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Abstract: One biostrategy to boost the sustainability of strawberry cultivation is the application of
biostimulants to the growing substrate. Here, we investigated whether the use of biostimulants and
their combinations affects the strawberry plants” phyllochron, phenology, and fruit quality. We tested
the absence (control) and presence of biostimulants (arbuscular mycorrhizal fungi (AMF), Ascophyllum
nodosum (AN), Trichoderma harzianum (TH), AMF + AN, AMF + TH, AN + TH, and AMF + AN + TH).
The experimental design used was in completely randomized blocks (four replications). AMF was
represented by a multi-species on-farm inoculant; A. nodosum was represented by the commercial
product Acadian®; and T. harzianum was represented by the commercial product Trichodermil®.
The leaf emission rate, the occurrence and duration of phenological stages, and fruit quality were
assessed. The greatest precocity in terms of harvesting the first fruit was observed in plants grown
with AMF + TH, which also had the lowest phyllochron (77.52 °C day-leaf~!). Those treated only
with AMF were the latest (144.93 °C day-leaf~!). More flavorful fruits were produced by plants
grown with AMF + TH. Plants inoculated with the AMF community, whether or not associated with
A. nodosum and T. harzianum, had more than 94% mycorrhizal colonization. We conclude that AMF,
A. nodosum, T. harzianum, and their combinations influence the phenology, phyllochron, and fruit
quality of strawberry plants. In the growing conditions of the Brazilian subtropics, the AMF and
T. harzianum combination shortens the strawberry cycle, from transplanting the daughter plants to
harvesting the first fruit, and improves the fruit flavor.

Keywords: biostimulants; development; growth; Fragaria x ananassa Duch.

1. Introduction

In the Brazilian subtropics, the lay-flat bag culture system of strawberry (Fragaria X ananassa
Duch.) is the most widely adopted [1]. This system in substrate is a response to increased
yields and better ergonomics for producers. On the other hand, most producers who adopt
this system use chemical inputs on a large scale, and this can lead to environmental con-
tamination [2]. Thus, we need to establish better management practices for agroecosystems,
which can be boosted by the use of biostimulants, e.g., arbuscular mycorrhizal fungi (AMF),
Ascophyllum nodosum (L.) Le Jolis, and Trichoderma harzianum Rifai.
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AMEF establish symbiosis with most terrestrial plants. This mutual association is
based on the two-way flow between host and fungus [3]. Previously, our research group
demonstrated that AMF improve root and shoot growth [4], nutrient accumulation [5],
and the synthesis of phytochemicals in leaves, roots [6], and fruit [4] in substrate-grown
strawberry plants.

The application of macroalgal extracts in agriculture is related to their biodegradable,
non-toxic, and environmentally friendly properties [7]. The beneficial effects of this bioin-
put include improvements in resistance to stresses in cultivated plants [8,9]. Extracts of
the brown macroalgae A. nodosum can promote plant growth, improve protective activity
against stresses, and increase nutrient absorption and phytochemical accumulation [10].
A. nodosum extracts improved the morphology of the strawberry root system [11] and
increased fruit production [12]. In addition, A. nodosum reduced the progression of Po-
dosphaera aphanis (syn. Sphaerotheca macularis) infection in strawberries [13].

Trichoderma is the main plant biostimulant. After the association between the plant and
Trichoderma, this rhizofungus boosts the development of its plant partner [14]. Expression of
the bgn13.1 gene of T. harzianum CECT 2413 encoded a 3-1,3-glucanase, and this improved
strawberry tolerance to Colletotrichum acutatum or Rosellinia necatrix [15]. In addition,
this microorganism increased plant growth, improved strawberry yields, and increased
the levels of cyanidin 3-O-glucoside, pelargonidin 3-O-rutinoside, and pelargonidin 3-O-
acetyl-glucoside in fruit [16]. Anthocyanins are one of the most important health-related
compounds found in strawberries. Up to 25 different anthocyanins have been identified [17].
However, only three major anthocyanins are commonly found in high concentrations in
this fruit (cyanidin 3-O-glucoside, pelargonidin 3-O-acetyl-glucoside, and pelargonidin
3-O-rutinoside).

These growth-promoting and plant-defense-inducing activities highlight the potential
use of these three biostimulants in strawberry plants. Therefore, scientists must intensify
studies to improve the understanding of these biotechnologies and support their continued
application in commercial strawberry crops. As previously reported, these three biostimu-
lants are applied in isolation in field conditions [4,11,15]. However, as far as we know, there
is no literature on the effects of the combined use of AMF, A. nodosum, and T. harzianum on
strawberry plants.

The gap regarding the lack of information on the joint application of these bio-tools
contributes to limiting their dissemination among producers, who could adopt new sus-
tainable management techniques in strawberry crops through the exploration of microbial
multifunctionality, with the potential to increase growth, development, and plant quality. In
addition, we do not know the phyllochron, phenology, or fruit quality of this horticultural
crop produced with these three biostimulants. Using mathematical models, one way of
calculating the number of leaves corresponds to the phyllochron concept (time between the
appearance of two successive leaves on the main plant crown) [18]. Phenology studies the
morphological changes that occur during plant development.

Here, we investigated whether AME, A. nodosum, T. harzianum, and their combinations
interfere with the phyllochron, phenology, and fruit quality of strawberry plants. Our
results will allow growers to use bio-tools aimed at sustainable strawberry cultivation in
substrate, linked to decision-making regarding crop management based on phenology,
phyllochron, and fruit quality.

2. Materials and Methods
2.1. Plant Material

Bare-root strawberry daughter plants, ‘San Andreas’ cultivar (neutral days), were
sourced from the Llahuén nursery, Chile (33°50'15.41” S; 70°40'03.06” W). In the Llahuén,
daughter plants were produced in fumigated soil, which prevented colonization by AMF
and other fungal volunteers during their time in the nursery. The production period of the
daughter plants in the Llahuén nursery was seven months, so they received a sufficient
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number of cold hours, aiming at the accumulation of carbohydrates, photoassimilates, and
phytohormones. The daughter plants produced had a 6 to 8 mm diameter crown.

This work was carried out in Passo Fundo (28°15'41” S; 52°24’45"” W), Rio Grande
do Sul (RS), Brazil, from June to September 2023. The plants were grown in a greenhouse
covered with low-density polyethylene (150 microns thick).

2.2. Experimental Design

Eight treatments were the absence (control) and presence of biostimulants: arbus-
cular mycorrhizal fungi (AMF), Ascophyllum nodosum (AN), Trichoderma harzianum (TH),
AMF + AN, AMF + TH, AN + TH, and AMF + AN + TH. The experimental design used
was in completely randomized blocks (four replications). We planted six plants in every
container for each treatment, using four containers per treatment. To represent a replication
of the experiment, we collected data from six plants in each container. Therefore, we used
six plants per plot (24 plants per treatment; n = 192 plants).

AMF-based biostimulant was represented by a multi-species on-farm inoculant, adapted
to strawberry cultivation [19], composed of eight species [20]: Acaulospora koskei Blaszk.,
Acaulospora rehmii Sieverding and Toro, Claroideoglomus aff. luteum, Claroideoglomus claroideum
(N.C. Schenck and G.S. Sm.) C. Walker and A. Schiifiler, Claroideoglomus etunicatum (W.IN.
Becker and Gerd.) C. Walker and A. SchiifSler, Funneliformis aff. mosseae, Glomus aff.
versiforme, and Glomus sp. (caesaris like). Inoculant was obtained by trap culture [21],
with sorghum (Sorghum bicolor (L.) Moench) in sterilized sand (120 °C, 20 min). After five
months of multiplication, an AMF-based inoculant was obtained and contained spores,
root pieces, and sterile sand. Manually, on-farm inoculant was applied in the planting bed
of the strawberry daughter plants.

The A. nodosum-based biostimulant was represented by the commercial product
Acadian® (Koppert®, Piracicaba, Sao Paulo, Brazil), MAPA registration SP 002821-5.000004,
made from seaweed harvested from the waters of the North Atlantic Ocean in Nova
Scotia, Canada.

The T. harzianum-based biostimulant was represented by the commercial product
Trichodermil® (Koppert®, Piracicaba, Sao Paulo, Brazil), MAPA registration 2007, consisting
of T. harzianum (CEPA ESALQ 1306).

We selected Acadian® and Trichodermil® for the diffusion and benefits of both prod-
ucts in other agricultural crops belonging to Rosaceae, such as raspberry (Rubus idaeus L.),
apple (Malus pumila Mill.), pear (Pyrus communis L.), and peach (Prunus persica (L.) Batsch).

2.3. Procedures

Daughter plants were transplanted in June 2023 into containers (1 m long x 0.5 m
wide) filled with Dallemole® substrate (Vacaria, Rio Grande do Sul, Brazil). The substrate
is made up of pine bark, rice husk, rice ash, and class A organic compost. Class A organic
compost means that the material has been made from raw plant or animal materials or
from agro-industry processing without the addition of sodium (Na*), heavy metals, or
potentially toxic synthetic organic elements or compounds. The substrate was pasteurized
(vaporized) by the manufacturer. The physical and chemical properties of Dallemole® are
shown in Table 1.

Treatments inoculated with AMF received 5 g of on-farm inoculant, added monthly to
the planting bed of the daughter plants (June) at the time of transplanting and then around
the plant crown (July, August, and September). The total amount of on-farm inoculant
used, applied from June to September, was 20 g per plant, in accordance with our previous
studies [4,5].

For the treatments receiving A. nodosum and T. harzianum monthly (from June to
September), a solution of 2.5 mL-L~! H,0 (Acadian®) and 1.5 mL-L~! H,O (Trichodermil®),
respectively, was prepared. These doses were based on the specifications of each product.
Subsequently, 10 mL of the Acadian® solution and 10 mL of the Trichodermil® solution
were applied to each plant at the crown base in order to run it off into the substrate using a
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micropipette. The total amount used of Acadian® and Trichodermil®, applied from June to
September, was 40 mL per plant for each of the biostimulants.

Table 1. Physical and chemical characterization of the Dallemole® substrate.

Physical characterization !

D TP AE RAW BW RW
(kgm~3) (m3m~3)
212 0.885 0.502 0.144 0.017 0.222
Chemical characterization 2
N P,05 K,O ocC EC
% (m-m~1) pH mS-cm~1 rCa{tilt)I
0.82 0.58 <0.25 26.10 7.6 1.05 33.42

1 D: density; TP: total porosity; AE: aeration space; RAW: readily available water; BW: buffer water; RW: remaining
water. 2 N: nitrogen; P,Os: phosphorus pentoxide; K, O: potassium oxide; OC: organic carbon; pH: potential of
hydrogen; EC: electric conductivity; and C/N ratio: relationship between carbon and nitrogen.

The irrigation used in the experiment was localized (drip strips) in an automated
system (1.40 L-h~! per dripper). The irrigation regime was activated five times a day, with
a total wetting time of 10 min. Nutrient solutions [22] were supplied to the plants weekly,
with a 50% reduction in the phosphorus supply [23].

The air temperature inside the greenhouse was monitored using a mini weather station
(Figure 1). The absolute minimum and maximum temperatures of 0.10 °C (5 July 2023)
and 40.40 °C (29 August 2023) were recorded, respectively (Figure 1). The overall average
temperature was 18.24 °C (Figure 1). During the experiment, 26 days with temperatures
below 7.0 °C were recorded (Figure 1).
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Figure 1. Temperatures of the greenhouse (from June to September of 2023).

2.4. Mycorrhizal Colonization

Root portions of plants were prepared according to Phillips and Hayman [24]. They
were then added to sodium hydroxide solution (NaOH, 10%) and kept in an autoclave
(120 °C, 20 min). Afterwards, the roots were submerged in a hydrochloric acid solution
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(HCl, 1%) for five minutes. Finally, the roots were added to Trypan Blue solution (0.5%)
and kept in an autoclave (120 °C, 20 min).
Mycorrhizal colonization (MC, %) was determined according to Trouvelot et al. [25]:

o,y _ total number of fragments with mycorrhizal roots
MC (%) = total number of fragments X100 @

This percentage was evaluated based on the observation of 50 segments, approximately
1 cm (cm) of root, from each treatment. Subsequently, the roots were observed under a
microscope to identify the presence of AMF structures.

2.5. Trichoderma—Plant Root Detection

To detect Trichoderma, the methodology proposed by Fernandez [26] was used. To
this end, portions of the roots were removed from the substrate and washed in running
water. Approximately 30 portions of roots (2 mm in diameter) from each treatment were
cut and added to 70% alcohol for 30 s. Then, the roots were subjected to asepsis in
hypochlorite + water (1:1 v/v for 2 min, rinsed with sterilized water, and dried on filter
paper. Thus, they were transferred to potato dextrose agar culture medium and incubated
in a growth chamber (25 °C, 12 h of light) for seven days.

2.6. Phyllochron

Phyllochron was assessed weekly by counting the number of leaves from the start of
leaf emission (from the main crown) until the first fruit was harvested. A new leaf was
considered to have emerged when it was visible and approximately 1 cm long [27].

The average daily temperature (ADT) was calculated as the arithmetic mean of the
temperatures recorded by the mini weather station every hour:

t0+t1 4+ 12+ ... +123)
24

ADT (°C) = ( )
The base temperature (BT), below which there is no leaf emergence, considered for
the strawberry crop was 7.0 °C [28]. Daily thermal sum (DTS) was accumulated since the
daughter plants were transplanted, resulting in accumulated thermal sum (ATS), that is,
ATS (°C-day ') = & DTS.
The DTS was calculated according to Gilmore Junior and Rogers [29] and Arnold [30]:

DTS (°C-day ') = ADT — BT 3)

A regression analysis was carried out between the number of leaves and ATS. The
angular coefficient of the linear regression was considered to be the leaf emission rate
(leaves °C-day~!), and the phyllochron (°C day-leaf ') was estimated by the inverse of the
angular coefficient of the linear regression [31,32].

2.7. Phenology

Phenological evaluations consisted of weekly observations of five stages of develop-
ment (Figure 2) according to the phenological scale [33] and the Biologische Bundesanstalt,
Bundessortenamt und Chemische Industrie (BBCH) coding. After the first inflorescence,
the primary flower was marked with a satin ribbon to make observations and notes on the
subsequent stages: first set flowers at the bottom of the rosette (BBCH 55), first flowers open
(primary or A-flower) (BBCH 60), receptacle protruding from the sepal whorl (BBCH 71),
and main harvest, more colored fruits (BBCH 87).
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Figure 2. The strawberry phenological stages [33] considered for evaluation.

The occurrence (O) date of each phenological stage was indicated in days after trans-
planting (DAT), and its duration (D) was expressed in days.

2.8. Fruit Quality

In September, total soluble solids (TSSs, %) and total titratable acidity (TTA, % of
citric acid) were analyzed from 15 fruits from each treatment for each replication [34]. To
evaluate the fruit flavor, the TSS/TTA ratio was determined.

2.9. Data Analysis

To estimate phyllochron, a linear regression was performed between the number of
leaves and the ATS. These data were submitted to an analysis of variance (ANOVA), and
the means of the treatments were compared using the Tukey test (5% probability of error)
by Costat® software version 6.45 [35]. Phenology data were presented descriptively. The
occurrence date of each phenological stage was defined based on the measure of central
tendency referring to the mode [27].

Phenological data were also subjected to multivariate analysis using Genes® software
version 1990.2019.91 [36]. Mahalanobis distance (D?) was used to verify the dissimilarity
among the biostimulants, and, through this, the relative contribution of the phenological
stages to the divergence among the treatments was obtained [37]. The Unweighted Pair
Group Method with Arithmetic Mean (UPGMA) was used for the grouping analysis of the
biostimulants. The dendrogram was cut using 45% dissimilarity, and the grouping was
validated by the cophenetic correlation coefficient (CCC).

Fruit quality data were also submitted to an ANOVA, and the means of the treatments
were compared using the Tukey test (5% probability of error) by Costat® software [35].

3. Results
3.1. Mycorrhizal Colonization

Plants inoculated with the AMF community, whether or not associated with A. nodosum
and T. harzianum, had more than 94% mycorrhizal colonization (Figure 3). No contamination
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was observed in plants grown without AMF (Figure 3). The AMF structures observed in
the roots were hyphae, vesicles, and arbuscules (Figure 4).

100 ~

a a a a
=
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -
b b b b
0 T T T T 1 T
QW
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Figure 3. Mycorrhizal colonization of roots in the absence and presence of biostimulants. Data are
presented as mean =+ standard deviation. Means followed by the same letter in the column do not
differ significantly using the Tukey test (p < 0.05). Control: absence of biostimulants; AMF: arbuscular
myecorrhizal fungi; AN: A. nodosum; TH: T. harzianum.

Figure 4. AMF structures visualized in strawberry roots, ‘San Andreas’ cultivar, refer to hyphae (A),
vesicles (B), and arbuscules (C). Optical microscope observation, with a magnification of 400 x.

3.2. Trichoderma—Plant Root Detection

Plants cultivated with T. harzianum showed a 67% incidence (I) of this fungus in the
roots (Figure 5). Compared to the double combinations (AMF + TH and AN + TH), the
association of the three biostimulants (AMF + AN + TH) represented a 40% incidence of
T. harzianum in strawberry roots (Figure 5). There was no contamination of T. harzianum in
treatments without this rhizofungus (CONT, AMFE, AN, and AMF + AN) (Figure 5).
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16

14 -

12 4

10 +

Number of leaves

—8— CONT

Figure 5. Incidence of T. harzianum in strawberry roots, ‘San Andreas’ cultivar. 1 CONT: control
(absence of biostimulants); AMF: arbuscular mycorrhizal fungi; AN: A. nodosum; TH: T. harzianum.

3.3. Phyllochron

In decreasing order, the leaf emission rate was 0.0129, 0.0121, 0.0115, 0.0113, 0.0101,
0.0097, 0.0092, and 0.0069 accumulated leaves at each "C'day_1 for AMF + TH, AMF + AN,
TH, CONT, AN, AN + TH, AMF + AN + TH, and AMF, respectively (Figure 6), with
phyllochrones of 77.52, 82.64, 86.96, 88.50, 99.01, 103.09, 108.70, and 144.93 °C day-leaf’l,
in the same treatment order, to produce two consecutive leaves (Table 2).

CONT =0.0113x - 0.3539
R*=0.98

AMF =0.0069x + 1.1388
RZ=0.91

AN =0.0101x + 0.3423
RZ=0.96

TH=0.0115x+0.2779
R?=0.95

AMF + AN =0.0121x + 0.1396
R?=0.97

AMF + TH =0.0129x - 0.3327
R?=0.96

AN +TH = 0.0097x + 0.6276
R*=0.96

AMF + AN + TH = 0.0092x + 0.4082
T T T T T T T T ) R2=0.97
100 200 300 400 500 600 700 800 900 1000

Accumulated thermal sum (°C.day?)
——AMF —@— AN —8—TH —8—AMF+AN —0—AMF+TH —@—AN+TH —@—AMF+AN+TH

Figure 6. Estimated phyllochron of strawberry plants, ‘San Andreas’ cultivar, in the absence and
presence of biostimulants. CONT: control (absence of biostimulants); AMF: arbuscular mycorrhizal
fungi; AN: A. nodosum; TH: T. harzianum.
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Table 2. Phyllochron of strawberry plants, ‘San Andreas’” cultivar, in the absence and presence

of biostimulants.
Treatments ! Phyllochron (°C day-leaf~1)
CONT 88.50 & 21.94 cd
AMF 144.93 £29.35a
AN 99.01 £28.93 ¢
TH 86.96 +23.78 d
AMF + AN 82.64 +£20.62d
AMF + TH 7752 £27.87 e
AN + TH 103.09 + 39.25 bc
AMF + AN + TH 108.70 £ 36.42 b

Data are presented as mean + standard deviation. Means followed by the same letter in the column do not
differ significantly using the Tukey test (p < 0.05). 1 CONT: control (absence of biostimulants); AMF: arbuscular
mycorrhizal fungi; AN: A. nodosum; TH: T. harzianum.

Plants treated with AMF + TH were considered the earliest to start fruit harvest, as
they had the lowest phyllochron value (77.52 °C day-leaf~!) (Figure 6 and Table 2), while
plants treated with AMF alone were the latest, as they had the highest phyllochron value
(144.93 °C day-leaf 1) (Figure 6 and Table 2). This difference between the highest (AMF)
and lowest (AMF + TH) phyllochron values was 47% (Table 2). The day interval for a new
leaf to emerge ranged from 6.9 (AMF + TH) to 10.9 (AMEF).

3.4. Phenology

Plants grown without biostimulants (CONT) had a longer stage 11 duration (33 days),
while plants treated with AN, TH, and AMF + TH only remained in this stage for 23 days
before starting to flower (stage 55), which occurred 23 days after transplanting the daughter
plants (Table 3).

Table 3. Phenological dates of strawberry plants, ‘San Andreas’ cultivar, in the absence and presence

of biostimulants.
Stage 11 Stage 55 Stage 60 Stage 71 Stage 87
Treatments ! T? o D o D o D o D o TTF TFH TTH
(DAT) (Days) (DAT) (Days) (DAT) (Days) (DAT) (Days) (DAT) D2y (Days) (Days)

CONT 21-June 7 33 40 6 46 3 49 23 72 40 32 72
AMF 21-June 12 28 40 10 50 4 54 21 75 40 35 75
AN 21-June 12 23 35 4 39 3 42 30 72 35 37 72
TH 21-June 12 23 35 4 39 3 42 23 65 35 30 65
AMF + AN 21-June 12 25 37 2 39 3 42 30 72 37 35 72
AMF + TH 21-June 12 23 35 9 44 3 47 14 61 35 26 61
AN +TH 21-June 12 28 40 10 50 4 54 18 72 40 32 72
AMF + AN + TH 21-June 12 28 40 7 47 9 56 16 72 40 32 72

1 CONT: control (absence of biostimulants); AMF: arbuscular mycorrhizal fungi; AN: A. nodosum; TH: T. harzianum.
2 T: daughter plant transplant date; O: stage occurrence date; D: stage duration, in days; DAT: days after
transplanting; TTF: time, in days, from transplanting to the beginning of flowering; TFH: time, in days, from the
beginning of flowering to the first fruit harvest; TTH: time, in days, from transplanting to the first fruit harvest.

The CONT, AMEF, AN + TH, and AMF + AN + TH treatments were the latest to start
flowering (Table 3). The start of flowering ranged from 35 days (AN, TH, and AMF + TH)
to 40 days (CONT, AME AN + TH, and AMF + AN + TH) after transplanting the daughter
plants (Table 3). AMF + TH showed the shortest cycle from the date of transplanting to the
start of flowering (Table 3). This interval ranged from 26 days (AMF + TH) to 37 days (AN)
(Table 3).

The inflorescence primary flower opening (stage 60) of the plants cultivated with AN,
TH, and AMF + AN occurred in July, and that of the plants treated or not with the other
biostimulants occurred in August (Table 3). The combination of the three biostimulants
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(AMF + AN + TH) increased the stage 60 duration, which represented an average duration
63% greater than the other treatments (Table 3).

The AN, TH, and AMF + AN treatments were the first to start fruiting (stage 71), while
AMF + AN + TH was the last to reach this stage (Table 3). The longest duration of stage 71
was 30 days for AN and AMF + AN, while plants grown with AMF + TH only remained in
this stage for 14 days (Table 3). This difference between the highest (AN and AMF + AN)
and lowest (AMF + TH) stage 71 duration was 53% (Table 3).

The first fruit harvest (stage 87) began in the plants grown with AMF + TH (Table 3),
confirming their precocity as indicated by the phyllochron analysis (Figure 6). This same
biostimulant combination showed the shortest cycle from the date of transplanting to the
harvest start (Table 3). This interval ranged from 61 days (AMF + TH) to 75 days (AMF)
and represented a 19% difference between the two treatments (Table 3).

The accumulated heat sum from transplanting to the first fruit harvest for each treat-
ment was 1814.34 °C-day ! for CONT, 1982.01 °C-day ! for AMF, 1638.99 °C-day ! for
AN, 1574.59 °C-day ! for TH, 1658.40 °C-day ! for AMF + AN, 1650.38 °C-day ! for
AMF + TH, 1945.70 °C-day~! for AN + TH, and 1940.35 °C-day~! for AMF + AN + TH
(Figure 7).

8
Days after transplanting (DAT)

AMF + AN+ TH
AMF + AN
AMF + AN+ TH
AMF + AN
AMF + AN+ TH
AMF + AN
AMF + AN+ TH
AMF + AN
AMF + AN+ TH

Stage 55 Stage 60 Stage 71 Stage 87

| — 7Y ) ---=.-- Accumulated thermal sum

Figure 7. The accumulated thermal sum required for each treatment to reach the main strawberry
phenological stages. CONT: control (absence of biostimulants); AMF: arbuscular mycorrhizal fungi;
AN: A. nodosum; TH: T. harzianum.

The earliest treatments to start flowering were AN, TH, and AMF + TH, which re-
quired 250.63 °C-day ! to reach this stage (Figure 7). Plants treated with AMF + TH
started fruiting when they accumulated 384.94 °C-day !, and, after 14 days, this treatment
reached 538.43 °C-day !, at which point the main fruit was harvested and characterized
AMF + TH as the earliest treatment (Table 3, Figures 6 and 7). Plants treated only with AMF
needed to accumulate 688.70 °C-day ! to reach harvest and were therefore considered the
latest (Table 3, Figures 6 and 7). This difference between the highest (AMF) and lowest
(AMF + TH) accumulation of °C-day ! to start fruit harvest (stage 87) was 22% (Figure 7).

The multivariate analysis indicated dissimilarity among the eight treatments studied.
Based on phenology, four groups were generated by the UPGMA method. Heterogeneity
was illustrated by a dendrogram (Figure 8), whose fit, calculated by the CCC, was 93%.
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Figure 8. Grouping by the UPGMA of the treatments in relation to the occurrence (in DAT) of the
main strawberry phenological stages. CONT: control (absence of biostimulants); AMF: arbuscular
mycorrhizal fungi; AN: A. nodosum; TH: T. harzianum.

Group 1 (red) brought together three treatments (AN, AMF + AN, and TH) (Figure 8).
This group performed similarly in terms of stage 11 duration and stages 60 and 71 occur-
rences (Table 3). Group 2 (green) consisted only of AMF + TH (Figure 8). This treatment
stood out in terms of phyllochron (Table 2), the shortest day interval from the start of
flowering to the start of harvest, and the shortest time (in days) between transplanting
and the first fruit harvest (Table 3). Group 3 (orange) brought together three treatments
(AME, AN + TH, and AMF + AN + TH) (Figure 8). This group was similar in terms of the
duration of stages 11 and 55, the occurrence of stages 60 and 71, and the interval of days
from transplanting to the start of flowering (Table 3). Finally, group 4 (blue) was formed
only by the control (absence of biostimulants) (Figure 8), which had a longer duration of
stage 11 (Table 3).

The phenological stage that contributed the most to the divergence among the four
groups formed (Figure 8) was the receptacle protruding from the sepal crown (stage 71),
which explained 39.51% of the variability among the biostimulants studied (Table 4).

Table 4. Relative contribution (Sj) of phenological stages to heterogeneity among strawberry plants,
‘San Andreas’ cultivar, in the absence and presence of biostimulants.

Phenological Stages Sj Sj (100%)
11 175.0 3.5211
55 348.0 7.002
60 1276.0 25.674
71 1964.0 39.5171
87 1207.0 24.2857

3.5. Fruit Quality

There was a significant effect of biostimulants only on the TSS/TTA ratio. All bios-
timulant treatments and their combinations provided significantly better quality than the
control. Plants grown with AMF + TH produced tastier fruits, with a TSS/TTA ratio 48%
higher than the fruits produced by plants grown without biostimulants (Table 5).
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Table 5. Fruit quality of strawberry plants, ‘San Andreas’ cultivar, in the absence and presence

of biostimulants.
Treatments ! TSSs (%) 2 TTA (% of Citric Acid) TSS/TTA Ratio
CONT 5.00 +1.25 0.94 £ 0.002 531 +1.27c¢
AMF 547 £1.39 0.68 + 0.003 8.07 +1.74 ab
AN 5.72 +1.35 0.72 4 0.002 7.92 £ 1.56 ab
TH 6.57 £ 1.76 0.80 £ 0.001 8.20 == 1.82 ab
AMF + AN 6.47 +1.14 0.75 + 0.004 8.58 + 1.05 ab
AMF + TH 727 £1.07 0.72 4+ 0.001 10.12+191a
AN + TH 6.30 == 1.42 0.80 £ 0.001 7.89 £ 1.53 ab
AMF + AN + TH 5.95 + 1.01 0.77 + 0.003 774+139b
Significance NS NS **
Mean 6.09 0.77 7.98
CV (%) 3 12.81 12.64 10.09

Data are presented as mean = standard deviation. Means followed by the same letter in the column do not differ
from each other by Tukey’s test (p < 0.05). **: significant at the 1% probability level (p < 0.01). NS: treatment effect
is not significant (p > 0.05). 1 CONT: control (absence of biostimulants); AMF: arbuscular mycorrhizal fungi; AN:
A. nodosum; TH: T. harzianum. 2 TSSs: total soluble solids; TTA: total titratable acidity; TSS/TTA ratio: fruit flavor.
3 CV: coefficient of variation.

4. Discussion

In this study, we show that the use of biostimulants altered the growth and develop-
ment of strawberry plants in the ‘San Andreas’ cultivar.

Air temperature plays a significant role in shaping strawberry development, partic-
ularly in processes such as leaf emission. The thermal sum (°C-day!) is a biologically
realistic measure for estimating growth and development in relation to air temperature [38].
In our research, the thermal sum that was accumulated from transplanting to the first fruit
harvest had a mean value of 1775.59 °C day-leaf ! for all strawberry treatments in the ‘San
Andreas’ cultivar. The thermal sum is more significant for plants than calendar days.

The strawberry phyllochron extends beyond mere cultivar evaluations, encompassing
diverse agroecosystems and spanning numerous years of cultivation [39]. This research
provides insights into the variability of phyllochron in response to environmental, genetic,
and agronomic factors. Studies have explored how different producing regions, with their
unique climatic and soil characteristics, can affect the phyllochron in strawberries. In addi-
tion, the temporal dimension adds complexity to the study of strawberry phyllochron by
considering variations across cultivation years [27]. The biostimulants AMF + TH exhibited
a 47% decrease in phyllochron per °C day-leaf~! in comparison to the biostimulant AMF
(Table 2).

Additionally, our research shows that the average value of leaf emission rate for strawberry,
‘San Andreas’ cultivar, is 100.27 = 29.76 °C day-leaf_l. In another experiment, it was found
that the “‘Albion’ cultivar exhibited a leaf emission rate of 149.34 + 31.3 °C day-leaf’1 [40]. The
leaf emission speed has already been studied for various strawberry cultivars [41]. In
our study, strawberry plants that were treated with the biostimulant mixture AMF + TH
required 63.30% less time to emit a new leaf compared to the plants that were treated with
the biostimulant AME.

The BBCH scale is a standardized system designed for the consistent coding of phe-
nologically analogous growth stages across all plant species, including both mono- and
dicotyledonous varieties. This stage serves as a valuable tool in phenological research and
agricultural management by providing a uniform language to describe and categorize the
developmental phases of plants. The BBCH scale thus stands as an indispensable tool in
the realm of plant phenology, promoting consistency and clarity in the characterization of
growth stages across a wide spectrum of plant species [42,43].

In the present study, the assessment of BBCH phenological growth stages revealed
noteworthy distinctions in the temporal development of strawberry plants. Specifically, the
stage denoted by the first unfolding of leaves (BBCH 11) in the control group exhibited a
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prolonged duration when contrasted with strawberry plants subjected to various biostimu-
lant applications (Table 3). The decrease in days between the control and other treatments
was 30.30% in AN, TH, and AMF + TH. This divergence in temporal patterns underscores
the potential impact of biostimulants on the developmental trajectory of strawberry plants.
The observed discrepancy in the duration of the first leaf unfolding stage suggests that
the application of biostimulants may exert an influence on the rate or efficiency of early
growth processes in strawberries. Arcidiacono et al. [44] investigated the colonization of
tomato roots, ‘Pisanello’ cultivar, by AMF at different growth stages, and they observed the
presence of arbuscules and vesicles in roots at stage BBCH 62.

A. nodosum was the source of the first commercialized liquid seaweed extract [45]. The
literature indicates that this biostimulant improves fruit ripening, crop yield, and nutri-
tional quality [46,47]. In addition, algal extracts can mitigate abiotic stresses (e.g., salinity)
because they affect membrane stability, the synthesis of compatible solutes, and osmo-
protective compounds [48]. Despite the large number of genes involved in the complex
mechanisms of A. nodosum [49], these benefits are attributed to the bioactive compounds
constituents of the extracts, such as phytohormones, polyamines, polysaccharides, amino
acids, polyunsaturated fatty acids, and sterols [50-52].

Understanding the temporal dynamics of phenological events is critical for discerning
the nuanced effects of biostimulants on the development of strawberry plants. Our work
showed that the earliest treatment was using AMF + TH biostimulants, needing only
35 days to reach the BBCH 87 stage: main harvests (more fruits colored). In this regard,
Bona et al. [53] reported that AMF promoted flowering by increasing phosphorus intake.
On the other hand, according to Fraceto et al. [54], the application of T. harzianum can
increase the availability of nitrogen for metabolic reactions, resulting in higher levels of
amino acids and proteins and faster strawberry plant growth. In addition to the agronomic
benefits, the application of beneficial fungi in agriculture, such as AMF and Trichoderma spp.,
makes it possible to reduce the use of biocides and their negative effects on agroecosystems.

The combined use of AMF and T. harzianum shortened the strawberry cycle, from
transplanting daughter plants to harvesting the first fruits. For scientists, this finding
opens avenues for new research aimed at enhancing the yield and quality of strawberries
through the use of these seven biostimulants. For producers, our findings contribute to
the establishment of sustainable management with beneficial fungi as a way to anticipate
fruit harvests. In addition, our results on precocity, demonstrated by the phenology and
phyllochron of plants cultivated with AMF and T. harzianum, enable the early delivery of
fruits to the consumer market when supply is still low and the price paid for the fruits
is higher.

Various biotic and abiotic factors influence the multifunctionality of microorganisms in
agricultural systems [55]. Cross-talk between microorganisms such as AMF and Trichoderma
spp. depends on this. Generally, mutualism between plants and microorganisms represents
a reciprocal symbiotic system in which the associated symbionts perform more powerful
functions compared to their use in isolation [56]. For example, Wang et al. [57] reported that
the combination of AMF and T. harzianum reduced the incidence of soil-borne diseases and
enhanced the quality of Salvia miltiorrhiza Bunge, while Martinez-Medina et al. [58] showed
that the use of these associated microorganisms improved the nutritional composition of
melon seedlings (Cucumis melo L.).

Although AMF and Trichoderma spp. have been used as plant biostimulants for many
years, little is known about the molecular changes that occur in plants when these microor-
ganisms are applied together [59]. The association among symbiotic microorganisms can
have positive effects by regulating the physiological metabolism of plants [56]. During the
first hours of interaction, the process of root colonization by AMF or Trichoderma spp. is
mediated by phytohormones, including salicylic acid, jasmonic acid, and ethylene [60,61].
For colonization to take place, AMF [62] and Trichoderma spp. [63] must produce and secrete
small molecules recognizable by plant cell receptors, represented by jasmonic acid in the
case of AMF [64] and salicylic acid for Trichoderma spp. [61].
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The synergy among endophytic fungi can trigger numerous mechanisms related
to plant defense against biotic and abiotic stresses [65], which explains the combined
treatment (AMF + T. harzianum) superiority in relation to the growth and development of
‘San Andreas’. AMF mechanisms include increased nutrient acquisition and photosynthetic
activity, as well as phytohormone profile modulation [66-68]. Trichoderma spp. stimulates
the production of proteins, auxins, phenylpropanoids, and phytoalexins and acts in the
release of volatile and non-volatile molecules that improve the absorption of macronutrients
and micronutrients [69-71]. Therefore, the better performance in terms of phyllochron,
phenology, and fruit quality of plants cultivated with AMF + T. harzianum can be attributed
to the synergistic effect of these microorganisms in promoting plant growth. Based on its
efficiency, we can recommend the use of this combination to increase the development of
strawberry plants in the ‘San Andreas’ cultivar.

The better flavor of the fruits of plants cultivated with AMF + T. harzianum may be
the result of the greater supply of nutrients, especially potassium [72], and the action of
growth-stimulating substances (phytohormones and phytochemicals) produced by the
activity of both fungi in the root zone of plants [73]. For example, the fungal infection
observed in the roots (Figures 4 and 5) may have represented a stressful biotic factor
for the plant host. As a defense response, plants intensify the production of secondary
metabolites [4]. These biomolecules, depending on the environmental conditions to which
they are exposed (moderate temperatures around 20 °C, for example), produce sugars
through their degradation [74], and this explains the increase in the sugar content of fruits
and, consequently, the best flavor of the berries (Table 5).

In our study, the use of biostimulants alone did not have the best effects on the straw-
berry plant ‘San Andreas’ cultivar. For example, plants treated with AMF alone were the
latest to start fruit harvesting (Figure 6 and Table 2). This is because AMF demands carbo-
hydrates from the plants for its maintenance, and thus, the partitioning of photoassimilates
occurs among the plant organs and includes AMF [75]. Therefore, mycorrhized plants
allocate less energy to leaf emission and show greater phyllochron (Figure 6 and Table 2),
which results in an energy imbalance for leaf emission [75]. However, in association with
T. harzianum, AMF promoted plant earliness (Figure 6 and Table 2). This suggests that
T. harzianum acts as a mitigating agent for AMF demand for carbohydrates, probably due
to the complex regulatory network of secondary metabolites, such as phytohormones, and
the regulation of biochemical and physiological expression related to plants.

Results about the phyllochron and phenology of the ‘San Andreas’ cultivar help
determine the earliness of the plants treated with biostimulants. It should be noted that the
combination of AMF and T. harzianum shortened the strawberry cycle, from transplanting
the daughter plants to harvesting the first fruit. This finding could have a significant impact
from an agronomic point of view since the combined application of these fungi could
generate a significant increase in the yield of this horticultural crop.

5. Conclusions

In the growing conditions of southern Brazil, plants grown with AMF + TH are
the earliest to start fruit harvest, and those treated only with AMF are the latest. The
combination of AMF and T. harzianum shortens the strawberry cycle, from transplanting
the daughter plants to the first fruit harvest, and improves the fruit flavor. These findings
contribute valuable insights into the dynamics of strawberry plant phenology and quality
in response to biostimulant interventions. Our approach provides useful tools and insights
into the use of biostimulants to enhance the balance between sugar content and citric acid
content in fruits, reduce the number of days from planting to strawberry fruit harvest, and
optimize leaf emissions based on temperature.
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