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Abstract

Lithium (Li) is an important alkali metal that exists in the elemental form of nature. Thus, the objective
was to evaluate the effect of foliar fertilization with doses of lithium hydroxide on the development and
productivity of two chia genotypes, in the south of the state. The experiment was carried out at the
Federal University of Tocantins, Campus de Gurupi-TO, in the agricultural year 2017/18 in pots of 8 dm?
containing red-yellow dystrophic oxisol, deep and clayey texture, in a randomized block design, under a
factorial 5x2 scheme, with four replications. The characteristics of plant height, upper stem height, stem
diameter, bunch length, number of bunches, liquid photosynthesis, transpiration, stomach conductance
and, after harvest (145 days), thousand grain mass, grain yield and Li content in the grains were
evaluated leaf and soil. The highest concentrations of lithium in the chia grains are obtained with the
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application of 24.6 g ha® and 18.5 g ha™ of LiOH for the genotypes originating in Paraguay and
Argentina, respectively. The best responses in height, length of bunch, number of bunches, lithium
content in the grain, mass of a thousand grains, liquid photosynthesis, transpiration and stomach
conductance were obtained with the genotype from Paraguay.

Keywords: Salvia hispanica L; lithium accumulation; development; dose.

Introduction

According to the essentiality criteria Li is not considered essential for plant development, however,
there are reports that relatively low concentrations stimulate growth and accumulate this element in parts
interesting for human consumption, however, high concentrations can result in negative effects on
development and cause leaf necrosis (JIANG et al, 2014, HAWRYLAK-NOWAK et al., 2012;
SHAHZAD et al., 2016).

On the other hand, the Li is an essential trace element of great importance in the human diet.
Studies prove that intake at optimal levels in the body can influence metabolism and contribute to the
prevention of diseases such as Alzheimer's, schizophrenia, phobic anxiety, depression, and suicide
prevention (CIPRIANI et al., 2005; MATSUNAGA et al., 2015; MARTINSSON et al., 2013). Based on a
review of Li food intake in different countries, a daily dose of 1.0 mg/day was proposed for a 70 kg
person (GALLICCHIO, 2011; SCHAFER, 2012).

The main sources of Li in the diet are grains, vegetables, dairy products, meat, and drinking water,
however, Li levels in water and food in some parts of the world are below the recommendation of daily
intake (NORRA et al., 2010; LIAUGAUDAITE et al., 2019). So far no reference values for Li in food
have been established, although some research has already been conducted (EKMEKCIOGLU &
MARKTL, 2006).

There is little research on the content of Li in crops, however, there is great evidence of deficiency
of this element which makes it necessary to find strategies to increase its content in food and maintain
adequate levels of Li in the human body (GONCALVES et al. 2015; SILVA et al., 2019). An interesting
strategy would be to consider adding Li through agronomic biofortification.

Biofortification is an agronomic practice that consists of increasing the concentration of one or
more essential nutrients in edible parts of the plant during cultivation by handling fertilization via the soil
or foliar without compromising crop yields (WHITE & BROADLEY, 2009). The agronomic practice via
foliar fertilization is more effective mainly when the study involves a trace element, of the order of g ha™
seeking a rapid response of the crop, to improve the distribution of the product applied and, at the same
time, low production costs (EL-AAL et al., 2010; SILVA et al., 2019; ZODAPE et al., 2011).

Due to the importance of studies with biofortification of Li cultures, associated with the scarcity of
information on the subject and the benefits that this element in optimal levels provides, this work aimed
to evaluate the effect of fertilization via foliar doses of lithium hydroxide, in the development and
productivity of two genotypes of chia, cultivated in the south of the state of Tocantins.

Material and methods

The experiment was conducted in the experimental area of the Federal University of Tocantins
(UFT), University Campus of Gurupi, located in the southern region of the state of Tocantins, at an
altitude of 280 m, at 11°43'45" latitude and 49°04'07" longitude. According to the K&ppen classification,
the climate of Tocantins is of the Aw type, since it has an average annual temperature of 24.9 °C, average
annual rainfall of 1850 mm, with concentrations of rainfall in summer and with a dry winter, having the
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humid climatic type (B1) (ROLDAO & FERREIRA, 2019). The data regarding precipitation,
temperature, and relative humidity during the experiment were collected at the Gurupi Campus weather
station, and are presented in Figure 1.
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Figure 1 - Daily variation of air relative humidity (%), temperatures (°C), and rainfall (mm day) from
December 2017 to April 2018, UFT, Gurupi — TO (Source: Weather Station of Gurupi - TO).

The experiment was installed in randomized block delineation in a 5x2 factorial arrangement
scheme, with four repetitions. The first factor was constituted by five lithium doses (0, 10, 20, 30, and 40
g ha') using as source the lithium hydroxide (LiOH, sigma-Aldrich, Duque de Caxias - RJ) and the
second factor by two chia genotypes, being one from Paraguay and the other from Argentina (Argentina).

For better germination uniformity, chia seedlings were produced in polystyrene trays with 128 cells,
using the commercial Nutrimax® substrate. During the period between sowing and transplanting, the
trays remained inside an arc-covered vegetation house, 20 m long, 6 m wide, 1.75 m high. The side and
front walls are made of 50% shaded canvas, the roof is covered with 150 microns of polyethylene plastic
film, without climate control, and the trays are placed on the benches. The water was supplied to the
seedlings through irrigations made twice a day manually, to keep the moisture content of the substrate
always high. After 15 days the seedlings were transferred to pots with a volume of 8L to the open field,
gluing 4 seedlings per pot. At 20 days after transplanting, thinning was performed, keeping one plant per
pot spaced 0.50 m between blocks and 0.40 m inside the blocks.

The soil used was collected in the 0-20 cm layer of the Baoba farm in Sao Desidério (S 12°34.555'
W 46°08, 405"), extreme West of Bahia, classified with dystrophic red-yellow latossolo, deep and clayey
texture (EMBRAPA, 2013). To avoid the presence of harmful pathogens the soil was placed in raw cotton
bags with dimensions of 50 x 70 cm (width and length) and inserted in a vertical analog autoclave
(CS/Prismatec) with 300 Liter pedal, safety valve, and pressure regulation system at 120 °C for 2 hours
for soil sterilization by wet heat.

The result of the physical-chemical soil analysis was: pH in CaCl, = 5.9; M.O (%) = 1.5; P (Honey)
=92.1 mg dm; K = 90 mg dm™; Ca+Mg = 3.4 cmolc dm™; H+Al = 1.6 cmolc dm?; Al = 0.0 cmolc dm™;
SB= 3.63 cmolc dm?; V = 69%; 450 g kg of sand; 100 g kg of silt and 450 g kg of clay. The
fertilization was performed according to the soil analysis, applying 60 kg ha™' of P,Os in the form of
superphospatotriple (36%) and 60 kg ha of K,O in the form of potassium chloride (60%), mixed in the
soil preparation in a homogeneous way. 125 kg ha of nitrogen (46%) was applied in the form of urea in
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coverage at 30, 60, and 90 days after transplantation. During the conduct of the experiment, the soil was
kept moist through individual daily irrigations in each experimental unit.

The culture was shown to be sensitive to common pests of other species, with two applications of
insecticide at 80 and 90 days after transplantation for cow control (Macrodactylus pumilio) and whitefly
(Bemisia tabaci) being used Alfacipermetrine (0.5 gi.a. ha™), for cow control, and Acetamiprid (75 g i.a.
ha') for whitefly control. No fungi or viruses were observed in any of the phenological phases of the
plants.

The lithium concentrations were supplied twice via foliar, in the morning (between 8:00 and 9:00)
being half applied at 70 days (before the plants' bloom), in the initial phase of bunches emission and,
another half at 100 days, at the beginning of the grain filling after transplanting. To facilitate the
application a stock solution was prepared weighing 0.5g (500 mg) of lithium diluted in 2 liters (2000 ml),
obtaining standard LiOH solution (0.25 mg mL™). For example, 1.65 mL of stock solution was used for
the treatment of 10 g ha' of Li. These doses of the standard solution were completed with 700 mL of
water and applied evenly to the plants of each experimental unit. The doses were converted to hectare
considering the population of 200,000.00 plants, exporting the doses per pot to the hectare. A
high-pressure manual sprayer (Guaranyind) with a maximum pressure of 2070 KPa (300 PSI), a flow rate
of 1.1 L/min, and an adjustable tip was used for the application. To avoid drift, a 1.0 m high plastic
canvas was installed around the experimental unit.

Harvesting was done manually between 125 and 130 days after transplanting when the plants
reached 80% of yellow leaves, or dark-colored, dried or dead (MIRANDA, 2012).

The characteristics evaluated were:

Height of plants (AP, cm) - obtained by measuring the length between the neck of the plants to the
highest end of the bunches, using trend graduated in cm;

Height of the upper stem (HS, cm) - obtained by measuring the length between the neck of the
plants to the highest end of the last stem, using trend graduated in cm;

Stem diameter (DC, mm) - obtained by measuring the central part of the plant, using a 150mm/6"
stainless steel digital caliper (MTX);

Bunch length (CC, cm) - obtained by measuring the main bunch, using a graduated ruler in cm;

Number of bunches (NC) - determined through direct counting in the sampled plants;

Productivity (PD, g vaso™) - after threshing the bunches the grains were placed in paper bags
measuring 7 x 11 cm (length x width) and inserted in an oven with forced air circulation (Solab, model
SL-102) at 60 °C until they reached a constant weight. Later the samples are weighed on a 0.01 g
precision scale (Gehaka BK4000);

Mass of one thousand grains (MMG, g) - determined after the drying process, by counting one
thousand grains with the help of histological tweezers of fine point (10 cm), weighed later on a precision
scale of 0.01 g (Gehaka BK4000);

Li content (mg kg™) - after the drying process in an oven with forced air circulation (Solab, model
SL-102) at 60 °C, the samples of grains and leaves were finely crushed separately with the aid of a pestle
with a kneader, according to the methodology described by Falco et al. (2017). The collection of the soil
samples to determine the Li content was performed according to EMBRAPA (1997). Then the materials
were submitted to wet digestion using sulfuric acid, perchloric acid, and catalytic mixture, composed of
anhydrous sodium sulfate (Na,SO,) and copper sulfate pentahydrate (CuSO,.5H,0). The Li content was
determined in the strata acquired, according to the methodology described by Malavolta et al. (1997). The
reading was carried out in a Quimis (Q398M2) flame photometer, using a 10% (v/v) diluted standard
solution to calibrate the apparatus, with a measuring range in clinical analyses for lithium (Li) from 0.0 to
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1.5 mmol/L. To facilitate the measurement the digester was diluted in the proportion of one part to five of
deionized water (5 ml + 25 ml) and transferred to a 50 ml container before reading.

The gas exchanges were measured in completely expanded leaves, located in the intermediate part
of the plant, from 8:00 a.m. to 11:00 a.m. on a sunny day. The rate of liquid photosynthesis (A) (umol of
CO, m™ s™), stomach conductance (GS) (mol of CO, m? s™), and perspiration (E) (mmol of H,O m?s™)
were determined using open system equipment of photosynthesis with CO, and water vapor analyzer by
infrared radiation (/nfra-Red Gas Analyser - IRGA, LCiSD model, from ADC System, UK).

The data obtained were submitted to analysis of variance using the F test, adopting 1 and 5%
probability. Then they were submitted to regression analysis, evaluating the significance of betas and the
coefficients of determination using the Sisvar program version 5.6 (FERREIRA, 2008). The graphs of the
regressions were plotted using the statistical program SigmaPlot version 12.0®.

Result

The summary of the analysis of variance with the mean square, as well as the respective mean
values and coefficients of variation for all agronomic characteristics, Li content in grain, leaf, and soil are
shown in Table 1. It is observed that the sources of variation genotype and dose alone had a greater
influence on the agronomic characteristics. It is also observed the significance of the interaction only for
several clusters and Li content in the grain. Thus, a linear or quadratic response was calculated by
providing the regression equations and the coefficient of determination (R2) when necessary.

Table 1. Summary of the analysis of variance characteristics plant height (PH), upper stem height (USH),
stem diameter (SD), bunch length (BL), grain yield (GY), number of bunches (NB), lithium content in
the grain (LiCG), Li content in the soil (LiTS), Li content in the leaves (LiCL), a mass of one thousand
grains (MTGQG), liquid photosynthesis (A), stomach conductance (SC) and perspiration (E) of Salvia
hispanica L., cultivated in the south of the state of Tocantins as a function of five doses (0, 10, 20, 30, 40
g ha) of lithium hydroxide (LiOH) and two genotypes (Argentina and Paraguay).

Source of variation
Block Genotype Dose Interaction Error Media C.V.

(G) (D) GxD General (%)
Degree of freedom
3 1 4 12 40

PH 35.76 180.63* 139.34ns  81.81ns 31.76  135.28 4.17
USH 29.96 225.63* 100.63ns  106.63ns 46.11 116.63  5.82

SD 0.16 0.06ns 3.14%* 1.34ns 0.54 893 8.21

BL 2.83 18.23%* 8.84%* 2.79ns 2.14  12.02 12.16

GY 369 2187.74*  6676.66* 137.01ns 258.1 72.95 22.02
* 0

NB 38.49 50.63* 36.19**  82.06* 997  31.88 9.91

LiICG 1.40 054.53%*  4.74** 6.62%* 1.03  14.05 7.22

LiTS 12.85 13.81ns 103.33ns  37.49ns 16.24  26.50 15.21
LiCL  16.39 9.40ns 31.09ns  20.46ns 17.93 32.27 13.12
MTG 0.011 0.024** 0.015ns  0.009ns 0.005 1.094 5.19

A 47.34 60.57* 9.02ns 8.81ns 811  8.29 24.36
SC 0.002 0.011* 0.016**  0.024ns 0.002 0.147 21.32
E 1.13 6.15* 11.76**  2.59ns 1.02 442 22.85
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C.V.: Coefficient of Variation. “:significant at the 1% probability level (p < 0.01); *: significant at the 5%
probability level (p < 0.05); ™: non-significant (p > 0.05) by F test and regression analysis.

The plants of the Paraguay genotype showed greater height (Fig. 1A), superior stem (Fig. 1B),
bunch length (Fig. 1C), and grain yield (Fig. 1D) showing the superiority of approximately 3.0, 4.0, 7.7,
and 22.9 percent, respectively, compared to the general average of the Argentine genotype.
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Table 2. Plant height (A), upper stem (B), bunch length (C), and grain yield (D) of two chia genotypes
(Argentina and Paraguay) as a function of the application via LiOH foliar. Averages followed by the same
lowercase letter between the genotypes do not differ by the Tukey test (p < 0.05).

For the stem diameter, the increased doses of LiOH showed to be able to promote positive
responses for the chia genotypes up to the dose of 21.7 g ha™ increasing by approximately 14.2% (Figure
2A). For the length of the cluster, they showed positive influence until the dose 9.1 g ha” increasing by
approximately 6.8% (Figure 2B), however, in these characteristics (DM and CC) the greater dose of
LiOH (40 g ha) was reduced 11.9 and 12.2%, respectively, when compared with the control treatment.

On the other hand, for grain productivity according to the derivation of the quadratic regression
equation, the application of LiOH influenced negatively showing a reduction in productivity as the dose
of LiOH via foliar (Figure 2C) increases, being maximum in the dose of 40 g ha' with a reduction of
32.6% about the control treatment.
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Figure 2. Stem diameter (A), bunch length (B), and grain yield (C) of chia genotypes as a function of
five doses (0, 10, 20, 30, 40 g ha") of lithium hydroxide (LiOH) foliar application.

Plants of the Paraguay genotype showed an increase in the number of bunches (29.2 percent) up to
the dose of 20.3 g ha’', while the Argentine genotype provided an increase (6.5 percent) up to the dose of
9.3 g ha'! (Figure 3A). Subsequently, there was a decrease in the averages, being maximum in the dose of
40 g ha' with a reduction of 24.6% for the Paraguay genotype and 21.1% for the Argentina genotype,
when compared to the control treatment. The chia genotypes presented differentiated behavior for this
characteristic, it was observed superiority of the Paraguayan genotype in the doses (10, 20, and 30 g ha™)
and a greater number of bunches in the Argentina genotype without LiOH application.

The foliar application of LiOH doses results in increases in the lithium content of chia grains for
both genotypes. The genotype Paraguay showed an increase in lithium concentration up to a dose of 24.6
g ha’', providing a maximum content of 21.9 mg kg (Figure 3B). For the Argentine genotype, there was
an increase in the concentration of the element up to the dose of 18.5 g ha™!, providing a maximum
content of 11.2 mg kg™'. The results indicate the content of lithium in the grain superiority of the Paraguay
genotype when compared to the Li content of the Argentina genotype in all applied doses of LiOH (0, 10,
20. 30, and 40 g ha™"). The success of Li biofortification through foliar fertilization is thus evidenced, with
an increase of 24.7 and 19.3% in the chia grain, for the genotype Paraguay and Argentina, respectively
with the control treatment.
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Figure 3. The number of clusters (A), lithium content in grain (B), lithium content in soil (C), and
lithium content in leaf (D) of two chia genotypes (Paraguay and Argentina) as a function of foliar
application of five doses (0, 10, 20, 30, 40 g ha™') of lithium hydroxide (LiOH).

For the characteristics of Li content in the leaf and soil, although there is no significant difference
between the chia genotypes and applied LiOH doses (Figures 3C and D), Li concentrations ranging from
26.1 to 29.6 mg kg™ were observed in the soil, showing slight superiority of the Paraguay genotype with
additions up to the maximum dose (40 g ha') when compared to the Argentina genotype (Figure 3C).
The leaves of the chia genotypes varied from 28.7 to 33.2 mg kg, showing a slight superiority of the
genotype Argentina with additions up to the maximum dose (22.3 g ha') and later decreases (Figure 3D).
It should be noted that in this study, no necrotic or chlorotic stains were observed in the plants, regardless
of their maturation stage, even at the maximum dose applied (40 g ha™).

The Paraguay genotype showed a greater mass of one thousand grains (Figure 4A), liquid
photosynthesis (Figure 4B), stomach conductance (Figure 4C), and perspiration (Figure 4D) showing the
superiority of approximately 7.4; 18.4; 23.5 and 29.3 percent when compared to the Argentina genotype
(Figure 4), respectively.
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Table 4: Mass of one thousand grains (A) liquid photosynthesis (B), stomach conductance (C), and
perspiration (D) of two chia genotypes (Argentina and Paraguay) as a function of the application via
LiOH foliar. Averages followed by the same lowercase letter between the genotypes do not differ by the
Tukey test (p < 0.05).

However, when plants of chia genotypes were exposed to different doses of LiOH, they showed an
increase in stomach conductance (58.8%) up to a dose of 17.2 g ha™! (Figure 5A). Similarly, the increase
in doses resulted in increases in perspiration (62.3%) of the plants up to the dose of 23.6 g ha' (Figure
5B).

International Educative Research Foundation and Publisher © 2022 pg. 113



International Journal for Innovation Education and Research ISSN 2411-2933 01/04/2022

0,36 (B)

0,16 }
0,14 i

Y= 0,0055)* + 0,2602X + 2,5080
R2= 0,7395

0,06 4 = 0,00029¢+ + 0,0100X+ 0,0788
0,04 4 R2= 0,7601

stomatal conductance (ymalde CO, m?s™h
&
Trapiration (pmol de CO, m? 87"

= = M
L , L L L

0 1‘0 2‘0 3‘0 4‘0 UI 1‘0 2‘0 3‘0 4‘0
Lithium Hydroxide Dose (g ha'1} Lithium Hydroxide Dose(g ha'1}
Figure 5: Stomach conductance (A) and perspiration (B) of two chia genotypes (Paraguay and

Argentina) as a function of foliar application of five doses (0, 10, 20, 30, 40 g ha) of lithium hydroxide
(LiOH).

Discussion

Although Li appears to be a non-essential, non-physiological metallic ion in plant diets, there is
evidence that different plant species can absorb a considerable concentration of Li (JIANG et al., 2014;
KALINOWSKA et al.,, 2013). However, high concentrations of Li deserve due attention as they can
cause toxicity and decrease in plant development, as observed for soybean (SANTOS et al., 2019), maize
(ANTONKIEWICZ et al., 2017), Brassica juncea (MAKUS & ZIBILSKE, 2015) and sunflower
seedlings (STOLARZ et al., 2015).

The results obtained in this study demonstrated that the application of increasing doses of LiOH by
foliar fertilization on chia genotypes does not result in or reduction of plant height and upper stem height.
A probable explanation of the lack of response may be because the doses of foliar fertilization in chia
culture were applied in the phases of flowering and grain filling when these morphological characteristics
were already fully developed and LiOH could not act on the plants.

However, low doses of LIOH applied via foliar fertilization in chia culture, resulted in the addition
of the DC, CC, and NC averages (Figures 2A, 2B, and 3A), allowing a favorable development process.
Recent studies evaluating the effects of Li on the agronomic characteristics of lettuce have reported that
applications of low concentrations of lithium sulfate (7.5 mg dm™) and lithium hydroxide (22 mg dm™),
provide significant increases in the development of the culture (SILVA et al., 2019). Bakhat et al. (2019)
also described that the low concentration of Li (20 mg kg™') resulted in higher fresh biomass in spinach
compared to the control treatment. According to Sobolev et al. (2019) in small amounts, Li has a positive
effect on plant metabolism, increases the photochemical activity of chloroplasts, translocation of sugars,
activates enzymatic processes, regulates biosynthesis and accumulation of alkaloids, increases the
intensity of respiration, absorption, and accumulation of mineral elements, favoring plant growth and
development. However, high concentrations have an inverse effect, studies show that this element in high
concentrations has induced some metabolic changes that play a vital role in some biological functions of
plants, i.e., they deregulate several responses dependent on Ca signaling, nucleic acids, DNA biosynthesis
and metabolic processes of the plasmatic membrane H+ ATPase interrupting the stretching and cell
differentiation (BAKHAT et al., 2019; SHAHZAD et al., 2016; TANVEER et al. 2019).

In this study, a negative response was found in the maximum applied dose of LiOH (40 g ha™),
presenting a reduction in the averages of all evaluation characteristics. Negative responses of similar Li
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ions were documented by Santos et al. (2019) when they observed that doses of lithium hydroxide higher
than 60 mg dm*, caused symptoms of phytotoxicity and decreased soybean yield.

Generally, high concentrations of Li increase ethylene production, inhibiting plant growth
(MARTINES et al. 2018). This is possible because lithium can interact with inositol triphosphate and
inhibit the activity of myo-inositol-1-phosphate and consequently can affect the induction of the gene
related to the production of the enzyme 1-aminocyclopropane-1carboxylic synthase (ACC synthase),
which regulates the ethylene production (HARWOOD 2005; LIANG et al. 1996; NARANJO et al.,
2003). High concentrations of this hormone can cause a reduction in plant size, reduction in the growth of
leaves, stems, and roots, epinasty, senescence, and leaf abscission, increase in the thickness of the kaolin
base, reduction in photosynthesis, contributing to less development (DANGL et al., 2000; DUTRA et al.,
2012).

For the productivity characteristic, the addition of Li via foliar in the form of LiOH exerted
decreasing effects on the yield with the increase of doses (Figure 2C). These reductions can be attributed
to the fact that high doses of Li are harmful in the bloom phase, promoting changes in pollen or
interfering in important enzymatic activities (GUMBER et al., 1984). Besides, the accumulation of Li in
the cytosol can interact with proteins and modulate various biochemical processes, affecting plant yield
and development (BAKHAT et al., 2019; HARWOOD, 2005). Therefore, it can be speculated that high
doses of lithium may interfere with the development and productivity of chia culture because this element
has induced some metabolic changes of vital importance in plants. However, the effect of lithium in low
and high concentrations on the morphogenesis of the chia plant has not yet been fully clarified.

In this study the foliar application of doses of LiOH promoted an increase of Li contents in the chia
grain, which according to the point of maximum efficiency evaluated, occurred positively until the
application of 18.5 and 24.6 g ha™, in the genotypes Argentina and Paraguay, respectively (Figure 3B),
demonstrating that doses of LiOH applied via foliar fertilization resulted in the biofortification in the chia
grain, and the best averages were observed in the genotype Paraguay.

The experiments performed by Robinson et al. (2018), reported that the effect of increased Li
concentration on plants is positively correlated with Ca, Fe, K, and Zn, which indicates that Li can be
transferred mainly in the xylem and accumulate in the roots, leaves, seeds or fruit. On the other hand,
Seregin & Kozhevnikova (2020) reported that low molecular weight binders (nicotianamine, histidine,
phytochelatins, phytosiderophores, and organic acids) play an important role also in the transport and
concentration of large amounts of metals in plants.

However, according to Shahzad et al. (2016), the accumulation of Li by different plant species can
also be partially explained by different experimental conditions, age of plants, sampling date, and
exposure. Li concentration is expected to be higher in dicotyledons (e.g., Arabidopsis thaliana,
Helianthus  annuus, and Brassica napus) than in  monocotyledons (e.g., Zea mays)
(HAWRYLAK-NOWAK et al., 2012; MARTINEZ et al., 2018). Chia is a plant belonging to the
dicotyledonous class (DI SAPIO et al., 2012) so it can be expected that plants can easily absorb this
element. It is important to mention that the doses of lithium have been plotted in two seasons of an
application being the first before flowering and the second applied in the filling of the grain.

The specific ability to accumulate different amounts of Li in different parts of the plant also
depends on the species, dose, source applied, adaptation, and tolerance to this element, with some species
acting as hyper-accumulators while others are sensitive to the toxicity of Li (QIAO et al., 2018;
FRANZARING et al., 2016). Concerning the culture of chia, there is no information published so far
about concentration, adaptation, toxicity, or distribution of Li in plant tissues, so more research is needed.
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Li is found in small quantities in all soils, mainly in the clay fraction and to a lesser extent in the
organic fraction of the soil. Normally this element enters the environment employing weathering
processes, once in the environment, it is easily transported by the xylem to the vegetal biomass, by
potassium carriers of high affinity, therefore, the plants will easily absorb Li in the leaves (ARAL &
VECCHIO-SADUS, 2008; EVANGELOU et al., 2016; MARTINEZ et al., 2018). Tanveer et al. (2019)
also reported that lithium can enter the xylem via HKT1 or HKT2 (monovalent cation carriers that play a
very important role in stress tolerance), replacing K+ and then can be transported to the leaves. In this
study, the accumulation of Li in the leaves varied from 28.7 to 33.2 mg kg™ of biomass, while in the soil,
from 5 26.1 to 29.6 mg kg™, this according to the averages observed, but without showing significant
effect (Figures 3C and 3D). The concentration of Li detected in the soil may be a probable explanation
for the presence of Li in control plants. Furthermore, another possible explanation is the fact that Li is a
natural element of drinking water, being found mainly in ionic form in water (ARAL &
VECCHIO-SADUS, 2008). According to the literature, surface water contains Li in levels between 1 and
10 pg/L (SCHRAUZER, 2002)

Physiological adaptations allow some species to tolerate and resist adverse ionic conditions that are
toxic to most other plants (JIANG et al., 2019). In this study, the physiological characteristics of stomach
conductance and perspiration were also positively influenced by low doses of lithium hydroxide applied
via foliar fertilization (Figures SA and 5B). According to Wehr et al. (2017), the increase in perspiration
(GS) also promotes the increase in stomach conductance (E) of plants, a fact observed in this work. In
low concentrations, one of the important specific characteristics of the physiological role of Li is its
ability to regulate the biosynthesis and accumulation of alkaloids (KASHIN, 2019). However, the
maximum dose applied (40 g ha') was influenced negatively, independent of the chia genotype. Jiang et
al. (2014), reported a significant reduction in stomach conductance in wild plants (Apocynum venetum)
submitted to the application of 400 mg Li dm™ of soil. Lithium is potentially toxic in increased
concentrations.

It is known that higher plants complete their life cycle without Li, but the intensification of Li stress
in plants can significantly influence the physiology or mediate some biochemical processes, for example,
it replaces Mg in chlorophyll, reduces stomach conductance, being possible an imbalance between the
biochemical and photochemical phases of photosynthesis, breakage of plastoquinone, carotenoids and
inhibits the Calvin cycle decreasing the generation of ATP (RZYMSKI et al, 2017; SHAHZAD et al.,
2016). It is known that the generation of ATP in plant tissues, is the main source of energy for various
metabolic processes in plant tissues. According to Tanveer et al. (2019), the decrease of ATP production
from plants under Li stress may cease essential cellular functions that can affect cellular physiology.
Information on the physiological functions and distribution patterns of Li in plants is limited or relatively
little recognized (KALINOWSKA et al., 2013). However, further studies are still needed.

In this study, the differences in morphological and physiological characteristics (Figures 1 and 4),
observed between the genotypes of chia may be due to different responses of adaptation to the Cerrado
environment. According to Furquim et al. (2018), cultures in the Cerrado Biome have developed several
morphological and phenological adaptations for survival in adverse conditions. The superiority of the
Paraguay genotype may be due to an improvement in adaptability in the Cerrado Biome compared to the
Argentine genotype that is recently adapting to this region.

According to Fidelis et al. (2019), the Paraguay genotype is rustic and is adapting to the
edaphoclimatic conditions of the Cerrado. Chia genotypes cultivated under different environmental and
cultural conditions showed variation in productivity, growth, and composition of the chia seed (AYERZA
& COATES, 2009, AYERZA, 2019). The transport and dispersion of chia genotypes to new
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environments in the cerrado may be a possible explanation of the morphological differences between the
genotypes documented in this research. In this study, the difference between chia genotypes for plant
height, the upper stem was only 4.89 and 5.99 cm respectively (Figures 1A and 1B).

As for productivity characteristics, the Paraguay genotype showed longer bunch length (12.30 cm),
some bunches (33 bunches/plant), and mass of one thousand grains (1.21 g) resulting in higher yield
(Figures 1C, 1D, 3A, and 4A). However, it is important to note that the averages of plant height, upper
stem height, bunch length, number of bunches, and mass of one thousand grains obtained in this study are
close to the averages obtained in other recent studies evaluating doses of fertilization (NPK) in chia
culture (FIDELIS et al., 2019; GRIMES et al. 2019; SOUZA & CHAVES et al., 2017). As for the
physiological characteristics, the genotype Paraguay also showed greater liquid photosynthesis (9.71
umol of CO, m? S™) stomach conductance (0.17 umol of H,O m? S™) and perspiration (4.87 umol of
CO,m™ S™) (Figures 4A, 4C, and 4D).

Depending on the genotype, doses, source, and phenological phase of application it is possible to
achieve biofortification with Li thus increasing the levels of this element in vegetables and cereals.
Mtyniec et al. (2014) and Vita et al. (2015) report that Li can be beneficial in stabilizing anxiety, mood
and reducing suicides in the population caused by low consumption of this element.

The recommended minimum daily intake of Li is 1 mg for an adult of 70 kg per day
(SCHRAUZER, 2002; MARSHALL, 2015). Considering that the minimum recommended daily intake of
chia is 25 g (CHICCO et al., 2009; JIN et al., 2012), it is possible to estimate that the consumption of 25
g of chia cultivated with an application of 24.6 g ha' (21.9 mg kg') in the Paraguay genotype or 18.5 g
ha' (11.2 mg kg™') in the Argentina genotype using LiOH as the source, would represent 54.95 and 28.2%
of the recommended level, respectively. However, these calculations do not include the loss of the
absorbed lithium content in the grain that may occur during processing; thus, they also do not include the
availability of this metal in the body.

Biofortification is seen as a sustainable strategy to provide nutritious food to the population, but
further studies are still needed on the agronomic biofortification with lithium for the adequacy of
concentrations to be applied (BOLDRIM et al., 2012; SZKLARSKAE & RZYMSKI, 2019).

Conclusion

The highest concentrations of lithium in the chia grains are obtained with the application of 24.6 g ha’
and 18.5 g ha! of LiOH for the genotypes Paraguay and Argentina, respectively.

The best responses in height, bunch length, number of bunches, lithium content in the grain, the mass of
one thousand grains, photosynthesis, perspiration, and stomach conductance were obtained with the
Paraguay genotype.

Regardless of genotype, LiOH doses above 30 and 40 g ha' promote reduction on morphological and
physiological characteristics in chia culture.
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