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A B S T R A C T   

Limited magnesium (Mg) supply adversely affects photosynthesis. This is particularly related to the high demand 
for Mg of key enzymes in the chloroplast, such as the photosystems, the ATP synthase and ribulose-1,5- 
bisphosphate carboxylase/oxygenase (Rubisco). The accepted critical Mg concentrations for yield and dry 
matter (DM) are 1.5–3.5 mg Mg g− 1 DM. Earlier studies on Mg deficiency indicated that carbon fixation by 
Rubisco is severely affected in various plant species, whereas the impact of Mg scarcity on light reactions and 
photoprotective mechanisms is quite variable. The latter could be related to species-specific differences in the 
general high light-sensitivity of photosynthetic light reactions. To test this hypothesis, we studied the impact of 
Mg deficiency in spinach (Spinacia oleracea) plants, which are known to be rather high light resistant. S. oleracea 
seeds were grown hydroponically under four Mg treatments (1 (control), 0.05, 0.025 and 0.015 mM) and the 
impact of Mg deficiency on CO2 assimilation, photosynthetic light reactions and photoprotection was deter-
mined. Our results show that the photosynthetic efficiency and the overall light stress response were not altered 
under Mg deficiency, whereas the CO2 assimilation as well as leaf and root Mg concentrations were significantly 
reduced.   

1. Introduction 

Due to the growing world population and the increase in food de-
mand, agricultural cropping systems are constantly challenged by effi-
cient, fast and high-quality production. Therefore, it is vital to 
sufficiently provide nutrients for the crops not to limit yields and to meet 
the expected demands. Magnesium (Mg) is one of the most abundant 
elements on earth which is often named as “the forgotten element” 
(Cakmak and Yazici, 2010). It is one of the most vital elements of plant 
nutrition which is needed for growth and development (Gransee and 
Führs, 2013), and which is involved in numerous biochemical processes 
(Verbruggen and Hermans, 2013). It is the core element of chlorophyll 

(Chl) molecule which is located in chloroplasts. White and Broadley 
(2009) have reported that about 75% of the Mg in leaves is involved in 
protein synthesis and about 15–20% is associated with Chl pigments. 
Therefore, reductions in Chl concentration have been reported in liter-
ature under Mg deficiency (Ceppi et al., 2012; Huang et al., 2019). Be-
sides its function in light harvesting, Mg has crucial functions within the 
photosynthetic machinery in the chloroplast. It is involved in the acti-
vation of numerous enzymes, among those adenosine triphosphate 
(ATP)-ases and ribulose-1,5-bisphosphate carboxylase/oxygenase 
(Rubisco) (Li et al., 2001; Shaul, 2002) which is needed for carbon fix-
ation. Mg is further required for grana stacking and hence for efficient 
energy transfer between the photosystems. As a result, Mg deficiency 
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can cause disruption in grana structure and membranes (Izawa and 
Good, 1966). A large number of studies on different plant species have 
reported a substantial decrease in net CO2 assimilation (An) under Mg 
deficiency (Farhat et al., 2013; Jamali Jaghdani et al., 2020; Ridolfi and 
Garrec, 2000; Terry and Ulrich, 1974; Tränkner and Jamali Jaghdani, 
2019). Mg deficiency has been reported to induce impairment of elec-
tron transport rate (ETR) (Hermans and Verbruggen, 2005; Tang et al., 
2012). Tang et al. (2012) suggested the impairment of ETR to be one of 
the main factors for low An under Mg deficiency. Various studies have 
reported extensive decreases in photosystem II (PSII) photochemistry 
under Mg deficiency (Farhat et al., 2013; Li et al., 2020). The electron 
transport chain becomes over-reduced under Mg deficiency, when the 
absorbed light energy is not utilized in CO2 assimilation and leads to the 
production of reactive oxygen species (ROS). The ROS compounds such 
as singlet oxygen (1O2), superoxide (O−

2), hydroxyl radical (.OH) and 
hydrogen peroxide (H2O2) cause oxidative damage that leads to the 
oxidation of proteins, peroxidation of lipids, damage to RNA/DNA and 
inhibition of enzymes (Hasanuzzaman et al., 2017). ROS can be detox-
ified by various enzymes such as superoxide dismutase (SOD), ascorbate 
peroxidase (APX), glutathione reductase (GR) and catalase (CAT) (Apel 
and Hirt, 2004). Under high light intensities or limited photosynthetic 
light utilization as under Mg deficient conditions, light absorption ex-
ceeds the capacity of photosynthetic electron transport. As a conse-
quence, the excessively absorbed light energy leads to over-excitation of 
Chl molecules, which increases the probability of triplet chlorophyll 
(3Chl) and hence ROS formation (Bhatla and Lal, 2018). Carotenoids are 
known to contribute to the deactivation of excited 3Chl and 1O2 in an-
tenna proteins (lutein and zeaxanthin) and reaction centers (β-carotene) 
(Jahns and Holzwarth, 2012). In antenna proteins, lutein acts as efficient 
quencher of 3Chl (Mathis et al., 1979; Mozzo et al., 2008), whereas 
zeaxanthin (Zx), which is formed from violaxanthin (Vx) through the 
intermediate antheraxanthin (Ax) in the xanthophyll cycle (Yamamoto 
et al., 1962; Jahns et al., 2009), is involved in the deactivation of 1Chl in 
the dissipation of excessive light energy as heat (non-photochemical 
quenching; NPQ) (Demmig-Adams and Adams, 1992; Jahns and Holz-
warth, 2012; Ruban et al., 2012). NPQ is composed of several compo-
nents which are activated/deactivated at different time scale and thus 
contribute to photoprotection in the short- and long-term (Nilkens et al., 
2010; Malnoë, 2018). The most rapidly switchable NPQ component is 
the pH-regulated qE component of NPQ, which is strictly regulated by 
the thylakoid lumen pH (active at pH < 6.0) and modulated by Zx 
(Ruban et al., 2012). While qE is essential under rapidly fluctuating light 
conditions, long-term high light conditions lead to the activation of the 
qZ, qI and qH components of NPQ which contribute to sustained 
down-regulation of PSII (Demmig-Adams and Adams, 1992; Nilkens 
et al., 2010; Verhoeven, 2014; Malnoë, 2018). 

It is accepted that the general critical Mg concentration within plants 
should be between 1.5–3.5 mg Mg g− 1 dry matter (DM). However, 
different species differ in their critical concentrations (Hauer-Jákli and 
Tränkner, 2019). Critical Mg concentrations for spinach are reported to 
be higher than the commonly accepted concentration; being at 3.5–8 mg 
g− 1 DM in latest fully developed leaves (Bergmann, 1993). Tränkner and 
Jamali Jaghdani (2019) and Jamali Jaghdani et al. (2020) observed that 
different Mg deficiency treatments affected CO2 assimilation rates more 
adversely than photosynthetic light reactions among various crop spe-
cies. Therefore, it could be suggested that plant Mg concentrations 
differentially affect physiological and biochemical processes. There is 
relatively sufficient knowledge about Mg deficiency and its impact on 
photosynthates transportation disruption from source to sink and DM 
reduction. However, the knowledge on how Mg nutrition influences 
photosynthetic efficiency and photoprotection is limited. Better under-
standing of the impact of Mg deficiency on these processes may help to 
improve yield production. This study was focused on the influence of 
different Mg concentrations on photosynthesis and photoprotective re-
sponses in spinach. 

2. Materials and methods 

2.1. Experimental setup 

Seeds of spinach (Spinacia oleracea variety “Woodpecker”, Rijk 
Zwaan Zaadteelt en Zaadhandel B.V.) were germinated on filter paper 
rolls in 1 mM CaSO4. Plants were transplanted into 5 L hydroponic plant 
culture after eight days. Two plants were included in each 5 L pot. The 
nutrient solution contained macro- and micronutrients as follows, 
modified after Jákli et al. (2017): 1 mM K2SO4, 0.25 mM NH4NO3, 1.75 
mM Ca(NO3)2.4 H2O, 0.05 mM CaCl2.2 H2O, 0.2 mM Ca(H2PO4)2.H2O, 
0.1 mM Fe-EDTA, 10 µM H3BO3, 1 µM MnSO4.H2O, 1 µM ZnSO4.7 H2O, 
0.2 µM CuSO4.5 H2O, 0.14 µM (NH4)6Mo7O24.4 H2O. Three different Mg 
deficiency treatments were induced at the day of transplanting: 0.05, 
0.025, 0.015 mM MgSO4.7 H2O. Control plants received 1 mM MgSO4.7 
H2O. 

Each Mg treatment was replicated four times (four pots per Mg 
treatment). The nutrient solution was refreshed every three to four days 
based on the plant development. CaCO3 was used to buffer the pH at ≈
6.5. Constant injection of air was provided to nutrient solutions in order 
to provide oxygen. 

Plants were cultivated in a climate chamber with day/night light 
cycle of 16/8 h and a photosynthetic photon flux density (PPFD) of 
approx. 200 μmol m− 2 s− 1 (Valoya®, B-series) at canopy height, day/ 
night temperature of 21/17 ◦C and 56% relative humidity. The experi-
mental set up was completely randomized. 

2.2. Measurement of net CO2 assimilation rates 

The measurements were performed 37 days after transplanting 
(DAT). The net CO2 assimilation rates (An) were determined by 
measuring leaf gas exchange (GFS-3000, Heinz Walz GmbH, Germany) 
on 4 × 1 cm cuvette size on the new fully expanded leaf. Cuvette con-
ditions were set as follows: 22 ◦C, 55% relative humidity, 400 ppm CO2, 
PPFD of 1000 μmol m− 2 s− 1. After stabilization of An, values were 
averaged over 5 min. Measurements were performed between 9 a.m. and 
5 p.m. with four replications per treatment. 

2.3. Chlorophyll a fluorescence 

Fluorescence measurements were performed with a PAM- 
fluorometer (IMAGING-PAM Maxi, Heinz Walz GmbH, Germany) at 
37 DAT on the same leaf used for CO2 assimilation measurements. Prior 
to all measurements, leaves were dark adapted for 20 min. The leaf was 
placed under the device where it was covered by a black cloth that 
allowed a photosynthetic photon flux density (PPFD) of ~10 μmol m− 2 

s− 1. After determination of the maximum PSII quantum efficiency [Fv/ 
Fm = (Fm–Fo)/Fm] (Maxwell and Johnson, 2000), actinic light was 
switched on at a PPFD of 335 μmol m− 2 s− 1, and every minute a satu-
ration light pulse (2700 μmol m− 2 s− 1, duration 800 ms) was applied to 
determine the effective quantum yield ΦPSII = (Fm’–Ft)/Fm’ (Genty et al., 
1989) and NPQ = (Fm–Fm’)/Fm’ (Kramer et al., 2004). Absorptivity (Abs) 
was determined by calculating Abs = 1-NR/NIR, where NR is remission 
at 660 nm and NIR is remission at 780 nm. ETR was calculated as ETR =
ΦPSII*0.5*Abs*335 μmol m− 2 s− 1. The coefficient of photochemical 
quenching (qP) was determined as qP= (Fm’–F)/(Fm’–Fo’). The area of 
interest (AOI) that was used for the analyses was selected in a circular 
shape in the center of the leaves. Within this area the fluorescence values 
of all pixels were averaged automatically by the device’s software 
ImagingWin v2.41a (Heinz Walz GmbH, Germany). Measurements were 
performed with four biological replicates per treatment. 

2.4. Quantitative real-time PCR 

The leaves used for the measurements of CO2 assimilation and 
chlorophyll fluorescence were harvested at 38 DAT, frozen in liquid 
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nitrogen and stored at − 80 ◦C until RNA extraction. Total RNA was 
extracted from 100 mg of the frozen leaf tissue with RNeasy® Plant Mini 
Kit (QIAGEN, Hilden, Germany) according to the manufacturer protocol. 
cDNA was produced via reverse transcription of the extracted RNA using 
the cDNA synthesis kit (QuantiTect Reverse Transcription Kit, QIAGEN, 
Hilden, Germany) with prior elimination of genomic DNA according to 
the manufacturer protocol. The candidate genes for xanthophyll cycle 
enzymes included Vx de-epoxidase (VDE) and Zx epoxidase (ZEP). 
Candidate genes for ROS scavenging enzymes included chloroplastic 
copper/zinc superoxide dismutase (Cu/Zn-SOD), ascorbate peroxidase 
(APX), glutathione reductase (GR) and peroxisomal catalase1 (CAT1). 
Actin was chosen as housekeeping gene. Information on primer se-
quences are given in Table 1. Each qPCR reaction was performed in a 
total volume of 20 μL using 1 μL of cDNA, 1.6 μL of forward and reverse 
primers according to the manufacturer protocol (qPCRBIO SyGreen Mix 
Lo-ROX, PCR Biosystems Ltd., London, UK). qPCR was performed on a 
CFX96 cycler (BioRad Laboratories, Hercules, CA) and the cycling con-
ditions were as follows: 95 ◦C for 3 min; 44 cycles of 95 ◦C for 30 s, 60 ◦C 
for 40 s. ∆CT values were determined with the Bio-Rad CFX Manager 3.1 
software (Bio-Rad Laboratories). The expression levels were estimated 
with the Eq. (2)− ΔΔCT. The control samples gene expression was calcu-
lated as 1 and expression was normalized to the housekeeping gene. For 
each Mg treatment, four biological and two technical replicates were 
analyzed. 

2.5. Pigment analysis via HPLC 

The xanthophyll cycle pigments zeaxanthin, antheraxanthin and 
violaxanthin, and chlorophyll a and b were analyzed. For their deter-
mination, fully expanded leaves were harvested at 38 DAT between 3 h 
after illumination onset (6 a.m.), frozen in liquid nitrogen, and stored at 
− 80 ◦C. For pigment extraction, leaf material was homogenized in a pre- 
cooled mortar and 20 mg of the leaf material was transferred to a 1 mL 
microtube. After addition of 1 mL ethanol, samples were homogenized 
by vortexing until a light green mixture was observed. Samples were 
incubated at 4 ◦C in the dark overnight to allow full extraction of pig-
ments and precipitation of unsolved leaf material. Subsequently, sam-
ples were centrifuged at 13,000 x g for 5 min and the supernatant was 
filtrated through a 0.2 μm filter (Corning, 15 mm syringe filter, RC 
membrane). HPLC analysis was done according to Färber et al. (1997). 
The de-epoxidation state (DEPS) of the xanthophyll cycle pigments was 
expressed as 100 * (0.5 Ax+ Zx) / (Vx + Ax + Zx). 

2.6. Harvest and Mg concentration 

Whole plants (i.e. leaves, shoots and roots) were harvested at 38 DAT 
3 h after illumination onset (6 a.m.) and dried at 60 ◦C. Determination of 
Mg concentrations were performed by Inductively Coupled Plasma 
Optical Emission Spectrometry (ICP-OES) as described in Tränkner and 
Jamali Jaghdani (2019). The dry weight (DW) of shoot and root samples 
was determined after five days incubation at 60 ◦C. 

2.7. Statistical analysis 

Analysis of variance (ANOVA) was applied to determine whether the 
impact of treatments on different factors were significant. Tukey’s post- 
hoc test (α = 0.05) was followed where ANOVA indicated a significant 
difference. A t-test was performed (α = 0.05) to determine significant 
differences regarding the decrease in Mg concentrations between the 
control and the other treatments. Statistical analyses were performed 
using the software RStudio (R Core Team, 2019) and the R packages 
agricolae (Mendiburu, 2020), plyr (Wickham, 2011), fasttime 
(Urbanek, 2016) and ggplot2 (Wickham, 2008). 

3. Results 

3.1. Mg concentrations 

Reduction in Mg supply resulted in decreased Mg concentrations in 
fully expanded leaves at 38 DAT. Control plants were supplied with 1 
mM Mg and contained 12.04 ± 0.37 mg Mg g− 1 DM (Fig. 1-A). Leaves of 
plants supplied with 0.05 mM Mg accumulated 2.04 ± 0.08 mg Mg g− 1 

DM, hence 16.9% of controls (Fig. 1-A). Further reduction of the Mg 
supply to 0.025 and 0.015 mM Mg resulted in accumulation of 1.01 ±
0.05 and 0.79 ± 0.06 mg Mg g− 1 DM, respectively (Fig. 1-A), corre-
sponding to only 8.4% and 6.6%, respectively, of controls. 

In both shoots and roots, Mg deficiency treatments induced a sig-
nificant decrease in the tissue Mg concentration. Control plants supplied 
with 1 mM Mg contained 11.97 ± 1.15 and 14.31 ± 1.01 mg Mg g− 1 DM 
in shoots and roots, respectively (Fig. 1-B and C). Shoots of plants sup-
plied with 0.05 mM Mg contained 1.39 ± 0.09 mg Mg g− 1 DM (= 11.6% 
of controls), whereas reduction of Mg supply to 0.025 and 0.015 mM 
reduced the Mg content to 0.86 ± 0.07 (7.2% of controls) and 0.70 ±
0.03 (5.8% of controls) mg Mg g− 1 DM, respectively (Fig. 1-B). In roots, 
reduction of Mg concentrations to 25.2, 18.6 and 17.3% of the control 
concentrations were determined for the deficiency treatments of 0.05, 
0.025 and 0.015 mM Mg, respectively (Fig. 1-C). Obviously, the 
reduction of Mg concentrations in roots was less pronounced compared 

Table 1 
Nucleotide sequence of primers used in quantitative real-time PCR for xanthophyll cycle pigments and reactive oxygen species (ROS) scavenging enzymes.  

Gene Sequence Gene description 

Xanthophyll cycle pigments 
VDE 5′ CTGATTTCGTGTGGGTGGGA 3′

5′ AGCTTGTGCCGAAGACATGA 3′

Violaxanthin de-epoxidase 

ZEP 5′ ACTCGGTACACGCTATGCAG 3′

5′ TTCAACGCTCTTTTGCCACG 3′

Zeaxanthin epoxidase 

Actin 5′ CGTTTGGATATTTTGCCTGCCT 3′

5′ GCAAGGTCGAGACGAAGGAT 3′

Housekeeping gene 

Reactive oxygen species (ROS) scavenging enzymes 
Cu/Zn-SOD 5′ TAAGCCCAACCACCCAATCC 3′

5′ GCAGCAACAATGGTGAGTGG 3′

Chloroplastic copper/zinc superoxide dismutase 

APX 5′ TTCGCTTAGGTTGGCACGAT 3′

5′ TTGGCTCCACCTCTTTGTGG 3′

Chloroplastic ascorbate peroxidase 

GR 5′ TCAACGATGGCGTCGAGAAA 3′

5′ CGGCGTCATCTTCGACAGTA 3′

Chloroplastic glutathione reductase 

CAT1 5′ CCAGTTGGCCGTATGGTCTT 3′

5′ CTGAGTAGTGGACCCCAGGA 3′

Peroxisomal catalase 

Actin 5′ ACGTTTGGATATTTTGCCTGCC 3′

5′ GTAGTCTGTCAGGTCACGCC 3′

Housekeeping gene  
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to shoots. 

3.2. Shoot and root fresh and dry weight 

The spinach plants at the whole level under the induced Mg defi-
ciency treatments 38 DAT is presented in Fig. 2. Determination of the 
shoot fresh weight (FW) indicated significant decreases in response to 
Mg deficiency (Fig. 3-A). Control plants, which were supplied with 1 mM 
Mg showed shoot FW of 148.74 ± 14.95 g pot − 1, reduction to 136.63 ±
9.57 (91.86%), 123.92 ± 22.84 (83.31%) and 71.23 ± 16.72 (47.89%) g 
pot− 1 were found after 0.05, 0.025 and 0.015 mM Mg treatments, 
respectively (Fig. 3-A). In control plants the FW of roots (Fig. 3-B) 
indicated 110 ± 11.62 g pot − 1 which was followed by 93.22 ± 3.85 
(84.75%), 91.96 ± 14.14 (83.6%), and 59.59 ± 13.82 (54.17%) in 0.05, 
0.025 and 0.015 mM Mg treatments, respectively (Fig. 3-B). The shoot 

dry weight (DW) indicated slight, but not significant reductions in 
response to Mg deficiency treatment (Fig. 3-C). While control plants, 
which were supplied with 1 mM Mg showed shoot DW of 12.35 ± 1.20 g 
pot − 1, reduction to 10.42 ± 0.78 (84.37%), 10.33 ± 1.57 (83.64%) and 
7.95 ± 2.16 (64,37%) g pot− 1 were found after 0.05, 0.025 and 0.015 
mM Mg treatments, respectively (Fig. 3-C). In contrast, a significant 
reduction in root DW was observed in response to Mg deficiency (Fig. 3- 
D). The DW of controls (5.32 ± 0.56 g pot− 1) was reduced to 4.45 ± 0.26 
(16.35%), 3.72 ± 0.56 (30.08%) and 2.25 ± 0.48 (57.71%) g pot− 1 in 
0.05, 0.025 and 0.015 mM Mg treated plants, respectively (Fig. 3-D). 
The root/shoot ratio is presented in the supplementary data (Fig. S1). 

3.3. Net assimilation rates and chlorophyll content 

Net assimilation rate (An) was significantly reduced in the lowest Mg 

Fig. 1. Accumulation of Mg in different tissues. (A) Latest fully expanded leaves, (B) shoots and (C) roots of S. oleracea supplied with different magnesium con-
centrations, as indicated. Control plants were supplied with 1 mM Mg. Mean values ± SE are shown (n = 4). Different letters indicate significant differences among 
the treatments (p ≤ 0.05). DM = dry matter. 

Fig. 2. Spinach (Spinacia oleracea) plants under different Mg treatments 37 DAT. The treatments include control (1 mM), 0.05 mM, 0.025 mM, and 0.015 mM 
respectively. 
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deficiency treatment in comparison with the control (Fig. 4-A). In con-
trol leaves, An was 29.10 ± 1.91 and was followed by 28.57 ± 0.82 in 
0.05 mM Mg treated plants (98.2% of the control). An achieved after 
0.025 and 0.015 mM Mg treatments were 21.87 ± 1.76 (75.2% of the 
control) and 17.97 ± 4.56 (61.8% of the control), respectively. The Chl 
concentration observed in control plants was 1444 ± 127 nmol g− 1 FW 
(Fig. 4-B), whereas it was reduced to 844 ± 172 (58.44% of the control), 
1009 ± 91 (69.88%) and 1019 ± 51 (70.57%) in plants treated with 
0.05, 0.025 and 0.015 mM Mg, respectively. 

3.4. Photosynthetic light utilization 

Chlorophyll fluorescence analyses were applied to determine 
changes of the photosynthetic performance in response to Mg 

deficiency. The maximum quantum yield of PSII in the dark-adapted 
state was derived from the Fv/Fm ratio (Fig. 5-A). Compared to control 
plants (0.812 ± 0.01) a slight reduction of Fv/Fm was found upon 
increasing Mg deficiency, which was only significant for the lowest 
supplied Mg concentration of 0.015 mM (0.777 ± 0.010). This indicates 
that PSII activity remains nearly unchanged in spinach plants upon Mg 
deficiency treatments. This view was supported by determination of the 
ETR (Fig. 5-B) and the photochemical quenching parameter qP (Fig. 5- 
C), which both reflect the PSII activity in the light-adapted state. In fact, 
no significant changes compared to controls (ETR = 75.05 ± 1.35 µmol 
electrons m− 2 s− 1 and qP = 0.79 ± 0.01) were detectable for both pa-
rameters under all Mg deficiency treatments. Only the NPQ value 
decreased continuously from 1.58 ± 0.01 (controls) to 1.57 ± 0.06 
(0.05 mM Mg), 1.34 ± 0.15 (0.025 mM Mg) and 1.25 ± 0.06 (0.015 mM 

Fig. 3. Biomass accumulation of S. oleracea plants in response to Mg deficiency. (A), Fresh weight (FW) of shoots, (B) FW of roots, (C) DW of shoots, and (D) DW of 
roots at 38 DAT. Control plants were supplied with 1 mM Mg, other concentrations as indicated. Mean values ± SE are shown (n = 4). Different letters indicate 
significant differences among the treatments (p ≤ 0.05). 
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Mg) (Fig. 5-D). However, these differences were statistically not signif-
icant. Reduction of NPQ could be understood as the consequence of 
decreased lumen acidification. Since ETR was unchanged in all Mg 
deficient plants, this might be related to increased ATP-synthase 
activity. 

3.5. Gene expression of ROS scavenging enzymes 

Magnesium deficiency induced significant reduction of gene 
expression of ROS scavenging enzymes (Fig. 6). Compared to controls, 
for which the expression of different genes was normalized to 1, the 
expression of plastidic Cu/Zn-SOD was reduced to 0.51, 0.16 and 0.25- 
fold in plants treated with 0.05, 0.025 and 0.015 mM Mg, respectively 
(Fig. 6-A). Similar patterns of reduction in expression in response to Mg 
deficiency were observed for the other analyzed enzymes: Expression of 
plastidic APX was reduced to 0.36, 0.20 and 0.40-fold (Fig. 6-B), 
expression of plastidic GR to 0.33, 0.26 and 0.25-fold (Fig. 6-C), and 
expression of peroxisomal CAT1 was reduced to 0.57, 0.25 and 0.51-fold 
(Fig. 6-D), each in 0.05, 0.025 and 0.015 mM Mg treated plants, 
respectively. This reduction in ROS scavenging enzymes’ gene expres-
sion supports the view that Mg deficiency did not induce oxidative stress 
in spinach plants under the chosen experimental conditions. 

3.6. Gene expression of xanthophyll cycle enzymes 

To further elucidate the response to Mg deficiency of the expression 
of genes related to photo-oxidative stress, we determined the changes of 
the expression of the genes of the two xanthophyll cycle enzymes, Vx de- 
epoxidase (VDE) and Zx epoxidase (ZEP). Compared to the control, VDE 
expression was found to be reduced to 0.62, 0.22 and 0.34-fold levels 
(Fig. 7-A) and ZEP expression to 0.51, 0.15 and 0.19-fold levels (Fig. 7-B) 
in 0.05, 0.025 and 0.015 mM Mg treated plants, respectively. Thus, both 
genes showed similar behavior than those coding for ROS scavenging 
enzymes (Fig. 6). In line with analyses of photosynthetic light utiliza-
tion, these results indicate that Mg deficiency did not induce activation 
of the photoprotective system in S. oleracea fully expanded leaves. 

3.7. Pigment composition 

The total VAZ pool size, i.e. the total amount of the xanthophyll cycle 
pigments Vx, Ax, and Zx, and the de-epoxidation state (DEPS) of the VAZ 
pool was used as further indicator of possible photo-oxidative stress in 
response to Mg deficiency. Compared to the control, the VAZ pool size in 
leaves of Mg deficient plants was either slightly lower or higher, but 
none of these differences were statistically significant (Table 2). The 
same was observed for the DEPS. Both the unchanged VAZ pool size and 
the unchanged DEPS indicate that Mg deficiency does not lead to 
increased photo-oxidative stress under the given experimental condi-
tions. Moreover, also the Chl a/b ratio was not altered in response to Mg 
deficiency (Table 2). This indicates that the photosynthetic complexes 
and the photosystem stoichiometries remained unchanged upon 
reduced Mg supply, supporting again the view that no oxidative stress 
was induced by Mg deficiency. 

4. Discussion 

The three Mg deficiency treatments in the present study induced the 
decrease of Mg concentration in fully expanded leaves, shoots and roots 
(Fig. 1). In leaves of control plants of spinach that were treated with 1 
mM Mg, higher concentrations of Mg were determined than in leaves of 
wheat, sunflower and barley (Jamali Jaghdani et al., 2020; Tränkner 
and Jamali Jaghdani, 2019) under similar experimental conditions. The 
higher Mg concentration in spinach leaves indicates a more efficient Mg 
uptake and/or a higher demand of spinach for Mg. It has been repeatedly 
reported that Mg availability is critical for DM production. There have 
been several studies in various plant species including sugar beet 
(Hermans et al., 2004), barley (Tränkner et al., 2016) and Arabidopsis 
(Hermans and Verbruggen, 2005) that report DM reduction under Mg 
deficiency. Cakmak and Kirkby (2008) suggested that Mg concentrations 
below 2 mg g− 1 DM are critical for most plants, albeit critical concen-
trations are also dependent on the species and the growth light in-
tensities. In our experiment with spinach, the shoot DW was not 
significantly reduced whereas root DW was substantially affected under 
Mg deficiency (Fig. 3). Phloem loading impairment is one of the impacts 

Fig. 4. Net assimilation rates (A) at 37 DAT and chlorophyll concentrations (B) at 38 DAT of S. oleracea in latest fully expanded leaves. Control plants were supplied 
with 1 mM Mg, other concentrations as indicated. Mean values ± SE are shown (n = 4). Different letters indicate significant differences among the treatments (p 
≤ 0.05). 
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of Mg deficiency (Cakmak et al., 1994), thus limiting photosynthate 
transport from source to sink organs, and by that reducing root growth, 
flowers and fruits. Furthermore, reductions in root growth are observed 
much earlier than the reductions in shoot growth (Cakmak and Kirkby, 
2008). Therefore, the reduction in DW of spinach can be related to 
phloem loading impairment. However, An remained unaffected in latest 
fully expanded leaves of plants treated with 0.05 mM Mg, which accu-
mulated a Mg concentration of 2 mg g− 1 DM (Fig. 1-A). This slightly 
higher Mg concentration compared to the total shoot Mg concentration 
(1.39 mg Mg g− 1 DM, Fig. 1-B) can be explained by Mg translocation 
from older to younger leaves. We can conclude that a leaf concentration 
of 2 mg Mg g− 1 DM is sufficient to maintain An rates, but lower con-
centrations are critical for photosynthetic CO2 assimilation. Indeed, 
critical Mg deficiency concentrations influencing photosynthetic 
mechanisms adversely, especially An and photosystem II (PSII) 

photochemistry (Kalaji et al., 2014), have been estimated with about 2 
mg Mg g− 1 DM (Cakmak and Kirkby, 2008), in line with our results. 

In accordance with our findings, reductions in An under Mg defi-
ciency have been reported in different plants such as Sulla carnosa 
(Farhat et al., 2015), Vicia faba (Hariadi and Shabala, 2004), Hordeum 
vulgare (Jamali Jaghdani et al., 2020), Zea mays (Jezek et al., 2015), 
Triticum aestivum and Helianthus annuus (Tränkner and Jamali Jaghdani, 
2019), and Citrus sinensis (Ye et al., 2019). Reduction in An rate is 
frequently assigned to reduced activities of enzymes involved in CO2 
fixation such as Rubisco and Rubisco activase or to the reduction in Chl 
content (Fig. 4; Mengutay et al., 2013). Applying a proteomic approach, 
Peng et al. (2015) showed for Citrus sinensis that under Mg deficiency the 
abundance of Rubisco and Rubisco-activase was decreased concomitant 
with decreased CO2 assimilation, indicating that the Rubisco content is 
limiting An under Mg deficiency. These findings can easily be explained 

Fig. 5. Photosynthetic light utilization in response to Mg deficiency. (A), Maximum PSII quantum efficiency (Fv/Fm), (B) Electron transport rate (ETR), (C) Coef-
ficient of photochemical quenching (qP), and (D) Non-photochemical quenching (NPQ) was determined in S. oleracea leaves at 37 DAT. Latest fully expanded leaves 
were used. Control plants were supplied with 1 mM Mg, other concentrations as indicated. Mean values ± SE are shown (n = 4). Different letters indicate significant 
differences among the treatments (p ≤ 0.05). 
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Fig. 6. Expression of genes coding for ROS scavenging enzymes in response to Mg deficiency. (A) Plastidic superoxide dismutase (Cu/Zn-SOD), (B) Plastidic ascorbate 
peroxidase (APX), (C) Plastidic gluthatione reductase (GR) and (D) Peroxisomal catalase (CAT1). Fully expanded S. oleracea leaves at 38 DAT were used for RNA 
extraction. Expression levels were normalized to the housekeeping gene ACTIN and the expression in control samples was set to 1. The dashed horizontal line shows 
the expression level of the control samples with 1 mM Mg supply. Other Mg concentrations as indicated. The bars represent the fold changes in different treatments in 
relation the control. Asterisks indicate significant differences in each treatment compared to the control (*, **, *** refer to significance levels of p ≤ 0.05, p ≤ 0.01 
and p ≤ 0.001 respectively, n = 8). 

Fig. 7. Expression of genes coding for xanthophyll cycle enzymes in response to Mg deficiency. (A) Vx de-epoxidase (VDE) and (B) Zx epoxidase (ZEP). Fully 
expanded S. oleracea leaves at 38 DAT were used for RNA extraction. Expression levels were normalized to the housekeeping gene ACTIN and the expression in 
control samples was set to 1. The dashed horizontal line shows the expression level of the control samples with 1 mM Mg supply. Other Mg concentrations as 
indicated. The bars represent the fold changes in different treatments. Asterisks indicate significant differences in each treatment compared to the control (*, **, *** 
refer to significance levels at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001 respectively, n = 8). 
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by a direct effect of Mg on Rubisco activity, since both activation of 
Rubisco and Rubisco activity are known to require Mg (Portis and Heldt, 
1976). In agreement with this, Yuguan et al. (2009) reported in a study 
with spinach plants, that both the expression and the activity of Rubisco 
and Rubisco activase were reduced under Mg deficiency. Moreover, Li 
et al. (2020) observed that Rubisco activity correlated with reduced 
chloroplastic Mg concentrations in response to diel Mg fluctuations and 
Mg depletion in rice plants. Hence, These studies consistently indicate 
that the Rubisco content and Rubisco activity are critical determinants 
for the limitation of An under Mg deficiency. This assumption can also 
explain the reduced assimilation rate under Mg deficiency (Fig. 4-A) 
independently of any significant effect on photosynthetic light utiliza-
tion (Fig. 5), determined in the present study with spinach, Moreover, 
reduced translocation of photosynthates to sink organs under Mg defi-
ciency, adversely influences formation and activity of Rubisco (Krapp 
et al., 1991). Based on the reduction in root DW of spinach plants 
concomitant with a slight decrease in shoot DW observed in our ex-
periments, we can assume that Mg deficiency adversely affected the 
Rubisco activity. 

However, not only Rubisco activity per se, but also the availability of 
ATP and NADPH, which are both provided by the light reactions, may 
limit CO2 assimilation. Conversely, decreased consumption of ATP and 
NADPH due to reduced CO2 fixation may negatively affect photosyn-
thetic electron transport. The activity of PSII is a reliable indicator for 
changes in the functionality of electron transport in response to Mg 
deficiency. In fact, reduction of PSII efficiency (ΦPSII) in response to Mg 
deficiency has been reported in Sulla carnosa (Farhat et al., 2015), barley 
(Jamali Jaghdani et al., 2020) and wheat (Tränkner and Jamali Jagh-
dani, 2019). Moreover, reduction of the maximum quantum yield of 
PSII, Fv/Fm, under Mg deficiency has been observed in different plant 
species such as Beta vulgaris (Hermans et al., 2004), Citrus reticulata 
(Tang et al., 2012), Hordeum vulgare (Jamali Jaghdani et al., 2020) and 
Helianthus annuus (Tränkner and Jamali Jaghdani, 2019). Surprisingly, 
however, neither PSII-driven ETR (which reflect the PSII efficiency) nor 
the maximum PSII quantum yield (Fv/Fm) were found to be affected in 
the present study with spinach under Mg deficient conditions (Fig. 5). 
This indicates that the reduction of An under Mg deficiency in spinach is 
not related to reduced ATP/NADPH supply from the light reactions, and 
conversely, that the reduced An does not adversely affect photosynthetic 
electron transport and PSII activity. 

Limitations in CO2 assimilation might further lead to increased 
photooxidative stress and hence to enhanced ROS production due to an 
increased excitation pressure (Cakmak and Kirkby, 2008). However, the 
unchanged PSII activity and ETR, as well as the slightly reduced NPQ 
(Fig. 5) do not indicate an increased excitation pressure under our 
experimental conditions. In line with these results, gene expression 
levels of ROS scavenging enzymes such as Cu/Zn-SOD, APX, GR and CAT 
were decreased in spinach plants under our experimental conditions 
(Fig. 6). Similarly, Jamali Jaghdani et al. (2020) observed reduced gene 
expression of cytosolic APX in barley, but increased expression of 
peroxisomal CAT, plastidic GR and Cu/Zn-SOD. The activity of ROS 
scavenging enzymes has been reported to be reduced in response to Mg 
deficiency. Ze et al. (2009) have shown that the activity of SOD was 
decreased due to an accumulation of H2O2 when spinach chloroplasts 

were cultivated in a media without Mg, whereas other studies found 
decreased activity of CAT under Mg deficiency (Tewari et al., 2006; Ze 
et al., 2009; Tang et al., 2012; Mengutay et al., 2013). Lower CAT ac-
tivity was assigned to sensitivity of CAT to photoinactivation (Tang 
et al., al.,2012). Photoinactivation of CAT is suggested to be a result of 
photooxidative damage originating from chloroplasts by absorption of 
light by the heme moieties of the enzyme itself (Shang and Feierabend, 
1999). Mengutay et al. (2013) assumed that CAT may be easily 
photo-inactivated under abiotic stress conditions, possibly related to the 
similarity of CAT to the D1 protein of PSII, which is known to be prone to 
photooxidative damage, However, increased expression and activity of 
ROS scavenging enzymes have been reported under abiotic stress con-
ditions in different plant species (Abu-Romman and Shatnawi, 2011; 
Cakmak and Marschner, 1992; Tränkner et al., 2016; Tsang et al., 1991). 
In this context, it is important to consider the various isoforms of the 
genes encoding ROS scavenging enzymes, as well as the presence of 
different isoforms of ROS scavenging enzymes in different compart-
ments. For example, Han et al. (2020) reported both increased and 
decreased expression levels of different SOD isoforms in response to 
various abiotic stresses to Salvia miltiorrhiza. Likewise, Belin et al. (2015) 
found different expression levels of different glutaredoxin isoforms 
under stress in A. thaliana. Therefore, the interpretation of changes in 
the activity of ROS scavenging enzymes isolated from total protein ex-
tracts might be limited in significance regarding specific compartments, 
such as the chloroplast. The reduced expression of genes encoding ROS 
scavenging enzymes in chloroplasts suggests, that under our experi-
mental conditions, the Mg deficiency treatment did not result in 
increased oxidative stress in chloroplast of spinach plants. 

Another well-known acclimation response to high light and photo- 
oxidative stress is the increase of the VAZ pool size (Bailey et al., 
2004; Demmig-Adams et al., 2012; Mishra et al., 2012; Schumann et al., 
2017), which provides an increased capacity of Zx-dependent photo-
protective mechanisms in thylakoid membranes. However, we did not 
find any evidence for changes of xanthophyll abundance or conversion 
in spinach plants in response to Mg deficiency. Both the VAZ pool size 
and the DEPS of the xanthophyll cycle pigments were not increased in 
Mg deficient plants (Table 2). Moreover, expression of the genes 
encoding the two xanthophyll cycle enzymes, VDE and ZEP, was nearly 
unchanged (Fig. 6). This is in line with the unchanged or only slightly 
reduced NPQ in response to Mg deficiency (Fig. 4-D). We can thus 
conclude, that also at the level of the xanthophyll cycle no indications 
for an increased photooxidative stress can be determined for spinach 
plants in response to Mg deficiency. In other studies, the response of 
NPQ to Mg deficiency varied among different species. Tränkner and 
Jamali Jaghdani (2019) observed increased NPQ values in sunflower but 
no changes in wheat under Mg deficiency. Jamali Jaghdani et al. (2020) 
reported slight increase of NPQ in barley whereas Farhat et al. (2015) 
did not observe any significant changes in NPQ in Sulla carnosa under 
Mg-deficient treatment. Hence, the photooxidative stress response 
induced by Mg deficiency is quite variable among different species. The 
same conclusion can be drawn from recent work by Jamali Jaghdani 
et al. (2020) showing substantially increased VAZ pool size in barley 
after Mg deficiency treatment, which is in contrast to the present study 
with spinach, where the VAZ pool size remained unchanged. Interest-
ingly, the rather high VAZ pool size of spinach has recently been sug-
gested to be a critical determinant for the higher resistance against 
high-light stress of spinach compared to Arabidopsis and tobacco 
plants (Bethmann et al., 2019). We therefore speculate that differences 
in the general high-light resistance may determine the variability of the 
photooxidative stress response to Mg deficiency among different species. 

In conclusion, this study demonstrated that in spinach plants, Mg 
deficiency has pronounced negative impact on CO2 assimilation and root 
growth but not on photosynthetic light reactions. Moreover, typical 
acclimation response to photooxidative stress are not induced by Mg 
deficiency in spinach. We hypothesize that high-light tolerant plants are 
generally less vulnerable to photo-oxidative stress induced by Mg 

Table 2 
Xanthophyll cycle pigments and Chl a/b ratio. Pigments were extracted from 
fully expanded leaves of S. oleracea at 38 DAT. Control plants were supplied with 
1 mM Mg. The VAZ pool size is normalized to 1000 Chl (a + b) and the DEPS is 
given in%. Mean values ± SE are shown (n = 4).  

Mg treatments 
(mM) 

VAZ pool per 1000 Chl (a + b) DEPS Chl a/b 

Control 81 ± 5 5.75 ± 0.85 2.83 ± 0.02 
0.05 70 ± 3 4.67 ± 1.20 3.06 ± 0.14 
0.025 79 ± 4 6.25 ± 1.31 2.84 ± 0.05 
0.015 86 ± 6 9.33 ± 4.37 2.82 ± 0.13  
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deficiency. Hence, increasing the high-light tolerance might be a 
promising strategy to improve the resistance of crop plants against Mg 
deficiency. 
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