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Abstract
Phytohormones are structurally diverse compounds involved in multiple processes within plants, in addition to controlling plant growth they are necessary in stress response. Zn is an essential micronutrient for plant and its deficiency produces large economic losses in crops. Therefore, the purpose of this study was to analyze the role of phytohormones in Zn deficiency response of two species of great agronomic interest like Lactuca sativa and Brassica oleracea. For this, plants of these species were grown in hydroponics with different Zn doses: 10 µM Zn as control and 0.1 µM Zn as deficiency treatment and phytohormone concentration was determined by U-HPLC-MS. Zn deficiency produced a substantial loss of biomass in L. sativa plants that was correlated with a decline in growth promoting hormones like indole-3-acetic acid (IAA), cytokinins (CKs) and gibberellins (GAs), however these hormones increased or maintained their concentrations in B. oleracea and could help to maintain the biomass in this species. A decrease in concentration of stress signaling hormones like ethylene precursor aminocyclopropane-1-carboxylic acid (ACC), abscisic acid (ABA), salicylic acid (SA) and jasmonic acid (JA) and also CKs might be involved in Zn absorption in L. sativa while an increase in GA4, isopentenyl adenine (iP) and ACC and a decrease in JA and SA might contribute to the better Zn utilization efficiency (ZnUtE) observed in B. oleracea plants.
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1. Introduction

   Zinc (Zn), one of the essential micronutrients, is necessary for normal plant growth as it is present in important metabolic processes such as protein synthesis, maintenance of cell membrane integrity and DNA transcription. Likewise, Zn is part of carbonic anhydrase enzyme for starch synthesis, Cu-Zn-superoxide dismutase (Cu-Zn SOD) for ROS detoxification and dehydrogenases important in many metabolic pathways (Vallee and Auld, 1990). Because of this importance of Zn for plant growth, Zn deficiency can be a major problem in crops and, in fact, Zn deficiency is the most widespread micronutrient deficiency (Sillanpää, 1982).
   Zn deficiency produces large economic losses in crops due to their principal effect is a loss of biomass as it was observed in crop plants like tomato, lettuce, carrot and onion (Alloway, 2008). Other symptoms consist of internervial chlorosis, necrotic spots, browning, rosette disposal, small and deformed leaves (Alloway, 2008). Furthermore, as a result of Zn deficiency several changes in physiological processes occur: decrease in photosynthesis, starch and protein synthesis, membrane destabilization and also flowering and seed production can be affected (Brown et al., 1993). Considering these effects of Zn deficiency it would not be surprising that this nutritional deficiency could affect phytohormone profile within the plant, as observed with other micronutrients like Fe and Cu (Gutierrez-Carbonell et al., 2015; Peñarrubia et al., 2015).
   Plant hormones are structurally diverse compounds involved in multiple processes within plants. In addition to controlling plant growth they are essential in the response to stresses and in senescence process. The most important phytohormones are auxins, cytokinins (CKs), gibberellins (GAs), abscisic acid (ABA) and ethylene (Kende, 1997). Nutrient supply affects synthesis and effect of phytohormones and, in turn, phytohormones can modify plant metabolism or structure in order to improve nutrient acquisition and homeostasis within the plant (Marschner, 2012). The auxin indole-3-acetic acid is (IAA) is the main auxin within plants and it is a plant growth regulator controlling cell division and differentiation, root initiation and also nutrient stress responses (Rayle and Cleland, 1992). It was observed that auxins mediate P- deficiency response causing a root architecture modification in order to absorb more P (Al-Ghazi et al., 2003). CKs such as trans-zeatine (tZ) and isopentenyl adenine (iP), control growth and developmental processes like cell proliferation, seed germination and nutrient mobilization. Furthermore, CKs are involved in plant responses to the availability of nutrients like Fe, in the assimilation of nitrate, phosphate and sulfate and in abiotic stresses adaptation (Werner and Schmülling, 2009). GAs are another group of phytohormones that regulate developmental processes in plants like leaf expansion, stem elongation and germination. Likewise, they act in stress response since these hormones have and antagonist role with ABA (Weiss and Ori, 2007). ABA is known as a hormone that increase under stressed plants and is key to coordinate stress responses. Under nutrient deficiency ABA is responsible for the modification of shoot/root ratio in order to enhance nutrient uptake (Vysotskaya et al., 2008). Ethylene is another hormone essential for stress responses and also regulates processes like plant growth, carbon assimilation, leaf abscission and senescence. Ethylene is a gaseous hormone synthetized from 1-aminocyclopropane-1-carboxylic acid (ACC) that derives from methionine and when plant is under stress their rate of production increases. In addition, ethylene influence nutrient uptake and it is involved in plant responses under growth-limiting conditions (Iqbal et al., 2013). Other two phytohormones relevant in stress response are salicylic (SA) and jasmonic acids (JA). It was noted that these hormones regulate plant response to several abiotic stresses, including heavy metal stress and they can play a role in ion uptake and nutrient storage (Drazic et al., 2006; Wasternack and Hause, 2013).
   In a previous work by our research group carried out in Lactuca sativa cv. Phillipus and Brassica oleracea cv. Bronco plants it was demonstrated that these species show differences in  the response of nitrogen and organic acids metabolisms to Zn deficiency (Navarro-León et al., 2016) and (unpublised data). Therefore, in this paper we analyze the role of phytohormones in Zn deficiency conditions to ascertain whether these molecules are key to select and/or generate plants with Zn deficiency tolerance.

2. Results and discussion
2.1. Biomass, Zn concentration and ZnUtE

   Zn is an essential micronutrient necessary for the correct functioning of plants and thus, when its concentration is deficient it constitutes a stress that can endanger plant growth and development. Therefore, the main symptom that Zn deficiency produces in plants is a reduction of biomass as it was observed in many crop plants like tomato, lettuce, potato and carrot (Alloway, 2008). In our work, we also observed a decrease in foliar biomass in both species when they were submitted to Zn deficiency; however this decrease was two times higher in L. sativa than in B. oleracea plants (Table 1). The biomass reduction was a consequence of the lower concentration of Zn we found in these plants but, unlike biomass, it decreases more in B. oleracea with a 67% reduction from control (Table 1). A good parameter that relates biomass and Zn concentration is Zn utilization efficiency (ZnUtE). This parameter show us the ability of plants to manage and utilize Zn within plant tissues (Rengel, 2007). ZnUtE behaved differently to Zn deficiency in both species assessed: while no significant differences were observed in L. sativa plants, ZnUtE increased by a 155% in B. oleracea plants grown under Zn deficiency (Table 1). These results suggest that under Zn deficiency, although B. oleracea is not able to maintain its internal Zn concentration as L. sativa, it does have a great ability to manage Zn and that its shortage does not affect its growth overly.
2.2. Hormone concentration




                                                       

   In L. sativa plants grown under Zn deficiency we observed a general reduction in hormone concentration. This is true for all hormones analysed except for GA1, iP, and JA with no significant changes from control plants (Table 2). In contrast, in Zn deficient B. oleracea plants we noted an increase in GA4, iP and ACC concentrations but there were no changes from control in IAA, GA3 and ABA and both JA and SA decreased their concentrations (Table 2).
   Respecting hormones that regulate plant growth, previous studies have shown the relationship between Zn deficiency and IAA and GAs concentrations. In Zea mays, Hordeum vulgare and Avena sativa a decrease in GA1 and IAA was observed in plants suffering from Zn deficiency with low growth (Suge et al., 1986; Sekimoto et al., 1997). Sekimoto et al. (1997) demonstrated that this reduction in GAs concentration could affect maize growth since this was partially recovered when GAs were applied to the culture medium. Furthermore Cakmak et al. (1989) observed that levels of IAA decreased in Phaseous vulgaris L. plants with Zn deficiency and the authors postulated that it was due to the increased oxidative degradation of this hormone rather than impairing in tryptophan synthesis. Nevertheless, these authors did not found differences from control plants in CKs concentration. In the present study, IAA and GA3 concentration decreased greatly in Zn deficient L. sativa plants; they were 72% and 78% lower, respectively, than in control plants (Table 2). Given that Zn is necessary for auxin precursor tryptophan (Vallee and Auld, 1990) this could explain the decrease in IAA concentration in L. sativa plants. Total GAs and CKs concentrations declined by 63% and 10%, respectively, from control plants (Fig. 1). However in B. oleracea plants IAA and tZ concentrations were maintained and iP and GA4 concentrations raised significantly (Table 2), thus in this species total GAs concentration increased by 63% and total CKs concentration was maintained. These three hormones are important for plant growth and development what could explain the significant biomass reduction that occurs in L. sativa under Zn deficiency and why biomass loss was lower in B. oleracea (Table 1). Furthermore, these hormones could improve Zn homeostasis and utilization in this species under Zn shortage conditions. 
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   Another hormone involved in stress signalling is ABA. There are few studies linking ABA with nutrient deficiencies and they present diverse results. Vysotskaya et al. (2008) observed that ABA was accumulated in leaves of wheat submitted to nutrient deficiency. The authors proved that ABA was key to control plant shoot/root ratio favouring root growth in order to face nutrient deficiency. In contrast, in another study it was found that ABA decreased in leaves of Phaseolus vulgaris plants grown under Zn deficiency (Cakmak et al., 1989). In our study Zn deficiency treatment decreased ABA concentration greatly in L. sativa by 85% while no changes from control were observed in B. oleracea (Table 2). Séguéla et al. (2008) proved that ABA and also CKs inhibit Fe deficiency response by repressing IRT involved in Fe absorption. In addition to Fe, it was proved that IRT1 is able to transport Zn inside the plant. Likewise, it was observed that CKs are able to repress the deficiency response of several nutrients (Vert, 2002). Considering this, in our deficient L. sativa plants lower levels of CKs and ABA could stimulate Fe deficiency response, which in turn could promote Zn uptake as we observed in this species that accumulated a significant concentration of Zn under deficiency conditions (Table 1). 
   SA and JA are other two hormones that can help plants to cope with stress conditions. Regarding nutritional stress, it was observed that SA treatments can stimulate nutrient absorption as observed in maize plants with K, Mg, Mn (Gunes et al., 2005) and Fe in soybean (Aly and Soliman, 1998). Moreover, in a recent study with several species grown under P deficiency it was noted that JA concentration increased (Khan et al., 2016). However in our study Zn deficiency caused a reduction in JA and SA concentrations (Table 2), therefore the synthesis of these hormones could be affected by Zn shortage and their reduction could benefit somehow plants to cope with Zn deficiency.
2.3. Correlation analysis

   In this work we attempt to define what hormones are mainly affected by Zn deficiency in both species assessed. For this purpose we carried out a linear regression analysis between foliar biomass, foliar Zn concentration and ZnUtE. According the correlation coefficients in L. sativa plants the decrease in GA3, tZ, ABA, ACC and SA correlated well with the decrease in biomass and Zn concentration while no hormone is correlated with ZnUtE (Table 3). In this species GAs and CKs decrease appear to affect biomass since these hormones are involved in plant growth while ACC, ABA and SA reduction might be limiting the stress response to Zn deficit and thereby affecting plant biomass. However, the reduction of the concentration of these last three hormones could favor somehow Zn accumulation in L. sativa plants. There were no good correlations with ZnUtE (Table 3) due to in L. sativa this parameter did not present significant differences between Zn deficient and control plants (Table 1). 
   In B. oleracea plants the reduction of biomass and Zn concentration correlated positively with JA and SA concentrations and negatively with ACC concentration (Table 3). A negative correlation was observed between ZnUtE and JA and SA while a positive correlation is presented with GA4, iP and ACC (Table 3). In this species JA and SA could affect in some unknown way to Zn accumulation in leaves, or conversely, Zn deficiency could affect negatively JA and SA synthesis being that Zn concentration and theses hormones diminished in almost the same proportion. Regarding ZnUtE, an increase in GA4, iP and ACC concentrations and/or a decrease in JA and SA concentrations could benefit in some way to Zn homeostasis within the plant since the results showed a good correlation between these hormones and ZnUtE (Table 3).
3. Conclusions
   According our results both species assessed present a different response when they are submitted to Zn deficiency. L. sativa had a better ability to accumulate Zn in leaves, while B. oleracea had a minor loss of biomass through a greater ZnUtE. A decline in growth promoting hormones like IAA, GAs and CKs could negatively affect L. sativa growth under Zn deficiency, while in B. oleracea these hormones could sustain plant growth as they increase or maintain their concentration. A decrease in concentration of stress signaling hormones like ethylene precursor ACC, ABA, SA and also CKs might be involved for Zn absorption in L. sativa while an increase in GA4, iP and ACC and a decrease in JA and SA might contribute to better Zn homeostasis in B. oleracea plants. This work points out some hormones that could be key for plant breeding under low Zn bioavailability conditions, however more research is required to clarify the role of hormones in plant adaptation to this micronutrient deficiency. 
4. Experimental

4.1. Plant material, growth conditions and treatments

   L. sativa cv. Phillipus, and B. oleracea cv. Bronco seeds were germinated and grown for 30 days in cell flats (cell size = 3 cm x 3 cm x 10 cm) filled with perlite mixture, and flats were placed on benches in an experimental greenhouse in southern Spain (Granada, Motril, Saliplant S.L.). The 30-day-old seedlings were transferred to a growth chamber under controlled environmental conditions with a relative humidity of 60-80%, temperature of 22/18ºC (day/night) and 12/12-h photoperiod at a photosynthetic photon flux density (PPFD) of 350 µmol m-2 s-1 (measured at the top of plants with a 190 SB quantum sensor, LI-COR Inc., Lincoln, NE, USA). Plants were grown in hydroponic culture in lightweight polypropylene trays (60 cm diameter top, bottom diameter 60 cm and 7 cm in height) with a volume of 3l. Throughout the experiment the plants received a growth solution composed of 4 mM KNO3, 3 mM Ca(NO3)2 • 4 H2O, 2 mM MgSO4 • 7 H2O, 6 mM KH2PO4, 1 mM NaH2PO4 • 2 H2O, 2 μM MnCl2 • 4 H2O, 0.25 μM CuSO4 • 5 H2O, 0.1 μM Na2MoO4 • 2 H2O 5 ppm, Fe-chelate (Sequestrene; 138FeG100) and 10 µM H3BO3. This solution, with a pH of 5.5–6.0, was changed every three days. Treatments were initiated 30 days after germination and were maintained for 21 days. Plants were grown with different Zn doses: 10 µM of ZnSO4 as control and 0.1 µM of ZnSO4 as deficiency treatment. The shape of the experimental design consisted of randomized complete block with four treatments (L. sativa-control, B. oleracea-control, L. sativa-0.1 µM Zn, B. oleracea-0.1 µM Zn), eight plants per treatment and three replications each.

4.2. Plant sampling

   Plants of each treatment were divided into roots and leaves, washed with distilled water, dried on filter paper and weighed, thereby obtaining fresh weight (FW). Half of the roots and leaves from each treatment were frozen at −30ºC for later performance of biochemical assays and the other half of the plan material sampled was lyophiliced to obtain the dry weight (DW) and the analysis of Zn concentration.
4.3. Analysis of Zn and ZnUtE
   For Zn concentration determination, a sample of 150 mg dry material was subjected to a process of mineralization with sulfuric acid and H2O2 by the method of Wolf (1982), then Zn concentration was determined by ICP-MS. Zn use efficiency paramaters (ZnUtE) were calculated as leaf tissue dry weight (LDW) divided by Zn concentration (g2 LDW mg−1 Zn) (Siddiqi and Glass, 2008).

4.4. Hormone extraction and analysis

   IAA, GAs (GA1, GA3 and GA4), CKs (tZ and iP), ethylene precursor ACC,  ABA, SA and JA were analysed according to Ghanem et al. (2008) with some modifications. Briefly, 30 mg of homogenized dry material were dropped in 0.5 ml of cold (-20°C) extraction mixture of methanol/water (80/20, v/v). Solids were separated by centrifugation (20000 g, 15 min) and re-extracted for 30 min at 4ºC in additional 0.5 ml of the same extraction solution. Pooled supernatants were passed through Sep-Pak Plus †C18 cartridge (SepPak Plus, Waters, USA) to remove interfering lipids and part of plant pigments and evaporated at 40ºC under vacuum either to near dryness or until organic solvent is removed. The residue was dissolved in 1 ml methanol/water (20/80, v/v) solution using an ultrasonic bath. The dissolved samples were filtered through 13 mm diameter Millex filters with 0.22 µm pore size nylon membrane (Millipore, Bedford, MA, USA). 10 µl of filtrated extract were injected in a U-HPLC-MS system consisting of an Accela Series U-HPLC (ThermoFisher Scientific, Waltham, MA, USA) coupled to an Exactive mass spectrometer (ThermoFisher Scientific, Waltham, MA, USA) using a heated electrospray ionization (HESI) interface. Mass spectra were obtained using the Xcalibur software version 2.2 (ThermoFisher Scientific, Waltham, MA, USA). For quantification of the plant hormones, calibration curves were constructed for each analysed component (1, 10, 50, and 100 µg l-1) and corrected for 10 µg l-1 deuterated internal standards. Recovery percentages ranged between 92 and 95%. 

4.5. Statistical Analysis

   Data were subjected to a simple ANOVA at 95% confidence, using the Statgraphics Centurion XVI program. A two-tailed ANOVA was applied to ascertain whether the doses of Zn and the species significantly affected the results and means were compared by Fisher’s least significant differences (LSD). The significance levels for both analyses were expressed as * P<0.05, ** P<0.01, *** P<0.001, or NS (not significant).
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Fig. 1 Effect of Zn deficiency on total total gibberellins (GAs) (A) and cytokinins (CKs) (B) concentrations. Values are expressed as means ± standard error of the mean. The levels of significance were represented by p<0.05 (*), p<0.01 (**) and p<0.001 (***).
Tables

Table 1 Root and leaf biomass and Zn concentration in L. sativa and B. oleracea plants submitted to Zn deficiency
	
	Leaf biomass

(g DW/plant)
	Zn foliar concentration

(μg g-1 PS)
	ZnUtE

	L. sativa


	Control

0.1 µM Zn

p-value

LSD0.05
	4.20 ± 0.09
2.34 ± 0.19
***

0.50
	44.58 ± 0.18
26.13 ± 2.08
***

5.80
	92.15 ± 1.67
83.57 ± 5.91

NS

17.05

	B. oleracea


	Control

0.1 µM Zn

p-value
LSD0.05
	3.61±0.02
2.83±0.14
**

0.48
	50.49 ± 3.17

16.40 ± 0.31
***

8.85
	72.05 ± 4.87

182.94 ± 4.58
***
18.55

	Analysis of variance

	Doses (D)

Especies (E)

D x E

LSD0.05
	***

NS

**

0.30
	***

NS

*

4.39
	***
***

***

10.46


Values are means ± S.E. (n=9) and differences between means were compared by Fisher´s least-significance test (LSD; P=0.05). The levels of significance were represented by p>0.05: NS (not significant), p<0.05 (*), p<0.01 (**) and p<0.001 (***).
	
	IAA
	GA1
	GA3
	GA4
	tZ
	iP
	ACC
	ABA
	JA
	SA

	L. sativa


	Control
	6.11 ± 1.21
	0.20 ± 0.01
	3.38 ± 0.36
	ND
	1.39 ± 0.01
	172.78 ± 5.90
	264.21 ± 14.16
	99.86 ± 4.17
	1.17 ± 0.06
	1.19 ± 0.06

	
	0.1 µM 

Zn
	1.71 ± 0.57
	0.24 ± 0.02
	0.76 ± 0.06
	ND
	1.22 ± 0.01
	191.06 ± 3.71
	187.60 ± 18.45
	14.83 ± 0.20
	1.05 ± 0.01
	0.41 ± 0.01

	
	p-value
	*
	NS
	*
	
	***
	NS
	**
	***
	NS
	***

	
	LSD0.05
	3.7
	0.07
	1.58
	
	0.04
	0.03
	64.57
	11.6
	0.17
	0.17

	B. oleracea


	Control
	67.03 ± 5.37
	ND
	0.34 ± 0.03
	0.13 ± 0.01
	2.02 ± 0.01
	11.79 ± 0.61
	11.96 ± 1.49
	172.90 ± 0.84
	0.95 ± 0.01
	1.58 ± 0.02

	
	0.1 µM Zn
	72.93 ± 2.21
	ND
	0.51 ± 0.10
	0.25 ± 0.02
	1.98 ± 0.01
	17.68 ± 0.70
	27.31 ± 1.68
	167.33 ± 0.07
	0.76 ± 0.01
	0.72 ± 0.01

	
	p-value
	NS
	
	NS
	*
	NS
	**
	**
	NS
	***
	***

	
	LSD0.05
	16.13
	
	0.28
	0.09
	0.05
	2.58
	5.09
	6.23
	0.03
	0.07

	Analysis of variance
	
	
	
	
	
	
	

	Dose (D)
	NS
	
	***
	
	***
	**
	***
	***
	***
	***

	Especies (E)
	***
	
	***
	
	***
	***
	***
	***
	***
	***

	D x E
	NS
	
	***
	
	***
	NS
	***
	***
	NS
	NS

	LSD0.05
	6.87
	
	0.27
	
	0.03
	8.11
	26.90
	5.47
	0.07
	0.07


Table 2 Phytohormones concentrations in leaves of L. sativa and B. oleracea plants submitted to Zn deficiency
Values are means ± S.E. (n=9) and differences between means were compared by Fisher´s least-significance test (LSD; P=0.05). The levels of significance were represented by p>0.05: NS (not significant), p<0.05 (*), p<0.01 (**) and p<0.001 (***). ND: Not detected.

Table 3 Linear correlation coefficients between leaf biomass, Zn foliar concentration and ZnUtE and hormonal concentration in leaves of L. sativa and B. oleracea plants submitted to Zn deficiency
	
	
	IAA
	GA1
	GA3
	GA4
	tZ
	iP
	ACC
	ABA
	JA
	SA

	Leaf biomass
	L. sativa


	0.84*
	-0.50
	0.99***
	-
	0.99***
	-0.78
	0.95**
	0.99***
	0.75
	0.99***

	
	B. oleracea


	-0.55
	-
	-0.48
	-0.83*
	0.75
	-0.88*
	-0.90*
	0.77
	0.95**
	0.96**

	Zn foliar concentration
	L. sativa


	0.82*
	-0.44
	0.97**
	-
	0.95**
	-0.83*
	0.96**
	0.97**
	0.71
	0.97**

	
	B. oleracea


	-0,43
	-
	-0.51
	-0.91*
	0.78
	-0.96**
	0.93**
	0.72
	0.98***
	0.98***

	ZnUtE
	L. sativa


	0.59
	-0.43
	0.57
	-
	0.62
	-0.35
	0.50
	0.55
	0.59
	0.54

	
	B. oleracea
	0.49
	-
	0.58
	0,92*
	-0.68
	0.98***
	0.97**
	-0.73
	-0.99***
	-0.99***


 p<0.05 (*), p<0.01 (**) and p<0.001 (***), n = 9.
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