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A B S T R A C T   

Onions (Allium cepa L.) are considered a salt-sensitive crop. However, to date, little evidence supports this claim 
and information about the physiological and metabolomic effects of Na+ accumulation in onion plants is lacking. 
The purpose of our research has been to assess changes in onion bulbs of three different cultivars after soil and 
foliar applications with moderate doses of chloride-free Na2SO4. The antioxidative defense mechanism in onion 
and the accumulation of Na+ within the plant has also been analyzed. Based on Na+ leaf and bulb concentrations, 
our findings demonstrate that Na+ is only transported from bulbs to leaves not vice versa, therefore foliar 
application does not lead to Na+ accumulation in the bulbs. Soil application with Na2SO4 results in an accu-
mulation of Na+ in the leaves and bulbs, but with the exception of one onion variety this accumulation does not 
alter the metabolite profile of onions significantly. Even the K+ concentration and organic solute levels are 
unchanged after accumulation of Na+. Nevertheless, after Na2SO4 treatment, the antioxidative defense system 
moderately increases in onion bulbs. This study demonstrates that onion plants have the ability to exclude Na+ at 
moderate Na2SO4 treatment, and that the potential for quality onion production in soils with increased sodium 
concentration is much higher than previously assumed.   

1. Introduction 

Onion, after tomato, is the second most cultivated vegetable in the 
world, reaching almost 100 billion tons in production during 2019 alone 
(FAOSTAT, 2021). As Allen et al. (1998) described, the onion plant is 
sensitive to salinity, showing significant yield reduction when electrical 
conductivity of the soil extract from a saturated paste exceed 1.2 mS 
cm− 1, making them, next to Vicia faba L., one of the most salt sensitive 
crops. Few studies have previously analyzed the effect of salinity on 
onion plants and reported a sensitivity of onion to saline conditions 
(Chang and Randle, 2004, 2005; Rady et al., 2018; Shannon and Grieve, 
1999). Typical symptoms of onions exposed to Na+ are for example leaf 
tip burn and limited bulb growth (Shannon and Grieve, 1999). Apart 
from changes in leaf and bulb fresh weight, increases or decreases in 
quality parameter levels, e.g. pungency and soluble solids content, are 
also reported after exposure of onion bulbs to saline conditions (Chang 
and Randle, 2004, 2005). Sodium in combination with chloride (NaCl) 
has been found to be more toxic than sodium with sulfate in forage 
species and maize when administered as Na2SO4 (Sima et al., 2013). 
Moreover, compared with the well-known Na+ toxicity, the toxicity of 

sulfate remains unknown, because it is not accumulated in large 
amounts in plant tissues (Richter et al., 2019; Tarchoune et al., 2011). 

To mitigate oxidative stress resulting from inter alia Na+ accumula-
tion, plants have developed a defense system that consists of enzymatic 
(e.g., glutathione reductase) and non-enzymatic components, such as 
antioxidants, including glutathione (Garcia et al., 2020; Ruiz and 
Blumwald, 2002). In onions, glutathione is a fundamental part of the 
metabolic pathway linked to aroma and flavor precursors. For this 
reason, a stress-related increase in onion glutathione levels is also ex-
pected to alter its flavor. Chang and Randle (2004) have reported some 
physiological effects and changes in the levels of flavor precursors of 
onions in response to Na+ accumulation. However, changes in the levels 
of other relevant metabolites and related enzymes such as glutathione 
and glutathione reductase still need to be explored, in particular, 
because sulfur-containing tri-peptide (Glu-Cys-Gly) is one of the central 
but least researched metabolic components in onion metabolism. 

In this study, three onion varieties with different quality properties 
(Romo-Perez et al., 2020; Romo Pérez et al., 2018) were subjected to 
Na2SO4 treatment by soil and leaf application. A moderate level of Na+

application was chosen to avoid any symptoms of, for example, early 
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senescence, or secondary side effects, such as visible leaf symptoms. This 
allowed us to analyze primary physiological and metabolic responses in 
the best possible way without sodium toxicity, i.e., we determined the 
effects of mild sodium treatment, rather than sodium stress or toxicity. 
The distribution and accumulation of Na+ within plant tissues, with the 
focus in the final product, the bulbs, were analyzed. 

We have investigated whether Na+ application has a significant in-
fluence on the metabolism of onion bulbs, their quality, aroma, and 
antioxidative defense system. We have analyzed the metabolite profiles 
of onion bulbs by using untargeted two-dimensional gas 
chromatography-mass spectrometry (GC × GC-MS) (Weinert et al., 
2015) and with additional targeted methods. The results compiled by 
this study answer the following questions: (i) is Na+ effectively accu-
mulated into onion bulbs; (ii) does Na+ accumulation affect the meta-
bolic composition of onion bulbs; (iii) does Na+ accumulation alter 
sulfur-containing aroma precursors and onion pungency over the whole 
growth stage? 

2. Material and Methods 

2.1. Plant cultivation, sodium sulfate application, and sample preparation 

In spring 2018, seeds of three onion genotypes, Red Baron (RB, Bejo 
seeds), Sturon (StR, Bingenheimer Saatgut AG), and Birnförmige (Bif, 
Kultursaat e.V.) were sown under a control environment in a greenhouse 
at day/night set point temperatures of 18 ◦C/25 ◦C and natural photo-
periods. After six weeks, seedlings were transplanted into 5 L 
Mitscherlich-pots containing soil mixture (4 seedlings/pot), placed in an 
open environment, and exposed to the natural light and temperature 
conditions of the area (48◦ 42′ 29.149′′ N 9◦ 12′ 42.25′′ E). The soil was a 
homogeneous mixture of subfloor loam soil and sand. In order to adjust 
the pH of the mixture, 5% (w/w) of sour turf was added to the total 
subfloor-sand mixture adjusting the final pH to 7.1. The initial proper-
ties of the soil mixture are described in Table 1. For fertilization, a total 
of 1 g Mg(NO3)2, 1 g NH4NO3, 0.5 g Ca(NO3)2, 3 g KH2PO4, and 0.3 g 
Fetrilon-combi micronutrient solution (AgNova Technologies Pty Ltd) 
was added per pot. Basic fertilization was divided into two parts: 50% at 
transplantation time and the other 50% one month later. The setup was 
completely randomized by using six replications per treatment and va-
riety (Fig. 1). The treatments were: (LA) Na2SO4 leaf application; (SA) 
Na2SO4 soil application; (C) control well-supplied plants without Na+

but with 0.5 g MgSO4 added to the general fertilization as a substitute for 
the sulfate. Of note, in the control (C) group, doses of sulfur were applied 
in order to highlight the effect of Na+ and not sulfur in this study. In the 
soil application (SA) und leaf application (LA) groups, Na2SO4 was 
gradually added in three parts during the bulbing stages of onion plants: 
1) early bulbing, 2) active bulbing, 3) maturation. The final dose of LA 
was 400 mM Na2SO4 added to the leaves by brushing, and for SA, 4 g/ 
pot Na2SO4 was added to the soil. To prevent drift and to facilitate 
Na2SO4 penetration/retention in the leaf, 0.04% KANTOR® adjuvant 
(agroplanta GmbH & Co. KG) was added to the liquid solution of the LA 
plants. To ensure equal treatments, plants of the SA and C groups also 
received 0.04% of the KANTOR® adjuvant with double-distilled H2O 
(ddH2O) instead of Na2SO4 solution. Leaf applications took place in the 
morning in order to avoid leaf burning by high irradiation and to 
encourage the opening of stomata. To minimize losses, the leaching of 
elements from leaves, and contamination with Na2SO4 from the leaves 
to the soil in the LA plants, the pots were transported to the interior of a 

greenhouse during heavy rain. To combat onion fly infestation during 
plant growth and bulb development, a monthly treatment with E605 
Forte was applied to all plants. Because of an accidental contamination 
with nitrogen residues in some pots, the respective replicates were 
excluded from analysis, thus, leaving at least 4 replicates per variety and 
treatment (n ≥ 4). 

At harvest, the foliage of all plants was carefully washed with ddH2O 
in order to remove residues of Na2SO4 and adjuvant. Subsequently, 
selected green parts of leaves were removed from the bulbs and shock- 
frozen in liquid nitrogen for metabolite profiling and mineral element 
analysis. Soil samples were also collected and air-dried for 48 h at 100 ◦C 
in an oven before an analysis of minerals, ions, and electrical conduc-
tivity. The bulbs were cured at ambient greenhouse temperatures for 
three weeks and then weighed before analysis. The base plate was 
removed from each of the four plants per pot. Wedges of each bulb were 
cut longitudinally and then pooled. One half was immediately shock- 
frozen with liquid nitrogen, then freeze-dried, and finally milled with 
a ball mill (model MM 301, Retsch, Haan, Germany) for 60 s at 30 Hz. 
These samples were used for the analysis of onion metabolome, min-
erals, ions, antioxidants, and antioxidant enzymes. The other half was 
homogenized in a blender (Büchi Mixer B-400, Büchi Labortechnik AG, 
Flawil, Switzerland) and used for the analysis of pyruvic acid, non- 
structural carbohydrates, and dry matter. 

2.2. Total sulfur, carbon, nitrogen, potassium, magnesium, calcium, and 
sodium analysis 

For cation analysis (Na+, K+, Mg2+, Ca2+), approximately 50 mg 
freeze-dried leaf material and 100 mg bulb and soil material were sol-
ubilized in 8 ml 69% HNO3 (v/v) and 4 ml H2O2 by microwave digestion 
for 25 min at 190 ◦C (CEM, Mars 5, Matthews, USA). To verify the 
extraction procedure, standards and blanks were also digested. Cation 
concentrations were analyzed by atomic absorption spectrometry (3300 
series; Thermo Fisher Scientific, Dreieich, Germany). 

For analysis of total sulfur, carbon, and nitrogen, 30 mg freeze-dried 
leaf and bulb and soil material were examined in a CNS elemental 
analyzer (Vario max CNS, Elementar Analysensysteme GmbH, Hanau, 
Germany). The values presented refer to dry mass. 

2.3. Targeted metabolic analysis 

The determination of dry matter content, non-structural carbohy-
drates, onion pungency (pyruvic acid), and antioxidant activity was 
conducted as described by Romo Pérez et al. (2018). For the dry matter 
content, 20 g homogenized samples were air-dried in an oven for 48 h at 
65 ◦C followed by 3 h at 105 ◦C. Non-structural carbohydrates were 
analyzed based on the Official Analytical Chemist (AOAC) method and 
the Megazyme fructan-assay kit using p-hydroxybenzoic acid hydrazine 
(PAHBAH) (McClearly et al., 2000). The determination of onion pun-
gency was conducted using the improved method of Anthon and Barrett 
(2003) and background pyruvic acid according to the method of Yoo and 
Pike (2001). The antioxidant activity of onion bulb was carried out ac-
cording to Brand-Williams et al. (1995) using the ‘2,2-diphenyl-1-pi-
crylhydrazyl (DPPH) spectrophotometric method. Total glutathione was 
analyzed using an enzymatic method according to Saqib et al. (2008) 
with some minor modifications. In brief, 50 mg freeze-dried material 
was homogenized in 2 ml buffer, containing 6% metaphosphoric acid 
and 1 mM EDTA. The sample was than centrifuged at 11.500×g for 15 
min at 4 ◦C, and the supernatant was collected. For the stock solution, 1 
mM glutathione oxidized (GSSG) was prepared and diluted in 6% met-
aphosphoric acid + 1 mM EDTA buffer. The following solutions were 
prepared for the calibration curve: 0, 4, 8,10, 15 μM GSSG. For total 
glutathione, 540 μl extracts/standards/blank were mixed on ice with 40 
μl 6% metaphosphoric acid, 1 mM EDTA buffer, and 60 μl triethanol-
amine. For the measurements, 150 μl aliquots, 700 μl NADPH solution, 
and 100 μl DNTB solution were pipetted into a cuvette. The addition of 

Table 1 
Basic properties of soil mixture at the transplanting time before general fertil-
ization. EC, electrical conductivity.  

pH- 
value 

NH4–N mg/ 
kg: 

NO3–N mg/ 
kg: 

Smin mg/ 
kg: 

K mg/ 
kg: 

P mg/ 
kg 

EC mS 
cm− 1 

7.06 1.4 1.4 5.27 75 5.4 0.10  
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50 μl glutathione reductase (10 U/mL) started the reaction. The rate of 
absorption change was monitored in a dual beam spectrophotometer 
SPECORD 50 (Analytic Jena AG, Jena, Germany), at 412 nm every 15 s 
for 3 min. The concentrations are expressed as μM g− 1 DM. The analysis 
of the glutathione reductase activity was measured according to the 
improved method of Elavarthi and Martin (2010). 

2.4. Untargeted metabolomic analysis 

The metabolite analysis was conducted as described by Romo-Perez 
et al. (2020), with some minor modifications and adaptations to the leaf 
matrix. Pooled QC samples were prepared for each sample matrix 
separately by combining material from selected samples from all vari-
eties and treatments. 20 ± 0.16 mg (freeze-dried bulb samples) or 10 ±
0.11 mg (freeze-dried leaf samples) were weighed into 2 ml reaction 
tubes. Samples were extracted twice with methanol, evaporated to 
dryness in a vacuum centrifuge and subsequently derivatized 
(methoximated and trimethylsilylated). Samples of both matrices were 
analyzed by untargeted GC × GC-MS by using a combination of a 30 m 
× 0.25 mm unpolar Rxi-5SilMS column in the first dimension and a 2.2 
m × 0.15 mm medium-polar BPX50 column in the second dimension. 
Programmed temperature vaporization injection was performed using 
an OPTIC4 injector and an optimized temperature program to avoid 
carry-over of higher fructan oligomers (DP > 4) in the bulb samples. A 
ZOEX ZX2 was employed for cryogenic modulation at a modulation 
period of 2.7 s. Data were acquired using a fast-scanning single--
quadrupol MS instrument at a data acquisition rate of 33 s− 1. For a 
detailed description of the analytical procedures see section 1 of the 
Supplemental Information. GC × GC-MS data were processed with the 
Square Dance algorithm implemented in R (Egert et al., 2015; R 
Development Core Team, 2019) 

2.5. Statistical analysis 

For the statistics of the targeted analysis, two-way ANOVA followed 

by the post-hoc Tukey HSD were used to display the variety and the 
treatment effect. Data were analyzed using linear models, and differ-
ences were considered as significant when p > 0.05. Principal compo-
nent analysis (PCA) and a correlation matrix were employed to provide a 
graphical description of variety characteristics and treatment effect. All 
values were centralized and standardized. Data were plotted with 
“ggplot2” (Wickham, 2009) and PCA “factoextra” (Kassambara and 
Mundt, 2020). All analyses were performed with R (R Development Core 
Team, 2019). 

The untargeted GC × GC-MS metabolomics dataset was analyzed in 
two steps by using JMP 15.1.0 (SAS Institute Inc., Cary, NC, 
1989–2019). At first, data matrices were prepared for all varieties 
together and for the single varieties. Variables with ≥25% non-detects 
were excluded and replaced by random numbers between 
5000–10,000. The resulting data matrices comprised between 224-242 
and 208–218 metabolites (leaf and bulb samples, respectively). Next, 
PCA was performed to assess the impact of the fertilization treatment on 
the overall metabolite profiles of leaves and bulbs. To assess further the 
treatment effect at the univariate level, an ANOVA screening analysis 
including an FDR correction (Benjamini and Hochberg, 1995) was per-
formed for each variety and each sample matrix separately by using the 
Response Screening platform of JMP. Potentially relevant compounds in 
the samples of the variety StR were selected visually using so-called 
“FDR LogWorth vs. Effect Size” plots, and significance was further 
verified by the Tukey-HSD post-hoc test. 

3. Results 

3.1. Physiological reactions of Allium cepa L. Caused by Na+

A mild Na+ dose of 4 g Na2SO4 per pot for SA and 400 mM Na2SO4 for 
LA were chosen to avoid any visible toxicity or senescence symptoms, 
such as leaf necrosis or chlorosis. Therefore, the metabolic reaction of 
plants was not based on the secondary effects of toxicity and degener-
ation but relied on primary Na+ accumulation. Regardless of the variety 

Fig. 1. Schematic view of the experimental setup. Pot experiment with three different treatments. Control (C) without Na+ and 0.5 g of MgSO4 added to the general 
fertilization. Soil application (SA), final dose of 4 g Na2SO4/pot added to the soil. Leaf application (LA), final dose of 400 mM Na2SO4 added to the onion leaves by 
brushing. SA and LA application were applied in three increments: during early bulbing, active bulbing, and maturation. Adjuvant KANTOR® was added to all plants 
in all treatments, respectively. For further information, see details in Material and Methods (n ≥ 4). 
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and the treatment, all onions developed well, and no stress symptoms 
were observed (Fig. 2). Moreover, no significant difference between the 
treatments were determined with respect to the fresh weight of onion 
bulbs; values were between 160 and 231 g for four plants per pot. 
Similarly, the height and diameter of the onions showed no significant 
differences with respect to the treatment (Table 2). Therefore, we 
concluded that we had induced a non-stressful condition for the plants, 
as had been planned. However, significant differences were found in 
relation to the variety. The Bif variety, for example, has a typical elon-
gated shape that resembles a pear (the German name "Birnenförmige" 
means "pear-shaped") and demonstrates a significantly higher dry mat-
ter content compared with the other two varieties. Nevertheless, the Na+

treatment did not affect the dry matter levels in any of the onion bulb 
varieties. 

Fig. 3 shows that Na+ accumulated significantly in the leaves after 
application of Na2SO4 by SA and LA. The highest level of Na+ was 
recorded in leaves exposed to SA, with concentrations above 9 mg Na+

g− 1 DW. On the other hand, in onion bulbs, significantly elevated levels 
of Na+ were only detected in plants exposed to SA, whereas LA did not 
lead to Na+ accumulation. 

Potassium concentrations in all varieties were not significantly 
affected in bulbs or leaves after SA and LA treatment with Na2SO4 
(Fig. 3). 

Compared to control plants, SA treatment also led to increases of 
total sulfur levels in the leaves of all varieties. However, total sulfur 
levels in onion bulbs did not increase at all. 

Concentrations of magnesium, calcium, total nitrogen, and total 
carbon in leaves and bulbs showed only minor differences in all varieties 
(Table S1). Na+ accumulation did not lead to significant changes of 
other ion concentrations, suggesting the lack of severe secondary effects 
following Na+ treatment. 

3.2. Na+ - related metabolic responses 

Fig. 4 shows a principal component analysis (PCA) plot of a targeted 
analysis of onion bulbs. The first two components represent 51.2% of the 
total variance of the data set of onion bulbs, of which 39.2% belongs to 
the first principal component and 12% to the second one. Regarding the 
first principal component, the individual PCA allows us to distinguish 
two groups based on their similarities (Fig. 4A): in the left-hand quad-
rant, the variety Birnförmige (Bif), and in the right-hand quadrant, the 
varieties Sturon (StR) and Red Baron (RB) sharing a high degree of 
similarity. The PCA loading plot (Fig. 4B) highlights the contribution to 
the first two principal components of all-measured parameters: pyru-
vate, dry matter, fructan, reducing sugar, sucrose, total sugar, total 
carbon, total nitrogen, total sulfur, K+, Na+, Mg2+, Ca2+, total bulb 
weight/pot (yield), antioxidative activity (AOX), glutathione, and 
glutathione reductase. Within the PCA, variables clustering together are 
considered highly positively correlated, for example, AOX and total 

glutathione. The x-axis (PC1) mainly describes dry matter content, 
fructan, and total sugar concentrations, which are responsible for the 
separation of the Bif variety in the left quadrant and of the StR and RB 
varieties in the right quadrant. The y-axis (PC2) relates to the accumu-
lation of Na+ in onion bulbs. Responses in onion leaves are presented in 
Fig. S3. 

Fig. 5 A-C and Table S2 highlights the absolute concentrations of 
highly relevant quality compounds in onion bulbs, such as fructan, 
reducing sugars, and pyruvate. Pyruvate, a pungency marker, ranged 
between 5.0 (variety StR) and 6.3 μmol g− 1 FW (variety Bif), showing no 
significant differences of pungency between varieties or treatments. The 
concentrations of non-structural carbohydrates, such as fructan, sucrose, 
and reducing sugars, showed no significant differences depending on the 
treatment. However, significant variety differences were found for 
fructan and reducing sugars. The variety Bif stood out for its high levels 
of fructan, reaching 169 mg g− 1 FW. On the other hand, RB and StR only 
attained 70 and 96 mg g− 1 FW, respectively. 

A broad overview of the impact of Na+ on the variety and the 
treatment effect was obtained by untargeted metabolomics. The two- 
dimensional chromatograms of leaves and bulbs (see supplemental 
figure S1 A-B) visualize the similarities and differences between the 
metabolite profiles of both plant organs. Whereas most of the common 
primary metabolites were detected in both organs, specific features of 

Fig. 2. Onion plants (4 plants/pot) one week after the third and last application with Na2SO4, namely 4 g Na2SO4 by SA (soil application), 400 mM Na2SO4 by LA 
(leaf application), and without Na+ in C (control). Birnförmige (Bif), Red Baron (RB), Sturon (StR). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 

Table 2 
Total onion weight per pot (4 plants/pot). Height, diameter, and dry matter of 
onion bulbs.  

Variety Treatment Total onion 
bulb weight/ 
pot [g] 
[g] 

Height 
[mm] 

Diameter 
[mm] 

Dry 
matter 
[%] 

Bif C 171.48 ±
14.56 a 

74.71 ±
4.65 a 

34.98 ±
1.88 c 

19.10 ±
0.41 a 

LA 169.93 ±
12.91 a 

71.37 ±
3.98 a 

35.16 ±
1.69 c 

18.54 ±
0.36 a 

SA 160.15 ±
12.17 a 

72.39 ±
4.03 a 

35.64 ±
1.71 c 

18.90 ±
0.36 a 

RB C 230.61 ±
19.59 a 

58.36 ±
3.25 abc 

47.25 ±
2.27 ab 

12.85 ±
0.28 d 

LA 170.28 ±
11.81 a 

46.94 ±
2.39 c 

52.44 ±
2.30 a 

13.66 ±
0.24 bcd 

SA 208.66 ±
17.72 a 

50.48 ±
3.15 bc 

52.60 ±
2.83 ab 

13.24 ±
0.28 cd 

StR C 230.18 ±
19.55 a 

62.41 ±
3.89 ab 

41.23 ±
2.22 bc 

14.87 ±
0.32 b 

LA 211.23 ±
17.94 a 

59.95 ±
3.74 abc 

42.80 ±
2.30 abc 

13.49 ±
0.29 bcd 

SA 231.77 ±
19.69 a 

61.54 ±
3.83 ab 

42.64 ±
2.29 abc 

14.52 ±
0.31 bc 

Data are mean ± SE. Significance test by Tukey’s HSD (p < 0.05, after two-way 
ANOVA, indicated by different letters). Birnförmige (Bif), Red Baron (RB), 
Sturon (StR). Control (C), Leaf application (LA), Soil application (SA). (n ≥ 4). 
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the bulb samples were, for example, the presence of tri- and tetra- 
saccharides and the larger amounts of several sulfur-containing amino 
acid derivatives in accordance with a recent study (Romo-Perez et al., 
2020). Results of the metabolites are represented in a PCA (Fig. 6). 
Compared with the PCA in Fig. 4, a clearer variety differentiation was 
detected using untargeted metabolomics, revealing three groups: in the 
left quadrant, the Bif variety; in the middle, the variety StR; in the right 
quadrant, the variety RB (Fig. 6B). Interestingly, variety differences 
were only apparent in onion bulbs, but was not be detected in leaves 
(Fig. 6A). Overall, no relevant effect of Na+ accumulation was found for 
the metabolite profiles of leaves and bulbs. However, as PCA is not 

suitable for the detection of weaker but potentially relevant differences 
at the single metabolite level, we applied an ANOVA-based screening 
approach (Fig. 6C). This approach confirmed that Na+ accumulation had 
no effect on leaf and bulb metabolites of the varieties Bif and RB. 
Nevertheless, some metabolites of the variety StR exhibited a weak Na+

effect, with some of them being detached from the “main cloud of me-
tabolites” and some of them even reaching the threshold FDR p = 0.1 
(shown in the right-hand panel of Fig. 6C). These metabolites were 
further investigated using the Tukey HSD post-hoc test, while relative 
fold changes were calculated and compared with those of the control 
plants (SA/C). As shown in the heatmap Fig. 6D, compared with the 

Fig. 3. Ion concentrations in leaf and bulb, of three varieties, Birnförmige (Bif), Red Baron (RB) and Sturon (StR) of Allium cepa L. “Treatment” as indicated right; 
Control (C), Leaf application (LA), Soil application (SA). A: Sodium concentration in leaf and bulb of onions. B: Potassium concentration in leaves and bulbs of 
onions. C: Total sulfur, DW of leaf and bulb. Data are mean ± SE. Significant test by Tukey’s HSD (p < 0.05), after two-way ANOVA, indicated by different letters. (n 
≥ 4). 

Fig. 4. Targeted analysis. Response of onion bulbs to Na2SO4. Data were visualized by principal component analysis (PCA) of the first two components. The graph represents 
51.2% of the total variance of the data set. A: PCA scores plot of the targeted analysis. Treatments: control plants (•), leaf treated plants (▴) soil treated plants (▪). Varieties are 
represented in different colors: Birnförmige (Bif), Red Baron (RB), and Sturon (StR). B: PCA loading plot with the total contribution of variables to the first two principal 
components. Variables are colored based on their weight of the contribution to the two axes shown. (n ≥ 4). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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control, soil application caused increases of a C6 sugar/sugar-like 
compound, xylose, and arabinose in leaves. On the other hand, in 
onion bulbs, soil application led to significantly reduced levels of 
citrulline, tryptophan and C6 sugars compared with the control. 

3.3. Na+ - related responses of the antioxidative defense system of Allium 
cepa L 

The antioxidative defense system of onion bulbs reacted significantly 
to Na+ accumulation. Fig. 5D shows the results of antioxidant activity. 
Significant differences were found depending on the variety; the variety 
RB presents the highest levels (20.6 μmol TE g− 1 DW), whereas the 
variety StR shows the lowest levels at 7.1 μmol TE g− 1 DW. Compared 
with the bulbs of control plants, antioxidant activity responded to the 
Na+ accumulation. Thus, a reduction in antioxidant activity in onion 
bulbs was found in all varieties subjected to SA treatment, this being 
particularly significant for the variety RB in which the levels dropped by 
half compared with those in the control (C). Similar to the antioxidative 
activity levels, glutathione levels (Fig. 5E) also decreased with the 
accumulation of Na+, resulting in lower levels in the bulbs treated with 
SA, except in the RB variety. On the other hand, glutathione reductase 
activity presented increased levels (Fig. 5F) in the bulbs treated with SA 
compared with the C group. 

4. Discussion 

4.1. Na+ does not accumulate into onion bulbs after foliar application 

Uptake responses to foliar fertilizers might differ immensely 
depending on the plant species. One prerequisite for species-specific 
differences in uptake responses might be a difference of the biochem-
ical property of the leaf surface, such as cuticular waxes (Fernández 
et al., 2013; Eichert and Fernández, 2012). In general, leaves are more 
sensitive to Na+ than roots, because higher doses of Na+ in leaves cause 
the inhibition of photosynthesis and other leaf-based processes (Zörb 

et al., 2018). Despite onion leaves accumulating Na+ after foliar appli-
cations (Fig. 3), the plants show no visible symptoms of Na+ toxicity. 
Moreover, we demonstrate that Na+ is not transported from the leaf to 
the bulb in the LA plants, arguing against a relevant transport of Na+ via 
the phloem system. This finding is in accordance with the suggested 
unidirectional transport of Na+ within plants (Tester and Davenport, 
2003) and explains the low Na+ levels in phloem-loaded tissues, such as 
reproductive organs or storage tissues, e.g., onion bulbs, even when the 
plant is exposed to saline conditions (Maathuis et al., 2014). In contrast, 
Na+ is transported to shoots by the transpiration stream when Na+ is 
applied to the soil and enters through the roots (Fig. 3). This is the reason 
that Na+ in the xylem sap can reach concentrations of up to 100 mM, 
whereas in the phloem, Na+ concentrations remain lower at up to 20 
mM (Maathuis et al., 2014) further suggesting the fast sequestration of 
Na+ into leaf vacuoles (Zörb et al., 2018; Munns et al., 2016) because of 
its toxic nature at higher concentrations. 

4.2. Susceptibility of onions to Na+ accumulation 

For this study, we selected the application of Na2SO4 rather than of 
NaCl, since the aim of the study was to analyze the effect of Na+ without 
the possible negative influence of Cl− . Sulfate was selected as a com-
panion of Na+, because its toxicity remains unknown, and it accumu-
lates more slowly than Na+ in plant tissue. Richter et al. (2019) have 
demonstrated the poor accumulation of sulfate in the shoots and roots of 
Vicia faba L., and Tarchoune et al. (2011) its paucity in the leaves of 
Ocimum basilicum L. In both studies, although Na+ accumulates in high 
concentrations, no accumulation of sulfur has been observed after 
Na2SO4 administration. Similarly, we have measured no increase of total 
sulfur in onion bulbs treated with Na2SO4 (Fig. 3), while Na+ accumu-
lated significantly into onion bulbs after Na2SO4 application. 

In most crop species, the accumulation of Na+ into leaf tissue leads to 
Na+-specific damage such as the necrosis of older leaves and reductions 
in growth and yield (Tester and Davenport, 2003). Based on previous 
studies (Allen et al., 1998; Chang and Randle, 2004, 2005; Rady et al., 

Fig. 5. Absolute concentrations of relevant compounds in the bulbs of the varieties: Birnförmige (Bif), Red Baron (RB), and Sturon (StR). Treatment; control (C), leaf 
application (LA), soil application (SA). A: Pyruvate (onion pungency), B: Reducing sugar, C: Fructan, D: Antioxidants (antioxidant activity). E: Total glutathione, F: 
Glutathione reductase activity. Data are mean ± SE. Significance test by Tukey’s HSD (p < 0.05), after two-way ANOVA, indicated by different letters. (n ≥ 4).). 
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2018; Shannon and Grieve, 1999; Maas and Hoffman, 1997; Sta-Baba 
et al., 2010; Aghajanzadeh et al., 2018; Hanci et al., 2016), onions have 
been classified as being sensitive to salt stress. An accumulation of 1 mg 
Na+ g− 1 DW was reported to lead to a reduction of more than 40% of the 
fresh weight of onion leaves and bulbs (Chang and Randle, 2004). In our 
study, Na+ accumulates up to 1 mg Na+ g− 1 DW without showing any 
yield reduction or leaf necrosis symptoms in onion plants. In contrast to 
other studies, no increases of soluble solids (Chang and Randle, 2004), 
dry matter (Chang and Randle, 2005), or sugar levels (Shoaib et al., 
2018; Paek et al., 1988) have been found after Na+ accumulation 
(Fig. 4). Moreover, concentrations of non-structural carbohydrates, 
including fructans, remains unchanged (Fig. 5). A previous study re-
ported high variety-specific differences in salt tolerance of onions (Vos 
et al., 2016), some of them with low susceptibility at higher saline levels. 

Together with our results, we postulate that there is more genetic po-
tential for onion production under higher saline condition than previ-
ously assumed. One possible explanation for such low susceptibility at 
moderate Na+ accumulation is that onions have large distinctive vacu-
oles that are able to store, for example, sodium in high quantities 
(Aghajanzadeh et al., 2018). We assume that Na+ ions are also com-
partmentalized in these large vacuoles and are therefore unable to exert 
any damaging effects within the cytosol. The large vacuoles of onions 
might thus contribute to mitigating Na+ accumulation and minimizing 
metabolite changes in onion bulbs (Figs. 4 and 6). Onion plants are 
hence less sensitive to Na+ ions than other crops, e.g., Vicia faba L. 
(Richter et al., 2019; Franzisky et al., 2019). 

Fig. 6. Untargeted metabolomics. Response of onion bulbs and leaves to Na2SO4. Data were visualized by principal component analysis (PCA) of the two first 
components. A: Onion leaves. B: Onion bulbs; Treatment: control plants (C •), leaf treated plants (LA ▴) soil treated plants (SA ▪). Variety is represented in different 
colors: Birnförmige (Bif), Red Baron (RB), and Sturon (StR) (n ≥ 4)).C: Univariate variety- and organ-specific ANOVA-based response. Screening analysis as shown by 
“FDR LogWorth vs Effect Size” plots. Each dot represents one analyte variable. Significance according to the ANOVA screening analysis is plotted on the y-axis, 
expressed as negatively log-transformed p-values (FDR LogWorth = -log10 (FDR p-value). A high FDR LogWorth means high significance. The dashed line highlights 
FDR LogWorth of 1, which corresponds to a screening threshold of p = 0.1. Only in the case of the variety StR were a few metabolites detached from the “main cloud 
of analytes” in leaf and bulb samples (blue dots). D: Metabolites affected significantly (p-value < 0.05) with Na+ accumulation in the variety StR. Data are fold 
-change (log10 FC) SA/C in leaves and bulbs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

M.L. Romo-Pérez et al.                                                                                                                                                                                                                        



Plant Physiology and Biochemistry 168 (2021) 423–431

430

4.3. Na+ accumulation has only a minimal effect on the metabolome but 
induces the antioxidative system of onion bulbs 

To mitigate the osmotic and ionic effects of Na+ accumulation, plants 
usually accumulate compatible organic solutes such as soluble carbo-
hydrates or proline (Tester and Davenport, 2003). Our results detailing 
the targeted and untargeted metabolomics demonstrate that bulbs and 
leaves in two out of the three investigated varieties, show no significant 
increases regarding any of these components. However, stress-related 
amino acids and monosaccharides (e.g. xylose, arabinose and other C6 
sugars) are differentially affected by Na+ accumulation in the leaves of 
the variety StR (Fig. 6C – D) indicating that at least a mild metabolic 
effect is induced by Na+ accumulation. As other studies have suggested 
(Hossain et al., 2017; Chun et al., 2019), increased levels of arabinose, 
xylose and other monosaccharides under saline conditions are in line 
with the need to accumulate compatible solutes. On the other hand, in 
onion bulbs of the variety StR, stress-related sugars and proline changed 
slightly to the increase of Na+ levels. Nevertheless, the observed effect 
on the whole plant of the variety StR is weak and might have been an 
initial reaction to the elevated Na+ concentrations. Overall, our study 
reveals no or only a slight reaction of compatible organic solutes in 
onion plants in terms of Na+ accumulation, suggesting that the extent of 
Na+ accumulation is below (or at) the critical level needed to hamper 
ion homeostasis and metabolism. 

Glutathione plays a significant role for the storage and transport of 
reduced sulfur and is also part of the antioxidative defense mechanism. 
The significantly positive correlation (r = 0.7) between glutathione 
levels and antioxidant activity has been confirmed in this study (Fig. S2). 
In accordance with previous results (Tausz et al., 2004), we have 
observed a reduction of antioxidants and glutathione levels in bulbs with 
Na+ accumulation. In terms of total antioxidative activity, we have 
demonstrated a variety-specific pattern. The RB variety, which has red 
bulbs, shows particularly high antioxidative activity level because of its 
naturally high polyphenol concentrations, as previously reported in 
other studies (Romo Pérez et al., 2018). However, in our study, bulbs of 
the RB variety respond to Na+ accumulation by drastically reducing 
levels of antioxidative activity, although glutathione concentrations are 
not affected (Fig. 5). This suggests that, unlike yellow onions, other 
antioxidants in red onions, such as anthocyanins, are first deployed in 
the antioxidative defense mechanism, before glutathione is involved. 

In summary, metabolite responses in onion bulbs are based on the 
significant accumulation of Na+ but not sulfur after the application of 
Na2SO4. In the bulbs of two of three varieties of onion, responses to Na+

accumulation occur only at the antioxidative level, whereas the typical 
metabolic signatures of high Na+ accumulation, such as increases in 
proline and of other organic solutes and decreases of K+ concentrations 
by Na+/K+ antagonism, are not present. Therefore, K+ homeostasis and, 
in turn, enzyme activation and cellular metabolism (Tester and Daven-
port, 2003) are not affected by moderate Na+ application. 

4.4. Na+ accumulation does not alter the pungency of onion bulbs 

Little information is available about the effect of Na+ accumulation 
on the flavor and aroma of onions. Few relevant studies have shown any 
effects of Na+ on enzymatically produced pyruvate (pungency marker) 
or on precursors such as S-alkenyl cysteine sulfoxide (ACSOs) and other 
components closely related to onion flavor (Chang and Randle, 2004, 
2005; Aghajanzadeh et al., 2018). Chang and Randle (2005) have re-
ported that the application of NaCl at the early bulbing stages leads to 
significant decreases in aroma precursors, their intermediates, and py-
ruvate levels. Based on these results, we expected changes in the levels of 
aroma precursors, ACSOs, and onion pungency after the application of 
moderate Na+ treatments at early bulbing. Despite increased concen-
trations (0.6 – 1 mg g− 1 DM) of Na+ in the SA onion bulbs, this accu-
mulation did not cause a significant change in the pungency of the bulbs 
and their precursors (Fig. 5A and Fig. S6). The use of NaCl in the studies 

of Chang and Randle (2004, 2005) and the additive effects of Cl− might 
have contributed to the change in pungency levels in onion bulbs. Future 
experiments and comparisons with doses of other salts such as KCl, NaCl, 
and Na2SO4 are required if we are to understand the influence of Na+

and Cl− separately. We also need to analyze the osmotic component 
present in onion plants under saline conditions. 

5. Conclusion 

Foliar application with Na2SO4 leads to an overall accumulation of 
Na+ into onion leaves but is not accumulated into the bulbs, suggesting 
the limited transport of Na+ via the phloem. On the contrary, soil ap-
plications led to an accumulation of Na+ in leaves and bulbs, demon-
strating a transport of Na+ from bulb to leaves after soil fertilization. 
Compared with previous studies, no reduction in plant growth, primary 
metabolites, or sulfur components have been demonstrated in two of 
three investigated varieties. Weak changes in the metabolite profile have 
been detected only in the variety StR after Na+ accumulation. Onion 
pungency and the precursors involved in this characteristic are not 
affected after mild Na+ accumulation in onion bulbs. 
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number 2819OE019. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.plaphy.2021.10.031. 

References 

Aghajanzadeh, T.A., Reich, M., Hawkesford, M.J., Burow, M., 2018. Sulfur metabolism in 
Allium cepa is hardly affected by chloride and sulfate salinity. Arch. Agron Soil Sci. 
65, 945–956. 

Allen, R.G., Pereirea, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration – 
guidelines for computing crop water requirements. In: Irrigation and Drainage Paper 
56. FAO. 

Anthon, G.E., Barrett, D.M., 2003. Modified method for the determination of pyruvic 
acid with dinitrophenylhydrazine in the assessment of onion pungency. J. Sci. Food 
Agric. 83, 1210–1213. 

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and 
powerful approach to multiple testing. J. Roy. Stat. Soc. B 57, 289–300. 

Brand-Williams, W., Cuvelier, M.E., Berset, C., 1995. Use of a free radical method to 
evaluate antioxidant activity. LWT - Food Sci. Technol. (Lebensmittel-Wissenschaft 
-Technol.) 28, 25–30. 

Chang, P.-T., Randle, W.M., 2004. Sodium chloride in nutrient solutions can affect onion 
growth and flavor development. Hortscience 39, 1416–1420. 

Chang, P.-T., Randle, W.M., 2005. Sodium chloride timing and length of exposure affect 
onion growth and flavor. J. Plant Nutr. 28, 1755–1766. 

Chun, H.J., Baek, D., Cho, H.M., Jung, H.S., Jeong, M.S., Jung, W.H., Choi, C.W., Lee, S. 
H., Jin, B.J., Park, M.S., Kim, H.J., Chung, W.S., Lee, S.Y., Bohnert, H.J., Bressan, R. 
A., Yun, D.J., Hong, Y.S., Kim, M.C., 2019. Metabolic adjustment of arabidopsis root 
suspension cells during adaptation to salt stress and mitotic stress memory. Plant Cell 
Physiol. 60, 612–625. 

Egert, B., Weinert, C.H., Kulling, S.E., 2015. A peaklet-based generic strategy for the 
untargeted analysis of comprehensive two-dimensional gas chromatography mass 
spectrometry data sets. J. Chromatogr. A 1405, 168–177. 

Eichert, T., Fernández, V., 2012. Uptake and release of elements by leaves and other 
aerial plant parts. In: Marschner’s Mineral Nutrition of Higher Plants, pp. 71–84. 

Elavarthi, S., Martin, B., 2010. Spectrophotometric assays for antioxidant enzymes in 
plants. In: sunkar, r. (Ed.), Plant Stress Tolerance: Methods and Protocols. Humana 
Press, Totowa, NJ, pp. 273–280. 

FAOSTAT, 2021. Food and Agriculture Organization of the United Nations. Rome.  
Fernández, V., Sotiropoulos, V.T., Brown, P., 2013. Foliar Fertilization - Scientific 

Principles and Field Practices, 1 ed. International Fertilizer Industry Association 
(IFA), Paris, France.  

Franzisky, B.L., Geilfus, C.M., Kranzlein, M., Zhang, X., Zorb, C., 2019. Shoot chloride 
translocation as a determinant for NaCl tolerance in Vicia faba L. J. Plant Physiol. 
236, 23–33. 

Garcia, G., Clemente-Moreno, M.J., Diaz-Vivancos, P., Garcia, M., Hernandez, J.A., 2020. 
The apoplastic and symplastic antioxidant system in onion: response to long-term 
salt stress. Antioxidants 9. 

Hanci, F., Cebeci, E., Uysal, E., Dasgan, H.Y., 2016. Effects of salt stress on some 
physiological parameters and mineral element contents of onion (Allium cepa L.) 
plants. Acta Hortic. 179–186. 

Hossain, M.S., Persicke, M., ElSayed, A.I., Kalinowski, J., Dietz, K.J., 2017. Metabolite 
profiling at the cellular and subcellular level reveals metabolites associated with 
salinity tolerance in sugar beet. J. Exp. Bot. 68, 5961–5976. 

Kassambara, A., Mundt, F., 2020. Factoextra: Extract and Visualize the Results of 
Multivariate Data Analyses. 

Maas, E.V., Hoffman, G.J., 1997. Crop salt tolerance: current assessment. J. Irrig. 
Drainage. Am. Soc. Civ. Eng. 103, 115–134. 

Maathuis, F.J., Ahmad, I., Patishtan, J., 2014. Regulation of Na+ fluxes in plants. Front. 
Plant Sci. 5, 467. 

McClearly, B.V., Murphy, A., Mugford, D.C., 2000. Measurement of total fructan in foods 
by enzymatic spectrophotometric method: collaborative study. J. AOAC Int. 83, 
356–364. 

Munns, R., James, R.A., Gilliham, M., Flowers, T.J., Colmer, T.D., 2016. Tissue tolerance: 
an essential but elusive trait for salt-tolerant crops. Funct. Plant Biol. 43, 1103–1113. 

Paek, K.Y., Chandler, S.F., Thorpe, T.A., 1988. Physiological effects of Na2SO4 and NaCl 
on callus cultures of Brassica campestris (Chinese cabbage). Physiologia Plantarium 
72, 160–166. 

R Development Core Team, R., 2019. A Language and Environment for Statistical 
Computing. R Foundation for statistical computing, Vienna, Austria.  

Rady, M.O.A., Semida, W.M., Abd El-Mageed, T.A., Hemida, K.A., Rady, M.M., 2018. Up- 
regulation of antioxidative defense systems by glycine betaine foliar application in 
onion plants confer tolerance to salinity stress. Sci. Hortic. 240, 614–622. 

Richter, J.A., Behr, J.H., Erban, A., Kopka, J., Zorb, C., 2019. Ion-dependent metabolic 
responses of Vicia faba L. to salt stress. Plant Cell Environ. 42, 295–309. 
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