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Abstract 31 

Aluminum (Al) toxicity and magnesium (Mg) deficiency often coexist in acidic soils. Nitric oxide (NO) 32 

is an important signaling molecule involved in diverse physiological processes and stress responses in 33 

plants. In this study, we investigated the role of NO and Mg availability in promotion of root growth 34 

and Al tolerance in Arabidopsis. The results showed that both Al toxicity- and Mg deficiency-induced 35 

NO production contributed to inhibition of primary root growth and the root cell cycle progression. 36 

Additionally, the NO production and root growth inhibition were aggravated in the absence of Mg 37 

under Al stress conditions. In contrast, Mg supply promoted root growth associated with decreasing NO 38 

production under Al stress and/or Mg deficiency conditions. Magnesium decreased the activities and 39 

expression of the genes related to NO biosynthesis enzymes in wild type Col-0, but not in the Mg 40 

transporter mutant seedlings (mgt1) in the presence or absence of Al toxicity. Accordingly, the mgt1 41 

mutant plants exhibited high Al accumulation, NO concentration and Al sensitivity in comparison with 42 

the Col-0 plants under Al stress. The NO-associated protein 1 mutant noa1 and the nitrate reductase 43 

mutant nia1nia2 with impaired NO production showed Al toxicity- and Mg deficiency-insensitive 44 

phenotypes, further confirming reduction of NO production was involved in Mg-mediated root growth 45 

promotion under Al toxicity and/or Mg deficiency conditions. Taken together, our results suggested 46 

that Mg-mediated enhancement of root growth and Al tolerance is associated with altering NO 47 

production in Arabidopsis.  48 
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Introduction 61 

Approximately 40% of the world’s arable land contains acid soils (Kochian et al. 2004). Aluminum (Al) 62 

is an integral part of mineral soils and accounts for up to 7% by weight of the earth's crust. On acidic 63 

soils with a pH 5.5water or below, Al is solubilized into Al3+, which is highly phytotoxic and becomes a 64 

major limiting factor for plant growth and development (Ryan et al. 2011). Plant root growth inhibition 65 

is the first symptom of Al toxicity. Interference with cell elongation and apical meristematic zone cell 66 

division is involved in Al-induced root growth inhibition (Kochian 1995; Barcelo and Poschenrieder 67 

2002). 68 

Nitric oxide (NO) is a universal cellular signaling molecule participating in diverse physiological 69 

processes. NO synthase (NOS) is the main source for NO production in animals (Crawford 2006). 70 

Although the NOS activity could also be detected in plants (Liu et al., 2017; Zottini et al., 2007), the 71 

existence of NOS in plants remains controversial because the gene encoding NOS is still unknown. 72 

Arabidopsis NO associated 1 (AtNOA1) was initially considered to encode a putative NOS (Guo et al., 73 

2003). However, accumulating evidence indicated that AtNOA1 does not have an NOS activity, but a 74 

circular permuted GTPase activity that plays an important role in chloroplast functions (Flores-Perez et 75 

al. 2008; Moreau et al. 2008). Nevertheless, AtNOA1 is involved in NO synthesis (Zottini et al., 2007). 76 

On the other hand, nitrate reductase (NR) is one of the most important sources for NO synthesis in 77 

plants, being associated with nitrogen assimilation and NO production (Kaiser et al. 2002).  78 

The NO signaling is involved in several stresses responses, including Al toxicity. For example, 79 

external SNP application (sodium nitroprusside, a NO donor) significantly ameliorated Al toxicity in 80 

Hibiscus moscheutos (Tian et al., 2007) and red kidney bean (Wang et al., 2010). However, in some 81 

plants such as rice bean (Zhou et al., 2012) and alfalfa (Chen et al. 2014), NO aggravated Al-mediated 82 

inhibition of root growth because the external application of tetramethylimidazoline-1-oxyl-3-oxide 83 

(cPTIO, a scavenger of NO), NG nitro-L-Arg-methylester (L-NAME, an inhibitor of NOS) or tungstate 84 

(an inhibitor of NR) decreased NO production and promoted root elongation under Al stress. Similarly, 85 

we recently found that Al-mediated increase in NO production contributed to root growth elongation in 86 

Arabidopsis (Zhang et al., 2018). Additionally, the NO biosynthesis-related mutant lines of noa1 87 

(lacking nitric oxide-associated1) and nia1nia2 (lacking nitrate reductase1 and 2) showed 88 

Al-insensitive phenotype with longer primary root length and lower Al accumulation. It is likely that 89 

the dual roles of NO in the Al response are dependent on its concentrations in different plant 90 



tissues/organs.  91 

Magnesium (Mg) is an essential nutrient in plants and animals. Magnesium deficiency often 92 

occurs in acidic soils due to low cation exchange capacity, ease of leaching and the competition with Al 93 

for plant uptake (Guo et al. 2016; Rengel et al. 2015). Several studies have shown that Mg supply is 94 

essential for plant Al resistance (Rengel et al. 2015). For example, millimolar concentrations of Mg 95 

reduced Al toxicity in monocot plants (eg. wheat and rice) by competing with Al for binding sites on 96 

the plasma membrane (Chen et al. 2012; Ryan et al. 1997; Watanabe and Okada 2005). In dicotyledons 97 

such as soybean (Silva et al. 2001), rice bean (Yang et al. 2007) and faba bean (Chen et al. 2015), 98 

micromolar concentrations of Mg significantly alleviated Al toxicity via increasing citrate exudation. 99 

Moreover, overexpression of Mg transporter genes was associated with Al resistance in yeast 100 

(MacDiarmid and Gardner 1998) and tobacco (Deng et al. 2006). However, the signaling pathway 101 

underlying Mg supply and Al toxicity in plant root growth remains elusive.  102 

In this study, we investigated the role of NO signaling in Mg-mediated root growth promotion and 103 

Al tolerance in Arabidopsis. The results showed that both Mg deficiency- and Al toxicity-induced 104 

inhibition of primary root growth and cell cycle progression was associated with an increase in NO 105 

production in Arabidopsis. Application of Mg alleviated NO-mediated root growth inhibition and the 106 

cell cycle arrest under Al stress and/or Mg deficiency conditions. The application of Mg promoted root 107 

elongation through modulating the activities and expression of the genes encoding NO 108 

production-related enzymes in the presence or absence of Al toxicity. Additionally, genetic analysis 109 

using the Mg transporter mutant (mgt1) and NO biosynthesis-related mutants further confirmed that 110 

decreasing the NO production is involved in Mg-mediated promotion of root growth and Al tolerance 111 

in Arabidopsis.  112 

 113 

Results 114 

Magnesium supply increased root growth in the presence or absence of Al toxicity 115 

Compared with the Mg deficiency treatment (0 μM Mg), the application of 10, 50, 100 or 300 μM Mg 116 

significantly promoted primary root length (by 22.3, 25.2, 21.4 and 21.2%, respectively) (Fig. 1a). In 117 

contrast, the highest concentration of Mg (2000 μM) decreased root growth by 34.3% (Fig. 1a). The 118 

root growth was inhibited by 31.8% after exposure to 50 μM AlCl3 in the absence of Mg (Fig. 1b and c); 119 

in contrast, application of 10 to 300 μM Mg significantly increased primary root growth in the presence 120 



of Al (Fig. 1b). Although 1000 and 2000 μM Mg significantly increased the relative root growth in 121 

comparison with the Al-only treatment (Fig. 1c), the total root length showed significant inhibition (Fig. 122 

1b). These results indicated that optimal concentrations of Mg (eg. 10-300 μM) are essential for 123 

Arabidopsis primary root growth and alleviation of Al toxicity. Additionally, root growth did not show 124 

any significant difference between the treatments with MgSO4 and MgCl2, indicating that it was Mg2+, 125 

rather than SO4
2- or Cl-, that alleviated Al-induced root growth inhibition. Given that 10-300 μM MgCl2 126 

or MgSO4 were equally effective in alleviating Al toxicity, the 10 μM MgCl2 was chosen for the 127 

following experiments.  128 

 129 

Magnesium-mediated root growth promotion and Al toxicity alleviation were associated with 130 

decreasing NO production 131 

Nitric oxide (NO) is a ubiquitous signaling molecule in regulating root growth. We therefore tested the 132 

role of NO in root elongation in Arabidopsis stressed by various Al concentrations with or without 10 133 

μM MgCl2. Compared with the Mg deficiency (-Mg) treatment, the root elongation was increased by 134 

24%, but NO concentration was decreased 16%, after application of 10 μM MgCl2 in the treatment 135 

solution (Fig. 2a, b and c). The root growth inhibition (Fig. 2a, Fig. S1a) and NO production (Fig. 2b 136 

and c; Fig. S1b) were significantly increased with an increase in Al concentration in the treatment 137 

medium under Mg deficiency conditions. However, the toxic effects of 10-100 μM Al on root growth 138 

inhibition associated with increased NO production were significantly alleviated by the application of 139 

10 μM Mg (Fig. 2a-c; Fig. S1a and b). However, the treatment of 10 μM Mg failed to alleviate root 140 

growth inhibition and NO production associated with the 200-500 μM Al treatments, likely due to high 141 

concentrations of Al causing too severe a toxicity effect (Fig. 2a-c). Additionally, the primary root 142 

elongation exhibited a significant negative linear relationship with NO concentration in Arabidopsis 143 

stressed with Al in the presence or absence of Mg (Fig. 2d). Moreover, the interaction between Mg and 144 

Al in the regulation of root growth (Fig. 2a) and NO production (Fig. 2c) was significant (p<0.0001). 145 

These results indicated that (i) both Mg-deficiency and Al-induced root growth inhibition might be 146 

related to increased NO production, and (ii) Mg-mediated root growth promotion and Al toxicity 147 

alleviation are associated with decreasing NO production.  148 

 149 

Decreasing NO production alleviated Al-induced root growth inhibition in a Mg-independent 150 



manner 151 

The role of NO in Mg deficiency- and Al-induced root growth inhibition was further confirmed after 152 

the seedlings were treated by Al in the presence or absence of Mg, SNP (sodium nitroprusside, a NO 153 

donor), tungstate (Na2WO4, a nitrate reductase inhibitor), L-NAME (NG nitro-L-Arg-methylester, a 154 

nitric oxide synthase inhibitor) and cPTIO 155 

(2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, a NO scavenger). The results 156 

showed that the NO fluorescent intensity (Fig. 3a and Fig. S2) and root growth inhibition (Fig. 3b) 157 

were significantly increased by the Mg deficiency, Al toxicity, SNP or Al+SNP treatments. However, 158 

the application of Mg significantly decreased NO production associated with Mg deficiency, Al toxicity 159 

(Fig. 3a and Fig. S2) and root growth inhibition (Fig. 3b). Moreover, the addition of tungstate, 160 

L-NAME and cPTIO significantly promoted root elongation in the presence or absence of Al in an 161 

Mg-independent manner (Fig. 3b), which coincided with a decrease in NO production (Fig. 3a, Fig. S2). 162 

The primary root growth inhibition and relative NO fluorescent intensity exhibited a significant 163 

negative linear relationship (Fig. 3c). These results indicated that Mg supply increased Al tolerance via 164 

decreasing NO production. 165 

 166 

Disturbance of cell division was involved in inhibition of root growth mediated by Mg deficiency 167 

and/or Al toxicity 168 

The reduction in root growth can be caused by disturbing a division potential of meristematic cells in 169 

plant roots. Therefore, we analyzed the cell cycle progression using transgenic lines expressing 170 

CYCB1;1::GUS, allowing the visualization of cells in the G2-M phase of the cell cycle. The Mg 171 

deficiency (-Mg) and Al (+Al) toxicity treatments obviously decreased the GUS activity in 172 

CYCB1;1::GUS (Fig. 4b and c), which coincided with the inhibition of primary root elongation (Fig. 173 

4a). Additionally, the application of SNP further decreased the primary root growth and GUS activities 174 

(Fig. 4a-c). On the contrary, the application of MgCl2 or cPTIO significantly increased the GUS 175 

staining (Fig. 4b) and activity (Fig. 4c) in the roots of CYCB1;1::GUS seedlings in the presence or 176 

absence of Al. Moreover, the relative root growth showed a significant linear correlation with GUS 177 

activities in roots of CYCB1;1::GUS seedlings (Fig. 4d). These results indicated that Mg supply 178 

promoted root growth, at least partly through decreasing NO-mediated interference with the mitotic 179 

potential of stem cells under Mg deficiency and/or Al toxicity conditions.  180 



 181 

Aluminum decreased the expression of genes encoding Mg transporters 182 

There are 10 Mg transporter genes in Arabidopsis genome. Among them, AtMGT1, AtMGT7 and 183 

AtMGT9 show increased expression in roots and are involved in Mg uptake (Chen et al. 2012; Gebert et 184 

al. 2009; Li et al. 2001). The expression of AtMGT1, AtMGT7 and AtMGT9 was significantly decreased 185 

by Al toxicity and Mg deficiency, whereas the application of Mg increased expression of all of these 186 

three genes regardless of the presence or absence of Al (Fig. 5).  187 

 188 

The mgt1 mutant with decreased Mg accumulation showed increased Al sensitivity and NO 189 

production 190 

AtMGT1 is a high-affinity Mg transporter associated with Mg assimilation and resistance to Al toxicity 191 

(Deng et al. 2006); therefore, the mutant line lacking AtMGT1 and having Mg deficiency phenotype 192 

(Fig. S3) was used to further investigate the role of NO in Mg-mediated root growth promotion and Al 193 

toxicity alleviation in Arabidopsis. The application of Mg to the root medium significantly increased 194 

fluorescent intensity of the Mg-selective fluorescent dye (Magnesium™ Green, AM; Fig. 6a) and total 195 

Mg concentration (Fig. 4Sa), whereas Al application decreased Mg accumulation in the Col-0 roots. In 196 

contrast, Mg concentration was lower in the mgt1 mutant than Col-0 roots, even when Mg was supplied 197 

in the medium (Fig. 6a, Fig. S4a), indicating that AtMGT1 plays an important role in Mg uptake.  198 

The application of Mg significantly decreased morin fluorescence intensity and Al concentration in 199 

Col-0, but not in the mgt1 mutant roots (Fig. 6b, Fig. S4b). In the absence of Al, the root elongation of 200 

mgt1 mutant seedlings was decreased by 17.2% in comparison with the wild-type Col-0 (Fig. 6c and 201 

Fig. S5). Furthermore, the mgt1 mutant seedlings were more susceptible to Al toxicity than the 202 

wild-type seedlings (Fig. 6c and Fig. S5), eg. the relative root growth of mgt1 was decreased by 15.4% 203 

in comparison with wild type (Col-0) plants under Al stress (Fig. 6c and Fig. S5). Moreover, 204 

application of Mg failed to increase Al tolerance in mgt1 seedlings. Similarly, the NO production in 205 

roots was significantly increased in mgt1 after Al treatment, this increase being greater than in the 206 

Col-0 plants (Fig. 6d and Fig. S6). An exogenous addition of Mg did not reduce NO production in the 207 

mgt1 roots in the presence or absence of Al. These results indicated that AtMGT1-mediated Mg uptake 208 

was essential for root growth promotion and Al toxicity alleviation associated with decreased NO 209 

production in Arabidopsis. 210 



 211 

Modulating gene expression and activities of enzymes related to NO biosynthesis was involved in 212 

Mg-mediated enhancement of root growth and Al tolerance 213 

Having ascertained that NO is involved in Mg-mediated root growth promotion and Al alleviation, we 214 

then analyzed the expression of genes encoding the NO-associated enzymes, including NO associated 1 215 

(AtNOA1) and nitrate reductase (AtNIA1 and AtNIA2) in roots of Col-0 and mgt1 (Fig. 7a-c). The 216 

results showed that either Al toxicity or Mg deficiency induced the expression of AtNOA1, AtNIA1 and 217 

AtNIA2, whereas application of Mg reduced the expression of these three genes in roots of Col-0, but 218 

not in mgt1 regardless of the presence or absence of Al toxicity. Additionally, the expression of these 219 

genes was higher in mgt1 than the wild type Col-0 under Al stress.  220 

We then examined the activities of the nitrate reductase (NR) and NO synthase like (NOS-like) 221 

enzymes in Col-0 and mgt1 plants (Fig. 7d and e). The activities of these two enzymes were induced by 222 

Mg deficiency or Al toxicity in roots of both Col-0 and mgt1, but more so in the latter, which coincided 223 

with the changes in NO concentrations. The application of Mg significantly decreased the Al toxicity- 224 

and Mg deficiency-induced activities of NR and NOS in the Col-0 roots, but not in the mgt1 mutant 225 

seedling roots.  226 

The root growth was examined in the NR-null-deficiency double mutant nia1,2 and the 227 

NOA1-deficient mutant noa1, both of which show lower cellular NO concentrations than the Col-0 228 

plants (Desikan et al., 2002; Guo, 2006). The results showed that the noa1 and nia1nia2 mutant lines 229 

were insensitive to Al toxicity or Mg deficiency (Fig. 7f). Additionally, the application of Mg increased 230 

root elongation about 21% in Al-treated Col-0, whereas the relative root growth did not show 231 

significant difference between the Al and Al+Mg treatments in noa1 and nia1nia2. These results 232 

further confirmed that Mg supply increased root growth and Al tolerance by modulating the 233 

NO-synthesis related enzymes that mediate NO production in Arabidopsis.  234 

 235 

Discussion 236 

Magnesium is an important divalent cation, influencing more than 300 enzymes in plant cells (Bose et 237 

al. 2011; Chen et al. 2015). Due to easy leaching, Mg deficiency often occurs in acidic soils and may 238 

become a constraint for plant growth and crop production (Rengel and Zhang 2003). Plant responses to 239 

Mg deficiency include an enhancement of antioxidant enzymes (Cakmak and Kirkby 2008; Cakmak 240 



and Marschner 1992; Hermans et al. 2010) and inhibition of sucrose phloem loading (Abdel-Basset et 241 

al. 2010). Additionally, Mg supply enhances root growth and development through regulating auxin, 242 

ROS, NO and Ca2+ signals (Liu et al. 2017; Niu et al. 2014; Niu et al. 2015). In the present study, we 243 

observed that either Mg deficiency or Al toxicity induced NO burst in Arabidopsis roots (Fig. 2b and c; 244 

Fig. S1b), indicating that activation of NO production might be a conserved mechanism governing root 245 

growth inhibition caused by Mg deficiency or Al toxicity. With an application of relatively low Mg 246 

concentration (eg. 10 μM) under Al toxicity and/or Mg deficiency conditions, the NO concentration 247 

was significantly decreased and root growth inhibition was alleviated (Fig. 1; Fig. 2a-c; Fig. S1). The 248 

primary root growth exhibited a significantly negative linear correlation with NO concentration in 249 

Arabidopsis stressed by Al in the presence or absence of Mg (Fig. 2d). Furthermore, the interaction 250 

between Mg and Al significantly (p<0.0001) influenced root growth and NO production (Figs. 1 and 2). 251 

These results indicated that both Mg-deficiency- and Al-induced root growth inhibitions might be 252 

related to increased NO production; nevertheless, the application of Mg significantly enhanced Al 253 

resistance by interfering with the NO signaling in Arabidopsis.  254 

The balance between cell elongation and cell division determines root elongation and growth 255 

(Beemster and Baskin 1998). The primary target of Al toxicity is plant root apex. Interference with cell 256 

elongation and division is involved in inhibition of root growth under Al stress (Kochian 1995; Barcelo 257 

and Poschenrieder 2002; Rounds and Larsen 2008; Ruíz-Herrera and López-Bucio 2013; Zhang et al. 258 

2018). It is generally accepted that NO regulates root growth and development under normal and stress 259 

conditions. NO showed a similar action with auxin on root growth and development, promoting at low 260 

but inhibiting at high concentrations (Stohr and Stremlau 2006), which might be dependent on the 261 

sensitivity to the changes in NO concentration in different plant species and tissues/organs. For 262 

example, while NO production was decreased by Al in roots of Hibiscus moscheutos (Tian et al. 2007) 263 

or red kidney bean (Wang et al. 2010), SNP application significantly enhanced root elongation in these 264 

two plant species in the presence of Al toxicity. By contrast, exogenous NO aggravated Al-mediated 265 

inhibition of root elongation in rice bean (Zhou et al. 2012) and alfalfa (Chen et al. 2014), which might 266 

be attributed to Al-induced overaccumulation of NO in roots. In Arabidopsis, overproduction of NO 267 

interfered with the cell cycle and quiescent center activities and was involved in root growth inhibition 268 

induced by methyl 3-(4-hydroxyphenyl) propionate, Cd toxicity or Al toxicity (Liu et al. 2016; Yuan 269 

and Huang 2016; Zhang et al., 2018). Comparable results were obtained in the study presented here. 270 



The roots of Arabidopsis showed high sensitivity to NO production given that decreasing NO 271 

production increased root growth under Al stress and/or Mg deficiency (Fig. 3). Moreover, the root 272 

growth inhibition was related to a decrease in GUS staining and activity in roots of CYCB1;1::GUS 273 

seedlings under Al toxicity and/or Mg deficiency (Fig. 4a-c). Application of SNP further exacerbated 274 

this decreasing effect, whereas the opposite was observed for the treatment with cPTIO or Mg. In the 275 

presence of Mg, an Al- or SNP-induced decreases in root elongation and GUS activity were 276 

significantly alleviated (Fig. 4a-c). Additionally, the relative root elongation and GUS activity showed 277 

a significant positive linear relationship (Fig. 4d), indicating that Al toxicity-induced root growth 278 

inhibition is, at least partly, related to the NO-mediated arresting of cell cycle and disturbance of cell 279 

division. Moreover, Mg supply is essential for alleviation of Al toxicity by lessening NO-mediated 280 

disturbance of cell division.  281 

Nitrate reductase (NR) and nitric oxide synthase (NOS) are the two key enzymes in NO synthesis. 282 

Overproduction of NO under Mg deficiency might be brought about by regulating the activities of the 283 

NOS-like and NR enzymes. For example, it has been reported that Mg deficiency induced NO 284 

production in pig endothelial cells (Howard et al. 1995) and rat plasma (Rock et al. 1995) by increasing 285 

NOS activity. In Arabidopsis, Mg-deficiency-induced NO production was associated with activating 286 

the NR and NOS-like enzymes (Liu et al. 2017). Similarly, we also found that either Al toxicity or Mg 287 

deficiency caused an increase in NO production (Fig. 2b and c, Fig. 6D, Fig. S2 and Fig. S6) by 288 

enhancing the NR and NOS-like activities in wild type Col-0 seedlings (Fig. 7d and e). Moreover, 289 

RT-PCR showed that Al toxicity or Mg deficiency induced the expression of the NO-biosynthesis 290 

related genes, including AtNOA1, AtNIR1 and AtNIR2 (Fig. 7a-c). Genetic analysis using Mg 291 

transporter mutant (mgt1) seedlings further confirmed that Mg mediated root growth promotion and 292 

alleviated Al toxicity via lessening of NO overproduction brought about by modulating the expression 293 

of genes encoding the NO-biosynthesis related enzymes (Fig. 7a-c). For example, compared with the 294 

wild type Col-0, the application of Mg to the Al-stressed mgt1 roots failed to (i) reduce NO production 295 

(Fig. 6 d), (ii) alleviate root growth inhibition (Fig. 6c), (iii) decrease activities of the NR and NOS-like 296 

enzymes (Fig. 7d and e), and (iv) decrease the expression of AtNOA1, AtNIA1 and AtNIA2 (Fig. 7a-c).  297 

The expression of AtMGT1, AtMGT7 and AtMGT9, which are mainly expressed in roots (Chen et 298 

al. 2012; Gebert et al. 2009; Li et al. 2001), was decreased by the Al treatments (Fig. 5), indicating that 299 

inhibition of Mg uptake by Al might be attributed, at least partly, to decreasing the expression of these 300 



genes. AtMGT1 is dominantly expressed in the root cells, and is responsible for Mg uptake from soils 301 

(Guo et al., 2015). Under normal growth conditions, the mgt1 plants showed the yellow-leaf phenotype 302 

(Fig. S3a), and Mg foliar application turned yellow leaves to green again (data not shown), confirming 303 

that AtMGT1 is essential for root Mg uptake. Additionally, involvement of the MGT1 transporter 304 

family-mediated Mg uptake in alleviation of Al toxicity was shown in other plant species. For example, 305 

expression of OsMGT1 was involved in Al tolerance in rice (Chen et al. 2012) and overexpression of 306 

Arabidopsis AtMGT1 enhanced Al tolerance in tobacco (Deng et al. 2006). In the present study, we 307 

found that the mgt1 had lower Mg (Fig. 6a and Fig. S4a) and higher Al concentrations in roots (Fig. 6b 308 

and Fig. S4b) and showed higher Al sensitivity than wild-type Col-0 (Fig. 6c), which coincided with 309 

higher expression of the NO-biosynthesis related genes (Fig. 7a-c), higher activities of the NR and 310 

NOS-like enzymes (Fig. 7 d and e), and higher NO production in comparison with Col-0 roots (Fig. 6d). 311 

These results indicated that AtMGT1-mediated Mg uptake is essential for Al resistance in Arabidopsis.  312 

The data obtained in this study suggested that Mg deficiency or Al toxicity induced primary root 313 

inhibition, at least partly by NO-mediated interference with the root cell cycle progression in 314 

Arabidopsis (Fig. 8). Nevertheless, Mg supply was essential for enhancement of Al tolerance via 315 

modulating NO biosynthesis.  316 

 317 

Materials and Methods 318 

Plant materials and growth conditions 319 

Arabidopsis thaliana Columbia ecotype (Col-0) was used throughout. The transgenic line 320 

CYCB1;1::GUS and the mutant lines of nia1nia2 and noa1 were used in this study. The homozygous 321 

seeds of mgt1 (SALK100361C) mutant line was obtained from ABRC (Arabidopsis Biological 322 

Resource Center). The seeds were surface-sterilized in 75% (v/v) ethanol for 5 min and 8% (w/v) 323 

sodium hypochlorite for 15 min, washed five times in distilled water, and sown on plates with 1/6 324 

Murashige and Skoog (MS) agar medium [containing 1.0% (w/v) sucrose and 0.8% (w/v) agar, pH 5.7]. 325 

After incubation at 4°C in the dark for 2-3 days, the plates were positioned vertically in a growth 326 

chamber at 22°C under 16 h light/8 h dark conditions. 327 

 328 

Treatments 329 

After 6 days of growth, the seedlings were transferred onto 1/5 MGRL medium (Fujiwara et al. 1992), 330 



supplemented with 0-2000 μM Mg, 0 or 50 μM Al, and various chemicals we use regularly (eg. Kan et 331 

al. 2016), including 10 μM SNP, 10 μM tungstate, 100 μM L-NAME and/or 100 μM cPTIO. All 332 

chemical reagents were obtained from Sigma-Aldrich. The plants were incubated under the conditions 333 

specified above for 4 days.  334 

 335 

Primary root length measurement 336 

The root elongation was measured as we described previously (Zhang et al., 2018). Briefly, 6-day-old 337 

seedlings about 1 cm long were transferred to Petri dishes containing agar-solidified 1/5 MGRL medium 338 

(pH 4.5) with or without the chemicals as described above. After grown vertically for an additional 4 d, 339 

the seedlings were photographed using a digital camera, and primary root length was analyzed by 340 

ImageJ.  341 

 342 

Measurements of nitric oxide production 343 

After treatments, the roots were placed in 2.5 μM DAF-2DA solution (4,5-diaminofluorescein diacetate, 344 

a fluorescent probe for NO; excitation 491 nm and emission 531 nm) at 37°C for 20 minutes. The roots 345 

were then washed 3-5 times in distilled water; the NO accumulated in the Arabidopsis roots was 346 

measured using a Leica fluorescence microscope (DMI3000B). The ImageJ program was used for 347 

quantification of fluorescence intensity.  348 

The measurement of NO concentration in Arabidopsis roots was performed as previously 349 

described (Kan et al., 2016). After several rinses in deionized water, roots were gently blotted and 350 

weighed, followed by homogenization in 50 mM acetic acid solution (pH 3.6) containing 4% (w/v) 351 

zinc acetate. After centrifugation at 9,500 g at 4C for 15 minutes, NO concentration was measured 352 

using an NO detection kit (Beyotime Institute of Biotechnology, China).  353 

 354 

GUS staining and quantitative GUS assay 355 

GUS staining analysis was performed as previously described (Jefferson et al. 1987). Roots were 356 

incubated in GUS staining solution containing 2 mM potassium ferricyanide, 1 mg/mL 357 

5-bromo-4-chloro-3-indolyl-β-D-glucuronide, 10 mM ethylenediamine tetraacetic acid (EDTA), 0.1% 358 

(v/v) Triton X-100 in 100 mM Na phosphate buffer (pH 7.0) at 37°C overnight. After rinsing in 359 

deionized water, roots were viewed under a microscope (Nikon, Optiphot-2) and photographed.  360 



For quantitative GUS assay, approximately 100 mg roots were homogenized in ice-cold potassium 361 

phosphate buffer (50 mM, pH 7.8) supplemented with 0.1 mM ascorbic acid, 1% (w/v) PVPP 362 

(polyvinylpolypyrrolidone) and 0.2 mM EDTA-Na2. After centrifugation at 12,000 g at 4°C for 20 min, 363 

the supernatant was used for quantitative GUS assays as previously described (Jefferson et al. 1987) 364 

using 4-methyl-umbelliferyl-β-D-glucuronide (Sigma-Aldrich) as a substrate. The fluorescence was 365 

detected by an Infinite M200 Pro microplate reader (Tecan, Research Triangle Park, NC, USA). The 366 

protein concentrations were analyzed using Bradford method (Bradford 1976).  367 

 368 

MagnesiumTM Green and morin staining 369 

The intracellular Mg concentration in root tips was measured using a high-affinity Mg-selective 370 

fluorescent dye {Magnesium™ Green, AM; glycine, 371 

N-[2-(carboxymethoxy)-4-[[(20,70-dichloro-30,60-dihydroxy-3-oxospiro[isobenzofuran-1(3H),9’-[9H]372 

xanthen]-5-yl)carbonyl]amino]phenyl]-N-carboxymethyl-, acetoxymethyl ester} (Molecular Probes, 373 

Invitrogen, Carlsbad, CA, USA; excitation 506 nm and emission 531 nm), which can permeate across 374 

the cell membrane and emit fluorescence upon binding to Mg; we have previously used Magnesium™ 375 

Green AM dye to measure cytosolic Mg concentrations in Arabidopsis roots under Al stress (Bose et al. 376 

2013). A stock solution of Magnesium™ Green AM dye was made by adding 50 μL of DMSO 377 

(dimethyl sulfoxide) to one vial of the dye (50 μg). Roots were immersed in this solution for 30 min in 378 

the dark.  379 

Aluminum accumulation in Arabidopsis roots was detected using the morin (excitation 440 nm and 380 

emission 510 nm) staining method. After treatments, roots were washed with deionized water and then 381 

incubated in 100 M morin hydrate (Sigma-Aldrich) for 15 min in the dark. After 3-5 washes in 382 

deionized water to remove residual dye from the root surface, observations were performed on a 383 

fluorescence microscope (Leica, DMI3000B).  384 

 385 

Magnesium and aluminum quantification 386 

After treatments, roots were sampled, washed several times in deionized water and weighed. These 387 

samples were then ashed at 550C for 12 h and dissolved in 1 mL of 2 mM HCl overnight. After 388 

dilution to 5 mL with deionized water, concentrations of Mg and Al were analyzed by inductively 389 

coupled plasma-atomic emission spectroscopy (ICP-AES, model PS-1000, Leeman Labs., Lowell, MA, 390 



USA).  391 

 392 

Measurement of nitric oxide synthase and nitrate reductase activity 393 

After treatments, roots were homogenized in extraction solution containing 50 mM Hepes-KOH (pH 394 

7.5), 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 μM flavin adenine dinucleotide (FAD), 1 mM 395 

dithiothreitol (DTT), 10 mM MgCl2, and 5% (v/v) glycerol. The homogenates were centrifuged at 396 

13,000 g at 4C for 20 min. The Bradford method was used to measure protein content (Bradford 1976). 397 

The activity of nitrate reductase was measured according to the method described by Kan et al. (2016). 398 

The activity of NO synthase-like enzyme was determined using an NOS Assay Kit (Nanjing Jiancheng 399 

Bioengineering Institute, Nanjing, China).  400 

 401 

Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis 402 

RNAiso Plus (Takara, Dalian, China) was used to isolate the total RNA using approximately 100 mg of 403 

root tissue according to the manufacturer’s instructions. Quantitative reverse transcription was 404 

performed using a PrimeScript RT reagent kit with gDNA eraser (Takara, Dalian, China). PCR was 405 

performed using a Bio-Rad CFX-96 real-time PCR system. The specific primers of the detected genes 406 

were used as shown in supplemental Table 1.  407 

 408 

Statistical analysis 409 

All experiments were repeated at least three times. For relative root growth, at least 20 roots were 410 

analyzed for each treatment. JMP 13.2 (SAS Institute, Cary, NC) with one-way or two-way ANOVA 411 

was used for statistical tests followed by Tukey HSD. Bars marked with the same letter do not differ 412 

from each other at the significance level of p<0.05 according to Tukey HSD.  413 
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 562 

Figure Legends 563 

Fig. 1 Effect of Mg and Al on primary root elongation in Col-0 Arabidopsis. Effect of different 564 

concentrations of MgCl2 or MgSO4 on root length (a), primary root length (b), and relative root growth 565 

(c) in the presence of 0 or 50 μM AlCl3. Six-day-old Col-0 seedlings were transferred to solutions 566 

containing 0, 10, 50, 300, 1000, 2000 μM MgCl2 or MgSO4 with 0 or 50 μM AlCl3 for 4 days. Each 567 

experiment was repeated at least three times, with 20 seedlings per treatment. Values are means ± S.D. 568 

(n=20). Different letters indicate significantly different values (p≤0.05) using Tukey HSD test. ***, p< 569 

0.0001; Mgf, Mg forms; Mgc, Mg concentration; Alc: Al concentration; Mgc*Alc: interaction Mg x Al; 570 

ns, no significant difference. 571 

 572 

Fig. 2 Effects of Mg (0 or 10 μM MgCl2) on root length (a) and NO production (b and c) in the 573 

presence of 0-500 μM AlCl3. The linear relationship between root elongation and NO concentration in 574 

the presence of 0-500 μM AlCl3 with or without 10 μM MgCl2 (d). Six-day-old Col-0 seedlings were 575 

transferred to medium containing 0-500 μM AlCl3 with or without 10 μM MgCl2 for 4 days. Values are 576 

means ± S.D. The experiments were performed at least three times. For (a), at least 20 independent 577 

seedlings per treatment per trial; for (b) and (c), n=6. In (b), the NO-specific fluorescent probe 578 

DAF-2DA (4,5-diaminofluorescein diacetate) was used. Bar = 100 μm. Different letters indicate 579 

significantly different values (p≤0.05) using Tukey HSD test. ***, p< 0.0001; Mgc, Mg concentration; 580 

Alc: Al concentration; Mgc*Alc: interaction Mg x Al; ns, no significant difference. 581 

 582 

Fig. 3 Effect of Mg, SNP, L-NAME, tungstate and cPTIO on NO production (a) and root length (b) in 583 



the presence or absence of Al. (c), the linear relationship between relative root growth and NO 584 

fluorescence intensity. Six-day-old Col-0 seedlings were transferred to medium containing 50 μM Mg 585 

AlCl3 with or without 10 μM MgCl2, 10 μM SNP (an NO donor), 100 μM L-NAME (an NOS inhibitor), 586 

10 μM tungstate (an NR inhibitor), or 100 μM cPTIO (an NO scavenger) for 4 days. Values are means 587 

± S.D. (n=20). Different letters indicate significantly different values (p≤0.05). 588 

 589 

Fig. 4 Exogenous application of Mg alleviated Al-induced root growth inhibition associated with 590 

enhancement of the meristematic cell division potential in CYCB1;1::GUS transgenic seedlings. (a), 591 

Effect of Mg, SNP or cPTIO on relative root growth in CYCB1;1::GUS transgenic seedlings under Al 592 

stress. (b), Images of GUS staining. (c), Quantitative GUS activity of CYCB1;1::GUS roots. 593 

Six-day-old CYCB1;1::GUS transgenic seedlings were exposed to 0 or 50 μM AlCl3 with or without 10 594 

μM MgCl2, 10 μM SNP (an NO donor) or 100 μM cPTIO (an NO scavenger) for 4 days. (d), The linear 595 

relationships between relative root growth and relative GUS activity. Bar = 100 μm. For (a), n=20-25; 596 

for (c), n=6. The values are means ± S.D. Different letters indicate significantly different values 597 

(p≤0.05).  598 

 599 

Fig. 5 Expression profiles of AtMGT1, AtMGT7 and AtMGT9 in wild type (Col-0) roots exposed to 0 or 600 

50 μM AlCl3 with or without 10 μM MgCl2 for the 4-day treatment. Values are means ± S.D. (n=3). 601 

Different letters indicate significantly different values (p≤0.05).  602 

 603 

Fig. 6 Mg (a) and Al (b) accumulation, root length (c) and NO concentration (d) in wild type (Col-0) 604 

and mgt1 roots exposed to 0 or 50 μM AlCl3 with or without 10 μM MgCl2 for the 4-day treatment. For 605 

(a) and (b), the treated plant roots were washed in deionized water, and the intracellular Mg or Al 606 

concentrations were examined using Magnesium™ Green AM or morin fluorescent probes, 607 

respectively. For (c, n=20) and (d, n=6-8), values are means ± S.D. Different letters indicate 608 

significantly different values (p≤0.05) using Tukey HSD test. ***: p< 0.0001; Alc: Al concentration; 609 

Mgc: Mg concentration; genotype*Mgc: interaction genotype x Mg supply; genotype*Alc: genotype x 610 

Al supply; Mg*Al: interaction Mg x Al; genotype*Mg*Al: interaction genotype x Mg supply x Al 611 

supply; ns, no significant difference. 612 

 613 

Fig. 7 Mg-mediated alleviation of Al toxicity and lessening of NO production was associated with 614 



decreasing activities and expression of genes encoding the NO-biosynthesis related enzymes. (a) and 615 

(b), effect of Mg on the activities of the NR and NOS-like enzymes. (c), (d) and (e), relative expression 616 

of AtNOA1, AtNIA1 and AtNIA2 in Col-0 and mgt1 roots in the presence or absence of Al or Mg. (f), 617 

relative root growth in Col-0, noa1 and nia1nia2 in the presence or absence of 50 μM AlCl3 and/or 10 618 

μM MgCl2. Values are means ± S.D. For (a) - (e), n=3. For (f), n=20. Different letters indicate 619 

significantly different values (p≤0.05).  620 

 621 

Fig. 8 A proposed mechanism of Mg supply promoting root growth and enhancing Al resistance in 622 

Arabidopsis. Magnesium deficiency occurs often in acidic soils due to low cation exchange capacity 623 

and ease of leaching. Additionally, Al could inhibit Mg uptake (1) and cause Mg deficiency. 624 

Magnesium deficiency (2) and Al toxicity (3) induced NO overproduction via increasing activities and 625 

expression of the genes related to the NO biosynthesis enzymes. The overproduction of NO arrested the 626 

root meristematic cells in the G2-M phase of the cell cycle (4), which was associated with root growth 627 

inhibition (5). Magnesium supply (6) decreased the production of NO, and therefore alleviated cell 628 

cycle arresting and promoted root growth under Al stress. Arrows indicate positive effects. Capped 629 

lines indicate negative effects. 630 

 631 

Supplemental Data 632 

Table S1 List of the primers and their uses 633 

Fig. S1 Effects of Mg (0 or 10 μM MgCl2) on relative root growth (a) and NO relative fluorescent 634 

intensity (b) in the presence of 0-500 μM AlCl3. 635 

Fig. S2 The NO production in Arabidopsis Col-0 roots exposed to 50 μM AlCl3 with or without 10 μM 636 

MgCl2, 10 μM SNP (an NO donor), 100 μM cPTIO (an NO scavenger), 100 μM L-NAME (an NOS 637 

inhibitor) or 10 μM tungstate (an NR inhibitor) for 4 days detected using the NO-specific fluorescent 638 

probe DAF-2DA (4,5-diaminofluorescein diacetate). 639 

Fig. S3 Phenotype (a) and expression of AtMGT1 (b) in wild-type (Col-0) and the homozygous mutant 640 

mgt1. 641 

Fig. S4 Mg (a) and Al (b) concentration in Col-0 and mgt1 roots exposed to 0 or 50 μM AlCl3 with or 642 

without 10 μM MgCl2 for 4 days. Values are means ± S.D (n=3-6).  643 

Fig. S5 Relative root growth of Col-0 and mgt1 exposed to 0 or 50 μM AlCl3 with or without 10 μM 644 



MgCl2 for the 4-day treatment.  645 

Fig. S6 Application of Mg did not decrease Al-induced NO production in mgt1 roots.   646 
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