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Abstract 

 

Several studies have been carried out on the application of titanium in plant nutrition in recent decades. They indicate that this 

element has a positive effect on crop phenological events such as germination, root formation, vegetative growth, maturation, as well 

as resistance to biotic or abiotic stress conditions and general crop health status. Titanium has also been reported to boost the uptake 

of macro and micronutrients, enzymatic activity in plants, and consequently increase yield. Therefore, pioneering studies of foliar 

applications of titanium in potato crops are being carried out in Brazil. They demonstrate that titanium reduces urease enzyme 

activity, but increases peroxidase and nitrate reductase activity during potato growth. During tuberization, there is a positive 

correlation between superoxide dismutase & peroxidase enzyme activity and titanium application. Although the results are 

promising, more data is needed regarding the effects of this element on crop performance. This review describes the characteristics of 

this element and reports innovations regarding its use in plant nutrition. 
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Introduction 

 
  Titanium dioxide (TiO2) is naturally found in three 

structural forms: two in tetragonal form (anatase and rutile), 

and one in orthorhombic form (broquite), which is less 

common in nature. The bulk of TiO2 is extracted from the 

mineral ilmenite (FeTiO3), which is found in metamorphic 

and igneous rocks (Skocaj et al., 2011), and which 

considering the optimum pH range for most crops of 4.0–8.0 

is insoluble, thus unavailable to plants and also without 

possible toxic effects (Dumon and Ernst, 1988).   

Titanium (Ti) stands out among the transition elements 

because of the possibility of valence change. For that reason, 

it participates in electron transfer processes connected to 

photosynthesis. In recent years, due to the emergence of a Ti-

ascorbate compound, which can be used in plants via foliar, 

some reports started to communicate the use of Ti in different 

crops with significant results in biomass production, yield, 

accelerated ripening, fruit quality, increased photosynthesis, 

increased protein and chlorophyll synthesis, as well as 

improvements in enzymatic activity of peroxidase, catalase, 

nitrogenase and nitrate reductase (Alcaraz et al., 1991). 

Several authors report that Ti can increase the yield from 

about 5 to 50% in various crops (Pais, 1983; Balík et al., 

1989; Carvajal and Alcaraz, 1998). Also, the application of 

Ti in crop production has been reported to reduce the severity 

of disease, promote plant growth, and increase photosynthetic 

rate (Chao and Choi, 2005). 

Titanium can be considered a beneficial nutrient (Carvajal 

and Alcaraz, 1998; Pais et al., 1977). Some studies of Ti 

application in a wide range of plant species indicate 

improvements for the following traits: germination, yield of 

biomass, protein synthesis, uptake of nutrients, activity of 

antioxidant enzymes, photosynthesis, and fruit quality 

(Carvajal and Alcaraz, 1998). 

Kuzel et al. (2003) consider the so-called "hormesis" effect 

as one of the beneficial effects of Ti in agriculture. This 

theory states that a potentially harmful substance, when 

applied at low doses, has a beneficial effect on the plant, for 

example it can increase the enzymatic activity or facilitate the 

uptake of an essential nutrient. In this case, the application of 

a stressor within the hormetic zone produces favorable plant 

response. 

For Ti, which is still not considered an essential nutrient in 

the production of plants, foliar fertilization can be beneficial 

because Ti supply via soil is not effective as this element is 

characterized by low mobility in soil and presents limited 

uptake by roots. Regarding its adverse effects, neither 

damage to the plants when Ti was used at higher doses than 

the recommended (Frazer, 2001), nor harmful effects after 

the consumption of agricultural products sprayed with Ti 

have been reported to date (NPL, 2002). 

 

Titanium and the concentration of macro and 

micronutrients 

 

  The use of Ti appears to increase concentrations of some 

essential elements, both macro and micronutrients. 

Experiments have demonstrated that Ti chelates are able to 

promote the development of young plants and can increase 

the activity of some enzymes (Botia et al., 2002). Further, Ti 

has been found in the mineral composition of all groups of 
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plants (El-Ghonemy et al., 1977; Guha and Mitchell, 1965), 

fungi (Silverman and Muñoz, 1971) and lichen (Takala and 

Olkkonen, 1985) with the largest concentrations in aquatic 

organisms (Dumon and Ernst, 1988).  

Studies show positive effects of Ti applications on the 

absorption of essential elements; although, Bedrosian and 

Hanna (1966) report deficiencies of iron (Fe) and manganese 

(Mn) in Pieris japonica due to increased absorption of Ti. 

Still, Giménez et al. (1990), working with pepper (Capsicum 

annuum), report that the concentrations of some macro and 

micronutrients were higher when plants received foliar 

applications of Ti. Haghighi et al. (2012) demonstrated that 1 

mg Ti L-1 can compensate for the absorption of nitrogen (N) 

when the dose is reduced by 50%. This procedure did not 

alter the fresh and dry matter of shoots and roots, flowering 

time, number of flowers, chlorophyll content and 

photosynthetic capacity of tomato plants. In other 

experiments, up to 50% of total N was removed from the 

fertilizer applied in crops treated with Ti, which also did not 

produce any nutritional imbalance in plants (Frutos et al., 

1996). Similar results were obtained with reduced 

applications of phosphorus (P) (Lopez-Moreno et al., 1996). 

There are also reports that the concentration of Fe in pepper 

plants treated with Ti was higher than in the control, and that 

the increase was higher relative to the other nutrients 

(Carvajal et al., 1995). 

Interestingly, this increase in nutrient absorption decreases 

when plants are under optimal nutritional conditions. In some 

comparative studies on various varieties of Capsicum 

annuum grown under different conditions, it was observed 

that the effects of Ti varied, from maximum absorption with 

traditional fertilization to minimum under ideal conditions of 

controlled environment of hydroponic crop (Giménez et al., 

1990; Martínez-Sánchez et al., 1991).   

Konishi and Tsuge (1936) suggested that Ti in the form of 

Ti oxide may play a part in symbiotic nitrogen fixation (N) in 

legume nodules. They also stated that potassium titanate 

added to the crop of alfalfa can enhance growth. A large 

amount of Ti has been found in plants, particularly in the 

leaves and stems. Inman et al. (1935) also reported that Ti 

enhances root growth and speculated that it may occur due to 

reduced toxicity of some other elements. 

Therefore, Ti can be considered a beneficial element in 

plants in view of the effects it produces. However, as this 

element is not available to plants under natural conditions, it 

is necessary to study its foliar application as a soluble 

compound. 

 

Titanium and the activity of enzymes  

 

  The activity of catalase, peroxidase and nitrate reductase can 

increase after the addition of Ti in wheat and corn (Pais, 

1983) and bell pepper (Carvajal et al., 1994). Lu et al. (2002) 

demonstrated that a combination of nanoparticles of SiO2 and 

TiO2 may enhance the activity of enzymes and antioxidants 

in soybean (Glycine max), promote the uptake of water and 

nutrients, and accelerate germination and growth. 

Furthermore, TiO2 can improve resistance of plants to stress 

conditions (Navarro et al., 2008). 

Recently, new data were obtained by Bacilieri (2015) who 

studied the effect of titanium doses on proline content, lipid 

peroxidation (PL), and the activity of enzymes nitrate 

reductase (ANR), urease, superoxide dismutase (SOD), 

peroxidase (POD) and catalase (CAT) during growth, 

tuberization and tuber-filling phases of potatoes in Brazil. 

During the growth and tuberization, the activity of enzymes 

ANR, urease, SOD, POD and CAT was positively correlated 

with the application of Ti. Also, enzymes ANR, urease, 

proline and CAT showed a significant activity during the 

tuber-filling stage in treatments with Ti. The best fit for the 

data was a cubic model.  

During the growth phase, ANR activity increased with Ti 

doses. In this case, the best fit for the dataset was a linear 

model with a positive relationship at the studied doses. 

Importantly, this stage is characterized by plant maximum 

growth with high demand for nitrogen compounds. The 

assimilation of N via nitrate is crucial and the activity of 

nitrate reductase signals vegetative growth and adequate N 

supply. During tuberization, the best fit for ANR data was a 

negative linear model with a determination coefficient of 

52.14%. Reduction of ANR activity may occur because N 

metabolism is reduced and the formation of the plant 

structure is already set. At tuber-filling stage, ANR activity 

was higher in treatments with Ti relative to the control 

treatment, even when N doses decreased in relation to Ti 

doses.  

Urease activity was also influenced by Ti doses. During the 

growth phase, the control treatment showed the highest 

activity, and the best fit for this trait was a quadratic model. 

The fit equation shows that during this stage the lowest dose 

of Ti, which was 3.4 g ha-1, reduced urease activity. The 

activity of this enzyme depends on nickel (Ni). The role of Ni 

in the metabolism of metals such as Fe, inducing deficiency 

of this nutrient, was observed in work conducted by Chaney 

(1970) and Agarwala et al. (1977). The application of Ti 

appears to inhibit the absorption of Ni and reduce the activity 

of urease at this stage. During tuberization, up to a dose of 

3.98 g of Ti, urease activity was reduced. The primary 

function of urease is to catalyze the transformation of 

internally or externally generated urea into a source of N. Up 

to 47% of N flow in plants occurs through urea, which is 

recycled by urease (Pollacco and Holland, 1993). With the 

reduction of ANR, urease activity increases to encourage the 

use of internal N. During tuber-filling, urease showed a 

98.25% fit to a cubic model. Again, in general, the values 

were lower than in the control without Ti application, 

suggesting that Ti can inhibit the absorption of Ni, which is a 

constituent of this enzyme. There is no available data 

regarding the absorption of Ni, or its relationship with other 

elements such as Ti. However, this nutrient is believed to 

require high regulation of mobilization and translocation of 

Ni in older leaves to reproductive organs (Römheld, 2007). 

  The best fit for proline behavior was a cubic model. The 

application of 2.68 g Ti ha-1 resulted in maximum proline 

content during the growth phase. This amino acid is a 

biochemical marker of metabolic changes generated by 

different types of stress conditions. (Lima, 2004) It is 

synthesized by glutamate, and also by the arginine/ornithine 

cycle which has the same route as urease. At this phase, it 

was found that proline synthesis may be favored by low 

activity of urease. The best fit for proline behavior during 

tuberization was a cubic model, where lack of Ti application 

resulted in higher proline content (1.26 μmol g-1 MF). An 

excessive synthesis of this amino acid can be harmful to 

plants since it consumes 0.4–0.6% of total foliar N (Ernst et 

al., 2000), and thus high proline synthesis may consume part 

of N which could otherwise be used for tuber filling.  

Considering proline levels during tuberization, its levels were 

generally lower in treatments with Ti than in the control. The 

metabolic pathway responsible for the most significant 

proline synthesis in plants begins with amino acid glutamate, 

which can be produced by hydrolyzing proteins in 

transamination reactions, or in reactions catalyzed by 

GS/GOGAT cycle (Valpuesta et al., 1992). As accumulated 
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proline may originate from glutamate synthesized with 

assimilated N, the reduction of N content as a result of Ti 

applications may cause the reduction of proline content.  

  The activity of SOD, POD and CAT were affected by 

treatments during the growth phase. The best fit for SOD and 

CAT was a cubic model, and for POD a positive linear 

model. The balance between the activities of SOD, CAT or 

POD in cells is crucial to determine the level of superoxide 

radicals and H2O2 (Mittler, 2002).  As Mn content was 

reduced with the applications of Ti, it may have changed the 

activity of SOD. POD is involved in stress tolerance 

mechanisms, including plant exposure to heavy metals 

(Passardi et al., 2005). The highest dose of Ti (8.5 g ha-1) 

increased POD activity by up to 21%. Thus, it is important to 

test the effects of higher doses than the applied in this study, 

especially under stress conditions. The variation in CAT 

activity can be justified in almost 50% by the doses of Ti. 

Here, the best fit for the data was a cubic model.  The 

minimum CAT activity was observed at 1.8 g Ti ha-1 and 

maximum at 6.1 g Ti ha-1 within the studied range. 

During tuberization, the best fit for POD enzyme activity as 

a function of Ti doses was a cubic model. This enzyme is 

widely distributed in higher plants and it participates in 

various processes including lignification, metabolism of 

auxins, and response mechanisms to stress conditions caused 

by salt and heavy metals. Increased POD activity can occur 

as a metabolic response related to different types of stress 

conditions (Anderson et al., 1995; Zhang and Kirkham, 1996; 

Jiménez et al., 1998; Moraes et al., 2002).  

Regarding the behavior of SOD as a response to Ti doses, 

the treatments with Ti showed higher activity than the 

control. This enzyme depends on metal nutrients which act as 

cofactors, where Zn, Mn, Fe and Cu play an important role. 

The application of Ti favored Fe absorption. Also, high Cu 

levels observed during this phase of crop development may 

be caused by an increased SOD activity. 

The activity of CAT was minimal at 4.08 g Ti ha-1 and 

maximum with the application of 14.86 g Ti h-1. An increase 

of CAT activity was observed from the dose of 4.08 g Ti ha-1. 

This demonstrates that Ti helps activate CAT, which is active 

in detoxification of hydrogen peroxide, maintaining the 

oxidative balance in plant cells. The increase in the activity of 

this enzyme is a form of plant defense because it protects cell 

structures (Gunes et al, 2007).  

During the tuber-filling stage, POD activity was the 

highest, although it was not influenced by Ti doses. The 

minimum dose for CAT activity was 6.41 g h-1. Such changes 

in CAT activity may occur as a response to extreme 

environmental conditions (Kalir and Poljakoff-Mayber, 1981; 

Broetto et al., 2002). 

The behavior of PL reflects a chain of biochemical events 

caused by the action of free radicals on cell membranes, 

leading to the destruction of its structure, failure of 

metabolite exchange mechanisms and, in an extreme case, to 

the death of the cell (Benzie, 1996). The alterations in 

membranes lead to permeability disorders, alter ionic flow, 

and the flow of other substances, thus causing the loss of 

selectivity for entry and/or exit of nutrients and toxic 

substances to the cell, as well as changes in gene expression, 

oxidation and involvement of extracellular matrix 

components (Vaca et al., 1988; Barber and Harris, 1994). In 

general, PL presented activity below the control treatment 

during the growth stage. It is desirable because it confirms 

that the activity of SOD, CAT and POD was a function of Ti, 

and not a response to biotic or abiotic stress conditions.  

 The quantification of PL serves as an indication of cellular 

damage rate caused by free radicals. During tuberization, PL 

activity was below the control treatment, and the best fit for 

the data was a cubic model. High production of reactive 

oxygen species (ROS) is appointed as a mechanism of 

toxicity of various metals. Thus, it can be inferred that there 

was no toxicity caused by Ti doses.  During the tuber-filling 

stage, PL was not significantly affected by Ti doses. This fact 

leads to a conclusion that Ti application up to a dose 25.5 g 

Ti ha-1, which was a maximum dose tested in this experiment, 

in not toxic for the potato crop. High levels of oxidizing 

radicals in the presence of toxic levels of metals associated 

with peroxidation of membrane lipids (Devi and Prasad, 

2004; Romero-Puertas et al., 2006) cause oxidative damage 

to membranes, changes in permeability of cell membrane 

(Kabata-Pendias, 2000), and changes in fluidity, activity, and 

structural conformation of membrane-bound enzymes. 

The results in Brazil show that a foliar application of Ti 

during potato growth reduces the activity of urease, but 

increases the activity of peroxidase, and nitrate reductase. 

During tuberization there is a positive response in the activity 

of superoxide dismutase and peroxidase to increasing doses 

of Ti.  

There are reports in literature that wheat (Keleme et al., 

1993), oat (Kuzel et al., 2003), bell pepper (Martínez-

Sánchez et al., 1991), Pieris japonica (Bedrosian and Hanna, 

1966), tomato (Haghighi et al., 2012), corn (Pais, 1983), chili 

peppers (Giménez et al., 1990) and soybeans (Navarro et al., 

2008) respond to the application of Ti with increased 

productivity, nutrient uptake, biomass production, accelerated 

maturation and fruit quality. Hence, it is clear that further 

research of this nutrient for its use in agriculture is important. 

 

Conclusion 

 

  Titanium improves nutritional status of plants, stimulates 

enzymatic activity, accelerates the uptake of nutrients, 

increases photosynthesis, participates in the synthesis of 

proteins & chlorophyll, and in the control of plant diseases.  

This nutrient presents positive and negative interactions with 

other essential elements; however, such interactions are yet to 

be fully understood.  Titanium doses, forms, application 

methods, application periods; fertilizers containing Ti in 

plant-available forms, and crops which are responsive to its 

presence also need further studies. 
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