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Abstract Cadmium (Cd) is considered one of the
heavy metals disturbing plant biophysiological func-
tions. The potential role of phosphorus (P) nutrition in
the attenuation of Cd effects on photosynthetic efficien-
cy, plant growth, and cadmium uptake has been inves-
tigated in hydroponically grown tomato. Two P nutri-
tion regimes (P15: 15 mg I''; P30: 30 mg I'") were
assessed in the presence or absence of Cd (Cd0: 0 uM;
Cd25: 25 uM of CdCl,). The results showed a positive
effect of P30 concentration on leaf chlorophyll content
and chlorophyll a fluorescence compared to P15 treat-
ment under Cd stress (Cd25). The disturbance of elec-
tron transfer caused by Cd at K and I-steps of OJIP
transient was attenuated with sufficient P supply. P30
enhanced the performance index of photosystem I and
the efficiency of electron transfer to electron acceptor at
PSI acceptor side. Besides, increased P concentration
improved root growth parameters and biomass accumu-
lation in the presence of Cd. It was found that root
tissues accumulated more Cd than shoots and Cd trans-
location was reduced with increasing P concentration.
Our results reveal that Cd-P interaction induced a cas-
cade of physiological and chemical changes in plants.
An optimal P nutrition can attenuate Cd stress on plant
by the promotion of nitrogen and potassium uptake,
which in return improved photosynthesis efficiency,
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enhanced biomass accumulation and distribution, and
minimized Cd accumulation and translocation in plant
tissues.
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1 Introduction

Cadmium (Cd) is known to be one of the most stressful
heavy metals to plants (Dos Santos Utmazian and
Wenzel 2007; Armas et al. 2015). An excessive amount
of Cd impacts the physiological functions and morpho-
logical features of most crop species (Andresen and
Kiipper 2013; He et al. 2017). Many studies have re-
ported a significant decrease in photosynthetic efficien-
cy (Dong et al. 2005), nutrients uptake (Carvalho Bertoli
etal. 2012; Przedpelska-Wasowicz et al. 2012), biomass
production, and crops yield in Cd-contaminated condi-
tions (Hasan et al. 2009; Dias et al. 2013; Rusinowski
et al. 2019). As well, high Cd levels affect negatively
root growth and architecture, which impact nutrients
uptake and mobility in plant tissues (Khan et al. 2016;
Nazarian et al. 2016; Peng et al. 2017).

Phosphorus (P) is an essential nutrient needed by
plants in sufficient quantity for their growth and devel-
opment. P is involved in several physiologic and meta-
bolic processes, including structural compound forma-
tion, energy transfer, cell division and elongation, carbon
assimilation, and nitrogen metabolism (Malhotra et al.
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2018). P can also play a protective role again environ-
mental stress such as heavy metal accumulation and their
mobility in soil and plant (Shi et al. 2015; Dai et al. 2017).

The previous studies interested in P-Cd interaction
were mainly focused on the impact of P and Cd coexis-
tence on Cd bioavailability and accumulation in plant
biomass (Sajwan et al. 2002; Yu and Zhou 2009; Qiu
etal. 2011). Qiu et al. (2011) have attributed the reduction
of Cd uptake to the aptitude of P to fix Cd in the cell walls
and forming Cd-phosphate complexes (Van Belleghem
etal. 2007). Dai et al. (2017) reported that P regulated the
photosynthetic pigment and proline content, and synthe-
sis of non-protein thiols, glutathione, and phytochelatins
in the leaves under Cd stress. P at appropriate content
may attenuate Cd-induced stress by the enhancement of
plant growth and the immobilization of Cd in the con-
taminated soils (Yu and Zhou 2009).

Additionally, Cd affects the photosynthesis apparatus
by disturbing photosystem II (PSII) and photosystem I
(PSI) activities in light-dependent photosynthesis process-
es. Paunov et al. (2018) reported a decrease in electron
transfer rate from PSII to PSI under Cd stress conditions,
which reduce the photosynthesis yield and CO, assimila-
tion by plants. Theoretical and technological advances in
chlorophyll a fluorescence (ChlF) have been extensively
contributed to better understand photosynthetic processes
in plants (Kalaji et al. 2014; Téth et al. 2020). The phys-
iological state of PSII components, electron transport, and
light-dependent biochemical reactions of the photosynthet-
ic apparatus can be rapidly assessed by the non-invasive
ChIF methods under different environment (Tuba et al.
2010; Dabrowski et al. 2015; Kalaji et al. 2017), with
interesting responses under abiotic stress conditions
(Ashraf and Harris 2004; Kalaji and Loboda 2007;
Da_browski et al. 2019; Loudari et al. 2020).

Given the role of P in photosynthesis (ATP synthesis)
(Cetner et al. 2020), the present study aims to elucidate
how P-Cd interaction impacts photosynthesis efficiency
using ChlF measurements and evaluating its effect on
plant growth, nutrient uptake, and Cd accumulation.

2 Materials and Methods
2.1 Plant Growth Conditions
Seeds of Campbell 33 tomato cultivar were firstly ger-

minated in growth chamber conditions (24 °C, 16/8
photoperiod, 70 % relative humidity, and 250 pmol
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m? s light intensity) in commercial peat substrate

and irrigated four times a week by distilled water (< 2
us cm™). After 23 days, seedlings were washed free of
peat and transplanted in 3 liters polyethylene pot in a
half-concentrated Hoagland solution (N: 242 mg 1" as
KNOj3;, Ca(NO3),4H,0, and NH4NO;; P: 30 mg 1! as
KH,POy4; K: 232 mg I'' as KNO; and KH,PO,; Ca:
224 mg 1'' as Ca(NO;),-4H,0; Mg: 49 mg 1" as
MgSQO47H,0; B: 0.45 mg I as H;BOs3; Cu: 0.02 mg
I as CuSO,.5H,0; Mn: 0.5 mg 1" as MnCl,-4H,0;
Mo: 0.0106 mg I as Na;MoO,. 2H,0; Zn: 0.48 mg I'!
as ZnSO,.7H,0; and Fe: 0.5% of (NHy4)s[Fe(CsH407)5]
used at rate 1 ml I"! of nutrient solution) (Hoagland and
Arnon 1950) with three plants per pot. After this adap-
tive phase (1 week), the seedlings received a fully con-
centrated nutrient solution and exposed to two phospho-
rus regimes (P15:15 mg 1" and P31: 31 mg I'' of P)
with/without cadmium (Cd0: 0 uM and Cd25: 25 uM of
CdCl,) for 20 days. The experiment was arranged as a
completely randomized design with three replicates and
the nutrient solution was renewed once a week.

2.2 Chlorophyll Content Index

The impact of Cd and P interaction on photosynthetic
efficiency was assessed by the measurement of the
chlorophyll content index (CCI) in the middle of mature
young leaves after 14 days of Cd and P treatment. The
CCI measurements were taken by Chlorophyll meter
CL-01 (Hansatech Instruments Ltd. United Kingdom).

2.3 Chlorophyll « Fluorescence Parameters

To understand the effect of Cd and P interaction on
photosynthetic efficiency and electron transfer into pho-
tosystem II (PSII), the ChlF analysis was performed
using Handy PEA™ fluorometer (Handy PEA™,
Hansatech Instruments Ltd., UK). ChlF measurements
were taken after 2 weeks of Cd and P treatments on
tomato plant previously adapted to darkness for 20 min
and illuminated with 650 nm light of 3000 mol m 2 s~
for 1 s.

The ChIF OJIP transient curve represents a polypha-
sic rise during the first second of illumination with four
main steps (O: minimum fluorescence intensity £, when
all reaction centers are open and all Q4 oxidized; Jand I:
intermediate steps named (Fy) and (Fp); P: maximum
fluorescence intensity Fy; when all reaction centers are
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closed and all Q4 reduced (Strasser et al. 2004; Tsimilli-
Michael and Strasser 2008; Oukarroum et al. 2009).

Double normalization of ChIF intensity was per-
formed to determine the relative variable chlorophyll
fluorescence (Vt) (Equation 1). The differential values
(AV?) resulted from the subtraction of Vt (CdOP30) from
Vt of Cd exposed treatments (Cd25P15 or Cd25P30)
(Tsimilli-Michael and Strasser 2013).

Vi = (Fi—Fo)/(Fu~Fo) (1)

Other OJIP test parameters were calculated according
to the following equations in Table 1 (Strasser et al.
2004; Tsimilli-Michael and Strasser 2013; Paunov et al.
2018)

2.4 Plant Growth Parameters

The harvested plants were firstly washed with distilled
water and root parts were immediately speared to shoot
for analyzing root architecture using LA2400 scanner
and the WinRHIZO software (Regent Instruments Inc.
Canada). Root morphology measurement focused main-
ly on total root length, average root diameter, number of
tips (lateral root), forks, root surface area, and volume.
Root and shoot biomasses were dried at 70 °C for 48 h
and the dry weight was taken.

2.5 Cadmium and Nutrient Uptake and Translocation

The dried plant samples (root and shoot separately) were
powdered and digested by nitric acid and analyzed for
Cd, macro and micronutrient content using Inductively
Coupled Plasma Optical Emission Spectrometry
(Agilent 5110 ICP-OES, USA). The total N content in
root and shoot was assessed by the Kjeldahl method
(KjelMaster K-375, Netherlands). Concerning Cd mo-
bility in the tomato plant, it was assessed by the trans-
location factor according to the following equation (Das
and Maiti 2007):

Cd concentration in shoot (mg kg ™'
TF (%) = (meke ')

Cd concentration in root (mg kg_l)

% 100 (2)

2.6 Statistical Analysis

The studied parameters were statistically analyzed using
the analysis of variance (ANOVA), considering factori-
al experimental design (two-way ANOVA, P*Cd) with
three replicates per treatment. All data analyses were
performed with the SPSS data processing software
(SPSS 20.0) and mean differences between treatments
were evaluated by the Student’s test at a 0.05 probability
level.

Table 1 Calculated chlorophyll a fluorescence parameters in the experiment (based on Strasser et al. 2004; Tsimilli-Michael and Strasser

2013; Paunov et al. 2018)

Chlorophyll fluorescence parameter Description

Fo Minimum fluorescence when all PSII reaction centers (RCs) are open
(Fluorescence intensity at 20 ps)

Fuy Maximum recorded fluorescence at the P-step when all RCs are closed

wro=(1=Fo/F)

Quantum yield of electron transport (at ¢ = 0)

V; Relative variable fluorescence at the J-step.

vro=(1=Fo/Fp)*(1-V))
ABSIRC=(1-y:c)Vre
Yre=1/[(ABS/RC)+1]

Quantum yield (at ¢ = 0) for electron transport from Q4 to plastoquinone
Absorption flux (of antenna Chls) per RC
Probability that a PSII Chl molecule functions as RC

Plips=vrcd/(1=Yrc) X 0po/(1 —0po) X Ypo/(1—1Eo)  Performance index (potential) for energy conservation from photons absorbed
by PSII to the reduction of intersystem electron acceptors

Yro Probability (at t /4 0) that a trapped exciton moves an electron into the electron
transport chain beyond Q4

dro=(1=VA1-V))

Efficiency/probability (at ¢ = 0) with which an electron from the intersystem carriers

moves to reduce end electron acceptors at the PSI acceptor side
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3 Results
3.1 Effect of Cd-P Interaction on Chlorophyll Content

Figure 1 shows a positive effect of P concentration on
tomato CCI in both cadmium concentrations (Cd0 and
Cd25). In the presence of 25 uM I"' of CdCl, in the
nutrient solution, the CCI decreased significantly by
26% in P15 compared to untreated treatment (CdO).
This reduction of CCI under Cd exposure was less
accentuated with P30 treatment (20%) showing a posi-
tive effect of P-Cd interaction on chlorophyll content.

3.2 Effect of Cd-P Interaction on Chlorophyll o
Fluorescence Parameters

Chlorophyll a fluorescence induction curves, as well
as OJIP test parameters, have been used to assess the
impact of P-Cd interaction on photosynthetic effi-
ciency. Figure 2a shows no significant differences in
initial fluorescence intensity (FO) between studied
treatments. However, the maximal level (Fy;) was
affected by Cd stress mostly under P15 conditions.
Such a decline in Fy; under Cd stress may be related
to a decrease of chlorophyll o content in tomato
leaves (Paunov et al. 2018). To analyze differences
between the induction curve’s form in response to P-

15 1

a
b

10 A

b

C

5
0

P15 P30 P15

P30

Chlorophyll content index

Cdo Cd25

Fig. 1 Chlorophyll content index of tomato leaves in response to
two phosphorus regimes (15 and 30 mg 1) under cadmium stress
(0 and 25 uM I'! CdCl,). The results are means = SD (n = 3), and
columns denoted by a different letter differ significantly at p < 0.05
according to Student’s test
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Cd interaction, the double normalized fluorescent
intensity (Vt), as well as curves of differential values
related to P30CdO treatment (AVt), was performed
(Fig. 2b and Fig. 2c¢). As a result, two positive peaks
were observed at K and J steeps which describe the
dissociation of the oxygen-evolving complex (OEC)
and reduction of the secondary electron acceptor Oy
respectively (Kalaji et al. 2014). The extent of these
differential curves at K steep was smaller with
P30Cd25 than P15Cd25. Similarly, in J steep, Cd
exposure caused a significant reduction of electron
transfer rate from Q4 to Qg at the acceptor side of
PSII, in P15 treatment comparatively to P30. Also, a
negative peak of AVt was detected with P15 at I
steep which is attributed to the reduction of electron
transporters of the PSI acceptor-side (Carstensen
et al. 2018), which can be explained by the high
intersystem pool and PSI end electron acceptors per
active PSII RC as demonstrated by Paunov et al.
(2018). Other parameters and ratios were calculated
to evaluate the effect of P-Cd interaction on photo-
synthetic function and yields. Results in Fig. 2d
showed a slight increase in wpo, Yro, Yrc, and
Pl,gs and decrease of ABS/RC and g, in P30 than
P15 under Cd stress.

3.3 P improves Plant Growth Parameters Under Cd
Stress Conditions

Results in Table 2 showed that the application of
25 uM of CdCl, in nutrient solution reduced shoot
growth (leaf and steam) in both P concentrations
(P15 and P30) comparatively to Cd0. In P15 treat-
ment, Cd stress reduced shoot dry weight by 36%,
though the impact of Cd on this parameter has been
partially offset with P addition (P30), showing 21%
of shoot dry weight improvement in comparison to
P15. On the other hand, no significant effect of Cd
on root dry weight was observed for both P nutrition
regimes. Nevertheless, a notable positive effect of P
concentration on root dry weight was detected even
under Cd stress.

3.4 Effect of Cd-P Interaction on Root Growth
and Morphology

Data collected, from the analysis of root morpholo-
gy parameters, showed that 25 uM of CdCl, re-
duced significantly total root length by 70% and
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Fig. 2 Effect of cadmium and phosphorus interaction on Chl a
fluorescence transient curve (logarithmic time scale) (a); relative
chlorophyll a fluorescence (Vt) (b); differential values (AVt)
resulting from the subtraction of CdOP30 treatment (0 uM 1!
CdCl, + 30 mg I'! P) Vit from Cd and P treatments (c); and OJIP
parameters (d): ppp:Quantum yield (at ¢ = 0) for electron transport
from QA- to plastoquinone; pro: Quantum yield of electron
transport (at £ = 0); ABS/RC: absorption flux (of antenna Chls)

65% in P15 and P30 treatments respectively (Fig.
3b). Similarly, for root tips and forks, Cd exposure
resulted in a significant reduction of lateral root
number (tips) (Figs. 3d, 3e). In absence of Cd,
increased P concentration in the nutrient solution
(from P15 to P30) improved root tips and forks per

Table 2 Effect of cadmium and phosphorus interaction on tomato
plant growth parameters (root, leaves, stem, shoot, total plant dry
weights, and root/shoot ratio). The results are means + SD (n = 3),

per RC; ygc: probability that a PSII Chl molecule functions as RC;
Pl pg:performance index (potential) for energy conservation from
photons absorbed by PSII to the reduction of intersystem electron
acceptors; Ozo:efficiency/probability (at ¢ = 0) with which an
electron from the intersystem carriers moves to reduce end elec-
tron acceptors at the PSI acceptor side. The results are means + SD
(n = 3), and columns denoted by a different letter differ signifi-
cantly at p < 0.05 according to Student’s test

plant, while in presence of Cd, little improvement of
these two root parameters was observed in response
to P (Figs. 3d, 3e). In contrast, the average root
diameter was significantly improved in Cd-treated
treatments compared to Cd0O in both P concentra-
tions (Fig. 3c). However, no effect of Cd and P

and columns denoted by a different letter differ significantly at p
<0.05 according to Student’s test

Dry weight (g)

Treatment Root Leaves Stem Shoot Total plant dry weight Root/shoot ratio

Cdo P15  1.04+029°  642+180° 1.92 +0.17° 8.34 +£0.75° 938 +0.82° 0.12 £ 0.06°
P30 138+031*  9.60+227° 258+0.17° 12.18+0.92°  13.56 1.02° 0.11 +0.02°

cd25  PI5 1.00£027°  420+0.99° 1.08 + 0.08° 528 +0.39° 6.28 +0.47° 0.19 £ 0.03*
P30 128+028  558+132°  156+0.11°  7.08+051% 8.36 + 0.58" 0.17 £ 0.04*
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Fig. 3 Changes in tomato root architecture (a) and morphological
parameters in response to cadmium and phosphorus interaction; b
total root length (cm); ¢ root average diameter (mm); d root tips
number; e root forks number; f root surface area (cm2); and g total

treatments was detected for total root volume (Fig.
3g).

3.5 Phosphorus Attenuates Cadmium Uptake
and Translocation in Tomato

According to results in Figs. 4a and 4b, the presence of
Cd in nutrient solution increased Cd accumulation in
both roots and shoot biomass comparatively to Cd0. All
treatments showed that root tissues were accumulated
more Cd than shoots. Furthermore, the P30 treatment
reduced Cd uptake and translocation factor (Fig. 4¢).
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root volume (cm?). The results are means + SD (7 = 3), and
columns denoted by a different letter differ significantly at p <
0.05 according to Student’s test

3.6 Macronutrients Uptake in Response to P-Cd
Interaction

Nutrients uptake is also affected by Cd stress; results in
Table 3 showed several changes in macronutrient up-
take and accumulation in tomato plant tissues. The
application of Cd25 in nutrient solution increased sig-
nificantly root absorption of N and K mainly in the P30
regime, showing that the positive synergy between P, N,
and K is maintained even under Cd stress. Likewise,
root Ca and Mg contents have been little improved
under Cd stress; no P impact was noted for these two
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Fig. 4 Cadmium content in the root (a); shoot (b); and transloca-
tion factor (%) (c¢) of tomato plant grown in tow phosphorus
regimes (15 and 30 mg I P), in the absence and presence of
cadmium (0 and 25 pM 1" of CdCL,). The results are means = SD
(n = 3), and columns denoted by a different letter differ signifi-
cantly at p < 0.05 according to Student’s test

nutrients. In contrast, Cd addition reduced N and K
accumulation in shoot mainly in P15 treatment and no
significant effect on shoot Ca and Mg content was
observed. Nevertheless, an improvement of shoot P
content was noted in response to P treatment.

4 Discussion

By the present study, we demonstrate that adequate
phosphorus nutrition can attenuate the impact of cadmi-
um stress on tomato plants under hydroponic condi-
tions. The use of P30 concentration in nutrient solution
improves plant tolerance to Cd toxicity by the enhance-
ment of chlorophyll content and photosynthetic efficien-
cy. As mentioned in Fig. 1, Cd stress reduces leaf
chlorophyll content. Puta et al. (2019) attributed this
reduction to the disturbance of chlorophyll synthesis
caused by the similarities and interferences of Cd with
Fe and Mg in terms of chemical properties and root
absorption pathways (Pagliano et al. 2006; Per et al.
2017). Similar results were reported in the previous
study, indicating the inhibitory effect of Cd on chloro-
phyll pigment synthesis (Huang et al. 1997; Per et al.
2017; Song et al. 2019). Regarding P-Cd interaction,
P30 improves the chlorophyll content index under Cd
stress by 6% in contrast to P15 treatment. This result is
following that of Manikandan et al. (2016) who reported
that supplementation P enhanced chlorophyll content of
vetiver grass grown in Cd stress conditions.

The analysis of chlorophyll a fluorescence transient
shows that P plays an important role in protecting elec-
tron transfer from PSII to PSI in both Cd conditions
(Cd0 and Cd25). Results in Fig. 2d indicate that in-
creased P concentration enhances the performance in-
dex of PSII (PIsps) and the efficiency of electron trans-
fer from the intersystems to electron acceptor at PSI
acceptor side (Orp). As shown in Figs. 2a and 2c¢, the
disturbance of electron transfer caused by Cd stress at K
and I-steps of OJIP transient curves was attenuated with
sufficient P supply (P30) (Cetner et al. 2020). Phospho-
rus is directly involved in the photosynthesis process
particularly during the ATP synthesis (ADP + Pi =
ATP). A disorder in P nutrition can alter this process,
which causes some disturbances in light-dependent pho-
tosynthesis processes (electron transfer from PSII to
PSI). As demonstrated by Carstensen et al. (2018), P
deficiency reduces ATP synthase activity which caused
a reduction of protons-flow from the thylakoid lumen to
the chloroplast stroma, inducing lumen acidification and
restriction of plastoquinones oxidation. Through these
findings, we suggest that P can mitigate Cd impacts on
photosynthetic apparatus by the enhancement of PSII
behavior via the increase of active reaction centers (RC)
number and electron transfer rate (Paunov et al. 2018). P
improves also the reduction rate of the terminal electron

@ Springer
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Table 3 Effect cadmium and phosphorus interaction on macronutrients content in root and shoot tissues of tomato plants. The results are

means + SD (n = 3), and columns denoted by a different letter differ significantly at p < 0.05 according to Student’s test

Root Shoot
Treatment N P K Ca™ Mg"™ N P K Ca™ Mg™
gkg! DW gkg! DW

Cd0 P15 026+ 0.08 + 032+ 011+ 005+ 046+  0.09+ 0.68 + 028+ 004+
0.08° 0.01° 0.05° 0.01 0.003 0.07 0.01° 0.03% 0.02 0.01
P30 029+ 0.12+ 0.46 + 0.12+ 006+ 047+ 012+ 0.74 + 034+ 005+
0.07% 0.01* 0.03° 0.01 0.008 0.02 0.01° 0,03* 0.02 0.01
Cd25 P15 031+ 0.09 + 0.49 + 013+ 007+ 042+ 008+ 0.46 + 033+ 005+
0.07° 0.01° 0.03% 0.01 0.006 0.10 0.02° 0.02° 0.01 0.01
P30 035+ 0.11+ 051+ 013+ 007+ 044+ 010+ 0.60 + 033 0.06 +
0.06" 0.01* 0.04* 0.01 0.008 0.07 0,012 0.05% +0.02 0.01

acceptors in PSI (I-step of OJIP transient) (Kalaji et al.
2014).

Changes in root morphology are defensive measures
undertaken by plants to attenuate heavy metals stress
(Shafi et al. 2010; Huang et al. 2014; Jinadasa et al.
2016). Figure 3 presents the impact of Cd on root
architecture, showing that Cd decreased root length, root
tips, and increased root diameter. These morphological
changes (physical barrier) aim to limit Cd uptake but can
disturb nutrients uptake and other bio-physiological
functions as mentioned in Fig. 2 and Table 3. Our results
reveal that P moderates these changes in root morphol-
ogy by the enhancement of lateral root formation and
root length (Fig. 3) to ensure sufficient nutrient acquisi-
tion and assimilates partitioning (root/shoot ratio,
Table 2). A close relationship between P supply and
phytohormones (auxin and cytokinin), involved in lat-
eral root initiation and elongation, was documented
indicating a possible protective role of P against Cd
toxicity on plant roots (Bruno et al. 2017).

Our results partly agreed with other previous studies
which have reported that Cd stress reduced both root
and shoot dry weights and increased root/shoot ratio for
many other crops (Shafi et al. 2010; Huang et al. 2014;
Jinadasa et al. 2016). Besides the effect of Cd on tomato
growth, the P nutrition (P30) might play an important
role in limiting Cd-impact on root and shoot growth,
through the improvement of photosynthetic efficiency
(Fig. 2). The probable Cd immobilization in nutrient
solution and/or inside roots by the formation of Cd-P
complexes (CdHPO,4 and Cd3(POy),) in vacuoles and
cell wall can reduce Cd uptake as demonstrated by
(Jiang et al. 2007; Qiu et al. 2011; Rizwan et al. 2017).
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Our finding shows that the effect of the Cd-P inter-
action induces a cascade of actions linked to certain
physiological processes in the plant.

Cadmic stress disrupts the absorption of macronutri-
ents by the plant and their content in different parts of
the plant, which from this study, we demonstrate that
Cd-stress induce a cascade of actions of physiological
processes in plants. The content of macronutrients de-
cides about the plant photosynthetic performance,
which in return influences (among other factors) bio-
mass production and its accumulation. We suggest here
that P nutrition play a key role in the attenuation of Cd-
effects on biophysiological processes in plants. An op-
timal P-nutrition regime significantly promotes nitrogen
and potassium uptake, which improves photosynthesis
efficiency (including chlorophyll content and chloro-
phyll fluorescence parameters), enhances biomass accu-
mulation (root and shoot) and distribution (root /shoot
ratio), and minimizes Cd uptake and translocation in
plant tissues.
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