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Abstract: Blueberry is a highly demanded and consumed fruit due to its beneficial effects on human
health, because of its bioactive compounds with a high antioxidant capacity. The interest in increasing
the yield and quality of blueberries has led to the application of some innovative techniques such as
biostimulation. The objective of this research was to assess the effect of the exogenous application of
glutamic acid (GLU) and 6-benzylaminopurine (6-BAP) as biostimulants on flower bud sprouting,
fruit quality, and antioxidant compounds in blueberry cv. Biloxi. The application of GLU and 6-
BAP positively affected bud sprouting, fruit quality, and antioxidant content. The application of
500 and 10 mg L1 GLU and 6-BAP, respectively, increased the number of flower buds, while
500 and 20 mg L1 generated fruits with higher content of flavonoids, vitamin C, and anthocyanins
and higher enzymatic activity of catalase and ascorbate peroxidase enzymes. Hence, the application
of these biostimulants is an effective way to enhance the yield and fruit quality of blueberries.

Keywords: antioxidants; biostimulant; flower buds; nutraceutical quality

1. Introduction

Blueberry (Vaccinium corymbosum L.) is characterized by low flower bud production
and has long periods of production and staggered ripening of the fruit within the plant,
implying that several harvests are carried out, and, consequently, production costs rise [1].
Currently Mexico is seeking to become one of the main blueberry producers; however, to
achieve this goal, it is necessary to implement sustainable and environmentally friendly
production techniques [2]. These techniques should allow timely and uniform flowering
to concentrate fruit production early in the season to take advantage of the high prices in
the market. On the other hand, an alternative technique that has worked out in other fruit
trees to manipulate fruit production is the use of biostimulants [3], which can stimulate
plant growth and development and improve nutrition, quality, and resistance to different
types of stress when exogenously applied at low concentrations [4-6]. Amino acids such as
glutamate (GLU) and phytohormones such as 6-benzylaminopurine (6-BAP) are considered
biostimulants according to the classifications proposed by du Jardin [5], the European
Union [7] and the Mexican standard NOM-182-SSA1-2010 [8].

Glutamate is one of the most abundant amino acids, and it can exist as free GLU
or as GLU bound with other amino acids to form peptides [9]. It plays an important
role in plant germination, growth, and development [10-12]. The application of GLU is
reported to induce the sprouting of vegetative and reproductive buds, increase chlorophyll
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concentration, and improve the quality of fruits, including weight, size, firmness, and
the concentration of citric acid [13-15]. It affects pollination and fruit set and induces the
production of secondary metabolites [16-19] and the expression of genes related to defense
and stress responses [20-23].

Cytokinins such as 6-BAP are plant hormones involved in growth and development,
the regulation of cell division processes, the delay in senescence, and the regulation of
apical dormancy [24,25]. It was reported that the application of 6-BAP in selected crops
favors the production of buds [26,27] and the generation of roots and flowers [28,29], in
addition to the removal of reactive oxygen species [30-33].

As worldwide public health awareness and the demand for functional foods with
multitudinous health benefits have increased [34], blueberries have gained popularity
in recent years due to their high content of bioactive compounds with high antioxidant
capacity. They have a wide range of pharmacological effects, including anticancer [35],
antioxidant [36], anti-inflammatory [37], and anti-obesity [38] effects and the prevention
and treatment of degenerative and cardiovascular diseases [39].

In this context, the main objective of this study was to assess and evaluate the effects
of the exogenous application of GLU and 6-BAP as biostimulants on flower bud sprouting,
fruit quality, and antioxidant compounds in blueberry cv. Biloxi.

2. Results
2.1. Number of Buds and Fruit Quality

Interaction GLU and 6-BAP: Plants that received an application of GLU*6-BAP at
500-10 mg L~! and 500-20 mg L~! showed a greater number of buds per stem, surpassing
46% and 40%, respectively, than that of the control plants (Figure 1A, Table 1). The lowest
production of TSS occurred in those plants with no applied biostimulants; however, TSS
increased up to 38% when GLU and 6-BAP were applied (Figure 1B). The polar and
equatorial diameters of the fruits in plants treated with GLU at 500 mg L~! increased
with the addition of 6-BAP at 10 mg L~!; a similar effect was observed in plants when
GLU was not applied (Figure 1C, D). Plants treated with GLU at 500 mg L~! showed
increased fruit weight when 6-BAP at 10 mg L~! was added; however, when 6-BAP was
increased to 20 mg L1, fruit weight tended to decrease (Figure 1E). The application of
GLU 250 mgL ! caused a significant increase of 80% in TA when 6-BAP was not added;
however, TA decreased when 6-BAP was at 10 mg L~ (Figure 1F).

Table 1. Effect of the application of the biostimulants glutamate (GLU) and 6-benzylaminopurine
(6-BAP) on the number of buds and fruit characteristics of blueberry (Vaccinium corymbosum L.) Biloxi.

TSS EDF FW TA
Treatments NB ©Brix) PDF (mm) (mm) ) (% de A. C))
0 1540+ 041b 13.50 +0.61b 10.17£0.56 b 1493 +0.87b 1.69 £ 0.04 b 0.32£0.01b
GLU 250 16.70 £ 043 b 15.17 £0.47a 10.22 £0.20 b 14.06 £+ 0.56 b 1.73 £0.04b 0.40 £ 0.04 a
500 1890 + 054 a 15.50 +0.37a 11.45+022a 16.48 +0.61 a 1.95+0.06 a 0.37 £ 0.03 ab
ANOVA <0.0001 0.0021 <0.0001 0.0002 <0.0001 0.0366
0 15.46+ 0.47 b 14.00£0.77 a 9.43+ 0.46 b 1245+ 046 b 1.64 +£0.03b 0.43 £0.03a
6-BAP 10 17.60 + 0.63 a 14.92 +0.45a 11.32 +0.25a 16.62 + 0.59 a 1.72+0.07 a 0.30 £0.02b
B 20 1790 £ 051 a 15.25 +0.25a 11.18 £0.20 a 16.39 £ 0.39a 1.87+0.04a 0.36 £ 0.03 ab
ANOVA 0.0016 0.0748 <0.0001 <0.0001 <0.0001 0.0016
GLU*6-BAP ANOVA 0.0082 0.0250 0.0002 0.0427 0.0006 0.0007
Ccv 7.35 9.01 6.52 8.09 18.21 16.31

Number of buds (NB), total soluble solids (TSS), polar diameter of fruit (PDF), equatorial diameter of fruit (EDF),
fruit weight (FW), titratable acidity (TA), variation coefficient (CV). Different letters within columns indicate
significant difference (Tukey’s, p < 0.05). n = 6 & standard error.
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Figure 1. Effect of the interaction of the biostimulants glutamate (GLU) and 6—benzylaminopurine
(6—BAP) in blueberry (Vaccinium corymbosum L.) Biloxi: (A) number of buds, (B) Total soluble solids
(TSS), (C) polar diameter of fruit (PDF), (D) equatorial diameter of fruit (EDF), (E) fruit weight (FW),
(F) titratable acidity (TA). Bars represent the standard error of the mean. Different letters indicate
significant difference (Tukey’s, p < 0.05).

Effects of GLU and 6-BAP: The application of GLU increased bud sprouting and
fruit quality (Table 1). Plants treated with GLU 500 mg L~! showed a 23% increase in
the number of buds per stem, while for the total soluble solids (TSS), polar diameter,
equatorial diameter, and fruit weight, they exhibited an increase of 15%, 12%, 16%, and
15%, respectively, compared to the control plants (Table 1). The application of 6-BAP
also increased the number of buds, polar diameter, equatorial diameter, and fruit weight,
generating significant increases of 15%, 19%, 32%, and 14%, respectively, when compared
to the control plants (Table 1). The TSS in fruits from plants treated with 6-BAP was not
significantly different compared to the control (Table 1).

2.2. Nonenzymatic Antioxidants in Fruits

Interaction between GLU and 6-BAP: The interaction did not present a significant
effect on the content of phenols in the fruit (Figure 2A); however, there was a significant
increase in the content of flavonoids in fruit in plants when GLU at 500 mgL~! was applied
in synergy with 6-BAP 20 mgL~! (Figure 2B). The concentration of reduced glutathione
(GSH) in fruit increased as the concentration of GLU and 6-BAP increased (Figure 2C).
The application of GLU 500 mg L' in synergy with 6-BAP 20 mg L~! presented a higher
vitamin C concentration, exceeding by 30% that obtained by the fruit from control plants
(Figure 2D). In plants when GLU 500 mg L~! was applied, the anthocyanin content in-
creased as the dose of 6-BAP was increased, and a similar trend was observed in plants
when GLU was not applied (Figure 2E).

Effects of GLU and 6-BAP: The phenols in fruit were not influenced by the application
of the treatments (Table 2). In contrast, the content of flavonoids, GSH, and vitamin C
increased by 16%, 14% and 17%, respectively, with the application of GLU at 500 mg L.
The anthocyanin content did not show differences between plants treated with GLU at
250 and 500 mg L1 however, when compared to control plants, there was an increase of 15%.
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Figure 2. Effect of the interaction of the biostimulants glutamate (GLU) and 6-benzylaminopurine
(6-BAP) on the content of nonenzymatic antioxidants in blueberry (Vaccinium corymbosum L.) fruits:
(A) phenols, (B) flavonoids, (C) reduced glutathione (GSH), (D) vitamin C, (E)anthocyanin. Dry
weight (DW), fresh weight (FW). Bars represent the standard error of the mean. Different letters
indicate significant difference (Tukey’s, p < 0.05).
Table 2. Effect of the application of the biostimulants glutamate (GLU) and 6-benzylaminopurine
(6-BAP) on the content of nonenzymatic antioxidants in blueberry (Vaccinium corymbosum L.) fruits.
. GSH N .
Treatments Phenols Flavonoids (mmol 100 g-1 Vitamin C Anthocyanins
(mg g~ 1 DW) (mg g~ 1 DW) DW) 8 (mg 100 g~1 FW)  (mg 100 g~ DW)
0 40.35+8.13a 55.38 +10.31b 113+ 031b 1216 £ 0.17b 267.15 + 18.58 b
GLU 250 42.04 £ 6.08 a 58.25 £ 5.07 b 1.22 + 0.07 ab 12.69 £ 0.18b 301.68 += 17.88 a
500 4091 +5.56 a 64.08 + 6.39 a 1.31£0.15a 1418 £ 044 a 311.59 + 16.67 a
ANOVA 0.7392 <0.0001 0.0188 <0.0001 0.006
0 4258 + 6.93 a 56.63 £7.34b 113+ 0.33b 1242 +£0.27b 22522 +7.87 ¢
6-BAP 10 40.07 £ 6.15a 56.17 + 6.69 b 1.22 £ 0.08 ab 13.09 £ 0.32b 281.08 + 13.09 b
B 20 40.64 £ 6.78 a 6491 +£8.02a 1.30+0.10 a 13.52 £ 053 a 37411 £597 a
ANOVA 0.4956 <0.0001 0.0266 0.0039 <0.0001
GLU*6-BAP ANOVA 0.148 <0.0001 0.009 0.0096 <0.0001
Ccv 14.65 7.51 13.87 4.62 12.65

Dry weight (DW), fresh weight (FW), reduced glutathione (GSH), variation coefficient (CV). Different letters
within columns indicate significant difference (Tukey’s, p < 0.05). n = 6 & standard error.

The application of 6-BAP at 20 mg L~! increased the content of flavonoids, GSH,
vitamin C, and anthocyanins by 15%, 15%, 9%, and 66%, respectively (Table 2).

2.3. Nonenzymatic Antioxidants in Leaves

Interaction GLU and 6-BAP: The interaction of GLU and 6-BAP generated modifica-
tions in the content of the nonenzymatic antioxidants in leaves (Figure 3). The concentration
of the phenols in the leaves increased in plants when GLU 250 and 500 mg L.~! were applied
in synergy with 6-BAP 10 and 20 mg L~! (Figure 3A), while the flavonoids increased by
16% with the application of 500-20 mg L~! (Figure 3B). The 250-10 mg L~! treatment
caused a 7% increase in GSH compared to the control (Figure 3C).
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Figure 3. Effect of the interaction of the biostimulants glutamate (GLU) and 6-benzylaminopurine
(6-BAP) on nonenzymatic antioxidant content in blueberry (Vaccinium corymbosum L.) leaves: (A) phe-
nols, (B) flavonoids, (C) reduced glutathione (GSH). Dry weight (DW). Bars represent the standard
error of the mean. Different letters indicate significant difference (Tukey’s, p < 0.05).

Effects of GLU and 6-BAP: The application of GLU and 6-BAP generated modifica-
tions in the content of the nonenzymatic antioxidants in leaves (Table 3). Both concen-
trations of GLU increased the content of the phenols in the leaves, exceeding that of the
control by up to 34%, while the content of the flavonoids presented an average increase of
7%. Both concentrations of 6-BAP induced a decrease in GSH of up to 18% in reference to
the control plants.

Table 3. Effect of the application of the biostimulants glutamate (GLU) and 6-benzylaminopurine
(6-BAP) on nonenzymatic antioxidant content in blueberry (Vaccinium corymbosum L.) leaves.

Treatments Phenols Flavonoids GSH
(mg g~1 DW) (mg g1 DW) (mmol 100 g~1 DW)
0 36.36 £ 6.77b 38.32 +1.67b 3.19 £0.98b
GLU 250 45.64 +4.72 a 41.58 +2.79 a 3.724+0.3%a
500 48.61 +2.64 a 40.74 +2.88 a 3.17 £ 0.35b
ANOVA <0.0001 0.1639 <0.0001
0 40.9 £ 6.05b 39.08 +=2.03b 371 +031a
6-BAD 10 46.52 +5.10 a 40.01 + 3.31 ab 3.04 £ 098 ¢
B 20 43.18 +9.10b 4154+ 254 a 3.33£0.38b
ANOVA 0.0008 0.132 <0.0001
GLU*6-BAP ANOVA 0.0009 <0.0001 <0.0001
CV 8.48 4.57 6.62

Dry weight (DW), reduced glutathione (GSH), variation coefficient (CV). Different letters within columns indicate
significant difference (Tukey’s, p < 0.05). n = 6 & standard error.

2.4. Photosynthetic Pigments

Interaction between GLU and 6-BAP: Significant interactions in photosynthesis pig-
ments were obtained owing to the application of different levels of glutamic acid and 6-
benzylaminopurine. The interaction of GLU*6-BAP at concentrations of 500 and 20 mg L~!
showed increases of 23%, 22%, and 23% in chlorophyll a and b and total chlorophyll,
respectively (Figure 4).

Effects of GLU and 6-BAP: Chlorophyll (4, b, and total) showed significant effects due
to the assessed biostimulants (Table 4). Chlorophyll a and b and total chlorophyll increased
by 18%, 10%, and 15%, respectively, due to GLU applications, when compared to control
plants. Regarding the application of 6-BAP, the concentration of chlorophyll a increased by
3%, while chlorophyll b and total chlorophyll did not show any significant effect compared
to control plants.
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Figure 4. Effect of the interaction of the biostimulants glutamate (GLU) and 6-benzylaminopurine
(6-BAP) on photosynthetic pigment content: (A) chlorophyll a, (B) chlorophyll b, (C) total chlorophyll,
fresh weight (FW). Bars represent the standard error of the mean. Different letters indicate significant
difference (Tukey’s, p < 0.05).

Table 4. Effect of the application of the biostimulants glutamate (GLU) and 6-benzylaminopurine
(6-BAP) on photosynthetic pigment content.

Chlorophyll a Chlorophyll b Total Chlorophyll
Treatments (mg 100 g1 FW)  (mg100 g—1 FW) (mg 100 g—1 FW)
0 7099 £2.32¢ 52.07 £3.05b 123.06 +2.15¢
GLU 250 7529 £ 3.07b 56.18 £5.75a 13147 £3.11b
500 83.95+5,15a 5746 227 a 14141 +599 a
ANOVA <0.0001 0.0068 <0.0001
0 7519 £3.95b 55.92 £3.52a 131.11 +2.64a
6-BAP 10 7752 £716a 54.46 +5.09 a 131.98 +=3.58 a
) 20 7751 +£8a 55.33 £ 6.54a 132.85 + 6.16 a
ANOVA 0.0084 0.6781 0.6814
GLU*6-BAP ANOVA <0.0001 <0.0001 <0.0001
Ccv 2.89 8.24 4.08

Fresh weight (FW), variation coefficient (CV). Different letters within columns indicate significant difference
(Tukey’s, p < 0.05). n = 6 + standard error.

2.5. Enzymatic Antioxidants in Fruits

Interaction between GLU and 6-BAP: The interaction of GLU*6-BAP at concentra-
tions of 500 and 10 mg L~! induced higher CAT activity; however, it was not significantly
different from that of the control (Figure 5A). GPX activity was higher in the 500-10 mg L~?
treatment (Figure 5C). The application of the treatments did not influence the enzymatic
activity of APX (Figure 5D).

Effects of GLU and 6-BAP: GLU modified the activity of CAT and GPX in the fruit
(Table 5). The concentration of GLU 500 mg L~! increased the activity of CAT and GPX by
27% and 28%, respectively, in relation to the control. The application of GLU 250 mg L~!
caused a 20% decrease in PAL compared to that of the control, and there was also a 14%
decrease in APX enzymatic activity when GLU 500 mg L~! was applied compared to GLU
250 mg L~!, which caused higher activity. The application of 6-BAP did not modify the
enzymatic activity of CAT and APX; however, at 20 mg L~ itincreased the activity of PAL
and GPX by 26% and 20%, respectively.
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Figure 5. Effect of the interaction of biostimulants glutamate (GLU) and 6-benzylaminopurine
(6-BAP) on enzymatic antioxidant activity in blueberry (Vaccinium corymbosum L.) fruits: (A) Catalase
(CAT), (B) phenylalanine ammonia lyase (PAL), (C) glutathione peroxidase (GPX), (D) ascorbate
peroxidase (APX). Bars represent the standard error of the mean. Different letters indicate significant
difference (Tukey’s, p < 0.05).

Table 5. Effect of the application of biostimulants glutamate (GLU) and 6-benzylaminopurine (6-BAP)
on enzymatic antioxidant activity in blueberry (Vaccinium corymbosum L.) fruits.

Treatments CAT PAL GPX APX
(U g100 g~ 1 TP) (Ug100g~1TP) (Ug100g~1TP) (Ug100g~1TP)
0 398+1.40b 057 £ 0.10 a 398 +1.18Db 6.76 £1.10 ab
GLU 250 334+136b 0.49 £ 0.06 b 371+086Db 692+135a
500 506+091a 0.61 £0.16 a 51+061a 593 +09b
ANOVA 0.0009 0.0025 0.0001 0.0356
0 409+121a 0.5+0.07b 376 £1.22Db 653 £1.18a
6-BAP 10 438 £1.55a 0.55 £ 0.14 ab 451+114a 647 £ 1.11a
; 20 392+151a 0.63+0.11a 452+071a 6.62+131a
ANOVA 0.5495 0.0012 0.0192 0.9229
GLU*6-BAP ANOVA 0.0318 0.0272 0.058 0.0725
Ccv 27.81 16.04 18.76 17.4

Catalase (CAT), phenylalanine ammonia lyase (PAL), glutathione peroxidase (GPX), ascorbate peroxidase (APX),
variation coefficient (CV). Different letters within columns indicate significant difference (Tukey’s, p < 0.05).
n =6 £ standard error.

2.6. Enzymatic Antioxidants in Leaves

Interaction GLU and 6-BAP: The CAT and APX activities showed positive effects
with the interaction of GLU and 6-BAP at 500 and 20 mg L1, respectively, increasing by
86% and 74%, respectively, compared to control plants (Figure 6A,D). The highest PAL
activity occurred in plants treated with GLU at 250 mg L~! with added 6-BAP 10 mg L !
(Figure 6B). The highest GPX activity occurred in plants when 6-BAP was applied with no
GLU (Figure 6C).
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Figure 6. Effect of the interaction of biostimulants glutamate (GLU) and 6-benzylaminopurine
(6-BAP) on the enzymatic activity in blueberry (Vaccinium corymbosum L.) leaves: (A) Catalase (CAT),
(B) phenylalanine ammonia lyase (PAL), (C) glutathione peroxidase (GPX), (D) ascorbate peroxidase
(APX). Bars represent the standard error of the mean. Different letters indicate significant difference
(Tukey’s, p < 0.05).

Effects of GLU and 6-BAP: The enzymatic activity in blueberry leaves was affected
by the applied treatments (Table 6). GLU had a positive effect on CAT and APX, gener-
ating increases of 68% and 36%, respectively, when applied at 500 mg L~!, while GLU
at 250 mg L~! did not cause any significant effect compared to control plants. Regarding
PAL and GPX, there was no effect caused by either concentration of GLU. With respect
to the application of 6-BAP at 20 mg L™}, increases of 33% and 28% of CAT and APX,
respectively, were observed, while, at this concentration, PAL and GPX were not different
from control plants.

Table 6. Effect of the application of biostimulants glutamate (GLU) and 6-benzylaminopurine (6-BAP)
on the enzymatic activity in blueberry (Vaccinium corymbosum L.) leaves.

Treatments CAT PAL GPX APX
(U g100 g1 TP) (Ug100 g~ 1TP) (Ug100g~1TP) (Ug100g~1TP)
0 147.03 £ 11.34b 4693 £ 6.0a 460.51 + 20.86 a 20.33 £ 0.71b
GLU 250 180.42 £ 6.48Db 5170 £5.74 a 51297 £ 1193 a 19.59 £ 0.55b
500 24742 £9.09 a 4693 £4.13a 437.05 594 a 2769 £146a
ANOVA 0.0001 0.2278 0.0729 <0.0001
0 17477 £7.37b 5211 £5.18a 49211+ 1452a 20.03 £ 0.90b
6-BAD 10 168.17 £ 15.98 b 50.10 £ 6.68 a 407.29 £ 1751 b 21.96 £1.28 b
B 20 23193 £11.87a 53.14 £421a 511.14 £ 18.57 a 2560149 a
ANOVA 0.0062 0.8588 0.0071 <0.0001
GLU*6-BAP ANOVA 0.3328 <0.0001 <0.0001 0.0067
CV. 29.26 29.52 19.07 11.83

Catalase (CAT), phenylalanine ammonia lyase (PAL), glutathione peroxidase (GPX), ascorbate peroxidase (APX),
variation coefficient (C.V.). Different letters within columns indicate significant difference (Tukey’s, p < 0.05).
n =6 + standard error.
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3. Discussion
3.1. Number of Buds and Fruit Quality

Flowering is one of the most crucial stages in the plant life cycle, since it represents
the transformation from the vegetative phase to the reproductive phase [40]. This stage
commences with the induction of floral buds, followed by the differentiation of primordia
and finally the maturation of the floral organs [41,42]. An increase in the number of flower
buds and quantity of flowers induces greater fruit formation, which could be associated
with a higher fruit yield [43,44]. As expected, GLU and 6-BAP (Table 1) increased bud
sprouting in blueberry, which concurs with reports by El-Metwally et al. [45] showing that
20 mg L~! GLU increased the number of branches and fruits per plant in peanut, whereas
the application of 5 mM (735 mg L~!) GLU in sunflower improved the morphological
characteristics, root length, plant height, and number of flowers [46]. Regarding the
beneficial effects of 6-BAP, Li et al. [27] and Zhang et al. [47] reported that the application
of 300 and 30 mg L~! on apple and mulberry, respectively, increased the growth and the
number of shoots and buds.

Fruit quality parameters such as fruit weight, size, TSS, and acidity content [48] were
improved by the biostimulant application; similar results were reported by
Ariza Flores et al. [49], indicating an increase in citric acid in lime fruits with the appli-
cation of GLU at 0.45 kg ha~!. The total soluble solids observed in the present study ranged
between 11 and 16.5° Brix, with acidity lower than 0.7%; these parameters coincide with the
quality standards reported by Madrid and Beaudry [50], stating that the acidity of blueberry
fruits should not exceed 0.7% and that °Brix must be higher than 10%. In addition, the size
of the fruits harvested, except for those of the control, were rated as large, according to
the quality protocol for fresh blueberries published by FAO [51], which classifies the size
of the fruit according to the equatorial diameter as small (6-8 mm), medium (9-11 mm),
and large (>12 mm), with the exception of the control. Similar findings were reported
with BAP applications that increased the quality and size of the fruit [52]; additionally, the
application of 100 mg L~! BAP increased the fruit size and yield in Duke and Bluecrop
blueberries [53]. Furthermore, Abdelgadir et al. [54] reported an increased number of
flowers per plant, number of fruits per cluster, and weight and size of Jatropha curcas fruits
with the application of 6-BAP at 3 mM (676 mg L™1).

3.2. Nonenzymatic Antioxidants

The interest in producing and marketing blueberries is related to their high content of
bioactive compounds such as phenols, flavonoids, and anthocyanins, among others, which
are beneficial to human health [55]. The beneficial effects of these compounds are mainly
due to their antioxidant properties and free radical scavenging capacity in the human
body [56]. However, our results showed that applying GLU and 6-BAP caused further
increases in the activity of nonenzymatic antioxidants such as flavonoids, GSH, vitamin C,
and anthocyanins, thus improving the nutraceutical quality of blueberry fruits. The findings
reported here (Tables 2 and 3) agree with those of El-Metwally et al. [45], who reported
that GLU increased the content of flavonoids and phenols in peanut seeds and leaves. The
exogenous application of GLU at different concentrations promoted the accumulation of
anthocyanins in litchi fruits and in the leaves of apple, pear, and peach [57-60]. An increase
in the content of the total phenols in onion bulbs and an increase in the content of the
flavonoids in the leaves and roots of Crataegus pinnatifida were reported when applying
GLU [61,62]. In mulberry leaves and cucumber fruits, increases in the flavonoids content
and total phenols, respectively, were reported when applying 6-BAP [47,63].

3.3. Photosynthetic Pigments

Several authors noted the positive effect of GLU on photosynthetic efficiency and
chlorophyll concentration. Our findings indicate that in blueberry there is an increase in
chlorophyll a by the application of 6-BAP and a significant increase in chlorophyll 2 and b
and total chlorophyll by the interaction of GLU*6-BAP at higher concentrations (Table 4);
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these results agree with those reported by El-Metwally et al. [45], as the application of
20 mg L~! GLU increased the content of chlorophyll a2 and b and total chlorophyll in
peanuts. In contrast, Franzoni et al. [64] and Wang et al. [33] reported that applying
GLU and 6-BAP had no positive effect on the chlorophyll content in and yield of lettuce
and maize.

3.4. Enzymatic Antioxidants

During the process of establishment, development, and growth, plants face severe
conditions causing stress and increased production of reactive oxygen species (ROS) [47].
ROS are present even when plants grow under optimal conditions [65]. ROS, including
hydrogen peroxide (H,O;), hydroxyl radical (OH™), superoxide anion (O, ™), and singlet
oxygen (O), are byproducts of metabolic processes [66]. Excessive ROS production leads
to lipid peroxidation, membrane injury, enzyme inactivation, inhibition of photosynthesis,
respiration, plant growth, and secondary metabolite production [67]. Plants have developed
defense mechanisms capable of eliminating ROS and preventing oxidative damage, which
include antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD), CAT,
APX, and glutathione reductase (GR) and nonenzymatic antioxidants such as ascorbate
(AsA) and GSH [68,69]. According to these arguments, the increased enzymatic antioxidant
concentrations in treated plants observed in the present study (Tables 5 and 6) suggest
the possibility of inducing blueberry plants to produce antioxidants in larger quantities to
protect themselves against increasingly adverse environmental conditions.

Various authors reported a decrease in reactive oxygen species and lipid peroxidation
through applications of GLU and 6-BAP that resulted in increased enzymatic activity [70].
The results reported by Chen et al. [67] and Yang et al. [31] showed that 6-BAP increased
the enzymatic activity of CAT and APX. Other studies reported that GLU favored higher
APX and CAT activity in the leaves and roots of sunflower plants, while Farid et al. [46]
reported higher CAT activity in soybean [71].

Although PAL is not an antioxidant, it is a key enzyme in the phenylpropanoid
pathway, and it catalyzes the conversion of L-phenylalanine into trans-cinnamic acid, which
is the precursor of a variety of phenolic compounds with structural and defense functions,
such as lignin, flavonoids, and coumarins [72]. The results observed in the present study
partially agree with those of Cui et al. [62], QiaoZhen et al. [73], Teixeira et al. [71], and
Zhang et al. [47], who reported increases in PAL caused by the application of GLU and
6-BAP. Increases in PAL activity can be induced by applying exogenous agents, including
some hormones [74].

The effectiveness of GLU and 6-BAP treatments largely depends on the species, con-
centration, timing, and method of application; the doses reported by various researchers
presented null or toxic effects when applied to other species [64,65].

4. Materials and Methods
4.1. Study Area

The study was carried out in a tunnel-type greenhouse in the Department of Horticul-
ture at the Antonio Narro Autonomous Agrarian University in Saltillo, Coahuila, Mexico,
which is located between the geographic coordinates of 25°22' north latitude and 101°02’
west longitude and at an altitude of 1742 m above sea level.

4.2. Vegetal Material

Two-year-old Biloxi blueberry plants were grown in 30 L containers with coconut fiber
as growing medium. Mineral nutrition was modified according to the phenological stage
of the plants (Table 7), and it was applied through a drip irrigation system.
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Table 7. Ion concentration of the nutrient solution used in the different stages of the cultivation of
blueberry (Vaccinium corymbosum L.) cv. Biloxi.

; mEq L1
Phenological Stage CE pH NO;~ NHgt HPO,~ SO2~ Kt Ca?* Mg
Vegetative 1.1-1.2 5.0-5.5 4 5 1.5 55 2.5 2 1.5
Differentiation Flowering 0.8-0.9 5.0-5.5 2 2 1.5 5 3.5 2 1.0
Fruit production 1.1-1.3 5.0-5.5 3 3 1.5 6 4 2.25 1.25

Electric conductivity (CE), hydrogen potential (pH), nitrate (NO3 ™), ammonium (NH4*), phosphoric acid
(HoPO,4 ™), sulfate (SO427), potassium (K*), calcium (Ca?t), magnesium (Mg2+).

4.3. Experimental Design and Treatments

The experiment was established as a completely randomized factorial design with
nine treatments (Table 8) and six replicates each; the treatments consisted of three different
concentrations of GLU and three of 6-BAP plus the interaction of both factors. GLU (99%,
Sigma Aldrich, St. Louis, MO, USA) was dissolved in distilled water, while 6-BAP (99%,
Sigma Aldrich, St. Louis, MO, USA) was dissolved in 1 mL of ethanol and subsequently
diluted with distilled water to obtain the desired concentrations. The treatments were
applied weekly (for eight weeks) by drenching after pruning.

Table 8. Glutamate (GLU) and 6-benzyl amino purine (6-BAP) treatments applied to blueberry
(Vaccinium corymbosum L.) cv. Biloxi.

Treatment GLU (mgL-1) 6-BAP (mg L-1) Keys
T1* 0 0 0-0mg L1
T2 0 10 0-10mg L~!
T3 0 20 0-20 mg L1
T4 250 0 250-0 mg L1
T5 250 10 250-10 mg L1
T6 250 20 250-20 mg L1
T7 500 0 500-0 mg L1
T8 500 10 50-10 mg L1
T9 500 20 500-20 mg L1

(*) Control distilled water.

4.4. Fruit Quality

Samples of 50 ripe fruits from each treatment and replication were taken and evaluated.
Total soluble solids (°Brix) were evaluated by placing a drop of fruit juice on the lens of an
analog refractometer (ATAGO, MASTER-alfa, USA). The polar and equatorial diameters of
the fruit (mm) were measured with a digital caliper (STEREN model HER-411, MX). Fruit
weight (g) was determined with a balance (T] model MH-500, MX).

Titrimetric Methods

Titratable acidity (% citric acid) was determined by titrimetry, according to
Capocasa et al. [75]. Then, 20 g fresh fruit were weighed and homogeneously macerated,
the mixture was filtered with a sterile gauze, 10 mL of the macerate were taken, and
five drops of phenolphthalein were added and titrated with sodium hydroxide (NaOH,
0.1 N) until a pinkish coloration was obtained. The quantification of titratable acidity was
determined using Equation S1.

Vitamin C (mg 100 g~ ! fresh weight) was determined by the titration method with 2,6
dichlorophenolindophenol [76]. Then, 20 g of fresh fruit were weighed and macerated in a
mortar with 10 mL of hydrochloric acid (HCI) 2%; 100 mL of distilled water were added
and filtered through sterile gauze; and then a 10 mL aliquot was taken and titrated with
2-6 dichlorophenolindophenol until a pinkish color was obtained. The quantification of
vitamin C was determined using Equation S2.
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4.5. Sample Preparation for Biochemical Analysis.

Ripe fruits and leaves were collected from each treatment, which were freeze-dried
(FreeZone2.5-L Benchtop Free Dry System, LABCON, Kansas, MO, USA) and ground with
a mortar to later carry out the subsequent analyses. Fruits were sampled when they had
completely developed a blue color and were free of damage and lesions.

4.5.1. Nonenzymatic Antioxidants

The content of total phenols was determined according to Yu and Dahlgre [77], and
the calibration curve was performed using gallic acid (Figure S1).

The flavonoids content was determined according to Arvouet-Grand et al. [78], and
the calibration curve was performed using catechin as a standard (Figure S2).

Reduced glutathione (GSH) was determined by reaction with 5,5 dithio-bis-2 nitro
benzoic acid (DTNB), according to the technique reported by Xue et al. [79]. Then, 0.480 uL
of enzyme extract, 2.2 mL of dibasic sodium phosphate (Na,HPO, at 0.32 M), and 0.32 mL
of DTNB dye (1 mM) were placed in a test tube. Subsequently, the mixture was vortexed
and read in a UV-Vis spectrophotometer at 412 nm. The calibration curve was performed
using reduced glutathione as a standard (Figure S3).

Anthocyanins were quantified by differential pH, according to the technique described
by Giusti and Wrolstad [80]. Then, 50 mg of lyophilized tissue were weighed, and 5 mL of
ethanol acidified with 1% hydrochloric acid (HCl) were added. The mixture was centrifuged
at 4000 rpm for 15 min at 0°. The reaction mixture consisted of 2 phases: in phase 1, 400 pL
of extract was mixed with 1600 pL of 0.025 M potassium chloride KCI (pH 1.0); in phase 2,
400 pL of extract was mixed with 1600 uL of 0.4 M sodium acetate chloride (pH 4.5). The
absorbance of both samples was read at 520 and 700 nm. The quantification of anthocyanins
was determined using Equation S3.

4.5.2. Enzymatic Antioxidants

Catalase (CAT, EC 1.11.1.6) was determined according to Dhindsa et al. [81], and
the calibration curve was performed using hydrogen peroxide (Figure S4). Glutathione
peroxidase (GPX, EC 1.11.1.9) was determined by the methodology of Flohé et al. [82], and
the calibration curve was performed using reduced glutathione (Figure S5). Phenylalanine
ammonium lyase (PAL, EC 4.3.1.5) was determined, according to the methodology of
Syktowska-Baranek et al. [83], and the calibration curve was performed using transynamic
acid (Figure S6). Ascorbate peroxidase (APX, EC 1.11.1.11) was determined, according to
what was established by Elavarthi and Martin [84], and the calibration curve was performed
using ascorbic acid (Figure S7).

4.6. Photosynthetic Pigments

The content of chlorophyll 4, chlorophyll b, and total chlorophyll were determined in
leaves, according to the methodology reported by Arnon [85] and Munira et al. [86]. Then,
50 mg of lyophilized tissue were weighed, 10 mg of magnesium carbonate and 2 mL of
90% acetone were added, and then it was centrifuged for 5 min at 10,000 rpm at 4 °C; the
supernatant was taken and read in a spectrophotometer at 645 and 663 nm. The results
were expressed in milligrams per 100 g of dry weight (mg 100 g*1 DW). The chlorophyll
content was determined using Equation S4.

4.7. Chemical Reagents

The reagents and solvents used during the investigation were sourced from Sigma
Aldrich 99% (St. Louis, MO, USA).

4.8. Statistical Analysis

Data were analyzed by two-way ANOVA using InfoStat software (v2020) (Universidad
Nacional de Cérdoba, Cérdoba, Argentina). Tukey’s simultaneous test (p < 0.05) was used
for means separation.
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5. Conclusions

The synergistic application of GLU and 6-BAP showed beneficial effects in blueberries,
resulting in substantial increases in the photosynthetic pigments, antioxidant defense
mechanisms, and number of flower buds, which could result in an increase in yield. The
application of both biostimulants could be considered as a promising practice to improve
the production, in quantity and quality, of blueberry fruits.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants12122363/s1. Figure S1. Calibration curve of total phenols;
Figure S2. Calibration curve of flavonoids; Figure S3. Calibration curve of reduced glutathione;
Figure S4. Calibration curve of catalase; Figure S5. Calibration curve of glutathione peroxidase;
Figure S6. Calibration curve of phenylalanine ammonium lyase; Figure S7. Calibration curve of
ascorbate peroxidase; Equation S1. Quantification of titratable acidity; Equation S2. Quantifica-
tion of vitamin C; Equation S3. Quantification of anthocyanins; Equation S4. Determination of
photosynthetic pigments.
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