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A B S T R A C T   

Photosynthetic processes within chloroplasts require substantial amounts of magnesium (Mg). It is suggested that 
the minimum Mg concentration for yield and dry matter (DM) formation is 1.5 mg g− 1 DM. Yet, it was never 
clarified whether this amount is required for photosynthetic processes as well. The aim of this study was to 
determine how varying Mg concentrations affect the photosynthetic efficiency and photoprotective responses. 
Barley (Hordeum vulgare L.) was grown under four different Mg supplies (1, 0.05, 0.025 and 0.015 mM Mg) for 21 
days to investigate the photosynthetic and photoprotective responses to Mg deficiency. Leaf Mg concentrations, 
CO2 assimilation, photosystem II efficiency, electron transport rate, photochemical and non-photochemical 
quenching, expression of reactive oxygen species (ROS) scavengers, and the pigment composition were 
analyzed. Our data indicate that CO2 assimilation is more sensitive to the reduction of tissue Mg concentrations 
than photosynthetic light reactions. Moreover, supply with the two lowest Mg concentrations induced photo- 
oxidative stress, as could be derived from increased expression of ROS scavengers and an increased pool size 
of the xanthophyll cycle pigments. We hypothesize, that the reduction of CO2 assimilation is a critical deter-
minant for the increase of photo-oxidative stress under Mg deficiency.   

1. Introduction 

The constant increase in the world population poses great challenges 
on agricultural production. A significant increase in the yield of major 
crop plants will be essential in order to meet the food supply re-
quirements by the estimated world population by 2050 [1]. It is essential 
to provide sufficient supplies of nutrients for the growing plants in order 
to meet the expected yields. In this context, magnesium (Mg) is one of 
the most crucial plant nutrients which is known to have several key 
functions in various biochemical and metabolic processes [2,3]. Since it 
is one of the key elements in the chlorophyll molecule, one of the major 
roles of Mg is the formation of chlorophyll in photosynthetic organisms 
[4]. It is been reported that up to 35 % of the total Mg content within 
plants is located in chloroplasts [2]. Expectedly, decreases of the total 

chlorophyll concentration under Mg deficiency have been reported in 
various plant species [5–10] Mg has essential functions within the 
photosynthetic apparatus. It is directly involved in the activity of 
numerous enzymes such as ATPases and ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) [10,11] as it is needed for CO2 fixa-
tion. Mg is required for protein synthesis which indirectly affects CO2 
fixation via Rubisco protein abundance [13]. It is required for a 
well-structured organization of grana and stroma lamellae to support 
chloroplast integrity and efficient light absorption. Therefore, Mg defi-
ciency can cause changes in chloroplast organization, disruption of 
grana structure and un-stacked membranes [14]. Consequently, a robust 
inhibitory effect on photosynthetic capacity and net CO2 assimilation 
(An) has been reported as a typical impact of Mg deficiency in various 
plant species [14–18,7,9,19,20,22] Impairment of photosynthetic 
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electron transport rate (ETR) under low availability of Mg have been 
reported [6,7,21] and it is suggested to be an important factor in reduced 
CO2 assimilation [23]. Studies using chlorophyll fluorescence have 
described considerable decrease in PSII photochemistry under Mg 
deficiency in different plant species [6,9,22,20]. 

Under Mg deficiency, where An is limited, the absorbed light is 
excessive to the photosynthetic capacity which leads to an enhanced 
production of reactive oxygen species (ROS) and plants suffer from 
oxidative damage [23,24]. Singlet oxygen (1O2), superoxide (O¡2), 
hydrogen peroxide (H2O2) and hydroxyl radical (⋅OH) are the ROS 
compounds known to cause oxidative damage which leads to peroxi-
dation of lipids, oxidation of proteins, inhibition of enzymes, and 
damage to DNA/RNA [26]. ROS detoxification is done by different en-
zymes such as superoxide dismutase (SOD), ascorbic peroxidase (APX), 
glutathione reductase (GR) and catalase (CAT) [25,12]. Elevated ROS 
levels and ROS scavenging enzymes activity under low Mg availability in 
different plant species have been reported [28]. Absorption of excessive 
light energy leads to excessive excitation of chlorophyll molecules and 
results in generation of more triple states (3Chl) and 1O2 [27]. The 
deactivation of 3Chl and 1O2 in antenna proteins and reaction centers 
(RC) is provided by firmly bound carotenoids [29]. The 
non-photochemical quenching (NPQ) of the excitation energy includes 
the involvement of the xanthophylls in the light harvesting antenna 
proteins. It allows a reversible switch of light harvesting complexes 
(LHC) between light-harvesting state under low-light and dissipative 
state under high-light [29]. 

One of the xanthophyll cycles described for land plants is known as 
the violaxanthin (Vx) cycle where Vx is converted to zeaxanthin (Zx) via 
antheraxanthin (Ax) [27]. The xanthophyll cycle pigments are described 
to have crucial functions in photoprotection. Ax and Zx in particular are 
known for heat dissipation of excessive light energy (non-photochemical 
quenching; NPQ) [30]. Thermal dissipation of excessive absorbed en-
ergy by NPQ is known as one of the major protective mechanisms 
against damages caused by photoinhibition [31–34]. NPQ involves the 
activity of Vx de-epoxidase converting Vx to Zx which is induced by 
lumen acidification occurring under illumination. 

It is described that the critical Mg tissue concentration is 1.5 mg g− 1 

dry matter [35]. However, the critical Mg tissue concentration seems to 
vary among different physiological processes. Hauer-Jákli and Tränkner 
[36] have reported that critical leaf Mg concentrations for An have been 
proposed to be higher than dry matter production. It can be considered 
that photosynthetic processes might react more sensitive to Mg defi-
ciency. Understanding how Mg nutrition impairs photosynthetic effi-
ciency and at which extent protection against excess radiation is limited, 
can contribute to improving productivity. Under optimal management 
practices and in the absence of biotic and abiotic stresses, the efficiency 
of light interception and energy conversion efficiency are determinants 
for the yield potential [37], thus suboptimal Mg nutrition might exac-
erbate limitations in these factors. The aim of this study was to inves-
tigate how varying Mg concentrations affect the photosynthetic 
efficiency of PSII and photoprotective mechanisms. 

2. Materials and methods 

2.1. Experimental setup 

The seeds of barley (Hordeum vulgare L. variety Quench) were 
germinated on paper rolls in 1 mM CaSO4. After one week, the plants 
were transplanted into hydroponic plant culture. Each 30 L container 
included 25 plants. Nutrient solution composition was modified from 
Jákli et al. (2017) [38], hence the final nutrient solutions contained 
macro- and micronutrients as follows: 1 mM K2SO4, 0.25 mM NH4NO3, 
1.75 mM Ca(NO3)2.4 H2O, 0.05 mM CaCl2.2 H2O, 1 mM MgSO4.7 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. 

The experiment contained three different magnesium (Mg) defi-
ciency treatments which were established at transplanting: 0.05, 0.025, 
0.015 mM MgSO4.7 H2O. The control treatment was 1 mM. Each Mg 
treatment was replicated four times. Nutrient solution was refreshed 
every three to four days based on the plant development. CaCO3 was 
used to keep the pH at ≈ 6.7. The solutions were provided with constant 
injection of air in order to supply oxygen. 

The 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. 400 μmol m− 2 s-1 (Valoya®, B-series) at canopy height, 20 ◦C 
and 56 % relative humidity. The experimental set up was completely 
randomized. 

2.2. Harvest and leaf Mg concentration 

After 21 days after transplanting (DAT), fully expanded leaves were 
harvested between 9–12 in the morning and dried at 60 ◦C. Determi-
nation of Mg concentrations were performed by Inductively Coupled 
Plasma Optical Emission Spectrometry (ICP-OES) and as described in 
[21]. 

2.3. Measurement of net CO2 assimilation rates 

The measurements were performed 17 DAT. Net CO2 assimilation 
rates (An) were determined by measuring leaf gas exchange (GFS-3000, 
Heinz Walz GmbH, Germany) on 4 × 1 cm2 cuvette size, where the 
definite area of the measured leaf was determined and corrected if 
leaves were too small to fill the complete cuvette area. In these cases, the 
leaf area was determined by measuring the leaf width at both sides of the 
chamber using the formula for trapeze area. Cuvette conditions were set 
as follows: 22 ◦C, 55 % relative humidity, 380 ppm CO2, PPFD of 
1000 μmol m− 2 s− 1. After An had stabilized, values were averaged over 
5 min. Measurements were performed between 9 a.m. and 5 p.m. with 
four replications per treatment. 

2.4. Chlorophyll a fluorescence 

The measurements were performed 17 DAT. Chlorophyll fluores-
cence measurements were done by using a PAM-fluorometer (IMAGING- 
PAM Maxi, Heinz Walz GmbH, Germany). Prior to the measurements, 
leaves were dark adapted for 20 min. The leaf of interest was placed 
under the device where it was covered by a black cloth and it allowed a 
photosynthetic photon flux density (PPFD) of 10 μmol m− 2 s− 1. First the 
maximum PSII quantum yield was measured via [Fv/Fm = (Fm–Fo)/Fm] 
[39]. Then the actinic light was switched on at a PPFD of 461 μmol m− 2 

s− 1. Every minute a saturation light pulse was applied with a PPFD of 
2700 μmol m− 2 s− 1 for 800 ms. Effective PSII quantum yield was 
calculated as [ΦPSII = (Fm’–Ft)/Fm’] [40]. Fm is an indicator of the 
maximum fluorescence of dark-adapted samples. Fm’ indicates the 
maximum fluorescence yield in the light following a saturation pulse, 
where Fo’ = Fo/(Fv/Fm + Fo/Fm’) [41]. ETR was determined by calcu-
lating ETR=ΦPSII*0.5*Absorptivity*461 μmol m− 2 s− 1. Absorptivity was 
calculated as Abs. = 1-NR/NIR, where R is remission at 660 nm and NIR 
is remission at 780 nm. Coefficient of photochemical quenching 
(qP=(Fm’–F)/(Fm’–Fo’) and NPQ (NPQ=(Fm–Fm’)/Fm’) [42] were deter-
mined. The area of interest was selected in a rectangular shape for barley 
leaves, respectively, where the edges of the leaf were avoided, and the 
center of the leaf was considered as the most representative of the leaf 
area. The fluorescence values of all pixels within the representative area 
were averaged automatically by the device’s software ImagingWin 
v2.41a (Heinz Walz GmbH, Germany). Measurements were performed 
with four replications per treatment. 

2.5. Quantitative real-time PCR 

After 21 DAT the fully expanded leaves were harvested, frozen in 
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liquid nitrogen and kept at − 80 ◦C until the RNA extraction. Total RNA 
was extracted from 100 mg leaf samples using the RNeasy® Plant Mini 
Kit (QIAGEN, Hilden, Germany) according to the manufacturer protocol. 
The extracted RNA was reverse transcribed into cDNA using cDNA 
Synthesis Kit (QuantiTect Reverse Transcription Kit, QIAGEN, Hilden, 
Germany) with prior elimination of genomic DNA and according to the 
manufacturer protocol. Candidate genes were chloroplast copper/zinc 
superoxide dismutase (Cu/Zn-SOD), cytosolic ascorbic peroxidase 
(cAPX), chloroplastic glutathione reductase (GR), peroxisomal catalase1 
(CAT1), and the housekeeping gene was actin. Information on primer 
sequences 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) with the following 
cycling conditions: 95 ◦C for 2 min; 44 cycles of 95 ◦C for 10 s, 60 ◦C for 
30 s. The ΔCT values were determined via the Bio-Rad CFX Manager 3.1 
software (©2012 Bio-Rad Laboratories). The equation 2− ΔΔCT was used 
to estimate expression levels. The expression was normalized to the 
housekeeping gene and control samples gene expression was calculated 
as 1. 

2.6. Pigment analysis via HPLC 

After 21 DAT the fully expanded leaves were harvested between 
9–12 in the morning, frozen in liquid nitrogen and kept at − 80 ◦C until 
pigment extraction. For pigment extraction, leaf samples were homog-
enized in pre-cooled mortar and pestle. 20 mg of the homogenized leaf 
material was filled into a 1 mL microtube, 1 mL pure ethanol was added 
and the sample was homogenized by vortexing until a light green 
mixture was observed. The samples were incubated in the dark at 4 ◦C 
over night until the precipitate was white the next morning. The samples 
were centrifuged for 5 min at 13,000 x g. The supernatant was filtrated 
through a 0.2 μm filter (Corning®, 15 mm syringe filter, RC membrane). 
The HPLC analysis was done according to [43]. De-epoxidation state 
(DEPS) was expressed as 100 * (0.5 antheraxanthin + zeaxanthin) / 
(violaxanthin + antheraxanthin + zeaxanthin). 

2.7. Statistical analysis 

Statistical analyses were performed using the software RStudio (R 
Core Team, 2019) and the R packages agricolae [44], plyr [45], fasttime 
[46], ggplot2 [47]. Analysis of variance (ANOVA) was performed to 
determine whether effects of treatments on the respective factor were 
significant, followed by Tukey’s post-hoc test (α = 0.05) where ANOVA 
indicated a significance. To determine significant differences in the 
decrease of Mg concentrations between control and treatments, a t-test 
was performed (α = 0.05). 

3. Results 

3.1. Mg concentration in leaves 

Reduction in the Mg supply significantly reduced the Mg concen-
tration in the latest fully expanded leaves (Fig. 1-A) which also resulted 
in typical phenotypic yellowing among barley leaves (Fig. 1-B). Leaves 
of control plants which were supplied with 1 mM Mg contained 
2.41 ± 0.28 mg Mg g− 1 DM. Leaves of plants supplied with 0.05 mM Mg 
contained 0.59 ± 0.05 mg Mg g− 1 DM, hence 25.19 % of the control. The 
plants which were supplied with 0.025 and 0.015 mM Mg contained 
0.36 ± 0.03 and 0.28 ± 0.02 mg Mg g− 1 DM, respectively. Their Mg 
concentrations were only 15.59 % and 12.12 %, respectively of the 
control concentrations. 

3.2. Net assimilation rates 

Net assimilation rates (An) were significantly reduced in all Mg 
deficiency treatments in comparison with the control (Fig. 2). In control 
leaves, An was 26.32 ± 1.73 but dropped with increasing Mg deficiency 
to 11.90 ± 2.08 (45.24 % of the control), 6.52 ± 1.04 (24.78 % of the 
control) and 5.61 ± 0.18 (21.30 % of the control). The reduction in An 
levels thus correlated with the reduced Mg accumulation in Hordeum 
vulgare leaves. 

3.3. Chlorophyll a fluorescence 

3.3.1. Maximum quantum yield 
Decreasing Mg supply induced a slight, but significant decrease in 

Fv/Fm. Compared to controls (0.79 ± 0.00), however, reduction in Fv/Fm 
levels was observed in 0.05 mM Mg treated Hordeum vulgare plants 
(0.72 ± 0.01). In contrast, Fv/Fm values determined for plants treated 
with 0.025 and 0.015 mM Mg were significantly lower with 0.67 ± 0.02 
and 0.65 ± 0.01, respectively (Fig. 3), corresponding to a reduction of 
Fv/Fm to about 83 % of the control value at the lowest Mg concentration. 
The impact of reduced Mg supply on the maximum PSII efficiency was 
thus much less pronounced compared to net assimilation rates, indi-
cating that less, but nearly fully functional photosynthetic units accu-
mulated in response to Mg deficiency. 

3.3.2. Effective PS II quantum yield (ΦPSII,), electron transport rate (ETR), 
coefficient of photochemical quenching (qP) and non-photochemical 

quenching (NPQ) 
Effective PS II quantum yield (ΦPSII,) and ETR continuously 

decreased in response to decreasing Mg supply (Fig. 4-A and B). ΦPSII at 
0.025 and 0.015 mM Mg supply was 0.3 ± 0.01 and 0.27 ± 0.00, corre-
sponding to 81.08 and 72.97 % of control values, respectively. A similar 
reduction was determined for ETR, which decreased from 79.08 ± 2.28 
in controls to 51.40 ± 3.95 μmol m− 2 s-1 and 45.35 ± 2.08 μmol m− 2 s-1 

in plants treated with 0.025 mM Mg and 0.015 mM Mg, respectively. 
Both ΦPSII and ETR were not affected by Mg supply of 0.05 mM. In 
contrast, qP which is an estimate of the open fraction of PSII centers and 
NPQ were not significantly affected by Mg supply (Fig. 4-C and D). These 
findings again support the view that the photosynthetic units accumu-
lating upon Mg deficiency are fully functional. 

3.4. Gene expression of ROS scavenging enzymes 

Mg deficiency increased the expression of chloroplastic Cu/Zn-SOD 
(Fig. 5-A). At 0.05 mM Mg supply, the expression value was 2.43-fold 
higher than the control. Highest expression values were observed at 
0.025 mM and 0.015 mM Mg supply with 4.97-fold and 3.98-fold higher 
levels than the control, respectively. 

The expression of cytosolic APX was decreased significantly at 0.05 
and 0.025 mM Mg supply with expression values of 0.27-fold and 0.3- 
fold of the control, respectively. At 0.015 mM Mg supply, the 

Table 1 
Nucleotide sequence of primers used in quantitative real-time PCR.  

Gene Sequence Gene description 

Cu/Zn- 
SOD 

5’ GACTGGCCCTAATGCAGTTG 3’ Chloroplastic copper/zinc 
superoxide dismutase  

5’ TGGCGTCGTTACAGGTATGA 3’  
cAPX 5’ CACGGAGCTTTTGAGTGGTG 3’ Cytosolic ascorbic peroxidase  

5’ CTGGTCGCGCATAGTAGCAG 3’  
GR 5’ TACCGAGGAGCAGGCTATTG 3’ Chloroplastic glutathione 

reductase  
5’ TCTTGCTTTGTCAACCCAGC 3’  

CAT1 5’ GCGGAAAATGAACAGCTTGC 3’ Peroxisomal catalase  
5’ CATTCACGGGGAGCATCAAG 3’  

Actin 5’ AAGTACAGTGTCTGGATTGGAGGG 
3’ 

Housekeeping gene  

5’ TCGCAACTTAGAAGCACTTCCG 3’   
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expression of 0.65-fold of the control was observed (Fig. 5-B). 
The expression of chloroplastic GR was increased under Mg defi-

ciency except for the 0.05 mM Mg treatment. At 0.025 mM and 
0.015 mM Mg supply, Mg deficiency induced an expression increase of 
GR by 1.58-fold and 1.55-fold compared to control, respectively (Fig. 5- 
C). 

Peroxisomal CAT1 expression was not affected at 0.05 mM Mg sup-
ply, but increased at to 3.46-fold and 10.52-fold higher values than the 
control at 0.025 mM Mg and 0.015 mM Mg supply, respectively (Fig. 6- 
D). In summary, these results indicate that ROS scavenging enzymes are 
upregulated upon Mg deficiency. 

Fig. 1. A) Magnesium (Mg) concentra-
tions in latest fully expanded leaves of 
Hordeum vulgare supplied with different 
magnesium concentrations. The control 
plants were supplied with 1 mM Mg. 
The mean values ± SE are shown 
(n = 4). Different letters indicate signif-
icant differences among the treatments 
(p ≤ 0.05). DM = dry matter. B) Barley 
plants (Hordeum vulgare) under different 
magnesium (Mg) treatments. From left 
to the right control (1 mM), 0.05, 0.025 
and 0.015 mM Mg treatments are 
shown.   

Fig. 2. Net assimilation rates (An) of latest fully expanded leaves of Hordeum 
vulgare supplied with different magnesium concentrations at 17 days after 
transplanting. The control plants were supplied with 1 mM Mg. Different letters 
indicate significant differences among the treatments (p ≤ 0.05, n = 4). 

Fig. 3. Maximum PSII quantum yield (Fv/Fm) of Hordeum vulgare leaves sup-
plied with different magnesium concentrations 17 days after transplanting. 
Latest fully expanded leaves were dark adapted for 20 min prior to measure-
ments. The 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). 
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3.5. Pigment composition 

Mg deficiency led to pronounced reduction of total pigment content, 
but to a relative increase of the amount of xanthophyll cycle pigments 
Vx, Ax and Zx (VAZ pool) (Table 2). Compared to control plants, the 
chlorophyll (Chl) content on fresh weight (FW) basis was reduced to 34 
%, 11 % and 7% in plants treated with 0.05 mM, 0.025 mM and 
0.015 mM Mg, respectively. This relative reduction of the Chl content is 
thus very similar to that observed for the Mg concentration (Fig. 1). 
Whereas the content of most carotenoids was similarly reduced as the 
Chl content, the reduction of Ax and Zx was much less pronounced, 
resulting in a strong increase of the VAZ pool size (on Chl basis) in plants 
treated with 0.025 mM and 0.015 mM Mg compared to controls (Fig. 6, 
Table 2). The de-epoxidation state (DEPS) of the VAZ pigments was low 
in control plants (7.25) and plants treated with 0.05 mM Mg (11), but 
increased strongly after treatment with 0.025 mM Mg (51.75) and 
0.015 mM Mg (69.75), resulting in a strong accumulation of Zx under 
these two conditions. Moreover, the Chl a/b ratio increased from 3.15 in 
control plants up to 3.73 with increasing Mg deficiency. The relative 
increase of Chl a likely reflects a reduction of the antenna size of 
photosynthetic reaction centers. This interpretation is supported by the 
relative increase of β-carotene, which is exclusively bound by reaction 
centers but not by antenna proteins. To our knowledge, this is the first 
study to investigate xanthophyll pigments compositions under Mg 
deficiency. 

4. Discussion 

Critical Mg concentrations are reported to be at 1.5 mg g− 1 DM [35]. 
In the present study, the four decreasing Mg supplies induced leaf Mg 
concentrations below 1 mg g− 1 DM, hence all treatments decreased leaf 
Mg concentrations to levels far below the critical Mg concentrations and 
thus induced Mg deficiency. Nutrient deficiencies can adversely affect 
the photosynthetic apparatus structure and functions, specially photo-
system II (PSII) photochemistry [48]. Reductions in An under Mg defi-
ciency have been reported in studies with Phaseolus vulgaris [49], Pinus 
radiate [50], Vicia faba [19] and Zea mays [51]. In the present study, An 
was reduced even at the mildest Mg deficiency treatment (0.05 mM). Mg 
concentrations in the leaf tissue were decreased by 75 %, whereas the 
reduction of An was less pronounced (by 54 %) indicating an increasing 
photosynthetic Mg use efficiency at the level of CO2 assimilation. 
Similarly, in Triticum aestivum and Helianthus annuus assimilation rates 
did not respond proportionally to decreasing Mg concentrations whereas 
leaf area was negatively affected pointing at a preferential allocation of 
Mg to photosynthetic processes under low Mg leaf concentrations [21]. 
However, low Mg concentrations induced a decline in An which can be 
associated with a reduction in chlorophyll content [52], and lower ac-
tivity of enzymes involved in photosynthesis such as Rubisco [23]. 
Recently, Li et al. 2020 [22] could show that in rice plants in-vivo 
Rubisco activity in light correlated with reduced chloroplastic Mg con-
centrations due to diel Mg fluctuations and Mg depletion. In contrast to 
reduced Rubisco activity, the Rubisco protein quantity was not affected 

Fig. 4. Effective PS II quantum yield (ΦPSII,) (A), electron transport rate (ETR) (B), coefficient of photochemical quenching (qP) (C) and non-photochemical 
quenching (NPQ) (D) of Hordeum vulgare leaves supplied with different magnesium concentrations at 17 days after transplanting. Latest fully expanded leaves 
were taken for measurements. Mean values ± SE are shown (n = 4). Different letters indicate significant differences among the treatments (p ≤ 0.05). 
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by lower Mg supply [22]. Furthermore, accumulation of photo-
assimilates in source organs due to restricted photoassimilate trans-
location under Mg deficiency has an adverse effect on the formation and 
activation of Rubisco [53]. The limitations in CO2 assimilation decrease 
the consumption of photochemical energy (ATP) and reducing power 
(NADPH), thereby exerting excitation pressure and limiting utilization 
of light energy. Under this situation the absorbed light energy becomes 

excessive and an overreduction of the electron transport chain, leading 
to a production of reactive oxygen species (ROS) such as H2O2 [54]. 
Increased concentrations of H2O2 under Mg deficiency were described 
for numerous crops, such as barley [28], maize [55] and mulberry [56]. 
A meta-analysis showed that levels of ROS were increased by 31 % under 
Mg deficiency compared to control treatments [57]. To assess the level 
of oxidative stress in the chloroplast and mitochondria in response to the 
different Mg concentrations, transcript abundance of ROS scavenging 
enzymes was measured. An upregulation of three of the four tested genes 
was observed under Mg deficiency, indicating oxidative stress. The 
expression levels of chloroplastic Cu/Zn-SOD, responsible for the 
detoxification of -O2 to H2O2 [58], were increased. Increased activity of 
SOD under Mg deficiency in Hordeum vulgare [28] and Morus alba [54] 
have been reported which is in line with our findings on increased 
expression levels. Tsang et al. [59] have reported that under different 
environmental stresses such as high light, changes in SOD mRNA levels 
were observed. Similarly, expression of chloroplastic GR was increased. 
Our findings are in line with the studies on GR activity under Mg defi-
ciency reported in literature [23,28,56]. Increased GR activity is 

Fig. 5. Normalized gene expression of 
A. superoxide dismutase (Cu/Zn-SOD), 
B. cytosolic ascorbic peroxidase (cAPX), 
C. glutathione reductase (GR) and D. 
catalase (CAT1) in fully expanded Hor-
deum vulgare leaves. The expression 
level is normalized to the house-keeping 
gene and the control samples expression 
is calculated as 1. The dashed horizontal 
line shows the expression level of the 
control samples with 1 mM Mg supply. 
The bars represent the fold changes in 
different treatments. The asterisks show 
the significant differences in each treat-
ment in comparison with the control 
(‘*’, ‘**’, ‘***’ indicate significance 
levels at p ≤ 0.05, p ≤ 0.01 and 
p ≤ 0.001 respectively, n = 8).   

Fig. 6. Sum of violaxanthin (Vx), antheraxanthin (Ax) and zeaxanthin (Zx) 
(VAZ) in latest fully expanded leaves of Hordeum vulgare supplied with different 
magnesium concentrations for 21 days after transplanting. Mean values ± SE 
are shown (n = 4). 

Table 2 
Pigment composition, chlorophyll a/b ratio and de-epoxidation state of the VAZ 
pigments (Vx, Ax, Zx) (DEPS) in fully expanded leaves of Hordeum vulgare sup-
plied with different magnesium concentrations for 21 days after transplanting. 
The control plants were supplied with 1 mM Mg. The data are normalized to 
1000 Chl (a + b). Mean values ± SE are shown (n = 4). Car = carotenoid.  

Mg treatments 
(mM) 

per 1000 Chl (a + b) μmol g− 1 

FW  
Car DEPS Chl a/b Chl (a + b) 

Control 62.75 ± 3.88 7.25 ± 0.95 3.15 ± 0.10 4.26 ± 1.10 
0.05 57.5 ± 0.96 11 ± 2.00 2.75 ± 0.33 1.45 ± 0.27 
0.025 83.5 ± 5.87 51.75 ± 5.39 3.34 ± 0.29 0.49 ± 0.06 
0.015 110.25 ± 9.80 69.75 ± 9.14 3.73 ± 0.21 0.30 ± 0.07  
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reported to confer stress tolerance with the ability to alter the redox state 
of important components of the electron transport chain [60]. GR is a 
component of the ascorbate-glutathione pathway where it reduces 
oxidized glutathione which then serves as a reductant for other detoxi-
fication processes [61]. In contrast to the upregulation of Cu/Zn-SOD 
and GR, the expression of cytosolic APX in Mg deficient treatments was 
lower than in control plants. Regarding APX enzyme activity, in contrast 
to our findings, enhanced activities of APX in Hordeum vulgare [28], 
Citrus reticulata [23] and Morus alba [56] have been reported. However, 
in those studies APX extraction was not cell organelle specific. Hence, 
plastidic APX might have been responsible for the high activity levels, 
indicating increased oxidative stress in the chloroplast upon Mg defi-
ciency. It has been suggested that H2O2 has the ability to cross mem-
branes via aquaporins [62] and to diffuse to the cytosol with relative 
ease [63]. In our study, however, lower expression levels of cAPX indi-
cate a lower need for cytosolic H2O2 detoxification. 

CAT is responsible for the detoxification of H2O2 in peroxisomes. The 
high level of CAT expression might be related to increased photorespi-
ration rates. Increased photorespiration might be due to altered speci-
ficity of Rubisco, changed CO2 concentrations at the site of 
carboxylation or the extent of either Mg2+ or Mn2+ binding by Rubisco 
[64,65]. Altered Rubisco specificity was observed in spinach under high 
growth temperatures [66], and was suggested to indicate an acclimation 
of Rubisco kinetics to the environment [64]. CO2 concentrations at the 
site of carboxylation can be determined by resistances against diffusion 
of CO2 from the intercellular air space to the site of carboxylation. 
Increased mesophyll resistance was shown for potassium deficient sun-
flower [38] and winter oilseed rape [67]. However, to which extent Mg 
deficiency induces alterations in the mesophyll resistance and thereby 
limits CO2 supply to Rubisco, needs further research. The binding of 
Mn2+ to Rubisco induces similar rates of carboxylation and oxidation as 
opposed to when Mg2+ binds to Rubisco (carboxylation ratio is higher at 
ambient O2 and CO2 concentrations). The activity of the photo-
respiratory enzyme 2-PG phosphatase which converts 2-PG to glycolate 
in the chloroplast depends on Mg2+ [68], hence its activity might be 
restricted under Mg deficiency and thereby also affecting photo-
respiratory processes. Concluding from our results, it is conceivable that 
Mg deficiency induces oxidative stress in the chloroplast and enhances 
the need for H2O2 detoxification in the peroxisome. 

The limitation of CO2 fixation and the resulting photo-oxidative 
stress due to Mg deficiency is expected to negatively affect PSII perfor-
mance. In order to investigate the efficiency of light utilization by PSII, 
the photosynthetic efficiency of PSII was assessed by Chl fluorescence 
analyses. The operating efficiency at PSII (ΦPSII) indicates the proportion 
of absorbed light that is used in PSII photochemistry [40] and in com-
bination with estimates of light absorptance by the leaf and photosys-
tems, electron transport rates through PSII can be assessed. Mg 
deficiency decreased both ΦPSII and ETR. In accordance, the level of 
photochemical quenching of PSII (qP), which indicates the proportion of 
oxidized reaction centers, was reduced under Mg deficiency. Hence, Mg 
deficiency induces limitations in the photosynthetic quantum conver-
sion in the light-adapted state of the photosynthetic apparatus. How-
ever, the impact on PSII photochemistry was much less pronounced 
compared to the reduction of the assimilation rate, indicating a more 
severe effect of Mg deficiency on CO2 assimilation compared to photo-
synthetic light utilization. 

To estimate whether a damage to the photosynthetic apparatus has 
occurred, the maximum quantum efficiency of PS II photochemistry, Fv/ 
Fm, is frequently applied [69]. The ratio Fv/Fm describes the maximum 
efficiency at which light absorbed by PSII is used for reduction of the 
primary quinone acceptor QA in dark adapted plants [70]. In control 
plants, Fv/Fm was 0.79, which is close to the optimal value of about 0.83 
in unstressed plants reported by Björkman and Demmig [71] and 
Maxwell and Johnson [39], which may vary among different species and 
under different environmental conditions. A decrease in Fv/Fm levels 
under Mg deficiency have been reported in Beta vulgaris [6], Citrus 

reticulata [23] and Helianthus annuus [21]. However, in a study on Pinus 
radiata no reduction on Fv/Fm ratio was observed although the An was 
decreased [50]. In the present study, Mg deficiency induced a slight but 
significant decrease of Fv/Fm. Hence, Mg deficiency results in a reduc-
tion of PSII photochemistry in Hordeum vulgare, but to less extent than 
the reduction of CO2 assimilation. The decline in Fv/Fm might be due to 
photoinhibition of PSII, as a result of photo-oxidative stress. 

The upregulation of ROS scavenging enzymes in response to Mg 
deficiency suggests that limited Mg availability results in photo- 
oxidative stress. Thus, we investigated other photoprotective re-
sponses that are known to be activated in high-light acclimated plants. 
In fact, our pigment analysis revealed an increase of the Chl a/b ratio 
and a strong increase of the VAZ pool size, which both represent typical 
high-light acclimation responses [72]. Whereas the increase of the Chl 
a/b ratio is indicative of a reduction of light-harvesting antenna proteins 
and thus of the functional antenna size of the reaction centers, the 
strongly increased VAZ pool size reflects a high photoprotective de-
mand. In particular, the xanthophyll Zx, which is formed from Vx under 
high light, is known to serve a broad range of photoprotective functions. 
Zx is not only involved in different NPQ mechanisms, such as qE and qZ 
[73], but is also important for the protection of damaged PSII during the 
photoinhibition repair cycle [74]. Moreover, Zx is supposed to serve 
photoprotective functions in the thylakoid membrane independent of 
NPQ [75], possibly by affecting the thylakoid membrane fluidity and/or 
stability [76]. The observed up to 4-fold increase of the VAZ pool size 
under Mg deficiency further implies, that the additional pool of VAZ 
pigments is predominantly present as non-protein bound pool in the 
lipid phase of the thylakoid membrane. This can be derived from the fact 
that each antenna protein can bind only up to 1 xanthophyll cycle 
pigment [77]. This suggests, that the additional VAZ pool serves pre-
dominantly NPQ-independent functions. In agreement with this 
assumption, we did not find an increased NPQ capacity of Mg deficient 
plants (Fig. 4-D), in line with former work on Sulla carnosa [24]. 

Another striking observation was that the DEPS of the VAZ pool was 
strongly increased in Mg deficient plants, but low in control plants 
(Fig. 6). Vx to Zx conversion is catalyzed by the Vx de-epoxidase. This 
enzyme is localized in the thylakoid lumen and activated when the 
lumen pH drops below a value of about 6.2 [29], ensuring that Zx is 
synthesized when photosynthetic electron transport becomes saturated. 
The presence of high amounts of Zx in Mg deficient plants, but not in 
control plants, indicates that Mg deficiency leads to a lower lumen pH 
compared to control plants, when grown at a light intensity of approx. 
400 μmol photons m− 2 s-1. This is likely a consequence of the strongly 
reduced assimilation rate, which results in reduced ATP consumption 
and in turn to reduced proton flux through the ATP-synthase. The high 
DEPS under Mg deficiency is thus likely a secondary effect caused by 
reduction of the assimilation rate. 

In this context it is noteworthy that a reduction of the Mg concen-
tration by 75 % in the leaves (induced by the mildest Mg deficiency 
treatment, i.e. supply of 0.05 mM Mg), which is far below the described 
critical Mg concentration, led to a pronounced decrease of assimilation 
rates, but did not affect the VAZ pool, DEPS, Fv/Fm and ΦPSII. This 
supports the hypothesis that CO2 assimilation is more sensitive to Mg 
deficiency than photosynthetic electron transport. 

5. Conclusions 

Magnesium deficiency has various consequences on photosynthesis. 
In this study with H. vulgare, particularly the CO2 assimilation rate was 
found to be significantly reduced by the mildest Mg deficiency treat-
ment. We thus conclude that An rate and Rubisco activity are most 
sensitive to Mg deficiency. Notably, Chl fluorescence analyses revealed 
that photosynthetic light reactions are less severely affected than An 
rates under Mg scarcity. Nevertheless, the upregulation of the expression 
of ROS scavenging enzymes and the strong increase of the VAZ pool size 
indicated photo-oxidative stress and/or damage. However, the 
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increased accumulation of Zx did not affect the NPQ properties, indi-
cating that the increase of the VAZ pool size under Mg deficiency serves 
NPQ-independent photoprotective functions. We thus conclude that Mg 
limitations have more severe impact on An, but moderate limitation of 
CO2 fixation, as determined here in response to the mildest Mg defi-
ciency treatment, is not necessarily sufficient to induce photo-oxidative 
stress and hence the activation of photoprotective mechanisms. 
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