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Drought-free future climate conditions enhance cadmium 
phytoremediation capacity by Brassica napus through improved 
physiological status 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• B. napus exhibited good tolerance to soil 
Cd up to 50 mg kg− 1. 

• Shoots’ nutrients correlated well with 
electron transport (ET)-related 
parameters. 

• Cd-disrupted ET from OEC, PSII RCs, 
FNR, and PC lowered Pr more in CC 
conditions. 

• Higher Pr and shoot DW resulted in 
higher Cd accumulation under FC 
conditions. 

• FC risen the soil Cd removal rate of well- 
watered plants.  
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A B S T R A C T   

This study aimed to assess Cd phytoextraction efficiency in well-watered and drought-stressed B. napus plants under 
current climate (CC, 21/14 ◦C, 400 ppm CO2) and future climate (FC, 25/18 ◦C, 800 ppm CO2) conditions. The un
derlying physiological mechanisms underpinning the obtained results were investigated by studying Cd (1, 10, 50, 
and 100 mg kg− 1) effect on B. napus photosynthetic performance and nutritional status. Only the Cd-50 and Cd-100 
treatments caused visible leaf lesions, growth retardation, reductions in both gas exchange and chlorophyll 
fluorescence-related parameters, and disturbed mineral nutrient balance. Under CC conditions, well-watered plants 
were affected more than under FC conditions. The most important pathway by which Cd affected B. napus photo
synthetic efficiency in well-watered plants was the damage to both photosystems, lowering photosynthetic electron 
transport. Meanwhile, non-stomatal and stomatal limitations were responsible for the higher reduction in the 
photosynthetic rate (Pr) of drought-stressed compared to well-watered plants. The significantly higher shoot dry 
weight, which had a strong positive relationship with Pr, was the main factor determining significantly higher shoot 
Cd accumulation in high Cd treatments in well-watered plants under FC conditions, resulting in a 65% (p < 0.05) 
higher soil Cd removal rate in the Cd-50 treatment.  
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1. Introduction 

A steady rise in atmospheric carbon dioxide (CO2) concentration, 
which, according to the Global Monitoring Laboratory (GML) of the 
National Oceanic and Atmospheric Administration (NOAA), in 2021, 
reached the average level of 415 ppm, setting a new record high despite 
the ongoing economic drag from the COVID-19 pandemic [56]. The 
constant rise of greenhouse gases (GSH), in particular CO2 emissions, 
has caused a dangerous rise in global land surface temperature, known 
as global warming, which in turn has resulted in an alarming increase in 
the frequency and intensity of abiotic stresses, such as extended drought 
periods [73]. According to the latest Intergovernmental Panel on 
Climate Change (ICCP) report, global surface temperature will continue 
to rise until at least the mid-century, adding 3.6 ◦C, on average, by 2100 
compared to 1850–1900 under the Shared Socioeconomic Pathways 
(SSPs) regional rivalry scenario (SSP 3–7.0) with high GHG and CO2 
emissions. However, not all regions will be equally affected. Europe is 
warming faster than the global average. Temperatures in Europe rise 
more than twice the global average at a rate of about + 0.5 ◦C per decade 
from 1991 to 2021 [84]. According to Coupled Model Intercomparison 
Project Phase 6 (CMIP6) projections, temperatures across European land 
areas will continue to rise faster than the global average throughout the 
century [29]. Meanwhile, continued global warming is projected further 
intensify the severity of extreme climatic events, such as drought [39]. 

Another global issue of growing importance is increasing soil 
contamination by cadmium (Cd) [106,33,79]. As urbanization, indus
trialization, and intensive agriculture are expanding [90,101], large 
amount of Cd is constantly added to the soil-plant-environment system 
[3,79]. Unlike essential heavy metals (HM), such as Cu, Fe, Mn, Zn, etc., 
that are either nontoxic or significantly less harmful at low concentra
tions, non-essential metals like Cd, Hg, and Pb, are highly hazardous to 
all living organisms at even low concentrations [46,45]. In addition, 
compared to the other HM, Cd has the highest water solubility [38] and 
thus is one of the most mobile elements in the environment [49] with a 
severe extent of bioaccumulation [106]. Contrary to lead and mercury 
ions, plants readily absorb cadmium ions [79], allowing Cd to be easily 
transferred into the food chain via contaminated agricultural products 
and accumulate in the human body, posing a significant risk to human 
health [32,94]. Consequently, Cd is regarded as one of the most haz
ardous materials [3,45]. Cd critical risk thresholds in soil vary by 
country, ranging from 0.4 mg kg− 1 for agricultural soils to 1400 mg kg− 1 

for industrial land use at the European level [6]. However, the mean Cd 
value in the arable soils far exceeds the limits for agricultural soils in 
different regions (e.g., [2,24,58,100]). As a result, natural and agricul
tural ecosystems are experiencing both pollution-related and 
climate-related stresses, with climate-related stress becoming more 
frequent and intense with each additional increment of global temper
ature [39]. 

Although conventional remediation technologies can be used to 
immobilize, remove, or detoxify HM in soil, these approaches-associated 
environmental, social, and economic impacts confine their overall sus
tainability [70,96]. Therefore, there is a need to transition from con
ventional to eco-safe, nature-based solutions, saving energy through the 
emergence and development of green and sustainable remediation 
technologies such as phytoremediation, a promising plant-based 
approach for the cost-effective revegetation of HM-contaminated soil 
[4,101]. Among phytoremediation techniques, the most attention has 
received phytoextraction, which employs plants for the extraction of HM 
from soils and their accumulation in harvestable biomass, ensuring a 
permanent solution for the removal of HM from polluted soil [101,11, 
90]. Plant performance and consequently efficiency of phytoextraction 
is highly dependent on climate conditions, therefore it may be restricted 
or accelerated by changing climate conditions. Given ongoing climate 
change, good adaptation to the prevailing environment may become one 
of the main plant features, determining its phytoextraction potential. 

Climate conditions such as elevated CO2, warming, and drought may 

significantly influence plants growing in heavy-metal polluted soil, 
either positively or negatively [71]. Elevated CO2 showed the potential 
to improve the phytoremediation of Cd-contaminated soils by increasing 
aboveground plant biomass or Cd concentration in the aboveground part 
[55,105]. Warming also tended to increase Cd accumulation in the 
aboveground parts of different plant species, but the effect varied 
depending on species and genotype (e.g., [27,69]). Meanwhile, Cd up
take and plant accumulation under drought conditions vary with species 
and cultivars, plant developmental stages, and duration of the water 
stress, with both increases and decreases being reported [1,57,81,98]. 
However, mechanisms involved in Cd accumulation under changing 
climate conditions are so far less studied, and the simultaneous presence 
of Cd in growth media, combined with all these soil and climate 
change-related variables, has not yet been investigated, to our 
knowledge. 

Well-watered and drought-stressed pot-grown rapeseed (Brassica 
napus), as a multipurpose fast-growing annual crop with high biomass 
production, was used in the current research to investigate its potential 
for Cd phytoextraction purposes in the current and future climate con
ditions with elevated temperature and CO2. Rapeseed, one of the major 
oilseed crops worldwide and a promising biofuel crop [97], combined 
with phytoextraction can significantly contribute to the economy. Be
sides, B. napus photosynthetic rate and above-ground biomass produc
tion were shown to increase considerably under high air temperature 
conditions, especially in conjunction with elevated CO2, while drought 
only marginally retarded their growth [12,13,43], implying the higher 
possible potential for phytoextraction under future climate conditions. 
Therefore, the objectives of this study were to (1) assess Cd accumula
tion efficiency in well-watered and drought-stressed repressed plants 
grown under current climate and future climate conditions in deter
mining the best conditions for phytoextraction and (2) explore some of 
the underlying physiological mechanisms underpinning the obtained 
results by studying Cd effect on rapeseed photosynthetic performance 
and nutritional status. 

2. Materials and methods 

2.1. Characterization of experimental soil and plant material 

The experimental soil (Calcari-Endohypogleyic Luvisol) was 
collected from the surface layer (0–20 cm) of the field soil in the 
Academy of Agriculture Experimental Research Station of Vytautas 
Magnus University in Kaunas district, Lithuania. The collected soil was 
crushed into particles up to 10 × 10 mm in size and thoroughly mixed 
with agroperlite and sand (fraction 0–2 mm) in a 5:3:2 vol ratio for the 
pot experiment. For soil characteristics analysis, part of the prepared soil 
sample was air-dried and passed through a 2-mm sieve. The main 
physical and chemical characteristics of the mixed soil were as follows: 
soil pH (1 mol L− 1 KCl, ISO 10390) of 6.7 ± 0.1, electrical conductivity 
(ISO 11265) of 6.6 ± 0.08 mS m− 1, organic carbon (ISO 10694), humus 
(ISO 10694), and organic matter (ISO 10694) of 8.1 ± 0.1 g kg− 1, 14 ±
0.2 g kg− 1 and 19 ± 0.1 g kg− 1, respectively, mineral nitrogen (N-NO3 +

N-NO2 and N-NH4, ISO 13395 and ISO 11732, respectively) of 22 ± 0.3 
mg kg− 1, available phosphorus and potassium, determined by Egner- 
Riehm-Domingo (A-L) method [19], of 121 ± 4.5 mg kg− 1 and 68 ±
1.0 mg kg− 1, respectively, and available sulfur, calcium, and magne
sium, determined according to LVP D-12:2021 and LVP D-13:2021 
standards, of 2.7 ± 0.1 mg kg− 1, 1588 ± 26.5 mg kg− 1 and 269 ± 4.5 
mg kg− 1, respectively. 

The rapeseed seeds (var. ‘Fenja’) were provided by the Institute of 
Agriculture of the Lithuanian Research Centre for Agriculture and 
Forestry. 

2.2. Design of cadmium remediation experiment 

The pot experiment was conducted in 10 m3 growth chambers (2.0 ×
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2.0 × 2.5 m width, length, and height) with the controlled environment 
operating cupboards (Emerson Network Power S.r.l., Italy, model No. 
S06UC021V300020FX051260) under a completely randomized design 
using three factors: (i) cadmium, (ii) climate conditions, and (iii) soil 
moisture level. The prepared soil was spiked with a heavy metal solution 
applied as CdCl2 × 2.5 H2O and mixed thoroughly to prepare the arti
ficial Cd-contaminated soil with five Cd concentrations: 0 (control, no 
amended with cadmium), 1, 10, 50, and 100 mg kg− 1. Then a total of 
2.5 kg of processed soil was placed into each plastic pot (a 21-cm top 
diameter, a 15-cm bottom diameter, a 10.6-cm height, and a 3-L ca
pacity) and mixed well with NPK (12–11–18 + microelements) com
pound fertilizer (Achema, Lithuania) at a rate of 60 kg N ha− 1 for basal 
fertilization. 

Pots were randomly divided into two groups, one of which was 
placed in the growth chamber with preset current climate (CC) condi
tions (ambient CO2 set at 400 ppm, 14/10 h ambient air temperature set 
at 21/14 ◦C, and 14/10 h of 55–60/65–70% relative humidity (RH)) and 
another one was placed in the growth chamber with preset future 
climate (FC) conditions (elevated CO2 set at 800 ppm, 14/10 h elevated 
air temperature set at 25/18 ◦C, and 14/10 h of 45–50/55–60% RH). 
The ambient air temperature was defined according to the long-term 
average temperature of the vegetation period in Lithuania. The 
elevated air temperature and CO2 concentration were selected according 
to the predictions of the latest ICCP report based on the SSP3–7.0 sce
nario with high GHG and CO2 emissions, which will roughly double 
from current levels by 2100 [39]. According to the SSP3–7.0 scenario 
and regional models, Europe’s projected land temperature rise at the 
end of the century (2081–2100) will reach + 4 ◦C [92]. Other growing 
conditions like photoperiod and photosynthetically active radiation 
(PAR) were maintained identically in both chambers as follows: 14/10 h 
light/dark regime and ~ 300 mol m− 2 s− 1 PAR at the leaf level delivered 
by a combination of natural daylight luminescent lamps (Philips, 
Waterproof OPK Natural Daylight LF80 Wattage 2 × 58 W/TL-D 58 W) 
and high-pressure sodium lamp (Philips MASTER GreenPower CG T 600 
W). Temperatures in the growth chambers were manually adjusted in 
the operating cupboards, whereas CO2 concentration was automatically 
adjusted by adjusting the amount of injected CO2 gas and the chamber 
conditioner. An Interactive Graphical SCADA System (IGSS) software 
(version 9–13175) was used to control the climate program. The CO2, 
temperature, and humidity transmitter with display (CO2HRT-D, Regin, 
Källered, Sweden) was used to record the climate parameters inside the 
growth chambers. 

Randomly arranged pots with three replicates per Cd-treatment were 
left for stabilization in the chambers under simulated CC and FC con
ditions for seven days. After this, rapeseed seeds were directly sowed 
into these pots (15 units per pot), and then they were thinned to seven 
plants per pot after three weeks of sowing. To avoid nutrient deficiency, 
on the 34th day after sowing (DAS), plants were additionally fertilized 
with the NPK compound fertilizer at a rate of 60 kg N ha− 1. A constant 
level of 30% of volumetric soil water content (SWC), measured at a 
depth of 6 cm using a ThetaProbe ML2x type soil moisture sensor and 
HH2 type moisture meter (Delta-T Devices Ltd., Cambridge, UK), was 
maintained in both chambers during this period using tap water. 

On the 46th DAS, half of the pots in each chamber were randomly 
selected for drought treatment, and drought stress (designated as DS) 
was started by withholding watering until the SWC dropped to an 
average of 5%. Then, DS-treated plants were kept at the SWC of 5% until 
the end of the experiment, totaling 12 days of drought stress at this soil 
moisture level. Meanwhile, the SWC of 30% was continuously main
tained for well-watered plants (designated as WW). Overall, twenty 
treatments, replicated three times, were set up, resulting in a total of 60 
pots, i.e. 5 Cd concentrations (Cd-0, Cd-1, Cd-10, Cd-50, and Cd-100) ×
2 climate conditions (CC and FC) × 2 soil moisture levels (WW and DS) 
× 3 replicates. 

To avoid the effect of the chamber on plant growth, the growth 
chambers were used in randomized order, moving the pots from one 

chamber to another twice during the experiment with restored the 
required climatic conditions. Pots in the same chamber were rotated 
every other day to avoid an “edge” effect. Plants were harvested at 64 
DAS. 

2.3. Plant sample collection and analysis 

After being harvested, plants were separated into shoots and roots. 
Roots were washed thoroughly with tap water to remove all potting 
materials, rinsed with deionized water, and drained with a paper towel 
before weighing. Then fresh biomass of the separated shoots and roots 
was recorded, after which plant samples were dried at 70 ◦C in a forced- 
air ventilation oven (Venticell LSIK-B2V/VC 111, Germany) to a con
stant dry weight (DW) and weighed again with a balance (Kern ADB 
200–4, Germany). The shoots and roots DW of seven samples per pot 
were calculated into DW per plant and averaged as the values of three 
biological replicates. 

Dried root and shoot samples were pulverized, powdered with a mill 
(Retsch MM400, Germany), and stored in air-tight bags at room tem
perature until analysis. To determine the rapeseed Cd and nutrient 
concentrations, the milled shoots and roots samples (~ 0.2 g) were 
digested with 65% HNO3 and 30% H2O2 solutions (v/v = 8/2) using a 
microwave digester (Milestone ETHOS One, Italy). The Cd, P, K, Ca, Mg, 
S, Fe, Mn, Cu, and Zn concentrations in digested shoots and roots ex
tracts were analyzed by inductively coupled plasma optical emission 
spectrometry (ICP-OES) on an Optima 8000 (PerkinElmer, USA). 
Certified reference materials (CRMs) approved by the Community Bu
reau of Reference (BCR), CRM − BCR − 129 Hay Powder and CRM – BCR 
− 482 Lichen (Institute for Reference Materials and Measurements), as 
well as blank reagent samples, were used to ensure the accuracy of the 
analytical methods. The calibration standards were analyzed every 20 
samples to monitor the ICP-OES signal drift. Each of the samples has 
been scanned a total of three times. 

2.4. Phytoremediation efficiency 

Cd accumulation in shoots and roots, bioconcentration factor (BCF), 
and soil Cd removal rate [10,53] were used to evaluate rapeseed phy
toextraction efficiency under CC and FC conditions at different soil 
moisture levels (WW and DS). The following equations were used to 
compute these evaluations: 

Cdaccu − SorCdaccu − R = Cdshoot × shoot DW or Cdroot × root DW (1)  

BCF =
Cdshoot

Cdsoil
(2)  

Cd removal rate (%) =
Cdaccu − Sper pot
Cdsoil × Weightsoil

× 100% (3)  

where Cdaccu-S and Cdaccu-R are Cd accumulation (mg) in shoots and 
roots, respectively; Cdshoot and Cdroot are Cd concentration (mg kg− 1 DW) 
in shoots and roots, respectively; Cdsoil is Cd concentration (mg kg− 1) in 
soil; shoot DW and root DW are shoot and root dry weight (mg), 
respectively; and Weightsoil is the soil weight (kg) in the pot. The shoot 
dry weight, Cd concentration, and accumulation in shoots were calcu
lated on a one-plant basis per pot. Each pot contained seven plants. 

2.5. Photosynthetic efficiency 

Photosynthetic efficiency, estimated by leaf gas exchange and chlo
rophyll fluorescence-related parameters, was determined on 63 DAS 
with the youngest fully expanded leaves using a portable infrared leaf 
gas exchange system LI-6400 (LI-COR Inc., NE, USA) and a Plant Effi
ciency Analyzer Handy PEA (Hansatech Instruments, King’s Lynn, 
Norfolk, England), respectively. 

For gas exchange, the measurements of nine biological replicates per 
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variant (three pots with three randomly selected plants each) were 
recorded, taken under the same leaf chamber conditions as the plants 
were growing in the growth chambers. The block temperature and CO2 
concentration of the reference cell were set at 21 ◦C and 400 µmol mol− 1 

or 25 ◦C and 800 µmol mol− 1 to reflect CC and FC conditions, respec
tively. The RH inside the leaf cuvette was allowed to vary with growth 
chamber conditions. The airflow rate through the assimilation chamber 
was maintained at 500 µmol s− 1 for all gas exchange measurements, and 
PAR outside the leaf cuvette between all the treatments in the CC and FC 
chambers averaged 207 ± 1.4 and 211 ± 2.0 µmol m− 2 s− 1 (p > 0.05), 
respectively. The Ci/Ca ratio was calculated by dividing the intercellular 
CO2 concentration (Ci) by ambient CO2 concentration (Ca, 400 or 
800 µmol mol− 1), and the water use efficiency (WUE, µmol CO2 mmol− 1 

H2O) was calculated as the ratio of photosynthetic rate (Pr) and tran
spiration (E). 

The chlorophyll a fluorescence was measured on the middle section 
of the leaves’ upper side. Before the measurements, leaves were adapted 
to darkness for 15 min. Then the dark-adapted leaves were exposed to a 
1-s saturating ultra-bright red-light pulse (650 nm) with an intensity of 
1800 µmol photons m− 2 s− 1 flashed by an array of three light-emitting 
diodes with uniform irradiation on the leaf surface exposed by the leaf 
clip with a diameter of 4 mm. Chlorophyll a fluorescence data were 
processed with WINPPEA software version 32, provided with the Plant 
Efficiency Analyser. The biophysical parameters were derived from the 
O-J-I-P transients, where O stands for origin (the minimum fluorescence, 
Fo, recorded at the intensity of 50 s) when all reaction centers (RCs) of 
photosystem II (PSII) are assumed to be open, J and I for two interme
diate levels at 2 ms and 30 ms (FJ and FI), and P for peak (FP or FM), the 
maximal intensity when all PSII RCs are closed, which is usually in the ~ 
500-ms range [87]. The measured data were used for the calculation 
according to the JIP-test equations. The following parameters, which 
refer to the time of maximal intensity, were used: (i) Flux ratios of PSII: 
φPo, ψEo, and φEo (ii) flux ratios of PSI: δRo and φRo (iii) Performance 
indexes on an absorption basis (combination of parameters expressing 
partial potentials at steps of energy bifurcations of PSII and specific 
electron transport reactions): PIabs, PItotal, and SFIabs. The formulas, 
definitions, and references of JIP-test parameters are presented in  
Table 1. 

2.6. Statistical analysis 

The one-way analysis of variance (ANOVA) followed by Fisher’s 
Least Significant Difference (LSD) test was used to detect any significant 
difference between treatments (p < 0.05). Three-way ANOVA was per
formed to determine the possible interaction between the three factors: 
soil Cd concentrations (0, 1, 10, 50, and 100 mg kg− 1), climate condi
tions (CC: current climate, FC: future climate), and soil moisture levels 
(regular soil moisture, designated as WW: well-watered, and reduced 
soil moisture, designated as DS: drought-stressed). Pearson’s correlation 
analysis was conducted to determine the relationships among all the 
measured variables under different soil moisture and climate conditions 
(CC-WW, CC-DS, FC-WW, and FC-DS). Hierarchical cluster analysis 
(HCA) was used to create heatmaps with dendrograms using Euclidean 
distance as a similarity measure and group average as the clustering 
method. Statistical analyses were performed using STATISTICA 8, and 
figures were created with Microsoft Excel 2010. Origin 2020b SR0 
software was used to analyze hierarchical clusters, draw heatmaps, 
compute Pearson correlations, and draw correlation matrixes. 

3. Results 

3.1. Impact of climate and soil moisture conditions on Brassica napus 
growth response to cadmium 

Under both climatic conditions and soil moisture levels, Cd phyto
toxicity symptoms on rapeseed leaves, including chlorosis, curled 

leaves, and stunted growth, were only seen in high Cd treatments of 50 
and 100 mg Cd kg− 1 (Cd-50 and Cd-100). However, both well-watered 
(WW) and drought-stressed (DS) plants grew better under future 
climate (FC) than current climate (CC) conditions, with fewer visible Cd 
toxicity symptoms (Fig. 1A-D). A three-way ANOVA performed to 
investigate the potential interactions between the three factors: Cd 
concentrations, climate conditions, and soil moisture levels showed that 
all three variables had a significant effect on rapeseed growth, expressed 
in terms of shoot and root dry weight (DW) production, but their in
teractions differed for shoots and roots (Table S1). Drought significantly 
reduced rapeseed shoot DW in Cd-0–Cd-10 treatments under CC con
ditions and in all Cd treatments under FC conditions by 40% on average. 
Root DW significantly decreased in Cd-1 and Cd-10 treatments under CC 
conditions by 34% on average and in Cd-1, Cd-50, and Cd-100 treat
ments under FC conditions by 20%, 40%, and 62%, respectively 
(Fig. 2 A, B). In contrast, FC conditions favored non-Cd-affected and Cd- 
stressed repressed growth at both soil moisture levels, alleviating the 
induced stress of high Cd treatments for both shoot and root DW pro
duction, except shoot DW of DS plants. Compared with the respective 
controls, under CC conditions, Cd-50 and Cd-100 treatments reduced 
shoot DW of rapeseed plants by 46% and 68% (p < 0.05) in the regular 
water regime and by 29% (p > 0.05) and 60% (p < 0.05) in the water 
stress regime, respectively. Meanwhile, under FC conditions, WW plants 
reduced shoot DW by 26% and 53%, respectively, and DS plants by 40% 
and 63% (p < 0.05) (Fig. 2 A and 5A-D). Root DW in Cd-50 and Cd-100 
treatments under CC conditions decreased by 58% and 79% with regular 
soil moisture and 46% and 85% with drought stress conditions 
(p < 0.05), respectively. Under FC conditions, root DW of WW and DS 
plants decreased by 18% and 45% in the Cd-50 treatment and by 42% 
and 76% in the Cd-100 treatment, respectively (p < 0.05) (Figs. 2B and 

Table 1 
The formulas and definitions of JIP-test parameters, derived using data extracted 
from the fast fluorescence transient O-J-I-P. PSI, PSII, RC, QA, and PQ stand for 
photosystem I, photosystem II, active PSII reaction centers, the first plastoqui
none electron acceptor of PSII, and plastoquinone, respectively.  

Parameters Formulas Definitions References 
a 

Quantum yields and efficiencies/probabilities 
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) 

1 − 8 

φEo = ETo/ABS = φPo 
× ψEo 

Quantum yield of electron 
transport (ET) from QA

− to PQ 
1 − 5, 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 

2 − 5, 8 

φRo = REo/ABS = φPo 
× (1 − VI) 

Quantum yield for reduction of 
end electron acceptors at the 
PSI acceptor side 

2 − 4, 8 

Performance indexes on an absorption basis 
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 

2 − 6, 8 

SFIabs = RC/ABS × φPo 
× ψEo 

Structure-function index, which 
reflects changes that “favor” 
photosynthesis 

4  

a – 1 [88]; 2 [89]; 3 [86]; 4 [87]; 5 [44]; 6 [76]; 7 [50]; 8 [21] 
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Fig. 1. Visual symptoms in leaves of rapeseed exposed to Cd treatments (Cd-0, Cd-1, Cd-10, Cd-50, and Cd-100) under well-watered (WW) conditions in the current 
climate (CC) and future climate (FC) (A and B, respectively) and drought-stressed (DS) conditions in CC and FC (C and D, respectively). 

Fig. 2. Rapeseed growth and Cd concentration and accumulation under different soil Cd concentrations (0, 1, 10, 50, and 100 mg kg− 1), climate conditions (CC: 
current climate, FC: future climate), and soil moisture levels (WW: well-watered, DS: drought-stressed). A and B: Shoot and root dry weight (DW), respectively; C and 
D: Cd concentration in shoots and roots, respectively; E and F: Cd accumulation in shoots and roots, respectively. Data are means ± SE (n = 3). Different letters over 
the bars indicate significant differences among treatments (p < 0.05). < LD – below the detection limit. 
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5A-D). 

3.2. Impact of climate and soil moisture conditions on Cd accumulation in 
B. napus and other phytoremediation-related parameters 

As soil Cd concentration increased, so did rapeseed shoot Cd con
centration. Future climate conditions have lowered Cd shoot concen
trations regardless of the soil moisture level, while drought stress tended 
to increase Cd shoot concentration under both climate conditions 
(Fig. 2 C and 8A-D). Root Cd concentrations were significantly higher 
than shoot Cd concentrations and increased concentration-dependently 
in WW plants, with the Cd-100 treatment having significantly lower root 
Cd concentrations under FC conditions. Meanwhile, under both cli
mates, Cd concentration in roots of DS plants did not differ significantly 
among Cd-1–Cd-50 treatments, while increased considerably in Cd-100 
treatment, reaching 228 and 226 µg g− 1 under CC and FC conditions, 
respectively (Figs. 2D and 8A-D). ANOVA results showed that all three 
factors and these factors combinations significantly affected root Cd 
concentration. Cd × soil moisture and Cd × soil moisture × climate 
conditions had no significant effect on shoot Cd concentration 
(Table S2). Shoot Cd accumulation was not significantly affected by the 
interaction of all three factors, while root Cd accumulation was not 
significantly affected by climate × soil moisture (Table S1). Shoot Cd 
accumulation in Cd-50 and Cd-100 treatments was significantly higher 
by 65% and 76%, respectively, under FC conditions in the regular water 
regime but not in the water stress regime (Fig. 2E). Under CC conditions, 
shoot Cd accumulation in high Cd treatments did not differ significantly 
between WW and DS plants, whereas it was lower in DS plants by 31% 
and 45% (p < 0.05) in Cd-50 and Cd-100 treatments, respectively, under 
FC conditions. Compared with WW plants, root Cd accumulation of DS 
plants was lower under both climate conditions in high Cd treatments by 
60–89% (p < 0.05) (Fig. 2 F). FC conditions significantly increased 
repressed root Cd accumulation by 85% and 63%, respectively, in Cd-50 
and Cd-100 treatments with regular soil moisture content, and by 5.9 
and 2.4 times, respectively, in Cd-10 and Cd-100 treatments with 
drought stress conditions. 

The bioconcentration factor (BCF) was significantly affected by 
climate and soil moisture conditions, while soil Cd removal rate by all 
three variables but not their interactions (Table S1). The BCF values of 
both WW and DS plants were lower under FC compared to CC conditions 
but mainly did not differ significantly. Meanwhile, under both CC and 
FC conditions, BCFs of DS plants tended to be higher than those of WW 
plants but also did not differ significantly, except for Cd-1 treatment 
under FC conditions. In most cases, BCF values did not differ between Cd 
treatments (Table 2). The soil Cd removal rate (%) tended to decrease 
concentration-dependently. In all Cd treatments, under both climate 
conditions, the soil Cd removal rate of DS plants was 3% up to 45% 
lower, as compared to WW plants, but significantly differed only in Cd- 
10 treatment under CC conditions. Contrarily, in all Cd treatments, the 
Cd removal rate of both well-watered and drought-stressed plants was 
5% up to 76% higher under FC, compared to CC conditions, but signif
icantly only in Cd-50 treatment in the regular water regime (Table 2). 

3.3. Impact of climate and soil moisture conditions on gas-exchange and 
chlorophyll fluorescence-related parameters of B. napus in response to Cd 
stress 

Cd, climate, soil moisture, and these factors’ interactions (Table S1) 
differentially affected gas exchange parameters (Table S1). Only Cd and 
soil moisture conditions significantly affected all gas exchange param
eters. Pr and Ci/Ca appeared to be the most sensitive, as they were not 
significantly affected only by the interaction of all three factors and Cd 
× soil moisture, respectively (Table S1). Under both climate and soil 
moisture conditions, the photosynthetic rate (Pr) of non-Cd affected and 
Cd-treated rapeseed followed the trend of shoot DW production (Fig. 3 A 
and 5A-D). Drought stress significantly reduced Pr by 32%, on average, 

in Cd-0–Cd-50 treatments under CC conditions, and by 42%, on average, 
across all Cd treatments under FC conditions. Meanwhile, when 
compared to CC conditions, under FC conditions, both WW and DS 
plants increased their Pr in all Cd treatments by 93% and 55%, on 
average, respectively. Compared with the respective controls, under CC 
conditions, Cd-50 and Cd-100 treatments reduced the Pr of well-watered 
plants by 40% and 67%, respectively, and by 33% and 60% in drought- 
stressed plants. Under FC conditions, these reductions in Cd-50 and Cd- 
100 treatments were 28% and 58% for WW plants and 40% and 67% for 
DS plants, respectively. 

High Cd treatments significantly reduced the stomatal conductance 
(gs) of WW and DS plants, which differed between climates only in the 
Cd-100 treatment. Under CC conditions, Cd-100 treatment reduced gs of 
WW and DS plants by 36% and 25%, respectively, and by 29% and 57%, 
respectively, under FC conditions (Fig. 3B). When compared to regular 
soil moisture content, reduced soil moisture level reduced gs in all Cd 
treatments under both climate conditions by 64% (p < 0.05), on 
average. Transpiration rate (E) mainly followed the trend of gs (Figs. 3D 
and 5A-D). Under CC conditions, high Cd treatments reduced E of WW 
and DS plants by 21% and 16%, on average, respectively. Under FC 
conditions, the E of well-watered plants was reduced by 17% and 36% in 
Cd-50 and Cd-100 treatments, respectively, and by 27% and 54% in 
drought-stressed plants. Across all Cd treatments in both climates, 
drought stress cut transpiration by 47% (p < 0.05) on average. 

Unlike all other parameters, the Ci/Ca of WW plants increased 
significantly by 15% and 26% in Cd-50 and Cd-100 treatments under CC 
conditions and by 20% in Cd-100 treatment under FC conditions. DS 
plants increased their Ci/Ca ratio by 25% and 82% in Cd-50 and Cd-100 
treatments under CC conditions and by 16% and 24% under FC condi
tions, respectively (Fig. 3 C and 5A-D). Ci/Ca mainly did not differ be
tween climates in the regular soil water regime. However, in the water 
stress regime, it was consistently higher under FC conditions in Cd- 
0 − Cd-50 treatment by 38%, on average. Drought stress significantly 
reduced Ci/Ca across all Cd treatments by 39% and 25%, on average, 
respectively, under CC and FC conditions. WUE of WW plants decreased 
by 23% in Cd-50 treatment under CC conditions and by 59% and 34% in 
Cd-100 treatment under CC and FC conditions, respectively. DS plants 

Table 2 
BCF and efficiency of Cd removal by rapeseed grown under different climate 
conditions and soil moisture levels.  

Climate conditions and soil water 
regime 

Cdsoil BCF Cd removal rate 
(%) 

CC-WW  1 0.88 
± 0.08cde 

0.44 ± 0.03ab  

10 1.16 ± 0.11ab 0.48 ± 0.05a  

50 1.09 
± 0.04abc 

0.27 ± 0.06cde  

100 1.06 
± 0.04abcd 

0.16 ± 0.02de 

CC-DS  1 1.13 
± 0.07abc 

0.30 ± 0.02bcd  

10 1.18 ± 0.19a 0.31 ± 0.05bcd  

50 1.24 ± 0.00a 0.26 ± 0.00cde  

100 1.14 ± 0.00ab 0.13 ± 0.04e 

FC-WW  1 0.70 ± 0.17e 0.46 ± 0.10a  

10 0.87 
± 0.06bcde 

0.54 ± 0.04a  

50 0.80 ± 0.00de 0.44 ± 0.00ab  

100 0.79 ± 0.04de 0.27 ± 0.04cde 

FC-DS  1 1.13 
± 0.01abcd 

0.44 ± 0.01ab  

10 0.97 ± 0.08ab 0.39 ± 0.02abc  

50 0.99 
± 0.04abcd 

0.31 ± 0.07bcd  

100 0.78 ± 0.05de 0.15 ± 0.05de 

Data are means ± SE (n = 3). Different column letters indicate significant dif
ferences between treatment means (p < 0.05). CC: current climate, FC: future 
climate, WW: well-watered, DS: drought- stressed. 
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decreased their WUE by 18% in Cd-50 treatment under both climates 
and 53% and 29% in Cd-100 treatment under CC and FC conditions, 
respectively (Figs. 3E and 5A-D). Both drought stress and FC conditions 
increased WUE, compared to regular water regime and CC conditions, 
especially in Cd-100 treatment. 

Cd, soil moisture, and Cd × climate significantly affected all chlo
rophyll fluorescence (ChlF)-related parameters. Climate had a signifi
cant effect only for SFIabs and φPo, and the interactions of climate × soil 
moisture and all three factors significantly affected only φPo (Table S1). 
The detrimental effect of cadmium on the ChlF-related parameters 
describing the performance of photosynthetic apparatus, which are 
visualized on the radar plots as a percentage change from their respec
tive controls (Cd-0 ones), was also most pronounced only in high Cd 
treatments under both climates and soil moisture levels (Figs. 4A-D and 
5A-D). However, Cd less affected all ChlF-related parameters of both 
well-watered and drought-stressed rapeseed under FC than CC condi
tions. Meanwhile, when comparing DS plants to WW ones in both cli
mates, high Cd treatments had less effect on all ChlF-related parameters 
under drought conditions. 

To better systematize the response of growth, gas exchange, and ChlF- 
related parameters to Cd-induced stress, we created the clustered heat
maps for well-watered and drought-stressed rapeseed grown under CC 
and FC conditions (Fig. 5A-D). A dendrogram of Cd treatments high
lighted the difference between these parameters under CC and FC con
ditions, especially in the regular water regime. In well-watered plants, 
under CC conditions, the treatments with lower Cd concentrations (Cd-1 

and Cd-10) fell into one group with control plants (Cd-0), with Cd-0 and 
Cd-1 being more related to each other, treatments with high Cd concen
trations (Cd-50 and Cd-100) formed another cluster (Fig. 5A). Mean
while, under FC conditions, distinct groups were formed for Cd-0 and Cd- 
1 treatments and Cd-10 and Cd-50 treatments, leaving Cd-100 in a 
separate cluster (Fig. 5B). These differences between climates were 
determined by (1) less influenced growth, Pr, Ci/Ca, WUE, and ChlF- 
related parameters, especially PIabs, PItotal, and SFIabs, under FC con
ditions in Cd-50 treatment (Fig. 2 A, B, 3 A, C, E, and 4 A, B); (2) the 
contrasting response of several ChlF-related parameters, particularly 
PItotal, in Cd-10 treatment when, under CC and FC conditions, they were 
increased and decreased, respectively (Fig. 4 A, B); and (3) more 
decreased shoot DW, Pr, and WUE compared to their respective control 
under FC conditions in Cd-10 treatment (Fig. 2 A and 3 A, E). In drought- 
stressed plants, under CC conditions, separate clusters were formed for 
Cd-0 and Cd-10 treatments and Cd-1 and Cd-50 treatments because 
several ChlF-related parameters (i.e., PIabs, PItotal, and SFIabs) were 
more affected in Cd-1 than Cd-10 treatment (Fig. 4 C and 5 C). Mean
while, under FC conditions, due to lower ChlF-related parameters, except 
for δRo and φRo, values in Cd-10 than in Cd-50 treatment compared to 
Cd-0, Cd-100 was more correlated with Cd-10 (Figs. 4D and 5D). 
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Fig. 3. Leaf gas exchange of rapeseed grown under different soil Cd concentrations (0, 1, 10, 50, and 100 mg kg− 1), climate conditions (CC: current climate, FC: 
future climate), and soil moisture levels (WW: well-watered, DS: drought-stressed). A: Photosynthetic rate (Pr); B: Stomatal conductance (gs); C: The ratio of 
intercellular to ambient CO2 concentration (Ci/Ca); D: Transpiration rate (E); E: Water use efficiency (WUE). Data are means ± SE (n = 9). Different letters over the 
bars indicate significant differences among treatments (p < 0.05). 
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3.4. Impact of climate and soil moisture conditions on macro and 
micronutrient concentrations in B. napus shoots and roots in response to 
Cd stress 

High Cd soil concentrations of 50 and 100 mg kg− 1 induced signifi
cant and prominent changes in the majority of macro and micronutrient 
concentrations in rapeseed shoots and roots (Figs. 6A-J, 7A-H, and 8A- 
D). Cd significantly affected all macro and micronutrient concentrations, 
except P, in shoots and roots (ANOVA, Table S2). The macro and 
micronutrient concentrations in rapeseed shoots and roots were less 
affected by climate and soil moisture conditions than Cd. Nevertheless, 
the interactions between these factors (Cd × climate, Cd × soil moisture, 
and climate × soil moisture) were mainly significant in micronutrient 
concentrations in shoots and roots. Meanwhile, the interaction of all 
three factors more affected macronutrient concentrations in shoots and 
roots (Table S2). 

The most noticeable changes in macronutrient concentrations in 
shoots occurred in K, Mg, and S concentrations, which increased 
significantly under CC conditions at both soil moisture levels in Cd-50 
and Cd-100 treatments. Under FC conditions, K concentration 
increased at both soil moisture levels but only in the Cd-100 treatment. 
Mg and S concentrations increased significantly in the Cd-100 treatment 
in well-watered conditions and the Cd-50 and Cd-100 treatments in the 
water stress regime. Ca concentration changed significantly only under 
CC conditions when increased significantly in WW plants under both 
high Cd treatments, while P concentration did not change remarkably 

under any conditions (Figs. 6A-E and 8A-D). 
The most notable changes in macronutrient concentrations in roots 

occurred in WW plants under CC conditions, where all of them increased 
significantly in high Cd treatments, except P in Cd-50. Under FC con
ditions, P concentration in WW plants decreased in both high Cd treat
ments, while Ca, Mg, and S concentrations increased only in the Cd-100 
treatment (Figs. 6F-J and 8A-D). DS plants under CC conditions showed 
higher Mg concentration in both high Cd treatments, while Ca and S 
concentrations significantly increased only in the Cd-100 treatment, and 
P concentration in Cd-100 decreased. Meanwhile, DS plants under FC 
conditions had higher P and Mg concentrations in the Cd-50 treatment, 
higher S concentration in Cd-100, and higher K concentration in both 
high Cd treatments. 

Differentially from other micronutrients, Cu concentration in shoots 
significantly decreased in Cd-50 and Cd-100 treatments in WW plants 
and Cd-100 treatment in DS plants under CC conditions. It also was 
lower under FC conditions in Cd-100 treatment at both soil moisture 
levels. Meanwhile, all other micronutrient concentrations in shoots 
increased in high Cd treatments (Figs. 7A-D and 8A-D). Under CC con
ditions, Fe and Zn concentrations increased significantly in both high Cd 
treatments at both soil moisture levels, while Mn concentration 
increased in the Cd-50 treatment. Under FC conditions, WW plants had 
higher Fe, Mn, and Zn concentrations in the Cd-100 treatment, whereas 
DS plants showed higher Fe and Mn concentrations in the Cd-50 treat
ment and Zn in the Cd-100 treatment. 

Under CC conditions, all micronutrient concentrations increased 

Fig. 4. JIP-test parameters (Performance indexes on an absorption basis: PIabs, PItotal, and SFIabs; Quantum yields and efficiencies for photochemistry: φPo, ψEo, 
φEo, δRo, and φRo) normalized on radar plots. A and B: Cd effect on well-watered (WW) rapeseed plants under current climate (CC) and future climate (FC) 
conditions (CC-WW and FC-WW, respectively); C and D: Cd effect on drought-stressed rapeseed plants under CC and FC conditions (CC-DS and FC-DS, respectively). 
Each curve represents the average of three measurements per treatment. Under all growing conditions, the status of Cd-stressed plants (Cd-1, Cd-10, Cd-50, and Cd- 
100) is shown relative to the status of Cd-untreated plants (Cd-0), expressed as 100% (black line). Asterisks, colored with the same color as the Cd treatment, mark 
significant differences from the respective controls (Cd-0 ones) (Fisher’s LSD, p < 0.05). 
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significantly in the roots of the well-watered plants in high Cd treat
ments. In drought-stressed plants grown under CC conditions, Zn con
centration increased in both high Cd treatments, while Fe, Mn, and Cu 
concentrations increased only in Cd-50. Under FC conditions, however, 
none of the micronutrient concentrations significantly differed in the 
Cd-100 treatment versus Cd-0, while only Fe concentration was reduced 
in the Cd-50 treatment. Meanwhile, in DS plants, Mn and Cu concen
trations in the Cd-50 treatment increased significantly, Fe concentration 
in the Cd-100 treatment decreased, and Zn concentration decreased in 
both high Cd treatments (Figs. 7E-H and 8A-D). 

Hierarchical clustering analysis for macro and micronutrient con
centrations in rapeseed shoots and roots also showed more difference in 

well-watered than drought-stressed plants (Fig. 8A-D). In well-watered 
plants, separate clusters formed for Cd-0 − Cd-10 treatments, with Cd- 
1 and Cd-10 being more related to each other, and another for Cd-50 
and Cd-100 treatments under CC conditions (Fig. 8A). Meanwhile, 
under FC conditions, Cd-50 treatment formed a group with Cd-0 − Cd-10 
treatments, leaving Cd-100 in a single cluster (Fig. 8B), as the significant 
macro and micronutrient concentration impairments in shoots and roots 
mainly were manifested only in Cd-100 treatment (Figs. 6F-J and 7E-H). 
In drought-stressed plants, under both CC and FC conditions, Cd-0 − Cd- 
10 treatments formed one group, and Cd-50 and Cd-100 treatments 
another (Fig. 8C, D). The only difference between climates occurred in 
the Cd-0 − Cd-10 cluster when, under CC conditions, Cd-0 and Cd-1 

Fig. 5. Polar heatmap with dendrogram of growth, gas exchange, and ChlF-related parameters of rapeseed grown under different soil Cd concentrations (0, 1, 10, 50, 
and 100 mg kg− 1, designated as Cd-0, Cd-1, Cd-10, Cd-50, and Cd-100) in well-watered (WW) conditions under the current climate (CC) and future climate (FC) (A 
and B, respectively) and drought-stressed (DS) conditions under CC and FC (C and D, respectively). 
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treatments were more closely related, while, under FC conditions, more 
correlated were Cd-1 and Cd-10 treatments. 

4. Discussion 

4.1. Impact of climate and soil moisture conditions on Cd-phytoextraction 
efficiency by B. napus 

Most plants exhibit visible Cd toxicity symptoms when Cd concen
tration in plant tissue reaches 3–30 mg kg− 1 [18]. Both well-watered 
(WW) and drought-stressed (DS) rapeseed plants exceeded this level in 
high Cd treatments of 50 and 100 mg kg− 1 (Fig. 2 C, D) exhibiting the 
visible toxicity symptoms as well. As future climate conditions (FC) 
resulted in lower aboveground tissue Cd concentration than under cur
rent climate (CC) conditions (Fig. 2 C), fewer visible Cd toxicity 

symptoms on the leaves were manifested as well (Fig. 1A-D). Therefore, 
the present study’s findings indicate that B. napus tolerance to high Cd 
concentrations improved under FC conditions with elevated tempera
ture and CO2 concentration regardless of soil moisture levels, mainly 
owing to lower Cd shoot concentration (Fig. 2 C). This concentration 
dilution effect caused by faster plant growth and higher biomass pro
duction could also be seen comparing WW and DS plants (Fig. 2 A, C) 
and was confirmed by a strong negative correlation between shoot dry 
weight (DW) and shoot Cd concentration (Fig. 9A-D). The dilution 
phenomenon is frequently observed under elevated CO2 conditions [41, 
55], but it can also be seen under elevated temperature conditions when 
the growth of different plant parts exceeds their rate of metal uptake 
[54]. 

Slightly higher bioconcentration factor values in drought-stressed 
plants compared to well-watered plants and overall lower BCF values 
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under FC versus CC conditions (Table 2) were also related to concen
tration and dilution phenomena, respectively, with significant negative 
correlation between shoot DW and BCF (r = − 0.63, p < 0.001). On the 
other hand, Cd accumulation in shoots positively correlated with shoot 
DW from high Cd treatments (r = 0.71, p = 0.002). Even though BCF is 
regarded as the key indicator for assessing plants’ ability to extract 
heavy metals [36], it does not permit the assessment of overall phy
toextraction potential. Therefore, aboveground biomass production was 
the primary factor causing significantly higher shoot Cd accumulation 
and removal afterward (Table 2, Fig. 9A-D). In addition, the soil Cd 
removal rate (%) showed the opposite trends than BCF did (Table 2), 

exhibiting a strong positive relationship with shoot DW (r = 0.83, 
p < 0.001). As a result, because metal removal efficiency is determined 
by the amount of metal extracted in the aboveground biomass [95], the 
overall HM accumulation in non-hyperaccumulator plants, as B. napus, 
with high aboveground biomass production can be comparable to 
hyperaccumulators, despite their lower metal-accumulating capacities 
[4,101]. This finding further supports the concentrations and dilution 
phenomena observed under drought and FC conditions, respectively, 
and indicates the higher rapeseed potential for Cd phytoextraction 
under FC than in CC conditions at both soil moisture levels. Only Cd-50 
treatment in the regular water regime, on the other hand, resulted in a 

Fig. 8. Polar heatmap with dendrogram of Cd and macro and micronutrient concentrations in shoots and roots of rapeseed grown under different soil Cd con
centrations (0, 1, 10, 50, and 100 mg kg− 1, designated as Cd-0, Cd-1, Cd-10, Cd-50, and Cd-100) in well-watered (WW) conditions under the current climate (CC) and 
future climate (FC) (A and B, respectively) and drought-stressed (DS) conditions under CC and FC (C and D, respectively). The abbreviations ‘S’ and ‘R’ stand for 
shoot and root, respectively. 

A. Dikšaitytė et al.                                                                                                                                                                                                                              



Journal of Hazardous Materials 452 (2023) 131181

13

significantly higher Cd removal rate under FC conditions of up to 65% 
(Table 2). This is consistent with the clustering analysis, which showed 
that the physiological status of well-watered plants improved under FC 
conditions in Cd-50 treatment, as the clustering of Cd-50 with Cd-100 
treatment under CC conditions was switched to clustering with 
Cd-0 − Cd-10 treatments under FC conditions in the polar heatmaps with 
dendrogram of growth, gas exchange and ChlF-related parameters and 
macro and micronutrient concentrations in rapeseed shoots and roots 
(Figs. 5A, B and 8A, B). 

4.2. Impact of climate and soil moisture conditions on photosynthetic 
performance and nutritional status of B. napus in response to Cd stress 

The accumulation of Cd in plants is well known to disrupt the uptake 
of important nutrients such as calcium, magnesium, potassium, and 
others, as well as water uptake [32,34,62,79], which was also a case in 

this study (Figs. 6A-J, 7A-H, and 8A-D). These impairments hands down 
the onset of visible Cd phytotoxicity symptoms, the most notable of 
which is leaf chlorosis, resulting from the destruction of the chloroplast 
ultrastructure and the impairment of chlorophylls production, which in 
turn cause the reduction in photosynthetic rate [32,79]. Matching the 
chlorosis symptoms (Fig. 1A-D), the photosynthetic rate (Pr), which 
followed the trend of shoot DW production (Fig. 2 A, 3 A, and 5A-D) 
with a very strong positive relationship between them (Fig. 10A-D), 
was more impaired by Cd under current than future climate conditions. 
However, the reduction of Pr was more noticeable in the water stress 
regime under both CC and FC conditions, unlike the symptoms of 
chlorosis (Figs. 1A-D and 3 A), implying additional restrictions to 
photosynthesis under drought conditions to those of Cd-induced 
disturbance in mineral nutrient balance. This discrepancy could be 
explained by the fact that stomatal conductance (gs), the intercellular to 
ambient CO2 concentration (Ci/Ca), and transpiration (E) were also 

Fig. 9. Correlation matrixes among the measured rapeseed growth and physiological traits, Cd concentration and accumulation in shoots and roots, and nutrient 
concentrations in shoots and roots in well-watered (WW) conditions under the current climate (CC) and future climate (FC) (A and B, respectively) and drought- 
stressed (DS) conditions under CC and FC (C and D, respectively). The size and intensity of red (positive) and blue (negative) circles are mapped with Pearson’s 
correlation coefficient values (p < 0.05) with stronger correlations being larger and darker than weaker ones. The correlations that are not significantly related across 
are marked on the symbol ‘x’. The abbreviations ‘-S’ and ‘-R’ stand for shoot and root, respectively. 
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decreased in the water stress regime, compared to the regular soil 
moisture (Fig. 3A-D), suggesting a direct drought stress-induced sto
matal limitation to photosynthesis. Moreover, gs, Ci/Ca, and E all 
possessed a very close positive relationship with Pr (r = 0.826 − 0.996, 
p < 0.05) across all Cd treatments, except in Cd-100 under CC condi
tions. It is well recognized that almost all plants’ primary and paramount 
response to the lack of soil moisture is rapid stomatal closure to prevent 
further water loss through transpiration. This physiological adaptation 
allows plants to maintain hydraulic function but limits CO2 entry into 
the leaves, resulting in reduced CO2 assimilation [104,12,13,22]. In 
addition, the decrease in photosynthetic rate under drought conditions 
could be directly linked to increased water use efficiency (Fig. 3E), 
which is also a common plant response to drought stress caused by 
stomatal reduction [12,13,17,20] as a result of osmotic imbalance [51]. 
Meanwhile, despite a significant decrease in gs, Ci/Ca increased in high 
Cd treatments under both climates and soil moisture levels (Fig. 4B, C), 
displaying a strong negative correlation with Pr (Fig. 9A-D). These re
sults indicate that, unlike drought, the adverse effect of cadmium on 
rapeseed photosynthetic performance was attributed to non-stomatal 
restriction rather than stomatal limitation, which is in agreement with 
the findings of other studies [5,82,83]. 

The primary site of Cd action through non-stomatal limitations is the 
photosynthetic apparatus, especially the light-harvesting complex II and 
both photosystems (PSI and PSII) [32,34]. It has been shown that Cd 
interrupts the photosynthetic electron transfer (ET) and lowers the ef
ficiency of energy conversion in photosystem II [66], which is in line 
with our findings (Fig. 4A-D). Our results showed that at both soil 
moisture levels under CC conditions high Cd concentrations, especially 
Cd-100 treatment, disrupted the entire electron transport chain, 
decreasing all the electron transport-related quantum yields as well as 
intermediate energy transduction efficiencies with the effect being 
larger in the sequence φRo > δRo > φEo > ψEo > φPo (Fig. 4 A, C). 
Moreover, all these quantum yields and efficiencies, except φPo in the 
water stress regime, had a moderate to strong positive relationship with 
Pr (Fig. 9 A, C). Similar results were found in the study of Yusuf et al. 
[103] with wild-type B. juncea plants. Furthermore, the 
structure-function index (SFIabs), which is the product of terms of three 
independent parameters (RC/ABS, the density of active PSII reaction 
centers on Chl a basis, φPo, and ψEo), and the performance indexes on 
an absorption basis (PIabs and PItotal) were all diminished in high Cd 
treatments, particularly Cd-100. Their reduction showed a very strong 
positive correlation with Pr, except in the water stress regime under FC 
conditions (Fig. 9A-D) and was much more pronounced under CC con
ditions (Fig. 4A-D). SFIabs provides structural and functional information 

about the strength of the influence of internal factors promoting the 
reactions in PSII that “favor” photosynthesis [30,60,87]. Meanwhile, 
PIabs and PItotal are the products of terms expressing partial potentials for 
energy conservation at the sequential energy bifurcations from exciton 
to the reduction of intersystem electron acceptors and to the reduction of 
the end acceptors of photosystem I, respectively [89,103]. Therefore, 
the significantly lower values of SFIabs and PIabs reflect inefficient use of 
absorbed light energy due to the increased density of inactive PSII re
action centers, which resulted in less excitation energy being trans
formed into chemical energy that is further directed to biochemical 
processes of photosynthesis, as in some part was previously suggested by 
Franić et al. [25]. Meanwhile, an even higher reduction in PItotal reflects 
Cd-induced damage to both PSII and PSI, with the latter resulting from 
the decrease in δRo, which, according to Schansker et al. [78], indicates 
a decrease in electron flow at the acceptor side of PSI caused by fer
redoxin-NADP+-reductase (FNR) inactivation. The lower degree of 
reduction in SFIabs, PIabs, and PItotal in drought-stressed plants 
compared to well-watered plants (Fig. 4A-D) could be attributed to the 
darker green color of DS plants and fewer chlorosis symptoms, partic
ularly under FC conditions (Fig. 1A-D). However, due to both stomatal 
and non-stomatal constraints of photosynthesis under the simultaneous 
presence of Cd and drought, Pr, shoot DW, and shoot Cd accumulation of 
drought-stressed plants under FC conditions were all significantly lower, 
compared to well-watered plants (Fig. 2 A, E and 3 A). 

WUE is defined as the ratio of water used by the plant for metabolism 
to water lost through transpiration [74]. Therefore, a decrease in WUE 
in response to high Cd treatments (Fig. 3E) implies that, unlike drought 
stress, Cd had a greater influence on rapeseed photosynthesis than water 
balance. Along with the found moderate to strong positive correlation 
between WUE and Pr under both climate and soil moisture conditions 
(Fig. 9A-D), these findings further support the presumption of 
non-stomatal constraints rather than stomatal limitations to photosyn
thesis under Cd stress. However, decreased transpiration rate at high Cd 
soil concentrations may have further exacerbated the growth inhibition, 
as it could reduce mineral nutrients translocation into aboveground 
parts [34]. Regarding the mineral nutrients, their concentrations in 
shoots and roots also mainly reflected the concentration and dilution 
phenomena. The increases in the majority of analyzed macro and 
micronutrients in the shoots and roots in Cd-50 and Cd-100 treatments 
point out the concentration effect when the shoot and root DW were 
highly decreased under both climates and soil moisture levels. Mean
while, at both soil moisture levels, less elevated macro and micro
nutrient concentrations under FC compared to CC conditions in high Cd 
soil concentrations make a note of the dilution effect due to less 

Fig. 10. A simplified schematic representation of the possible sites of Cd inhibition in the photosynthetic linear electron (e− ) transport chain in B. napus plants. The 
main inhibition sites are the Mn4Ca cluster of the oxygen-evolving complex (OEC), the deactivation of some fraction of PSII RCs, the stretch between Cytb6f and PSI 
due to a lack of PC caused by Cd-induced Cu deficiency, and the acceptor side of PSI due to the inactivation of FNR. Electron transport chain components: OEC, 
oxygen evolving complex, PSII and PSI, photosystem II and photosystem I; RC, reaction center; P682, exited state of PSII RC, which is the primary electron donor of 
PSII; Pheo, pheophytin; QA, a primary quinone electron acceptor of PSII; QB, a secondary quinone electron acceptor of PSII; PQ, plastoquinone; PQH2, a reduced form 
of QB that leaves PSII, Cytb6f, cytochrome b6f complex; PC, plastocyanin; Fd, ferredoxin; FNR, ferredoxin-NADP+-reductase; NADPH, reduced nicotinamide adenine 
dinucleotide phosphate; P700, exited state of PSI RC, which is the primary electron donor of photosystem I. 
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decreased shoot and root biomasses (Figs. 6A-J, 7A-H, and 2 A, B). 
Moreover, unlike shoot and root DW, Cd concentration and accumula
tion in shoots and roots showed a significant positive correlation with 
the majority of macro and micronutrient concentrations in shoots and 
roots, particularly under CC conditions in the regular water regime. 
Only Cu concentration in shoots had a negative relationship with Cd 
concentration in shoots and roots under CC and FC conditions at both 
soil moisture levels (Fig. 9A-D). 

The deficiency in mineral nutrients in distinct plant organs is 
frequently observed alongside Cd uptake [35,59,62], as Cd enters plant 
cells primarily through cation channels of Ca, Zn, Fe, Mn, K, or trans
porters of other divalent cations [52,62,9]. For example, leaf chlorosis 
was observed in Arabidopsis thaliana after Cd exposure, primarily due to 
Cd-induced iron (Fe) deficiency in the shoots [99], which could be 
linked to reduced chlorophyll synthesis [48]. A lack of zinc (Zn) also 
causes chlorotic areas on the leaves, necrosis, and mid-leaf collapse, 
which could affect physiological and genetic parameters such as growth, 
enzyme activity, protein production, and defense mechanisms, resulting 
in cellular and physical damage [75]. In addition, Fe deficiency affects 
photosynthetic electron transport, which has a very high demand for Fe 
cofactors, whit the highest demand for iron–sulfur (Fe–S) clusters [47]. 
Photosystem I subunits require three 4Fe-4S clusters, each Rieske sub
unit of the cytochrome b6f (Cytb6f) complex requires two 2Fe-2S clus
ters, and ferredoxins (Fds) requires two 2Fe-2S clusters [26,37,7]. The 
Cytb6f complex contains multiple heme cofactors for electron transport 
and exists as a dimer, spanning the subunits with a total of 12 Fe atoms 
[61]. Photosystem II also contains a cytochrome heme cofactor with 
photoprotective properties [61]. However, PSI is more affected by Fe 
deficiency than PSII [47]. Sulfur (S) is also an important structural 
component of many co-enzymes and prosthetic groups, including fer
redoxins, which are required for N assimilation [77]. Potassium (K) is 
involved in many physiological processes, including photosynthesis and 
regulation of opening and closing of the stomata [72]. K has been shown 
to play a significant role in the maintenance of chlorophyll fluorescence 
in plants treated with Cd, by retaining a portion of active RCs and 
ensuring a complete reduction of the plastoquinone pool [63]. 

A higher level of cellular Cd either interferes with Mg2+ insertion 
into protoporphyrinogen or may cause chlorophylls destruction due to 
Mg2+ substitution in both chlorophyll a and chlorophyll b [28]. These 
could have a significant impact on photosynthesis because such chlo
rophylls may have far lower fluorescence quantum yields than 
Mg-chlorophylls [48]. Cd can also bind competitively to the Ca-binding 
sites in the catalytic center in photosystem II, inhibiting photoactivation 
of the water-splitting complex [23] with the possible direct suppression 
of oxygen evolution [64]. It has been shown that Cd induces changes in 
the Mn4Ca cluster of the oxygen-evolving complex (OEC) [14,102]. 
Since the OEC is located on the PSII donor side [31], it means that 
Cd-induced changes in the Mn4Ca cluster inhibit efficient electron 
donation from the PSII donor side to oxidized PSII RCs at the PSII 
acceptor side [85], as the electron flow to the acceptor side exceeds the 
electron flow from the donor side [31]. A downfall in the electron 
donation from OEC to the oxidized PSII RCs under Cd exposure was 
recently shown with maize plants in the study of Janeeshma et al. [40]. 
However, Cd can also decrease the electron transfer rate from QA to QB 
(i.e. from primary to secondary quinone electron acceptor of PSII) due to 
interaction with non-heme Fe and conformational modification of QB 
pocket [65]. Therefore, both the donor side (Mn4Ca cluster) and the 
acceptor side (QA and QB) of PSII are considered to be Cd-sensitive sites 
[91]. In addition, stomatal closure caused by Cd entry into guard cells in 
competition with Ca2+ [67] and a decrease in stomata number per unit 
area can occur in response to Cd stress, resulting in lower conductance to 
CO2 [68]. 

Considering the concentration effect, our findings revealed that, 
among all the macro and micronutrients, the most affected by Cd was Cu 
accumulation in shoots. Cu is an important constituent of plastocyanin 
(PC) [80], which is involved in electron transport between the 

cytochrome b6f complex and photosystem I [15]. The Cytb6f complex is 
a central component of photosynthetic electron transport chain, which 
couples electron transfer between PSII and PSI by oxidizing a reduced 
form of secondary plastoquinone electron acceptor, QB, that leaves PSII 
(PQH2) and reducing PC (Malone et al., 2021; [93]). Severe Cu defi
ciency may result in a defect in photosynthetic electron transport due to 
a lack of plastocyanin [16,80]. Therefore, dramatically decreased Cu 
concentration in shoots, particularly under CC conditions, might have 
been the result of Cd-induced disruption in photosynthetic electron 
transfer between Cytb6f complex and PSI. These results explain the 
higher reduction in φRo and δRo (quantum yield and efficiency of ET 
from PSII to PSI, respectively), which is dependent on electrons trans
ferred from PQH2 to PSI [60], compared to φEo, ψEo, and φPo 
(Fig. 4A-D). Moreover, at both soil moisture levels under CC conditions, 
a significant strong positive relationship was found between Cu con
centration in shoots and all the photosynthetic transport and photo
synthetic apparatus performance describing parameters, except for φPo 
(Fig. 9 A, C). A significant but negative strong relationship was also 
found between the majority of ChlF-related parameters and K, Mg, S, Fe, 
and Zn concentrations in shoots, especially under CC conditions in 
regular soil moisture (Fig. 9A-D). 

The aforementioned possible alterations in the structure and func
tion of the photosynthetic apparatus of plants under Cd stress, related to 
macro and micronutrient deficiency, may have occurred and influenced 
the overall B. napus photosynthetic performance in this study. The 
findings of this study imply that the significant PItotal reduction in 
response to high Cd soil concentrations under both climate and soil 
conditions may reflect the reduction in photosynthetic electron trans
port due to the closure of PSII reaction centers, functional impairment in 
the activity of OEC, the inactivation of FNR, and a lack of PC (Fig. 10). 
Therefore, the present study findings add to our understanding of Cd 
inhibition sites in the photosynthetic linear electron (e− ) transport 
chain, which was previously demonstrated by Parmar et al. [65] in an 
overview of the effects of Cd exposure to plants at various levels in 
photosynthetic machinery. 

5. Conclusions 

B. napus was found to be relatively resistant to Cd soil contamination 
up to 50 mg kg− 1 when a significant reduction in their performance was 
recorded. A significant positive correlation between Cd plant accumu
lation and the majority of macro and micronutrient concentrations in 
shoots and roots highlighted the concentration phenomenon for mineral 
nutrients, which was more pronounced under CC conditions at both soil 
moisture levels. Among the nutrients, Cu was the most affected by Cd. 
Cu concentration in shoots decreased with Cd plant concentration under 
both climate and soil conditions and increased with most of photosyn
thetic transport and performance-describing parameters under CC con
ditions at both soil moisture levels. Growth retardation in Cd-50 and Cd- 
100 treatments was closely related to the decrease in photosynthetic rate 
(Pr), which was primarily due to the repression of electron transport and 
was much more pronounced under CC conditions at both soil moisture 
levels. The simultaneous presence of Cd and drought in the growth 
media caused both stomatal and non-stomatal constraints, significantly 
lowering Pr, shoot dry weight (DW), and shoot Cd accumulation of 
drought-stressed plants under FC conditions compared to well-watered 
plants. Therefore, the physiological status of only well-watered Cd- 
affected plants was significantly improved under FC conditions 
regarding increased photosynthetic performance, which was related to 
better mineral nutrient balance, resulting in higher Cd extraction effi
ciency in the Cd-50 and Cd-100 treatments. The soil Cd removal rate, 
which had a strong positive relationship with shoot DW and trended in 
the opposite direction as the bioconcentration factor, was also up to 65% 
(p < 0.05) higher in well-watered plants under FC conditions in Cd-50 
treatment. Thus, this study clarified how the combined impact of the 
two most important climate change-related variables (elevated CO2 and 
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temperature) may affect the Cd extraction efficiency of B. napus grown 
at different soil moisture levels. Future research on gene expression in 
the promotion of Cd phytoremediation by regulating climate variables 
and soil conditions, alongside the relevant physiological and biochem
ical parameters, is required to fill the gaps in knowledge of Cd uptake 
mechanisms in B. napus at the molecular level. 

Statement of “Environmental implication 

Climate conditions, such as elevated CO2, warming, and drought, 
may have a significant impact on plants growing in heavy metal polluted 
soil. Good adaptation to the prevailing environment may become the 
key plant feature, determining its phytoextraction potential. Cd is one of 
the most hazardous materials; however, the mechanisms involved in Cd 
accumulation under changing climate conditions have received little 
attention. Since the presence of Cd in growth media at the same time 
combined with all these climate change-related variables has not yet 
been investigated, we believe that this manuscript is appropriate for 
publication in the Journal of Hazardous Materials. 
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