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ABSTRACT

Objective: To evaluate the biostimulant effects of glycine betaine (GB) in strawberry plants subjected to salt
stress.

Design/methodology/approach: A 2X 3 factorial experiment was carried out with a completely randomized
experimental design where the effects of foliar application of GB (0, 10, 20 mM) were evaluated in strawberry
plants exposed to salt stress induced by NaCl (0 and 50 mM). Plant sampling was done 148 days after the
establishment of the experiment. The biochemical and nutritional variables were measured. Analysis of
variance was performed on the data obtained and the means were compared using the Tukey test ( p<0.05).
Results: GB application increased chlorophyll concentration, reduced sugar and proline concentration, and
increased P uptake. The 20 mM GB dose maintained the K*/Na* ratio under salt stress.

Study limitations/implications: The reproductive phase was not considered in this study; therefore, the
effects of GB on fruit yield and quality are not assessed.

Findings/conclusions: Foliar application of GB in strawberry plants subjected to salinity stress is concluded
to improve adaptive responses of a biochemical nature by promoting chlorophyll biosynthesis and nutrient
concentration.

Keywords: Biostimulation, osmotic stress, strawberry, quality, resistance to abiotic stress.

INTRODUCTION

Biostimulation is a technology that improves agronomic attributes related to crop
productivity and quality;it also provides plants with better mechanismsto face environmental
adversities of an abiotic nature, including drought and salinity stress. Glycine betaine (GB)
has potential biostimulant effects on various horticultural crops (Adak, 2019). This non-
lonic quaternary amine is synthesized in some plants as an adaptive response to stress
situations, producing an osmoprotective effect at the cellular level, which is crucial for the
protection of cellular structures and the regulation of vital biological processes (Ali et al.,
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2020). In particular, GB prevents protein denaturation and changes in lipid fluidity, which
allows maintaining the structural integrity of the membrane and ensuring its selective
permeability (Adak, 2019; Zulfiqar et al., 2022). GB can also enhance the activity of
antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidase
(POD), as well as stabilize DNA and histones (Liu e al., 2011). It also allows maintaining
the functionality of some components of the photosynthetic apparatus in chloroplasts by
protecting protein and lipid complexes, thus allowing greater photosynthetic efficiency
even under adverse conditions (Sarikhani et al., 2021; Zulfiqar et al., 2022), and intervenes
in cell signaling processes mediated by protein kinases that regulate the expression of abiotic
stress response genes (Adak, 2019; Zulfigar ez al., 2022).

The use of biostimulants such as GB contributes to sustainable agricultural production
in restrictive environments aggravated by the effects of global climate change. Soil and
water salinity is an increasingly worrying problem in agriculture, which can be exacerbates
by excessive evaporation caused by extreme heat resulting from global climate change
(Atta et al., 2023).

With nearly 600 thousand tons of strawberries produced per year, Mexico is ranked as
the country with the fourth highest production of this fruit, only after China, the United
States, and Egypt (WPR, 2024). In Mexico, the main strawberry producing states are
Michoacdn, Guanajuato, Baja California, State of Mexico, and Baja California Sur (SIAP,
2021). Given the economic importance of this crop and the growing salinization problem
affecting groundwater and soils in our country, there is a need to generate updated and
detailed information on the application of biostimulants and the mechanisms they promote
in plants to improve tolerance to osmotic stress and help maintain and even improve crop
productivity and quality. The objective of this research was to evaluate the effect of foliar
application of GB on strawberry plants subjected to salinity stress, in terms of biochemical

and nutritional indicators.

MATERIALS AND METHODS
Location and experimental conditions

The experiment was carried out in a greenhouse in the Plant Nutrition area of the
Graduate Program in Soil Science of the Colegio de Postgraduados Campus Montecillo,
which is located at 19° 29’ North latitude, 98° 53 West longitude, at 2250 m.a.s.l. The
average temperature during the night was 12 °C, and 27 °C during the day. The relative
humidity was 66.95 % and the light intensity during the day was 205 W m~ %

Strawberry plants (FragariaX ananassa Duch.) cv. Aromas were used to perform our
study. This cultivar is day-neutral and shows better resistance to diseases (Muramoto, 2003;
Leén-Lépez et al., 2014). The plants were established in 30X 30 cm black nursery bags with
red tezontle as substrate and watered by a stake-drip system. Irrigation was programmed in
six 2-min intervals throughout the day, supplying 30 mL per plant.

Treatment design and experimental design
A 2X 3 factorial experiment was conducted with a completely randomized experimental
design. The study factors and levels were: A) Foliar glycine betaine (GB) at 0, 10, and
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20mM; and B) Salinity, induced by sodium chloride (NaCl) in the nutrient solution, at 0
and 50 mM.

Preparation and application of glycine betaine (GB)

Glycine betaine (Sigma-Aldrich; Toluca, Mexico) was used, with a betaine concentration
of 98% and molecular weight=117.15 g mol~!. GB was dissolved in distilled water with
0.1% Tween® 20 as surfactant; the pH was adjusted to 5.5 using 0.1 N NaOH. GB was
applied in two foliar sprays, the first 20 d after the NaCl treatments began and the last 20d

before the end of the experiment.

Preparation and application of the nutrient solution plus NaCl

Fifteen days after transplantation, irrigation was started with Steiner nutrient solution at
a 50% macronutrient concentration. One month after transplantation, the macronutrient
concentration of the Steiner solution was increased to 100% and NaCl application was
started to induce osmotic stress due to salinity. Throughout the experiment, the pH of the
nutrient solutions was adjusted to 5.5; the electrical conductivity (EC) was 2.0 dS m~'in
the nutrient solution, and 5.5 dS m~! in the solution with 50 mM NaCl. The nutrient
solutions described were supplemented with the micronutrient concentrations in mg L™,

as follows: 4.99 Fe, 2.33 Mn, 0.47 Zn, 0.43 B, 0.19 Cu, 0.17 Mo.

Variables evaluated

Chlorophyll concentration. Chlorophyll a, b, and total concentrations were
determined using the modified Harborne method (1973). Absorbance was measured at
470, 652, and 665 nm in a spectrophotometer (BioTek®, Gen5TM; Vermont, WI, USA),
with 100% methanol used as a blank.

Proline quantification. The methodology of Bates e al. (1973) was used with
modifications. Readings were performed in a spectrophotometer (VELAB VE-5600UV
PC; Mexico City, Mexico) at 520 nm absorbance. Toluene was used as a blank and a
calibration curve with a proline concentration of 400 nM mL ™" as a base.

Total soluble sugars. These were determined by the method described by Southgate
(1976). The samples were read at an absorbance of 600 nm, in a spectrophotometer
(BioTek®, Gen5™; Vermont, W1, USA). A 1ug L~ sucrose stock solution was used in the
calibration curve.

Concentrations of N, P, K, and Na. They were quantified in leaves by wet digestion
of the dry material with a mixture of HNO4:HCIO, (Alcdntar and Sandoval, 1999).
The extracts were read in an inductively coupled plasma optical emission spectrometer
instrument (Agilent ICP-OES 725-OFES; Santa Clara, CA, USA). N was determined using
the micro-Kjeldahl methodology (Bremner, 1965).

Statistical analysis
An analysis of variance was performed to assess the main and interaction effects of the
study factors, as well as tests for comparing means (Tukey, p=<0.05). SAS software was used

in both analyses.
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RESULTS
Chlorophyll concentration

Chlorophyll a concentration was affected by NaCl and GB (Figure 1), but not by their
interaction (data not shown).

Salt stress reduced chlorophyll a concentration by 9.6% (Figure 1A), while foliar
application of 20 mM GB slightly increased this variable, with no differences from the
control (Figure 1B). Chlorophyll a absorbs most of the light used in the photosystem 11
(Roca et al., 2016).

The main effects of the study factors and their interaction were not significant for
chlorophyll 4 and total. The chlorophyll 4 concentration values ranged between 0.238
and 0.267 mg g~ of fresh matter, while those of total chlorophyll ranged from 0.642 to
0.793 mg g~ ' of fresh matter. Chlorophyll 4 is an accessory pigment that complements
the absorption of light at short wavelengths, that chlorophyll a cannot absorb, and
transfers the energy produced (Nobel, 2009; Guidi et al., 2017). The maintenance of the
concentrations of this pigment in the treatments with and without salinity denotes the
protective function of GB in the protein and lipid complexes of the photosystems (Chen
and Murata, 2008).

Sugar concentration

The concentration of total soluble sugars was only affected by the main effects of the
study factors (Figure 2). Salinity increased the concentration of sugars by 37.4% (Figure 2A).
The increase in reducing sugars (sucrose, fructose) represents a strategy for plant tolerance
to stress, since they provide protection to cellular, membrane, and protein structures, and
also function as an activator of signaling pathways that generate signals that modify gene
expression (Singh ez al., 2022). On the contrary, the addition of 10 and 20 mM GB reduced
this variable by 33.8 and 49.8 %, respectively (Figure 2B). Under salinity conditions, the
application of GB caused the highest values of total soluble sugars, compared to the
conditions of absence of salinity (data not shown). However, the differences were not

significant.
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Figure 1. Effect of sodium chloride (A) and glycine betaine (B) on leaf chlorophyll a concentration in strawberry
plants cv. Aromas. Means *= SD with different letters in each subfigure indicate significant statistical differences

(Tukey, p=0.05). I'B: Fresh biomass.
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Figure 2. Effect of sodium chloride (A) and glycine betaine (B) on the leaf concentration of total soluble sugars
in strawberry plants cv. Aromas. Means = SD with different letters in each subfigure indicate significant
statistical differences (Tukey, p=<0.05). FB: Fresh biomass.

Proline

The proline concentration was only affected by the NaCl factor, where the addition of
a 50 mM dose increased it by 56.5% (Figure 3).

Proline is an osmoprotectant; its synthesis can be stimulated under stress conditions.
In strawberry cv. Fern (day neutral) proline concentrations of 16.57 to 33.0 uM g~ '
are reported and in cv. Camarosa (short day) from 45.0 to 95.5 uM g_1 with electrical
conductivity levels of 2.0 and 5.0 dS m™", respectively (Pirlak et al., 2004).

Concentrations of N, P, K, and Na

The leaf N concentrations obtained in this study (15.05-18.90 g kg~ of dry matter),
as well as those of P (2.84 to 4.96 g kg™ ' of dry matter), shown in Table 1, are consistent
with those reported by Muramoto (2003). Aguilar-Tlatelpa et al. (2019) report leaf K
concentrations in the range of 13.3 to 24.3 % for the cultivars Albion, Festival, Jacona, and
Zamorana,; the values obtained here in the cv. Aromas are much lower (Table 1).

In the absence of salt stress, GB increased leaf N concentration. The addition of 20 mM
GB with 50 mM NaCl increased P concentration by 73.8% compared to the treatment
without NaCl and without GB (Table 1). N is an important constituent of biomolecules
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Figure 3. Effect of sodium chloride on leaf proline concentration in strawberry plants cv. Aromas. Means
+ SD with different letters in each subfigure indicate significant statistical differences (Tukey, p=<0.05). IB:
Fresh biomass.
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Table 1. Effect of glycine betaine (GB) application on the concentration of N, P, K, and Na on leaves of strawberry plants cv. Aromas exposed
to salt stress induced by sodium chloride (NaCl).

NaCl Glycine betaine N 3 K Na

(mM) (mM) gkg_1 DB mg kg_1 DB
0 15.05+0.67 b 2.84+0.01d 6.14+0.33 a 597.08%+12.33 ¢

0 10 18.90+0.49 a 4.34%+0.08 be 6.13+0.25a 384.33+9.95d
20 17.50+0.48 a 4.43+0.02b 5.89%+0.15a 316.15%£12.23 ¢

0 18.73+0.34 a 4.49+0.02 b 6.04+0.17 a 592.18%+8.29 ¢
50 10 18.38+0.21 a 4.18+0.05 ¢ 5.60+0.24 a 1250.78=10.04 a
20 17.15+0.60 ab 4.96+0.04 a 6.47+0.20 a 664.03+23.96 b

Means * SD with different letters in each column indicate significant statistical differences (Tukey, p=<0.05). DB: Dry biomass.

such as chlorophyll, proteins, and nucleic acids, while P is important for energy generation
and is involved in the whole cellular metabolism (Alcdntar-Gonzdlez et al., 2016).

The leaf concentration of K was not affected by the interaction of the study factors;
however, the concentration ratios of this element with respect to Na were not modified in
the 50 mM NaCl-20 mM GB treatment with respect to the treatment without NaCl and
without GB (Table 1).

Na is not a nutrient in plants, and can be considered a beneficial element. At high
concentrations, Na can alter the balance of nutrients in the soil, by affecting the absorption
of essential elements such as Ca, K, and Mg. When Na reaches toxic levels for the plant,
irreversible damage and death of cells, tissues, and organisms can occur (Lamz et al., 2013;
Tarolli ez al., 2024).

GB can promote K uptake and reduce Na uptake by stimulating antioxidant activity and the
functionality of enzymes such as SOD, CAT, and POD, which are key in ROS detoxification
(Ali et al., 2020; Yan et al., 2020). These results were only evident with foliar supply of 20
mM GB, which decreased Na in the presence of salt stress. Although GB did not increase
K concentration, it did help maintain stable K levels in plants and thus the K*/Na* ratio.

CONCLUSION

GB increased chlorophyll a concentration at 20 mM in plants under salt stress and
reduced the concentration of sugars and proline, which appears to be a secondary effect
of the decrease in ROS; in addition, it increased N and P uptake, and decreased Na
concentration at 20 mM.
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