100 treatment (Figs. 6H and S1D), which suggested a more beneficial way for 652 

phytoextraction. According to Lux et al. (2004), the tolerance index (TI) > 0.60 indicates high tolerance, 653 

0.60–0.35 – medium, and TI < 0.35 – low tolerance to Cd. Thus, high Cd-50 stress tolerance under FC 654 

showed medium acceptance under CC, and low Cd-100 stress tolerance under CC was medium under 655 

FC (Figs. 6G and S1D). This is accurate with the onset of visual Cd phytotoxicity symptoms, which were 656 

only seen in Cd-50 and Cd-100 treatments and were less pronounced under FC (Fig. 6A and B). TI >1.0 657 

in case of low pollution (as Cd-1 under CC in our case) could be linked to the hormetic effect on the 658 

shoot and root growth (Calabrese, 2008). Meanwhile, higher TI values in Cd-50 and Cd-100 under FC 659 

(Fig. 6G) corresponded well to lower shoot Cd concentration (r = −0.89, p < 0.01) due to dilution effect 660 

as a result of rapid rapeseed growth (Fig. 6C and E). This explained the increased rapeseed tolerance to 661 

Cd under FC conditions (Fig. S1D). In line with these findings, the study of Jia et al. (2010) showed an 662 

improvement in Cd tolerance under eCO2. 663 

Although BCF, as the soil-to-plant index, is closely related to HM’s availability to plants 664 

(Antoniadis et al., 2017), the lower BCF values under FC than CC (Fig. 6I) hardly reflect a lower Cd 665 

availability in this study. Most likely, it is a Cd dilution phenomenon result caused by significantly higher 666 

shoot DW under FC (Fig. 6C). This has also led to a considerably higher Cd TU in shoots (Fig. 6J) and 667 

thus has enhanced phytoextraction potential under FC compared to CC in high Cd treatments (p < 0.05) 668 

(Table 1). Therefore, the hypothetical remediation time to reduce heavily Cd-contaminated soil of 100 669 
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mg kg−1 to the Cd pollution limit of 3 mg kg−1 (Dutta et al., 2021) and to lower SGV of 10 mg kg−1 based 670 

on ecological risk (Tóth et al., 2016) was significantly (p < 0.05) shorter under FC compared to CC 671 

(Table 1). It can also be seen in a heatmap made of phytoextraction-related parameters and HRT, where 672 

Cd-50 and Cd-100 formed separate clusters under CC and FC (Fig. S1D). 673 

 674 

4.4. Clustering analysis for B. napus response to Cd under CC and FC 675 

In the hierarchical clustering heatmap (HCA) made of all investigated parameters of rapeseed 676 

grown under CC and FC conditions, two clusters for Cd treatments dendrogram were separated. In one 677 

of which, low Cd treatments (Cd-1 and Cd-10) were grouped to control plants (Cd-0), while high Cd 678 

treatments (Cd-50 and Cd-100) fell into another cluster (Fig. 7). However, Cd-50 in CC and FC 679 

conditions made one cluster, while Cd-100 in FC did not cluster together with Cd-100 in CC but it was 680 

grouped with Cd-50. Incorporating all the molecular, physiological, biochemical, and growth responses, 681 

as well as phytoextraction efficiency, it can be observed that the effect of Cd-100 under FC exhibited 682 

greater similarity to Cd-50 effect under both CC and FC than it did with Cd-100 under CC. This pattern 683 

is evident in the individual HCAs conducted for parameters related to photosynthetic apparatus 684 

performance (Fig. S1C), photosynthetic and antioxidant pigments, CBC-related enzymes, as well as gas 685 

exchange and growth parameters (Fig. S1A). In these analyses, Cd-100 treatment under FC was 686 

consistently grouped in the same cluster as Cd-50 under CC. 687 

 688 

5. Conclusions 689 

Metal transporters, like HMAs, play a vital role in both essential and non-essential metal ion 690 

translocation in plants. The analysis of HMA gene expression in B. napus in response to different Cd 691 

treatments, including low (Cd-1 and Cd-10) and high (Cd-50 and Cd-100) levels of Cd, under both 692 

current (CC) and future climate (FC) conditions, demonstrated that when cultivated in soil contaminated 693 
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with 100 mg kg−1 Cd (Cd-100), several HMA genes in B. napus leaves exhibited heightened sensitivity 694 

to Cd2+ ions under FC. According to our study, the higher Cd translocation from roots to leaves was 695 

likely due to increased BnaHMAs, especially BnaHMA4a and BnaHMA4c, gene expression. Moreover, 696 

high shoot DW accumulation can explain the increase in Cd total uptake (TU) under FC and Cd-100 697 

treatment conditions. Enhanced Cd TU in Cd-50 treatment under FC compared to CC can be mainly 698 

attributed to the substantial increase in shoot DW driven by improved photosynthetic performance, 699 

particularly in PSII reaction center functionality and CBC-related enzyme activity. Sequentially, this led 700 

to hypothetical remediation times that were 35 or 29 years shorter (p > 0.05) for reaching the Cd pollution 701 

limit of 3 mg kg−1 or the lower soil guideline value based on the ecological risk of 10 mg kg−1 in Cd-50 702 

and 61 or 57 years shorter (p < 0.05) in Cd-100, respectively, under FC compared to CC. Overall, B. 703 

napus exhibits strong tolerance to low soil Cd contamination in CC and FC conditions, and it 704 

demonstrates significant potential for Cd phytoextraction in highly Cd-contaminated soil under FC. 705 
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Table 1. Cd phytoextraction potential in Cd-1–Cd-100 treatments under CC (21/14 °C, 400 ppm) and 1126 

FC (25/18 °C, 800 ppm) conditions and hypothetical remediation time required to reduce the soil Cd 1127 

concentration from 10–100 mg kg−1 to 3 mg kg−1 (Cd pollution limit (Dutta et al., 2021; Reimann et al., 1128 

2018) and SGV for Lithuania (Reimann et al., 2018)) and from 50–100 mg kg−1 to 10 mg kg−1 (lower 1129 

SGV based on ecological risk) (Tóth et al., 2016). Different letters next to the values indicate significant 1130 

differences among the treatments according to Fischer’s LSD (p ≤ 0.05). 1131 

 1132 

 1133 

Assumptions made for the calculation: i) the total soil Cd concentration decreases linearly because of a constant yearly 1134 

extraction and ii) a depth of the arable layer (or pollution depth) is 0.15 m. * – ‘(e)’ means that the guideline value has been 1135 

defined on the basis of ecological risk 1136 

 1137 

CC FC CC FC

Cd-1 0.035 ± 0.002
c

0.037 ± 0.008
c

Cd-10 0.385 ± 0.036
c

0.431 ± 0.028
c

33 ± 3
c

29 ± 2
c

Cd-50 1.075 ± 0.230
b

1.771 ± 0.012
a

83 ± 18
b

48 ± 0
bc

70 ± 15
b

41 ± 0
b

Cd-100 1.239 ± 0.164
b

2.186 ± 0.332
a

143 ± 19
a

82 ± 12
b

133 ± 18
a

76 ± 12
b

Soil Cd 

pollution 

Cd phytoextraction potential (kg ha
−1

 year
−1

) Hypothetical remediation time (years)

CC FC
to pollution limit (3 mg kg

−1
) to lower SGV (10 mg kg

−1
) (e)*
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 1138 

Fig. 1. Relative expression levels of eight heavy metal ATPases (HMAs) genes in rapeseed (Brassica 1139 

napus) exposed to Cd treatments (Cd-0, Cd-1, Cd-10, Cd-50, and Cd-100) under current climate (CC) 1140 

and future climate (FC) conditions. Vertical bars represent ± SE of the mean (n = 3). Under both climate 1141 

conditions, the expression levels of HMA genes in Cd-stressed rapeseed (Cd-1, Cd-10, Cd-50, and Cd-1142 

100) are shown relative to the expression levels of HMA genes in control, i.e., Cd-untreated ones (Cd-1143 

0), set to 1. Different letters indicate significant differences among the treatments according to Fischer’s 1144 

LSD (p ≤ 0.05). 1145 
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 1146 



51 
 

 1147 



52 
 

 1148 

Fig. 2. JIP-test parameters normalized on radar plots. [A] The effect of cadmium (Cd) under current 1149 

climate conditions; [B] the effect of cadmium (Cd) under future climate conditions. Each curve represents 1150 

the average of 3 measurements per treatment. Under both climate conditions, the status of Cd-stressed 1151 

rapeseed (Cd-1, Cd-10, Cd-50, and Cd-100) is shown relative to the status of control, i.e., Cd-untreated 1152 

ones (Cd-0), expressed as 100% (black line). 1153 

 1154 

 1155 
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Fig. 3. Photosynthetic and antioxidant pigments content in rapeseed (Brassica napus) exposed to Cd 1156 

treatments (Cd-0, Cd-1, Cd-10, Cd-50, and Cd-100) under current climate (CC) and future climate (FC) 1157 

conditions. [A] Chlorophyll a (Chl a); [B] Chlorophyll b (Chl b); [C] α-carotene; [D] β-carotene; [E] 1158 

Neoxanthin; [F] Violaxanthin; [G] Lutein. Vertical bars represent ± SE of the mean (n = 3); Different 1159 

letters indicate significant differences among the treatments according to Fischer’s LSD (p ≤ 0.05). 1160 

 1161 

 1162 

 1163 

Fig. 4. Calvin cycle-related enzymes activity in rapeseed (Brassica napus) exposed to Cd treatments (Cd-1164 

0, Cd-1, Cd-10, Cd-50, and Cd-100) under current climate (CC) and future climate (FC) conditions. [A] 1165 

Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO); [B] Fructose 1,6-bisphosphatase 1166 

(FBPase); [C] Triosephosphate isomerase (TPI); [D] Phosphoglycerate kinase (PGK); [E] 1167 
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Glyceraldehyde 3-phosphate dehydrogenase (GAPDH); [F] Aldolase (ALS). Vertical bars represent ± 1168 

SE of the mean (n = 3); Different letters indicate significant differences among the treatments according 1169 

to Fischer’s LSD (p ≤ 0.05). 1170 

 1171 

 1172 

 1173 

Fig. 5. Leaf gas exchange parameters of rapeseed (Brassica napus) exposed to Cd treatments (Cd-0, Cd-1174 

1, Cd-10, Cd-50, and Cd-100) under current climate (CC) and future climate (FC) conditions. [A] 1175 

Photosynthetic rate (Pr); [B] Stomatal conductance (gs); [C] The ratio of intercellular to ambient CO2 1176 

concentration (Ci/Ca); [D] Transpiration rate (E); [E] Water use efficiency (WUE). Vertical bars 1177 

represent ± SE of the mean (n = 9); Different letters indicate significant differences among the treatments 1178 

according to Fischer’s LSD (p ≤ 0.05). 1179 
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 1180 

 1181 

Fig. 6. A and B show visual symptoms on rapeseed (Brassica napus) leaves exposed to Cd treatments 1182 

(Cd-0, Cd-1, Cd-10, Cd-50, and Cd-100) under current climate (CC) and future climate (FC) conditions, 1183 
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respectively, at the end of the experiment. C-J shows shoot dry weight (DW), cadmium (Cd) 1184 

concentration in shoots, root dry weight, Cd concentration in roots, Cd tolerance index (TI), translocation 1185 

factor (TF), bioconcentration factor (BCF), and total Cd uptake (TU) index of rapeseed exposed to the 1186 

same Cd treatments under CC and FC. Vertical bars represent ± SE of the mean (n = 3); < LD = below 1187 

the detection limit. 1188 

 1189 

 1190 
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 1191 

Fig. 7. Hierarchical Clustering Heatmap of growth, the physiological, biochemical, and molecular 1192 

response, and phytoextraction efficiency of Brassica napus grown in Cd-contaminated soil (Cd-1−Cd-1193 

100) compared to control plants (Cd-0) under current climate (CC) and future climate (FC) conditions. 1194 

A hierarchical clustering was performed using the Euclidean distance and the complete linkage method 1195 

on both treatments (columns) and measured parameters (rows).  1196 

 1197 

Supplemental materials  1198 

 1199 

Table S1. Main physical and chemical characteristics of soil used in this study. 1200 

 1201 

 1202 

 1203 

Table S2. The primer sequences of HMAs for qRT-PCR assay 1204 

 1205 

Soil properties Means ± SE

pH 1 mol L
−1

 KCl 6.7 ± 0.1

Nmin (mg kg
−1

) 22 ± 0.3

P2O5 (mg kg
−1

) 121 ± 4.5

K2O (mg kg
−1

) 68 ± 1.0

Available S (mg kg
−1

) 2.7 ± 0.1

Available Ca (mg kg
−1

) 1588 ± 26.5

Available Mg (mg kg
−1

) 269 ± 4.5

C (%) 0.81 ± 0.01

Humus (%) 1.40 ± 0.02

SOM (%) 1.90 ± 0.01

EC (mS m
−1

) 6.6 ± 0.08
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 1206 

 1207 

Table S3. The abbreviations, formulas and definitions of JIP-test parameters, derived using data 1208 

extracted from the fast fluorescence transient O-J-I-P, where O is for origin (the minimum fluorescence 1209 

Fo), J and I for two intermediate levels at 2 ms and 30 ms (FJ and FI), and P for peak (FP, or Fm, when 1210 

the fluorescence is maximal), used in this study. Here, PSI, PSII, RC, CS, QA, and PQ are for photosystem 1211 

I, photosystem II, active PSII reaction centers, the cross section of PSII (i.e., the surface of the excited 1212 

photosynthetic sample, which includes the photosynthetic response of both active and inactive RCs), the 1213 

first plastoquinone electron acceptor of PSII, and plastoquinone, respectively.  1214 

 1215 

Genes Forward Primers Reverse Primers

BnaHMA1a TTCCCTCTCGTCGGAGTGTCA GCAATCCTCCTTCAAGAGCGTT

BnaHMA1b TCTCTCCTCTGTGAAACAAAGACTGA TGAGAGCTGCGGGTTCCATAT

BnaHMA2a GAAGGCATTTTTGGGAAGATTGAT AACTCCGGCTAGTGTCTCTCCAAG

BnaHMA2b CTCTCTGTCCCTCGGCTACCTC ATGACGGTTCTTGACGGCAC

BnaHMA3a GCAGTTGATGTAGACGAGGTTGGA CATTTTCGCAACCACGCAGTC

BnaHMA3b GAATAGAAGTTGATGTAGATGAGGTTG CATTTTCGCAACCACGCAGTC

BnaHMA4a TGGCCTTTTGAATCTCGATGTATC CAAAAAACGAGAAATACTTGAGGCA

BnaHMA4c GGAGAGATAACTATGGCATGTGAGG CTTCCTTCAAACCACAAACAGACAT

BnaActin  CTGACCGTATGAGCAAAG CCACCGAACCAGAAGGCAGA



59 
 

 1216 

Parameters Formulas Definitions References*

Fo Minimum fluorescence intensity at 50 μs, when all PSII RCs are assumed to be open 1−3

Fm  = FP

Maximum fluorescence intensity recorded under saturating illumination at the peak P of 

OJIP, when all PSII RCs are closed
1−4

Fv = Fm – Fo Maximum variable fluorescence 1−5

Fv/Fo = kp/kN = (Fm – Fo)/Fo

The maximum ratio of quantum yields of photochemical and non-photochemical energy 

quenching in PSII RC, which is also related to maximal efficiency of the water-splitting 

or oxygen-evolving complex on the donor side of PSII, which is considered to be the 

most sensitive link in the photosynthetic chain of electron transport

1, 3, 6

dVG/dto Expression of excitation energy transfer between RCs 1, 3

(dV/dt)o = Mo ≈ 4(F0.3ms – F0.05ms)/Fv

Initial slope (in ms
–1

) of the O-J fluorescence rise, which corresponds to the maximal 

rate of the accumulation of the fraction of closed RCs (expresses the rate of the RCsʼ 
closure)

1, 3, 5−7

tFm Time to reach Fm, in ms 1, 2, 4, 7, 8

N
The turnover number that indicates how many times QA has been reduced in the time span 

from 0 to tFm (number of QA redox turnovers until Fm is reached)
1, 2, 7

Area The total complementary area above the OJIP curve between Fo and Fm and the Fm 1−4, 6−8

Sm = Area/Fv

Normalized area expresses the energy needed to close all RCs during the multiple turn-

over in the QA reduction (closure of RCs) and is proportional to the pool size of the 

electron acceptors on the reducing side of PSII and therefore related to the number of 

electron carriers per electron transport chain

1−5, 7, 8

φPo = Fv/Fm = TRo/ABS = 1 − Fo/Fm Maximum quantum yield of primary photochemistry reactions in PSII RC 1−8

ψEo = ETo/TRo = 1 − VJ

Efficiency/probability that PSII trapped electron moves future than QA
−
 (i.e. is transferred 

from QA
−
 to PQ)

2−8

φEo = ETo/ABS = φPo × ψEo Quantum yield of electron transport (ET) from QA
−
 to PQ 2−7, 8

δRo = REo/ETo = (1 − VI)/ψEo Efficiency/probability with which an electron from the intersystem electron carriers is 

transferred to reduce end electron acceptors at the PSI acceptor side
3−6, 8

φRo = REo/ABS = φPo × (1 − VI) Quantum yield for reduction of end electron acceptors at the PSI acceptor side 3−5, 8
φDo = Fo/Fm = 1 − φPo Quantum yield of energy dissipation in PSII antenna 3, 5

ABS/RC = (Mo/VJ)/φPo Absorption flux of antenna Chls per acive PSII RC (also a measure of PSII apparent 

antenna size)
1−8

TRo/RC = Mo/VJ Maximum trapped energy flux leading to QA reduction per active PSII RC 2−8
DIo/RC = ABS/RC – TRo/RC Dissipated energy flux per active PSII RC in processes other than trapping 1, 3, 5−7
ETo/RC = (Mo/VJ) × ψEo Electron transport flux further than QA

–
 (i.e. from QA

−
 to PQ) per active PSII RC 1−8

REo/RC = (Mo/VJ) × (1 − VI) Electron flux leading to the reduction of the PSI end acceptor per active PSII RC 3−5, 8
RC/ABS = φPo × (VJ/Mo) = (ABS/RC)

−1 Density of active RCs on PSII antenna Chl a  basis (reciprocal of ABS/RC) 2, 8

ABS/CSm ≈ Fm Absorbed photon flux of antenna Chls per excited CSm of PSII 2, 5, 7

TRo/CSm = φPo × ABS/CSm Maximum trapped energy flux leading to QA reduction per excited CSm of PSII 2, 5, 7

DIo/CSm = ABS/CSm – TRo/CSm Dissipated energy flux per excited CSm of PSII in processes other than trapping 2, 7

ETo/CSm = φEo × ABS/CSm Electron transport flux further than QA
–
 (i.e. from QA

−
 to PQ) per excited CSm of PSII 2, 5, 7

REo/CSm = φRo × ABS/CSm Electron transport flux leading to the reduction of the PSI end acceptor per excited CSm 

of PSII
5

RC/CSm = φPo × (VJ/Mo) × Fm Density of active RCs per excited CSm of PSII 2, 6, 7

PIabs
= (RC/ABS) × [φPo/(1 − φPo)] 

× [ψEo/(1 − ψEo)]
Performance index (potential) for energy conservation from photons absorbed by PSII 

antenna to the reduction of intersystem electron acceptors
1−8

PItotal = PIabs × [δRo/(1 − δRo)] Performance index for energy conservation from photons absorbed by PSII antenna to the 

reduction of PSI end acceptors
1, 3−5, 8

SFIabs = RC/ABS × φPo × ψEo Structure-function index, which reflects changes that “favor” photosynthesis 5

DFabs = log(PIabs) The driving force for the photochemical activity of the processes evaluated by the PIabs 1, 5, 7

DFtotal = log(PItotal)
The total driving force for the photochemical activity of the processes evaluated by the 

PItotal
5, 7

Driving forces on absorption basis

Extracted and technical fluorescence parameters

Quantum yields and efficiencies/probabilities

Specific energy fluxes per active (Q A reducing) PSII reaction centre (RC)

Phenomenological energy fluxes per exited cross section (CSm, subscript m refers to time Fm) of PSII

Performance indexes on absorption basis (combination of parameters expressing partial potentials at steps of energy bifurcations of PSII and 

of specific electron transport reactions)
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* – 1 (Samborska et al., 2019); 2 (Kumar et al., 2020); 3 (Esmaeilizadeh et al., 2021); 4 (Stirbet and 1217 

Govindjee, 2011); 5 (Stirbet et al., 2018); 6 (Kalaji et al., 2018); 7 (Strasser et al., 2000); 8 (Strasser et 1218 

al., 2010) 1219 

 1220 

Table S4. The results (F values) of two-way ANOVA analysis for the effect of Cd treatment, climate, 1221 

and interaction between these two factors on analyzed parameters. *, **, *** – significant effect at p ≤ 1222 

0.05, p ≤ 0.01, and p ≤ 0.001, respectively. 1223 

 1224 
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 1225 

 1226 

Table S5. Values expressed as mean ± SE (n = 3) of JIP-test parameters of rapeseed (Brassica napus) 1227 

exposed to Cd treatments (Cd-0, Cd-1, Cd-10, Cd-50, and Cd-100) under current climate (CC, 21/14 °C, 1228 

400 ppm) and future climate (FC, 25/18 °C, 800 ppm) conditions. Different letters following values in 1229 

the same row indicate a significant difference between treatments (Fischer’s LSD, p ≤ 0.05). 1230 

Shoot DW Root DW Cdshoot Cdroot BCF TF TI TU

Cd 31.81*** 28.46*** 1306.33*** 64.38*** 1.78 152.21*** 115.24*** 108.04***

Climate 101.65*** 39.05*** 85.64*** 17.47*** 11.25** 2.71 0.5 24.00***

Cd × Climate 1.57 5.31** 29.02*** 10.50*** 0.15 5.11** 16.40*** 8.25**

to pollution limit to lower SGV (e) P r g s C i /C a E WUE

Cd 77.99*** 23.88** 14.37* 253.17*** 170.35*** 117.84*** 96.19*** 161.98***

Climate 20.26** 11.92* 11.27* 1005.41*** 4.69* 25.03*** 0.04 1583.21***

Cd × Climate 6.48* 3.01 1.14 10.95*** 2.08 10.63*** 9.35*** 5.23**

Fo Fm Fv Fv/Fo dVG/dto (dV/dt)o tFm N

Cd 1.52 7.96*** 8.03*** 3.40* 11.20*** 11.64*** 20.68*** 0.18

Climate 9.90** 2.87 5.36* 24.73*** 2.08 1.02 12.04** 0.24

Cd × Climate 1.00 3.38* 4.06* 6.07** 2.29 2.13 2.32 1.81

Area Sm φPo ψEo φEo δRo φRo φDo
Cd 22.34*** 20.98*** 3.5* 12.41*** 11.82*** 10.14*** 19.35*** 3.53*

Climate 5.29* 3.36 16.6*** 0.16 0.09 0.03 0.35 16.60***

Cd × Climate 6.12** 5.57** 5.2** 4.44** 4.90** 7.10*** 10.20*** 5.22**

ABS/RC TRo/RC DIo/RC ETo/RC REo/RC RC/ABS ABS/CSm TRo/CSm

Cd 11.43*** 12.21*** 7.79*** 4.85** 0.29 15.03*** 7.96*** 8.03***

Climate 3.06 2.08 6.15* 2.64 0.76 3.96 2.87 5.36*

Cd × Climate 1.07 0.66 2.61 0.69 3.57* 0.73 3.38* 4.06*

DIo/CSm ETo/CSm REo/CSm RC/CSm PIabs PItotal SFIabs DFabs

Cd 1.52 12.00*** 0.29 15.03*** 17.00*** 24.54*** 17.36*** 12.91***

Climate 9.90** 0.63 0.76 1.01 0.12 1.55 1.39 2.15

Cd × Climate 1.00 4.48** 3.57* 2.00 3.56* 8.27*** 1.99 3.77*

JIP-test 

parameters

Photosynthetic 

pigments

DFtotal Rubisco FBPase TPI PGK GAPDH ALS Chl a

Cd 24.54*** 90.18*** 35.51*** 17.69*** 27.48*** 8.24*** 14.98*** 31.43***

Climate 1.55 103.66*** 0.96 38.51*** 11.43** 0.28 1.62 15.64***

Cd × Climate 8.27*** 3.73* 2.17 0.13 0.75 0.35 4.12* 0.95

Photosynthetic 

pigments

Chl b α-carotene β-carotene Neoxanthin Violaxanthin Lutein BNAHMA1a BNAHMA1b

Cd 83.57*** 30.83*** 53.71*** 25.40*** 17.21*** 13.14*** 28.94*** 13.94***

Climate 7.59* 5.94* 3.07 0.02 0.43 1.78 0.94 4.00

Cd × Climate 1.92 2.77 1.06 2.42 5.60** 1.02 0.85 0.63

BNAHMA2a BNAHMA2b BNAHMA3a BNAHMA3b BNAHMA4a BNAHMA4c

Cd 55.50*** 9.48*** 3.24* 4.61** 24.62*** 43.02***

Climate 14.35** 7.22* 1.21 6.88* 51.41*** 47.67***

Cd × Climate 6.45** 3.98* 0.86 3.58* 25.05*** 11.17***

Factors
Growth parameters and Cd content

Factors

Factors

Factors
JIP-test parameters

Factors
JIP-test parameters

Factors
JIP-test parameters

Phytoextraction efficiency

Factors

Hypotetical remediation timePhytoextraction 

potential

Gas exchange parameters

Photosynthesis-related enzymes

JIP-test parameters

Factors
Antioxidant pigments HMA genes expression

Factors
HMA genes expression
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 1232 

 1233 

CC FC CC FC CC FC CC FC CC FC

Fo 468 ± 6.9
ab

446 ± 11.5
bc

464 ± 3.5
ab

458 ± 12.8
ab

461 ± 5.5
ab

445 ± 6.8
bc

498 ± 27.1
a

445 ± 12.7
bc

461 ± 19.9
ab

412 ± 21.3
c

Fm 3063 ± 32.7
a

3023 ± 25.5
a

3051 ± 76.4
a

3163 ± 79.2
a

3067 ± 51.8
a

3040 ± 57.5
a

3077 ± 60.0
a

3014 ± 105.9
a

2372 ± 179.8
b

2904 ± 158.4
a

Fv 2594 ± 33.3
a

2578 ± 21.8
a

2587 ± 74.1
a

2705 ± 67.2
a

2607 ± 49.4
a

2594 ± 57.7
a

2579 ± 40.3
a

2569 ± 93.2
a

1911 ± 185.8
b

2492 ± 138.9
a

Fv/Fo 5.54 ± 0.12
ab

5.79 ± 0.15
ab

5.57 ± 0.14
ab

5.91 ± 0.06
a

5.66 ± 0.10
ab

5.83 ± 0.16
a

5.21 ± 0.26
b

5.77 ± 0.05
ab

4.17 ± 0.48
c

6.06 ± 0.14
a

dVG/dto 0.12 ± 0.022
c

0.13 ± 0.002
c

0.12 ± 0.005
c

0.13 ± 0.011
c

0.12 ± 0.005
c

0.14 ± 0.011
b

0.18 ± 0.005
b

0.14 ± 0.013
b

0.38 ± 0.090
a

0.23 ± 0.037
b

(dV/dt)o 0.30 ± 0.016
c

0.32 ± 0.013
c

0.29 ± 0.020
c

0.31 ± 0.025
c

0.27 ± 0.006
c

0.34 ± 0.018
b

0.44 ± 0.010
b

0.39 ± 0.035
b

0.81 ± 0.178
a

0.54 ± 0.093
b

tFm 600 ± 0.0
b

733 ± 33.3
a

667 ± 33.3
ab

667 ± 33.3
ab

633 ± 33.3
ab

667 ± 33.3
ab

367 ± 33.3
c

600 ± 0.0
b

327 ± 36.7
c

397 ± 101.7
c

N
297524 ± 

8537
ab

288007 ± 

3903
ab

271132 ± 

4368
ab

275158 ± 

4552
ab

305968 ± 

10676
ab

265457 ± 

7322
ab

280372 ± 

19800
ab

280651 ± 

7711
ab

243025 ± 

21818
b

326066 ± 

67533
a

Area 83289 ± 2517
ab

83593 ± 1263
ab

78774 ± 2757
ab

85223 ± 3158
ab

87496 ± 3050
a

74855 ± 1972
abc

64937 ± 3170
c

72866 ± 6994
bc

32442 ± 7549
d

63183 ± 6963
c

Sm 32.1 ± 1.0
ab

32.4 ± 0.6
ab

30.4 ± 0.5
ab

31.6 ± 1.6
ab

33.6 ± 1.1
a

28.8 ± 0.1
bc

25.2 ± 1.5
c

28.2 ± 1.7
bc

16.6 ± 2.5
d

25.3 ± 2.0
c

φPo 0.85 ± 0.003
ab

0.85 ± 0.003
ab

0.85 ± 0.003
ab

0.86 ± 0.001
ab

0.85 ± 0.002
ab

0.85 ± 0.004
ab

0.84 ± 0.007
b

0.85 ± 0.001
ab

0.80 ± 0.018
c

0.86 ± 0.003
a

ψEo 0.67 ± 0.009
ab

0.64 ± 0.008
abcd

0.67 ± 0.014
abc

0.65 ± 0.006
abcd

0.70 ± 0.002
a

0.63 ± 0.011
bcd

0.61 ± 0.014
cd

0.61 ± 0.021
bcd

0.48 ± 0.060
e

0.58 ± 0.021
d

φEo 0.57 ± 0.008
ab

0.54 ± 0.009
abc

0.57 ± 0.012
ab

0.55 ± 0.006
abc

0.60 ± 0.001
a

0.53 ± 0.011
abc

0.51 ± 0.012
bc

0.52 ± 0.018
bc

0.39 ± 0.057
d

0.50 ± 0.019
c

δRo 0.41 ± 0.003
ab

0.39 ± 0.007
abc

0.38 ± 0.014
bc

0.38 ± 0.013
abc

0.44 ± 0.003
a

0.35 ± 0.002
c

0.36 ± 0.015
bc

0.35 ± 0.014
c

0.25 ± 0.032
d

0.35 ± 0.034
c

φRo 0.23 ± 0.004
ab

0.21 ± 0.004
bc

0.22 ± 0.012
bc

0.21 ± 0.009
bc

0.26 ± 0.002
a

0.19 ± 0.005
cd

0.19 ± 0.012
cd

0.19 ± 0.014
cd

0.10 ± 0.023
e

0.17 ± 0.016
d

φDo 1.15 ± 0.003
bc

1.15 ± 0.003
bc

1.15 ± 0.003
bc

1.14 ± 0.001
bc

1.15 ± 0.002
bc

1.15 ± 0.004
bc

1.16 ± 0.007
b

0.15 ± 0.001
bc

1.20 ± 0.018
a

1.14 ± 0.003
c

ABS/RC 1.10 ± 0.04
c

1.04 ± 0.02
c

1.05 ± 0.03
c

1.03 ± 0.07
c

1.07 ± 0.03
c

1.08 ± 0.04
c

1.33 ± 0.02
bc

1.17 ± 0.04
bc

1.90 ± 0.26
a

1.49 ± 0.23
b

TRo/RC 0.93 ± 0.03
c

0.89 ± 0.02
c

0.89 ± 0.02
c

0.88 ± 0.06
c

0.91 ± 0.02
c

0.92 ± 0.03
c

1.11 ± 0.02
bc

1.00 ± 0.04
c

1.51 ± 0.18
a

1.28 ± 0.19
ba

DIo/RC 0.17 ± 0.01
b

0.15 ± 0.01
b

0.16 ± 0.01
b

0.15 ± 0.01
b

0.16 ± 0.01
b

0.16 ± 0.01
b

0.21 ± 0.01
b

0.17 ± 0.01
b

0.38 ± 0.09
a

0.21 ± 0.04
b

ETo/RC 0.63 ± 0.02
bcd

0.57 ± 0.00
d

0.60 ± 0.01
bcd

0.57 ± 0.03
d

0.64 ± 0.02
abcd

0.58 ± 0.01
cd

0.68 ± 0.03
abc

0.61 ± 0.00
bcd

0.71 ± 0.00
ab

0.74 ± 0.10
a

REo/RC 0.26 ± 0.01
ab

0.22 ± 0.01
abc

0.23 ± 0.01
abc

0.22 ± 0.00
abc

0.28 ± 0.00
a

0.20 ± 0.00
b

0.25 ± 0.02
ab

0.22 ± 0.01
abc

0.18 ± 0.02
c

0.27 ± 0.06
ab

RC/ABS 0.92 ± 0.04
a

0.96 ± 0.02
a

0.95 ± 0.03
a

0.98 ± 0.06
a

0.93 ± 0.03
a

0.93 ± 0.03
a

0.76 ± 0.01
bc

0.86 ± 0.03
ab

0.55 ± 0.08
d

0.70 ± 0.10
c

ABS/CSm 3063 ± 32.7
a

3023 ± 25.5
a

3051 ± 76.4
a

3163 ± 79.2
a

3067 ± 51.8
a

3040 ± 57.5
a

3077 ± 60.0
a

3014 ± 105.9
a

2372 ± 179.8
b

2904 ± 158.4
a

TRo/CSm 2594 ± 33.3
a

2578 ± 21.8
a

2587 ± 74.1
a

2705 ± 67.2
a

2607 ± 49.4
a

2594 ± 57.7
a

2579 ± 40.3
a

2569 ± 93.2
a

1911 ± 185.8
b

2492 ± 138.9
a

DIo/CSm 468 ± 6.9
ab

446 ± 11.5
bc

464 ± 3.5
ab

458 ± 12.8
ab

461 ± 5.5
ab

445 ± 6.8
bc

498 ± 27.1
a

445 ± 12.7
bc

461 ± 19.9
ab

412 ± 21.3
c

ETo/CSm 1750 ± 19.0
a

1647 ± 24.5
ab

1744 ± 73.4
a

1752 ± 37.9
a

1832 ± 33.2
a

1626 ± 61.6
ab

1566 ± 15.1
ab

1582 ± 106.0
ab

939 ± 211.8
c

1459 ± 134.9
b

REo/CSm 713 ± 7.0
ab

640 ± 6.4
bc

658 ± 43.2
bc

673 ± 24.4
bc

799 ± 14.7
a

570 ± 24.4
cd

572 ± 29.6
cd

561 ± 58.7
cd

243 ± 71.0
e

508 ± 52.5
d

RC/CSm 2234 ± 98.4
ab

2176 ± 60.9
ab

2316 ± 155.7
a

2351 ± 138.2
a

2369 ± 93.2
a

2078 ± 133.7
ab

1684 ± 47.9
bc

1872 ± 184.8
abc

670 ± 393.3
d

1415 ± 320.5
c

PIabs 10.6 ± 0.8
abc

9.9 ± 0.8
abc

11.1 ± 1.2
ab

10.7 ± 1.0
abc

12.5 ± 0.5
a

9.2 ± 0.9
bc

6.1 ± 0.3
d

8.0 ± 1.0
cd

2.6 ± 1.3
e

6.2 ± 1.5
d

PItotal 7.3 ± 0.5
b

6.3 ± 0.4
bcd

6.8 ± 1.0
bc

6.8 ± 1.0
bc

9.7 ± 0.4
a

4.9 ± 0.5
cde

3.5 ± 0.4
e

4.4 ± 0.8
de

1.0 ± 0.5
f

3.2 ± 0.5
e

SFIabs 0.52 ± 0.025
a

0.52 ± 0.020
a

0.55 ± 0.028
a

0.55 ± 0.041
a

0.56 ± 0.016
a

0.50 ± 0.026
a

0.38 ± 0.002
b

0.45 ± 0.031
ab

0.22 ± 0.065
c

0.35 ± 0.064
b

DFabs 1.02 ± 0.035
ab

0.99 ± 0.036
abc

1.04 ± 0.044
a

1.03 ± 0.043
ab

1.10 ± 0.017
a

0.96 ± 0.043
abc

0.78 ± 0.024
bc

0.90 ± 0.056
abc

0.31 ± 0.217
d

0.76 ± 0.102
c

DFtotal 0.86 ± 0.034
ab

0.80 ± 0.031
abc

0.82 ± 0.064
abc

0.82 ± 0.068
abc

0.98 ± 0.020
a

0.69 ± 0.046
abcd

0.54 ± 0.046
cd

0.63 ± 0.083
bcd −0.17 ± 0.277

e
0.49 ± 0.061

d

Cd-100
Parameter

Cd-0 Cd-1 Cd-10 Cd-50
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 1234 

 1235 

Fig. S1. Hierarchical Clustering Heatmap displaying (A) shoot and root dry weight (DW), Cd content in 1236 

shoots (Cd-S) and roots (Cd-R), leaf gas exchange, Calvin cycle-related enzymes activity, and 1237 

photosynthetic and antioxidant pigments content (B) relative expression levels of heavy metal ATPases 1238 

(HMAs) genes (C) JIP-test parameters and (D) phytoextraction efficiency-related parameters and 1239 

hypothetical remediation time to pollution limit of 3 mg kg−1 (remediation time-3) and lower soil 1240 
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guideline value of 10 mg kg−1 based on the ecological risk (remediation time-10) of Brassica napus 1241 

grown in Cd-contaminated soil (Cd-1−Cd-100) compared to control plants (Cd-0) under current climate 1242 

(CC) and future climate (FC) conditions. A hierarchical clustering was performed using the Euclidean 1243 

distance and the complete linkage method on both treatments (columns) and measured parameters (rows). 1244 

 1245 


