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Nitrate Nutrition But Not Rhizosphere pH Enhances Zinc Hyperaccumulation in Thlaspi caerulescens (Prayon)
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Abstract: The Zn phytoremediation potential can be improved by applying nitrate fertilizers to increase the biomass and Zn content of shoots. However, it is uncertain whether this is due to assimilation of the nitrate specifically or as a consequence of a pH increase in the rhizosphere induced by nitrate uptake. A solution culture experiment was conducted to understand the effect of nitrogen form and solution pH on Zn phytoextraction and element composition in roots and shoots of Thlaspi caerulescens (Prayon). The plants were grown with basal nutrients including 300 μmol·L-1 Zn and supplied with (NH4)2SO4, NH4NO3 or Ca(NO3)2. The solutions were maintained at pH 4.5 or 6.5. The provision of NO3- rather than NH4+ was more effective at either pH 4.5 or 6.5 in maximizing Zn accumulation in the shoots. The effect of N form on Zn and Ca accumulation was confirmed to be similar. The lower concentration of N in NO3--fed shoots suggests that it is the N compounds within the plant, and not the quantity of N, which increased Zn tolerance and promoted hyperaccumulation in T. caerulescens.
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Introduction
Nitrate is more effective than ammonium for increasing Zn phytoextraction in T. caerulescens (Monsant et al., 2008; Xie et al., 2009). However, it is difficult to determine whether the N form or the pH change is responsible for enhanced Zn phytoextraction, given that a pH increase in the rhizosphere occurs in response to NO3- uptake (Hinsinger et al., 2003). A solution culture experiment enables separation of these variables by maintaining a constant solution pH. Nitrogen uptake and metabolism are considered fundamental to the ability of plants to take up and accumulate Zn (Smirnoff and Stewart, 1987; Sharma and Dietz, 2006) although the mechanism by which N form affects Zn accumulation is uncertain. Therefore, a detailed examination of Zn and nutrient elements in response to N form and pH will contribute to our understanding of the mechanism of Zn hyperaccumu-lation in T. caerulescens.

Materials and Methods
A solution-culture experiment was conducted in a controlled-environment cabinet. Seedlings of Thlaspi caerulescens J. & C. Presl (Prayon) were grown in 5-L pots which were aerated with decarboxylated air. The experiment consisted of 6 treatments: 3 N forms (500 μmol·L-1 N) [NH4+ as (NH4)2SO4, NH4+ and NO3- as NH4NO3, NO3- as Ca(NO3)2] and 2 pH [4.5 and 6.5] with 3 replicates. Treatments were applied from day 18 to 31 from sowing. The basal nutrients (μmol·L-1) in solution were: 300 ZnSO4·7H2O; 20 KH2PO4; 600 K2SO4; 200 MgSO4·7H2O; 100 CaCl2·2H2O; 1000 MES-TES; 10 FeEDDHA; 10 FeEDTA; 5 H3BO3; 1 MnSO4·H2O; 0.2 CuSO4·5H2O; 0.03 Na2MoO4·2H2O. The solution pH was adjusted daily and solutions replaced every second day. The average pH did not differ from the target pH by more than 0.25 units. The Ca and K concentrations were kept equivalent in all treatments by additions of CaSO4 and K2SO4. Shoots and roots were oven-dried at 70 °C for 48 h, finely ground and then digested in nitric and perchloric acids. The solutions were analyzed for Zn, Ca, and Mg by ICP-AES. Concentrations of N were determined with an Elementar Analyzer(. A desorption experiment was performed to determine the concentration of Zn in the root apoplasm. The roots of intact plants were washed and then submerged in ice-cold 5 mmol·L-1 Pb(NO3)2 for 1 h. The Pb(NO3)2 solutions were analyzed for Zn by ICP-AES. To examine the cellular localization of Zn and nutrient elements, fresh leaves were cryo-fixed, freeze-dried and then hand-sectioned to 50 µm. MicroPIXE analysis was conducted at ANSTO using a High Energy (3 MeV) Heavy Ion Microprobe with a 3-μm spot size and 0.5 ~ 1 nA beam current. A high-purity Ge detector was used. Data analyses and images were obtained with GeoPIXE software. Sample means and comparison of means were made with SPSS using one-way ANOVA post hoc multiple comparisons with the Tukey HSD test, and were performed separately for roots and shoots. Results were considered significant at the P ≤ 0.05 level.
Table 1 Effects of N form and solution pH on a) growth and element composition and b) Zn shoot/root ratio and Zn desorption from roots. Treatments assigned different letters indicate a significant difference between the means (P ≤ 0.05)
	(a)
	N

treatment
	Solution
pH
	Dry weight

(mg·plant-1)
	Zn oncentration

(mg·g-1)
	Zn content

(mg·plant-1)
	Ca concentration

(mg·g-1)
	N concentration

(mg·g-1)

	Shoots
	NO3-
	4.5
	24.56
	a
	12.3
	b
	0.30
	b
	15.7
	bc
	61.2
	b

	
	
	6.5
	22.03
	a
	17.6
	a
	0.39
	a
	23.3
	a
	58.7
	b

	
	NH4NO3
	4.5
	23.53
	a
	5.8
	d
	0.14
	c
	7.5
	d
	69.3
	a

	
	
	6.5
	24.21
	a
	11.3
	c
	0.27
	b
	14.5
	c
	68.2
	a

	
	NH4+
	4.5
	14.80
	c
	2.3
	e
	0.03
	d
	4.9
	e
	48.0
	c

	
	
	6.5
	17.28
	bc
	5.7
	d
	0.10
	c
	6.9
	d
	69.9
	a

	Roots
	NO3-
	4.5
	7.02
	a
	4.0
	c
	0.02
	d
	3.2
	a
	51.8
	b

	
	
	6.5
	6.88
	a
	12.5
	a
	0.09
	a
	4.3
	a
	47.7
	c

	
	NH4NO3
	4.5
	6.13
	a
	3.0
	c
	0.02
	d
	3.1
	a
	51.9
	b

	
	
	6.5
	5.37
	a
	9.4
	b
	0.07
	b
	3.8
	a
	54.5
	a

	
	NH4+
	4.5
	2.21
	b
	3.1
	c
	0.01
	d
	3.5
	a
	not measured

	
	
	6.5
	5.36
	a
	8.5
	b
	0.05
	c
	3.6
	a
	53.7
	ab


	(b)
	N

treatment
	Solution
pH
	Zn concentration

Shoot/root ratio
	Desorbed Zn(mg·g-1)

	
	NO3-
	4.5
	3.10
	a
	1.4
	bc

	
	
	6.5
	1.42
	c
	3.6
	a

	
	NH4NO3
	4.5
	1.95
	b
	0.7
	c

	
	
	6.5
	1.20
	c
	3.0
	ab

	
	NH4+
	4.5
	0.76
	d
	0.0
	c

	
	
	6.5
	0.68
	d
	3.3
	ab


Results and Discussion
Shoot dry weights of the NO3- and NH4NO3 treatments were equally higher than the NH4+ treatment by up to 40% and 29% at pH 4.5 and 6.5, respectively, whereas solution pH did not significantly affect shoot dry weight (Table 1a). In contrast, root dry weights were equivalent for all other treatments except for NH4+ at pH 4.5, probably due to ammonium toxicity. The Zn concentration in shoots which received the NO3- treatment was higher than shoots supplied with NH4+ by up to 68% at pH 6.5, and 81% at pH 4.5. Furthermore, irrespective of pH, the Zn concentration in shoots of the NO3- treatment was higher than NH4NO3 or NH4+. The ratio of shoot/root Zn concentrations was highest for the NO3--fed plants, indicating that NO3- increased Zn translocation while a higher proportion of Zn was retained in the roots for the NH4+ treatment (Table 1b). The improved phytoextraction potential of NO3- was evident by the Zn content for this treatment being higher than the NH4+ treatment by up to 75% at pH 6.5 and 89% at pH 4.5. The higher Zn concentration in roots of the NO3--fed plants was not a result of adsorbed Zn on the root apoplasm, since Zn desorption was similar between N forms although it was always higher at pH 6.5 than at pH 4.5. Therefore, NO3- enhanced Zn uptake into the root symplasm. The concentrations of Ca and Mg in the shoots and the shoot/root Ca concentration ratios (data not shown) followed the same trend as the effect of N form on Zn, suggesting that the translocation and accumulation mechanisms of Zn, Ca and Mg are similar. Interestingly, the N concentration in shoots and roots were lower for the NO3- treatments, whereas solution pH had no effect on N concentration in shoots. The μ-PIXE maps indicate a strong spatial correlation between Zn and Ca in the upper and lower epidermal cells in the leaf (Fig. 1). To a lesser extent, Cl and S also spatially correlated with Zn in epidermal cells, whereas Fe and P did not.
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Fig. 1 Micro PIXE mapping of nutrient elements in leaves of T. caerulescens grown with 300 μmol·L-1 Zn and NO3- treatment
Understanding the mechanism of Zn accumulation in shoots in the model species T. caerulescens is important for advancing the science of phytoremediation. Shoot biomass and thus plant growth was enhanced by NO3- directly, and not by a preference for pH 4.5 or 6.5. This suggests that plant growth is more sensitive to N form and less sensitive to varying solution pH within the experimental range. In addition, NO3- resulted in higher Zn, Ca and Mg uptake into roots, translocation to shoots and accumulation in shoots. These results clearly indicate the important role of NO3- in Zn hyperaccumulation. The N concentration in shoots and roots were lower in the NO3- relative to the NH4+ treatment, suggesting that it is the N compounds formed within the plant, rather than the quantity of N that explain an increase in Zn tolerance and promote hyperaccumulation. These findings refocus phytoextraction research onto the mechanism of NO3- metabolism and its effect on Zn uptake in T. caerulescens. The form of N taken up, the plant species and the concentration of available N determine the assimilation within the plant, and also affect pH stat mechanisms (Raven and Smith, 1976; Hinsinger et al., 2003). Thus, the potential of these N assimilatory products to complex with Zn, decrease its toxicity and increase its accumulation remains unanswered. Localisation of Zn in epidermal vacuoles is well established (Broadley et al., 2006), although the μ-PIXE results presented here confirm the relationship between Zn and other element distribution in NO3--fed T. caerulescens. The interaction between Zn and Ca accumulation in response to NO3- should be considered together.
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