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Abstract: Iodine is a non-essential element for land plants, but is considered as a beneficial element,
related to antioxidant capacity, environmental adaptations and improvement of plant growth. Salinity
is one of the more recurrent abiotic stresses worldwide, seriously affecting vegetal production.
The aim of this work was to evaluate iodine application (Q products® and KIO3, Quimcasa de
México, Naucalpan, Mexico) in strawberry plants under normal and salt stress conditions. Growth,
antioxidant content, essential minerals, iodine accumulation and fruit quality were evaluated. The
results showed that, under stress conditions, the application of Q products increased ascorbate
peroxidase (APX) and catalase (CAT) activity as well as glutathione (GSH) content and yield in fruit,
without avoiding biomass loss; with the application of KIO3 an increase in GSH and APX activity
as well as P and K concentrations were obtained. In leaves an increase in P, Ca, Mn and iodine
accumulation was evidenced with the application of Q products, and an increased concentration of
ascorbic acid and iodine with KIOj; treatments. Under normal conditions in fruits, the application
of Q products increased phenolic compounds synthesis; additionally, an increase in Ca and Mn
concentrations was shown. KIO3 application increased the firmness and Mn. In leaves, the application
of Q products increased chlorophyll a, b and calcium. In conclusion, the application of iodine
improves the quality value of strawberries under normal conditions and provides an enhancement

of salt stress tolerance.

Keywords: antioxidants; nutraceuticals; redox metabolism; iodine

1. Introduction

Iodine is an essential trace element in mammals, but not for terrestrial plants. How-
ever, exogenous application of iodine in plants has been associated with beneficial effects,
such as an increase in growth, increase in the biosynthesis of antioxidants and enhancement
of tolerance stress [1]. However, the specific physiological mechanism via which this phe-
nomenon occurs remains unclear, but is possible to attribute it to the broad oxidoreductive
capacity of this element [2]. Related to the above, two functional hypotheses exist; the
first one suggests a direct reaction between iodine in its reduced form and reactive oxygen
species (ROS), acting as an inorganic antioxidant, most clearly evidenced in aquatic species
such brown seaweed [3]; the second suggest that this element can act as a pro-oxidant,
triggering a greater synthesis of antioxidants; an example of this is the positive correla-
tion found between iodate and iodide application in crops such as tomato [4], lettuce [5],
basil [6], pepper [7], grains [8], etc., and the increase in both enzymatic antioxidants such
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as superoxide dismutase and ascorbate peroxidase, as well as non-enzymatic antioxidants
such as phenolic compounds, glutathione, and anthocyanins content, providing an increase
in tolerance to adverse factors [9,10].

The strawberry crop has an enormous economic importance around the world, due
mainly its high nutritional value and flavor. Mexico has a planted area of 24,600 ha, being
in third place worldwide in strawberry production, below only the United States and
China [11].

Salinity is a major abiotic stress that restricts plant productivity caused by ionic and
osmotic unbalance, affecting the metabolism, homeostasis and growth [12]. It is estimated
that at least a third of agricultural land in the world is affected by high salt content [13].
Particularly, strawberry plants exhibit a great sensitivity to salinity [14], their optimum
electrical conductivity (EC) being between 1 and 1.5 dS; values above these cause adverse
effects on metabolism [15].

For that reason, the principal objective of this research work was to determine the effect
of the application of iodine-based products, Q products (Q 2000 plus®, Q irrigation®, Q
catalyst® and Q energy®, Quimcasa de México, Naucalpan, Mexico) and KIO; on growth,
antioxidant content, essential minerals, iodine accumulation and fruit quality, in order to
establish if they provide enhancement against stress conditions.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

On June 2019, strawberry plants cv San Andreas were planted in 10 L containers filled
with loam soil + perlite (1:1 v/v), with content of organic matter 4.9%, C.E. 0.58 dS m1,
PH(water) 7-59 and the following concentration of available forms of nutrients was measured:
N 0.5meq L1, P0.5meqL~!, K10 meqL~!,Ca50meqL~!,S5meqL~!, Mg 15meq L™},
Na7.54meqL~!,FedmgL~!,Zn1.8mgL~!,Mn87mgL~!,Cu0.5mgL!,B0.76 mg L.
Nutrition was applied one day after plant establishment by an automated irrigation system,
starting with the application of humic acids at 3.8 Kg ha~!, continuing with nutritive
solution containing MgSOy 0.5 meq L~!, KNOj3 5.65 meq L~ H3PO, 12.5 mL [16] and
ending with citric acid at 15 kg ha™!, rotating once per week. The pots were kept in a
greenhouse in Saltillo, Coahuila, Mexico. During the experiment the average temperature
was 21 °C and relative humidity 51%.

2.2. lodine Based Products Application and Salt Stress Conditions

Application of iodine based products, via foliar, started one week after plantation
(June 2019), until the end of the crops cycle (January 2020). These consisted of two sources
of iodine: KIO; (reagent grade) applied biweekly at 100 uM, and Q products® applied
twice weekly in two different rounds, as indicated in Figure 1 and Table 1, under normal
conditions (EC. 1.5 dS m™1). Salt stress started seven weeks after plantation applying NaCl
10 mM, reaching an electrical conductivity (EC) of 2.5dSm™~!.
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Figure 1. Graphical Scheme of Q products treatment application frequency.
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Table 1. Q products® application frequency, in agreement with the commercial brand.

Q2000 Plus®7.5mLL~1, Q Algy® 75 mL L1, Q
Riego® 0.5 mL L~!

Second application (Thursday) Q2000 Plus® 7.5 mL L~ !

Q2000 Plus® 7.5 mL L1, Q Energy® 7.5 mL L1,
Q Riego® 0.5 mL L1

Second application (next Thursday) Q2000 Plus® 7.5 mL L.

The reported composition of the Q 2000 plus product is 1.5% free iodine, 10% catalysts, 27% surfactant, 61.5%
vehicle. Q Algy extract of kelp and spirulina 22.1%, Q energy: humic and fulvic acids 3%, amino acids 7%, macros
4-2-2%, micros 12% and vehicle 78%.

Round 1. First application (Tuesday)

Round 2. First application (next Tuesday)

The experimental design was completely randomized and treatments were applied
in plants with and without stress conditions, as shown in Table 2, every treatment with
25 repetitions giving a total of 150 strawberry plants.

Table 2. Representation of treatments applied under normal and stress conditions.

Control Q Products KIO;
Normal conditions EC 1.5 dS m~1!
NaCl 10 mM Q products + NaCl KIO3 + NaCl

Salinity stress conditions EC 2.5 dS m~!

2.3. Plant Sampling

Three samplings were carried out to determine growth. The first was carried out at 12
weeks after plantation (wap), in seedling stage; the second was carried out at 19 wap, in
the flowering stage and the third was carried out at 30 wap, during full fruit production.
Sampling was done in a completely randomized way; five plants were taken from each
treatment and the number of leaves, crowns, foliar area, and fresh and dry weight of leaves,
stems and roots, as well as fruit weight, were measured non-destructively.

In the third sampling, additionally to growth, antioxidants, essential minerals (N, P, K,
Ca, Mg, Fe, Mn, Cu and Zn), quality of fruit and iodine content in leaves and fruits were
evaluated.

2.4. Quantification of Plant Growth

Leaf area

The leaf area was measured with a Li-Cor model 3000 A leaf area integrator with
0.1 mm? resolution along the leaf blade, expressed in units of cm?.

Fresh weight

The plants were divided into stems, roots and leaves, then washed and drained and
weighed using an OHAUS® brand digital scales, recording the fresh weight. Subsequently,
they were placed in a drying oven for 48 h at a temperature of 70 °C and then weighed
again, the dry weight recorded and expressed in grams.

Dry weight

The stems, roots and leaves were weighed after 48 h of drying, using an OHAUS®
brand digital scale, recording the weight in grams.

2.5. Determination of Antioxidants

Phosphate buffer extraction

The sampled plant tissue was lyophilized and macerated with a mortar, then 100 mg of
pulverized tissue were weighed and placed in tubes, then 10 mg of polyvinyl pyrrolidone,
2mL of 0.1 M phosphate buffer pH 7.2 were added and sonicated for 10 min; subsequently it
was subjected to microcentrifugation at 12,000 rpm for 10 min at 4 °C, then the supernatant
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was collected and filtered with a nylon membrane [17]. Finally, it was diluted 1:15 with
phosphate buffer.

Water-acetone extraction

Powder tissue was weighed (100 mg) and placed in tubes, then 2 mL of the water:
acetone solution was added in a 1:1 ratio. This was vortexed for 30 s, then sonicated for
5 min and finally subjected to microcentrifugation at 4 °C at 12,500 rpm for 10 min. The
supernatant was filtered and placed in an amber tube.

Ascorbic acid (Asa)

Ascorbic acid was quantified by liquid chromatography (HPLC), using the water:
acetone extract, under the following chromatographic conditions: mobile phase NaH;POy
50 mM pH 2.8: acetonitrile (80/20), flow 1 mL min~!, wavelength at 230 nm, Aquasil C-18
column, in a run time of 16 min [18].

Total phenols (Phe)

Total phenolic compounds were quantified from the water:acetone extract, according
to [19], using a Folin-Ciocalteu reagent. The results were expressed in grams of gallic
acid/kg dry tissue.

Superoxide dismutase (SOD)

The quantification of SOD was carried out from the phosphate buffer extract, using a
Cayman® 7060002 commercial kit (Cayman chemical company, Ann Arbor, MI, USA.). In
principle, the oxidation of the WST (Water soluble tetrazolium salt) dye is formed by the
superoxide ions by the whole xanthine (XO)/xanthine (X) oxidase. The inhibition in WST
oxidation is attributed to the neutralization of superoxide radicals by SOD.

Total proteins

Total proteins were quantified according to the method established by Bradford [20],
the units expressed in g proteins kg ! dry tissue.

Ascorbate peroxidase (APX)

The activity of the APX enzyme was determined at room temperature (25 °C) and
proceeded as follows: 0.1 mL of the biomolecules extract, 0.5 mL ascorbate at 10 mg L~ 1and
1 mL 100 mM H;O, were added to a centrifuge tube. After 5 min the reaction was stopped
with 0.4 mL of 5% trichloroacetic acid. The ascorbate consumption rate was quantified at
266 nm by spectrophotometer uv-vis. The units of activity (IU) were expressed in (ppm
ascorbate) min~!/total proteins [21].

Catalase (CAT)

Catalase activity was quantified by spectrophotometry, carried out by measuring two
reaction times, time 0 min (T0) and time 1 min (T1). The reaction mixture for the blank
was prepared by adding 0.1 mL of the biomolecules extract, 1 mL of phosphate buffer pH
7.2 and 0.4 mL of 5% trichloroacetic acid, and the reaction mixture for TO was prepared
by adding 0.1 mL of extract of biomolecules, 1 mL of 100 mM H,O, and, immediately
afterwards 0.5 mL of the 5% acid. The same process was applied for T1, except that the
0.5 mL of 5% acid was applied after 1 min of reaction between the extract and peroxide.
The reaction was carried out at room temperature, under constant stirring. Finally, the
consumption of HyO, was read at 270 nm in a uv-vis spectrophotometer. The units of
activity (IU) were expressed in mM H,0, min~!/total proteins [22].

Glutathione peroxidase (GPX)

GPX activity was measured using the modified method of [23]; 0.2 mL of the extract
was placed in tube, plus 0.5 mL of 1 mM reduced glutathione and 0.2 mL of 0.067 M
Na,HPOy, then 0.2 mL of 1.3 mM H,0O,. This was allowed to react for 10 min and was
stopped by adding 1 mL of 1% trichloroacetic acid. This mixture was then centrifuged at
3000 rpm for 10 min, and subsequently 0.48 mL of the supernatant were placed in another
tube plus 2.2 mL of 0.32 M NayHPO4 and 0.32 mL of 1 mM of the 5.5 dithio-bis-2 nitro
benzoic acid (DTNB). This was read in a spectrophotometer at 412 nm [24].
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Glutathione (GSH)

GSH quantification was carried out by placing 0.48 mL of buffer extract plus 2.2 mL
Na,HPO, at 0.32 M and 0.32 mL 1 mM DTNB. This was allowed to react for 15 min at
room temperature. Finally, this mixture was read in a uv-vis spectrophotometer at 412 nm.
The results were expressed in mM. [25].

Total anthocyanins

For the extraction of anthocyanins, 100 mg of lyophilized fruit were weighed and 2
mL of the extraction solution (ethanol/water/concentrated HCI) were added in a 70:29:1
ratio. It was subjected to homogenization using the vortex and subsequently separated by
centrifugation at 12,000 rpm for 10 min. The supernatant was read at 540 nm in a uv-vis
spectrophotometer. The concentration was calculated with the following formula and the
results expressed in equivalents of malvidin-3-glucoside [26].

TA = (A540nm) (Pm of malvidin glucoside) (1000)/(dilution factor)/(molar extinction coefficient) (path).

Chlorophylls (Chlo)

The chlorophyll content was quantified by the method proposed by [27]. 1 g of fresh
plant material was weighed, homogenized in mortar, then 5 mL of 90% acetone were
added. Additionally, 10 mg of magnesium carbonate was added (to protect and stabilize
the chlorophylls). Then 2 mL of the extract were taken and placed in a centrifuge tube and
centrifuged for 5 min at 10,000 rpm at 2 °C and the supernatant was extracted. Chlorophylls
a and b were quantified by reading absorbances at 663 and 645 nm, respectively, and 90%
acetone was used as a blank. The total chlorophyll content was expressed as g g~ !, and
was determined using the following formulas.

Chlorophyll a (ug-g~!) = 25.38 x A663 + 3.64 x A645
Chlorophyll b (ug-g~1) = 30.38 x A645 — 6.58 x A663
Chlorophyll total (ug-g~!) = 18.8 x A663 +34.02 x A645

2.6. Determination of Essential Minerals

Acid digestion of plant tissue

Dehydrated samples were weighted (1 g) and placed in beakers, then 30 mL of nitric
acid were added for a period of 4 h on a heating plate until the clarification of the mixture.
Finally, it was graded with distilled water to 100 mL and filtered with Whatman # 41
paper [28].

2.7. Quantification of Minerals

The K, Ca, Mg, Mn, Fe, Zn and Cu were quantified using a Varian spectra-240 fs brand
atomic absorption spectrophotometer (AA) with flame. Phosphorus (P) was analyzed by
uv-vis spectrophotometer, following the amino-naphthol-sulfonic acid (ANSA) technique
according to [29]. Results of macro-elements were reported in % (g element/100 g plant
tissue) and microelements in ppm (mg element/kg plant tissue).

2.8. Quantification of lodine Concentration

Iodine was extracted from leaves and fruits using the alkaline ash technique modified
by [30]; 1 g of dry plant tissue was weighed and placed in crucibles at constant weight.
Later 2 mL 2 M KOH and 1 mL of 2 M KNOj; were added and the mixture placed in an
oven at 100 °C for 2 h. Subsequently, the crucibles were put in a muffle at 580 °C for 3 h.
Finally, the iodine was extracted with 2 mL of KOH at 2 mM. Quantification was performed
using inductively coupled plasma-optical emission spectrometry (ICP-OES), Agilent 725.
The results were expressed in mg I per kg of dry tissue.
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2.9. Fruit Quality

Firmness

The firmness of the strawberry fruits was measured with a GY-03 penetrometer. At
an opposite point, the fruit was firmly grasped and the single-impulse penetrometer was
introduced up to the mark, the reading was taken and the results obtained in kg/cm?.

Brix grades

This measurement was made with the use of a manual refractometer, placing a drop
of strawberry fruit juice and closing the lid gently so that the sample covered the surface of
the prism; observing through the sight glass, the reading was taken directly and reported
in o brix.

% Loss of Firmness

For this analysis firmness was measured as previously described and this was repeated
after 7 days. To calculate the % loss of firmness the following formula was used:

% loss of firmness = (firmness day 1 — firmness day 7)/((firmness day 1) x 100)

2.10. Fruit Production

The harvest was collected according to the maturity of the fruit, determined by the
color according to the Source: NMX-FF-062-SCFI-2002; all the fruits were harvested at the
maturity stage chosen in each of the cuts that were made during the whole productive
cycle; labeled according to the treatment and the plant number, they were weighed in a
semi-analytical scale, and results reported in grams per plant.

2.11. Statistical Analysis

The statistical analysis was carried out in two forms, univariate and multivariate. Uni-
variate was performed using an analysis of variance one way (ANOVA) with 5 repetitions
per treatment. Each plant was considered as an experimental unit, followed by a test of
means of least significant difference (LSD, p < 0.05). For multivariate, a multiple linear re-
gression was performed with Pearson correlation and principal components analysis (PCA)
obtained from the correlation matrix, thus reducing the dimensionality of the database,
both analyses using the Infostat software package (2018 version).

3. Results
3.1. Growth Parameters—Anova One Way

As can be seen in Figure 2, the harmful effect of salinity stress was evidenced in
the second and third sampling through the reduction of biomass, by 26% and 16.7%,
respectively; the red arrows indicate the control plants and NaCl control.

The results indicated that under normal conditions the application of iodine-based
products did not affect the plant biomass in any of the three samplings, compared with
control. On the other hand, under salt conditions in the first and third sampling there were
were no differences between the biomass of the treated and the control plants; however, in
the second sampling the applications with Q products® (Quimcasa de México, Naucalpan,
Mexico) showed a reduction in biomass, compared with control.

Table 3 shows results for growth parameters, number of leaves, crowns, leaf area (LA),
fresh weight of leaves (FWL), stem (FWS) and root (FWR), as well as the total fresh weight
(TEW) of the treated and control plants. It was found that the number of leaves, the number
of crowns, the foliar area, and the fresh weight of the stem and leaves were not modified
by any treatment or by saline stress. However, the reduction in fresh weight of the root, as
well as of total fresh by the application of both sources of iodine under normal conditions
and under conditions of salinity stress did not show statistically significant differences
compared to the NaCl control plants.
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Figure 2. Total dry biomass of the strawberry plants treated with iodine-based products, represented in grams, in the three

samplings under normal and salt stress conditions values with same letters do not show statistically significant differences,

p > 0.05.
Table 3. Growth parameters in strawberry plant in third sampling.
Leaf Area Fresh Weight  Fresh Weight  Fresh Weight Fresh Weight
Treatment # Leaves # Crowns (LA) of Leaves of Stem of Root Total FWT (¢)
(FWL)(g) (FWS)(g) (FWR) (g) &
Q 43.6a 74D 13.47 a 46 a 38a 443D 128.68 b
KIO; 62a 13a 1491 a 54 a 44 a 58.5b 157.76 b
KIO3 + NaCl 55a 84a 129a 46 a 36a 54.4Db 137.71 ab
Q + Na(Cl 46.4a 82a 13 a 40 a 35a 342D 109.93 b
control 63.6 a 11.2 ab 113 a 69 a 52a 71.33 a 1929 a
NaCl 66.4a 11 ab 13.6a 58 a 63 a 58.1b 160.23 b
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3.2. Antioxidants
3.2.1. Fruits

Table 4 show the results obtained for antioxidant content in strawberry fruits under
normal and stress conditions. Regarding the concentration of ascorbic acid, modifications
were not found by any treatment, with or without salinity stress. Total protein content
decreased with the application of Q products in both conditions, as well as plants under
stress and treated with KIO;. Regarding the antioxidant activity of the main enzymes, it was
evidenced that SOD did not show statistically significant differences between treatments,
with and without conditions. However, the ascorbate peroxidase and catalase activity
increased after the application of Q products under stress conditions.

An increase in GPX activity was presented in plants under saline stress without
treatments, a phenomenon that did not occur in plants under the same stress conditions
treated with any of the iodine products. Consistent with the above, a reduction in the
glutathione concentration was found in the NaCl control plants, as well as an increase in
GSH after the application of both sources of iodine under salt stress.

No differences were observed between control and treated plants under normal conditions.

The content of total anthocyanins decreased with KIO; treatment in comparison with
the absolute control and NaCl control plants.

The antioxidant capacity did not show changes between treatments or stress conditions.

3.2.2. Leaves

Table 5 shows the results obtained from antioxidants and metabolites in leaves under
normal and salt stress conditions, and it was found that after Q products application the
content of chlorophyll a, b and total increased under normal conditions compared with the
control. However, the same trend was found in the NaCl control plants. After application
of KIO; a reduction in total phenolic compounds was also evidenced. Under salt stress
conditions it was found that, for the plants treated with KIO3, the content of ascorbic acid
increased, while plants treated with Q products showed a reduction in GSH content.

3.3. Essential Minerals
3.3.1. Fruits

Table 6 shows the results of essential macro elements, expressed in % (g mineral /100 g
dry tissue) and microelements expressed in ppm (mg kg 1) in the fruits of strawberry plants
under normal and stress conditions. Salinity stress led to a reduction in the concentration
of potassium and magnesium, but K deficiencies were reduced after the application of both
sources of iodine (KIO3 and Q products) and for magnesium only with the application
of Q products. A higher phosphorus concentration was also found after the application
of KIO; under salinity conditions compared to both controls. Additionally, the calcium
concentration was increased with the application of Q products with and without salt
stress. Finally, both iodine treatments promoted an increase in manganese content under
normal conditions, no differences found in iodine concentration.
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Table 4. Effect of iodine- based products on antioxidants content in strawberry fruits, with and without salt stress.

Superoxide Ascorbate Glutathione . Antioxid
1 1 1 . . Catalase . Glutathione Anthocy .
Stress Asa gkg Prot g kg Phe g kg Dismutase Peroxidase CAT [UI] Peroxidase (GSH) (mM)  (me 100 g-1) Capacity
(SOD) (UIg-1)  (APX) (UI) (GPX) (UD) &0 8 (mM Teac)
Q Without 226 a 3.38b 2.28 a 6.23 a 0.11b 339b 75.7b 0.38 ab 48.8 a 3a
NaCl 1.79 a 2.18b 1.68b 7.8a 0.84 a 66.4 a 55.5b 0.54b 57.8 a 21a
KIO Without 191a 4.82a 0.94b 393 a 031b 1498 b 46.1b 0.39 ab 30.1b 291a
3 NaCl 221 a 3.07b 1.11b 6.3a 0.07 b 12.8b 73.7b 0.45 ab 583 a 297 a
| Without 1.75a 411a 1.06 b 4a 0.24b 19.66 b 50.1b 146 a 48.7 a 294 a
contro NaCl 1.99a 48a 1.59 a 41a 0.05¢ 245b 107 a 0.034 ¢ 61.7 a 3.04a
Values with same letters do not show statistically significant differences, p > 0.05.
Table 5. Effect of iodine- based products on antioxidants content in leaves, with and without salt stress.
-1 -1 1 SOD (Ul
Stress Asagkg Prot g kg Phe g kg g 1) APX (UD CAT [UI] GPX (UI) GSH (mM) Chlo t Chlo a Chlo b
Q Without 141b 3.1a 7.7 ab 7.6a 0.28 ab 40.7 a 94.7 a 1.11 ab 127.44 a 77 a 45.2 a
NaCl 1.48b 41a 9.05a 6a 0.88 a 41.6a 63.44 a 0.73b 115.73b 76.1b 37.8b
. 047 b 4.6a 5.8 ¢ 4a 0.69 ab 155a 50.12 a 1.06 ab 1149b 759b 359b
KOs WithoutNaCl 4 ¢, 51a 6.2 ¢ 35a 0.18a 159a 39.8 1.09 ab 1133b 755b 33.08b
| WithoutNaCl 1.16b 43a 92a 43a 0.78 a 105a 70.7 a 1.36a 100.89 b 74.7b 26.36 b
contro ithoutNa 12b 42a 7.2 ab 6a 0.66 ab 2035 a 57.7a 1.35a 1493 a 79.1 a 62.88 a

Values with same letters do not show statistically differences, p > 0.05.
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Table 6. Effect of iodine- based products on minerals content in fruits with and without salt stress.
Macroelements (%) Microelements (ppm)
Stress P K Na Mg Ca Zn Cu Fe Mn I
Q Without 0.20Db 1.56 a 0.02¢ 0.15a 0.13a 6.0b 8.4a 25a 14a 4.08 a
NaCl 03b 1.73 a 0.06 a 0.15a 0.12a 8.3 ab 56a Oa 13 ab 545 a
KIO Without 0.24b 1.17b 0.02c¢ 0.13a 0.09 bc 9.4 ab 29a 19a 13.5a 35a
3 NaCl 0.7a 149 a 0.07 a 0.14 ab 0.08 ¢ 7.2 ab 25a 64 a 12.5 ab 4.39 a
| Without 0.13b 143 a 0.02c 0.16 a 0.09 bc 8.7 ab 1.8a 53 a 12 be 332a
control Nacl  011b  122b  0.04b  0.12b  0.05c 24a 84a Oa 11b 49a
Values with same letters do not show statistically significant differences, p > 0.05.
3.3.2. Leaves
In Table 7 are shown the results obtained from the essential macro-elements in the
leaves of plants under both conditions. In plants that were subjected to salinity stress, an
increase in the concentration of Na was evidenced as well as a reduction in calcium, a fact
that was mitigated with the application of Q product. An increase in P and Mn content
was also found with the same treatment. Regarding iodine accumulation, the highest
concentrations were found with the application of both sources of iodine under salinity
stress compared to both controls.
Table 7. Effect of iodine-based products on minerals content in leaves, with and without salt stress.
Macroelements (%) Microelements (ppm)
Stress P K Na Mg Ca Zn Cu Fe Mn I
0 Without  0.26 bc 134 a 0.02b 0.35a 0.9 bc 20a 11a 200 a 45 bc 17.58 a
NaCl 0.59 a 143 a 0.05 a 0.44 a 1ab 20 a 125a 100 a 100 a 17.95 a
KIO Without  0.46 ab 1.32a 0.01b 0.33a 0.78 c 84a 12a 29 a 36 ¢ 14.10b
3 NaCl 0.40 be 1.31a 0.04 a 0.37 a 0.86 bc 15a 13 a 100 a 47 ab 17.65 a
| Without  0.25bc 1.45a 0.03b 042 a 113 a 11a 14 a 100 a 42 be 6.28b
control Nacl 0.1c 1.37a  004a  036a  0.83c 1la 10a 22a 40bc 146D

Values with same letter do not present statistical differences, p > 0.05.

3.4. Production and Fruit Quality

In Table 8 are shown the results of yield and fruit quality in plants under both condi-
tions, and an enhancement in yield was evidenced with Q products application under salt
stress. Additionally, an increase in firmness and a reduction in the loss of firmness were
found with the application KIO; without salt stress.

Table 8. Effect of iodine-based products on fruit quality and yield.

: o,

Stress Yield (g) Brix (IE;T;te_sls) Fifn:(;sess .

Without 260.6 a 541b 6.78 ab 80.11a

Q NaCl 227.35a 5.78 ab 450 ¢ 58.64 b

KIO, Without 2623 a 5.92 ab 5.7 be 81.46 a

NaCl 140.37 b 5.1 ab 8.0a 85.89 a

Without 23326 a 53b 5.74 be 88.11a

control NaCl 1949 b 65a 6.4 be 7331 a
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3.5. Multivariate Analysis
Multiple Lineal Regression: Pearson Correlation

A multiple linear regression was performed, using the Pearson correlation to observe
the relationships between variables (see Table 9), and among the highlights a significant
correlation was found between antioxidant potential and ascorbic acid concentration
(0.6), superoxide dismutase activity (0.9), glutathione peroxidase (0.8), and reduced glu-
tathione (0.7).

Table 9. Comparation between traits using multiple linear regression and Pearson coefficients.

Prot SOD CAT APX  Anthocy GSH PA P K Ca Mg Na Fe Mn 1 FWT DWT Yield
asa 04 08 060 0.1 0.9 05 06 05 05 01 04 03 03 05 02 02 03 02
prot 1 01 01 01 0.6 09 05 03 01 04 01 09 07 01 03 06 06 07
phe 1 03 01 09 0.3 03 05 03 01 03 01 01 01 09 09 08 09 07
SOb -08 1 01 01 0.8 04 09 06 04 04 01 06 07 02 09 08 09 06
APX —-04 05 01 1 0.9 09 02 02 05 05 02 01 06 09 01 01 01 07
CAT -05 07 1 0.5 0.9 08 02 02 07 09 01 01 03 06 06 01 01 07
GPX -02 02 01 -03 0.3 02 08 07 09 08 09 08 08 08 09 05 02 03
GSH -01 -02 —-01 01 0.9 1 07 07 06 06 09 01 09 09 09 1 07 01
Antoc —0.1 01 01 —0.1 1 01 05 03 05 04 04 08 02 05 09 02 06 040
PA 01 01 —-02 -01 -0.1 -01 1 05 08 08 05 03 03 08 09 08 08 01

Additionally, a correlation was found between iodine and total phenolic compounds
(0.9), superoxide dismutase (0.9), glutathione peroxidase (0.9), and reduced glutathione
(0.9), total anthocyanins (0.9) and antioxidant potential (0.9). The variables correlating with
both dry and fresh weight and yield were total proteins, phenolic compounds and enzymes
with antioxidant activity.

3.6. Principal Components Analysis (PCA)

The multivariate analysis of principal components evidenced that 58.7% of variance
was explained by two principal components, and as can be observed in Figure 3 there is
a positive correlation between the content of phenolic compounds, the activity of SOD,
potassium, magnesium, calcium, manganese and yield with Q treatment under stress
conditions, compared to tendency of control plants (NaCl).

Biplot of principal components in strawberry fruit

Q+Nacl s Mg

3.00 -

Control

CP 2 (28.5%)

\GSH ’
firmness \ Fe FWT
. -

« KIG3+NaCl

.
KlQ3

-EI[IEI -SIEI[I 0 IEIEI 3I[IEI SIEI[I
CP 1(30.2%)

Figure 3. Biplot of parameters of antioxidants, elements, quality, growth and yield in strawberry
fruit, under both conditions.
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In addition, a positive correlation was found between the enzymatic activity of ascor-
bate peroxidase, catalase, reduced glutathione, fresh and dry weight, and % loss of firmness
with the application of the KIOj; treatment, under stress conditions, compared to control
plants (NaCl).

Through this multivariate analysis, no difference in tendency was found between
treatments and control under normal conditions.

4. Discussion

One strong piece of evidence to define stress condition is plant biomass and yield [31].
In the present research, it was found that the application of iodine-based products does
not modify the growth of plants under normal conditions, but neither does it prevent
the reduction of biomass under salt stress conditions. However, the yield, quality and
nutraceutical value of strawberry fruits were improved.

Regarding the quality and nutraceutical value of the fruits, under normal conditions
an increase in the concentration of non-enzymatic antioxidants such as phenolic com-
pounds was found after the application of Q products, where free iodine is the active
principle. Similar results were found in the content of total phenolic compounds with
the foliar application of KIO3 at <80 uM in basil [32] and lettuce [33] plants, arguing for a
possible enhancement in the synthesis of the main enzymes of the shikimate pathway and
phenylpropanoids, shikimate dehydrogenase (SKDH) and phenylalanine ammonium lyase
(PAL). Additionally, the increase in these compounds was correlated with photoprotection
in photosynthetic pigments due to their antioxidant activity, a case similar to the present
research, where an increase in chlorophyll a and b was evidenced.

However, with this same treatment, a reduction in total protein content as well as
in GPX activity was also found. Despite that many examples exist in the literature of
iodine application in plants associated with an improvement or maintenance in nutri-
tional quality parameters, negative effects have also been reported in the concentration
of bioactive compounds. An example of this was an experiment carried out with lettuce
grown in hydroponics, where the application of KI at 80 uM led to a reduction in the
activity of SOD [34], mainly due to the chemical species that is applied and, therefore, the
oxidoreductive effect on the different metabolites [35]. The only constant in the applica-
tion of the different chemical forms of iodine and its impact on the metabolic machinery
this change. Gradually, adequate concentrations have been elucidated, depending on the
culture and doses.

In leaves treated with Q products, an increase in chlorophyll a, b and total was
evidenced, as well as a reduction in total phenolic compounds in the plants that were
treated with KIO;. The yield and vigor of plants are highly dependent on photosynthesis,
so the chlorophyll content is an indicator of the photosynthetic capacity of plants. Several
studies have evaluated the impact of the application of iodine on this indicator. An example
of this was reported in pepper, where after the application of low doses of I~, an increase in
Chlo a was found, and, at high iodine concentrations, a decrease occurred coupled with a
reduction in biomass [36], Wang et al. (2008) [37] in an experiment with cabbage concluded
that, after absorption and transport via phloem of iodine, this is selectively stored in the
chloroplasts of the leaves. The same author [38] in another experiment carried out with
different horticultural species argues that this is due to a balance between cations, mainly K,
which is required for electrical balance in the production of ATP in chloroplasts and anions,
which, if iodine is present, will compete with other anions to join the redox reaction.

Several studies have concluded that, as a consequence of salt stress, an overproduction
of reactive oxygen species (ROS), such as superoxide (Oy), peroxide (H,O,) and hydroxyl
(OH™), occurs, which lead to an imbalance in redox metabolism [39]. Among the defense
mechanisms that plants use to face this oxidative stress is the synthesis of enzymatic
antioxidants, which enter the primary defense line, such as superoxide dismutase, catalase,
ascorbate and glutathione peroxidase, peroxide being the substrate of the last three. There
is also a wide arsenal of non-enzymatic antioxidants such as glutathione, ascorbate, and
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phenolic compounds, among other molecules with reducing power [40]. In the present
research, it was found that under stress conditions with Q products applications, the
activity of ascorbate peroxidase and catalase increased, as well as the concentration of
reduced glutathione in the fruits, and a reduction in GPX activity was also found with the
application of KIO3. Similar results were found by [41], where the authors argue that the
application of iodine produces a possible modification in the Halliwell-Asada cycle.

In the leaves under stress conditions, a reduction in the content of GSH was evidenced
with the application of Q products, as well as of total phenolic compounds in the plants
treated with KIO;. As previously described, the hypothesis of the mechanism by which
bioactive compounds are affected is directly related to the chemical species applied; how-
ever, with respect to GSH, it is worth mentioning that it is a tripeptide which is constantly
changing its oxidized form; glutathione disulfide (GSSH) both maintains the redox status
in the cell, and reduces to GSH through the catalysis of the enzyme glutathione reductase
(GR) in the presence of NADPH [42]. On the one hand, the iodine accumulated can act
as a bio-stimulant in the synthesis of antioxidants or act as electron donor directly. This
can also be observed in the multiple linear regression analysis where iodine has a positive
correlation with antioxidant potential, GSH, GPX activity and total phenolic compounds.
Therefore, to gain a bigger picture, the quantification of the main antioxidant molecules
such as those mentioned above must be extended over different periods of time, which in
turn increases the cost and complexity of the metabolomic analysis.

Additionally, in leaves after the application of KIO3 an increase in ascorbic acid was
found, a result similar to that reported in an experiment carried out in strawberry plants,
where applying concentrations >4 uM of KIO3 ascorbic acid showed the same tendency.
However, at higher concentrations the result was the opposite [43].

It has been widely reported that the exogenous application of iodine not only impacts
the metabolomic part, but also the ionomic system, causing beneficial effects such as
cooperation in the absorption and accumulation of other elements, as well as adverse
effects such as antagonism to essential minerals.

In the present research, a strong impact on the concentration of essential minerals was
found, for example, in fruits under normal conditions, an increase in the concentration of
calcium and manganese, while in the leaves an increase was found only in calcium with
the application of Q products. Similar results were obtained in an experiment carried out
on lettuce with two iodine application forms (soil and foliar), different chemical species
(KI and KIO3) and different doses; an increase in the concentration of K, Mg, Ca and Mn
was found, regardless of the application method, dose or chemical species [44], indirectly
supporting the hypothesis that iodine application at low concentrations has a positive
influence on plants. The same author, in a similar experiment carried out in carrots, showed
different elemental relationships arguing for differences related to plant species [45].

Under stress conditions, an increase in calcium, magnesium and potassium was found
in fruits with the application of Q products, evidenced by both statistical analysis (Anova
one way), as well as multivariate analysis of principal components, while in the leaves
an increase in manganese, calcium and phosphorus was found, with no evidence of the
reduction of any essential element.

This phenomenon has been previously reported, but is not a fully understood mech-
anism. An example is [46], where an increase in macro-elements after the application of
KIOj; in nopal was found. On the other hand, antagonistic effects have also been found on
the concentration of essential elements in species such as lettuce [47]. This has been partly
explained by the effect on the redox potential (Eh) and on the hydrogen potential (pH)
during the absorption, mobilization and chemical speciation of iodine in the surrounding
environment [48,49]. Ashworth et al. (2006) and Medrano Macias et al. (2016) [50,51]
indicated that a change in the redox state from I" to I, produces a potential of —535V,
and probably KIO3 can provide a similar effect, thus modifying the bioavailability of
other elements.
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It has also been shown in aquatic organisms that the absorption of iodine is carried
out by Cu-dependent enzymes, so by increasing the concentration of these elements, the
activity of that enzyme increases, which will lead to an increase in the uptake of Cu, and
possibly the same occurs with other Mn or Fe-dependent enzymes [52].

The complexity of the ionomic interaction is very high, so further studies on the use
and application of iodine will be decisive, with the aim of not affecting essential nutritional
requirements, especially when the plants are grown in soil, or of establishing a way to
achieve improvement in the absorption of essential minerals.

5. Conclusions

1.  The application of iodine-based products did not modify the growth of strawberry
plants under normal conditions. However, stress yield and fruit quality were im-
proved with iodine-based products.

2. Some enzymatic and non-enzymatic antioxidants were increased with the application
of iodine-based products in both leaves and fruits.

3.  Both under normal conditions and under salinity stress, synergy with essential ele-
ments was found in leaves and fruits treated with iodine-based products.

4. The accumulation of iodine in leaves was increased with both iodine treatments under
salt stress conditions.
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