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Abstract

The use of algae-based biostimulants as biopromoters for the growth, flowering, and fruiting phases has been intensified in
recent years, despite a lack of information about the ideal quantity for maximum efficiency by the plant. This study aimed
to select the concentration and application timing of Ascophyllum nodosum-derived biostimulant capable of modulating
the physiology and increasing the yield of soybean plants from a semiarid region. The trials were carried out in a green-
house by applying leaf spraying of biostimulant at 0, 0.5, 1.0 and 1.5 L ha™!, as a single or double application, in different
developmental stages (V4, V4 +R1, R1, R1 +R4) of Extrema soybean cultivar. Growth, water content, pollen viability, gas
exchange and grain yield were investigated. The biostimulant promoted a better physiological conditioning and productive
responses, depending on the dose and application timing. Ascophyllum nodosum-based biostimulant at 1.5 L ha™!, applied
0.75 L ha~' at V4+0.75 L ha™! at R1 (T12), was the most significant treatment, improving the net photosynthesis, water
status and plant growth, which resulted in a 12% increase in grain yield. In conclusion, the dosage and timing of application
play pivotal roles in eliciting physiological and productive responses through biostimulants. Seaweed-based biostimulants
emerge as essential components to optimizing the cultivation and yield of soybean plants, serving as efficient and sustain-
able biological regulators.
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Introduction numerous plant species (Leite-Filho et al. 2021; Shahzad

et al. 2021). The situation is particularly challenging for the

Soybean is an important leguminous crop widely cultivated
in countries like Brazil, United States, Argentina and China,
corresponding to the largest producers responsible for over
86% of global production in 2022/23 season (AGROSTAT
2022; USDA 2023). Brazil is the world's largest soybean
producer, with a planted area exceeding 43 million ha
(CONAB 2023; USDA 2023). The crop is commonly cul-
tivated in semiarid regions and is relatively susceptible to
environmental stress.

In last decades, climate change has led to significant
alterations in environmental conditions worldwide, such as
temperature and precipitation patterns (Malhi, et al. 2021).
Environmental stresses such as drought and high tempera-
tures have affected arable areas and decreased the yield of
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soybean crop due to severe damage to morphological, physi-
ological, and biochemical pathways, impacting all stages of
plant development and yield, resulting in economic losses
(Chaudhry and Sidhu 2021; Silva et al. 2021; CONAB 2023;
USDA 2023).

The increasing demand for techniques to mitigate the
damage caused by climate variations has forced producers
to select cultivars adapted to adverse environments, even
if they present lower productivity capacity (Hassan et al.
2021). Biostimulants can constitute an alternative strategy
to overcome environmental limitations, given their compo-
sition of active principles capable of activating plant meta-
bolic processes (Hasanuzzaman et al. 2018; Hidangmayum
et al. 2019; Khan et al. 2021; Raza et al. 2021; Tiwari et al.
2021). They consist of a mixture of plant growth regula-
tors containing numerous chemical compounds, such as
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amino acids, nutrients, polyamines, secondary compounds
and several other bioactive compounds (Gandhi et al. 2024;
Vaghela et al. 2023). The biostimulants not only contribute
to crop yield but can also alleviate the deleterious effects of
specific abiotic stresses (Shahrajabian et al. 2021; Cocetta
et al. 2022; Gupta et al. 2022; Gandhi et al. 2024).

Numerous studies have evidenced the contributions of
biostimulants based on the seaweed Ascophyllum nodosum
(ANE) to the performance of species under stressful condi-
tions (Shukla and Prithiviraj 2021; Shahzad et al. 2023).
In tomato, the biostimulant protected against membrane
damage and reactive oxygen species (ROS), resulting in
reduced oxidative stress and improved photochemical per-
formance under drought and salt stress (Hernandez-Herrera
et al. 2022; Villa et al. 2023). In stressed-watermelon plants,
the biostimulants supported the root system, leaf biomass,
and increased leaf number (Bantis and Koukounaras 2022).
In soybean, ANE-biostimulants were able to improve pho-
tosynthetic efficiency by dissipating energy excess and
increasing the enzymatic antioxidant system under drought
(Rosa et al. 2021). ANE-treated stressed plants displayed
faster rehydration associated with elevated water content
and stomatal conductance, and enhanced ROS scavenging
(Shukla et al. 2018).

There are no data on ANE-biostimulants improving per-
formance of soybean cultivars from semiarid regions, par-
ticularly regarding the timing of application and sampling

procedures, which are crucial factors in eliciting positive
responses in plants (Andreotti et al. 2022; Ali et al. 2023).
These biostimulants aspects become critical in production
of crops from semiarid regions that utilize cultivars with
diverse levels of resilience and productive potential.

Our working hypothesis was that the Ascophyllum nodo-
sum-based biostimulant at specific dosage level and appli-
cation time improves the physiological and productive per-
formance of soybean plants. This hypothesis was tested by
cultivating a semiarid-adapted soybean cultivar (Extrema)
using three ANE-biostimulant dosage levels applied at
three distinct development stages. The photosynthetic per-
formance, water status, growth and grain yield trials were
assessed in different stages of plant development.

Material and methods
Study site, experimental conditions and treatments

The experiment was carried out in a greenhouse at the Fed-
eral University of Piaui (UFPI), Campus Professora Cinobe-
lina Elvas, Bom Jesus, Piaui, Brazil (located at 9°05'02.6"S,
44°19'32.8"W, and 277 m above sea level), between June
and September 2022. During the trials, temperature and
relative humidity inside the greenhouse were monitored
using a digital thermo-hygrometer. Figure 1 shows the
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Fig. 1 Coordinates of greenhouse location and dynamics of mean, maximum and minimum temperature, and air relative humidity during the tri-

als with soybean plants (Extrema cultivar) from June to September 2022
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environmental data during the study, encompassing the high-
est temperature peaks and low air humidity, characteristic of
semiarid regions.

During the trials, soil samples of typical dystrophic Yel-
low Latosol from the UFPI experimental area were collected
from the 0-0.20 m layer and analysed (Online Resource 1).
The soil was corrected according to the recommendations
for the cerrado soil fertilization (Sousa and Lobato 2004),
and thereafter used to fill plastic pots of 11 dm>. Sowing
was done adding five seeds from Extrema cultivar per pot.
Thinning procedures were carried out at 7 and 14 days after
sowing to maintain only one plant per pot. Irrigation man-
agement was conducted daily using the pot weighing method
(Veihmeyer and Hendrickson 1931), with water replacement
performed according to the amount required to reach 60% of
field capacity (FC) during the vegetative stage and 80% FC
during the reproductive stage (Miranda et al. 2023).

ANE biostimulant containing the PSI-494 biomolecule
complex was provided by Brandon Bioscience (Tralee,
Ireland). The ANE was manufactured using a proprietary

V4 STAGE

™~ ©
e y
¢

Extrema cultivar

process under high temperatures and alkaline conditions,
and the composition was the same cited in Carmody et al.
(2020): ash (35.81 +£0.87% w/w); total carbohydrates
(63.52 £0.55% w/w); polyphenols (0.55 +0.06% w/w); other
organic compounds (0.12 +0.03% w/w); and low macronu-
trient content with N (0.3-0.4% w/w), P (0.1-0.2% w/w)
and K (2-3% w/w).

For all treatments, 2.0 mL diluted solution containing the
biostimulant was sprayed on the leaves of each plant, taking
into account the crop stage (Vegetative 4 — V4, Reproduc-
tive 1 — R1, Reproductive 4 — R4), application timing and
dose considering a population of 220,000 plants ha~! and a
spray volume of 120 L ha~! in the field (Fig. 2). The applica-
tion volume of 2.0 mL per plant was determined based on
preliminary tests.

The design was completely randomized, with sixteen treat-
ments and four replications. The treatments consisted of a
combination of the biostimulant dose (0.5, 1.0 and 1.5 L ha™")
and application timings, which occurred in a single application
or double applications depending on the crop development

R1 STAGE R4 STAGE

J‘

N

( TO1 | 0.00 L ha 0.00 L ha 0.00 L ha™
TO07| 0.50 Lha’ 0.50 L ha' %
TOS * 0.50 L ha" 0.50 L ha'
T09| 1.00Lha’ % *
T10 * 1.00 L ha .
T11 * s 1.00 L ha™
Biostimulant T12| 0.75Lha’ 0.75 L ha® s
000 L ha T13 %* 0.75 L ha® 0.75 L ha"
T14| 1.50L ha” * *
T15 * 1.50 L ha™ %
T16 * * 1.50 L ha"

* Treatment not applied at this stage of the plant

Fig.2 Summary of Ascophyllum nodosum-based biostimulant treat-
ments on different stages of soybean crop (Extrema cultivar) under
greenhouse conditions. The plants from TO1 were sprayed with dis-

tilled water, constituting the negative control. The biostimulant was
applied at doses 0, 0.5, 1.0 and 1.5 L ha~! when the plants achieve the
stages V4, R1 and R4
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stage (V4, V4-R1, R1, R1-R4, and R4) (Fig. 2). The applica-
tions were made at 30 (V4), 40 (R1) and 60 days (R4) after
sowing (DAS). A group of plants was sprayed with distilled
water (2.0 mL per plant), constituting the control treatment
(T1). Registers of entire experiment are documented by photos
(Online Resource 2).

The assays were performed in specific time-points when
the plants reached the V4, R2, R4, R6 and/or RS stages, as
described in Table 1. The time-point were defined correspond-
ing to seven days after biostimulant applications at V4, R1, and
R4 (as detailed in Fig. 2), or during later reproductive stage
and yield trials.

Photosynthetic parameters

Gas exchange measurements were conducted on the first fully
expanded leaf using an infrared gas analyzer (IRGA, Model
GFS3000; Walz) between 8:30 and 10:30 a.m. on completely
sunny days. The assays of net photosynthesis (A), stomatal
conductance (gs), and transpiration (E) were performed with a
photosynthetic photon flux density (PPFD) of 1,000 pmol pho-
tons m~> s ~! and an internal CO, concentration of 400 ppm.

Water status

The relative water content (RWC) was measured at V4, R4
and R6 stages. A total of 10 discs with a diameter of 1.0 cm?
were extracted from fully expanded leaves of each treatment.
Initially, the fresh weight (FW) of the discs was measured and
then the samples were immersed in distilled water for 24 h
to determine the turgid weight (TW). The material was then
placed in an oven at 60 °C for 72 h to obtain the dry weight
(DW), and the RWC was calculated following Catsky (1960),
using the following formula:

(FW — DW)

RWC(%) = m

x 100

Biometric measurements and yield

The plant height was measured in the R2 reproductive stage,
post-application of the biostimulant at R1 stage, from the

first visible internode above the ground to the last node of
the apex, using a measuring tape. The number of flowers and
pods were counted manually.

Soybean yield was estimated at the end of the experiment
(R8), 94 days after planting, in kilogram per hectare (kg
ha‘l), according to the formula:

220,000 x NPP x NGP x WIG
1000

Yield (kg ha™!) =

where NPP is number of pods per plant, NGP is number of
grains per plant, and WTG is weight of one thousand grains.

Pollen viability

To verify the influence of the biostimulant on plant fertil-
ity, four floral buds at R2 stage were collected during the
pre-anthesis stage, between 9:00 and 10:00 a.m., in each
replication. The material was used to prepare slides using
the anther crushing technique (Guerra and Souza 2002). The
identification of viable pollen was performed using the Alex-
ander reactive stain (Alexander 1980). In each slide, 200
pollen grains were counted using an optical microscope with
a 40 x objective. Pollen grains with purple coloring were
classified as viable, while those without internal coloring
were considered non-viable. The percentage of viable pollen
(VP) was determined by the equation:

N? of viable pollen

VE(R) = 200

x 100

Statistical analyses

Attending the normality and homogeneity, the data were
subjected to analysis of variance, followed by mean com-
parison using the Scott-Knott test (p <0.05) (Borges and
Ferreira 2003). To provide a comprehensive overview, the
data were initially standardized (Cao et al. 1999) and then a
principal component analysis (PCA) was performed to char-
acterize the variables that most discriminated the structural
characteristics in each treatment (Hair Junior et al. 2009).
Parametric tests, figures and PCA were performed using the
statistical software R (R Core Team 2023).

Table 1 Time-point of Biostimulant application

Analysis time-point

physiological and yield assays

in greenhouse experiments DAS Stage DAS Stage Assay

with soybean plants treated

with extract of Ascophyllum 30 V4 37 V4 Gas exchange and RWC

."00'{)5 um (AN E—bigstimulants) 40 R1 47 R2 Plant height, Number of flowers and Pollen viability
m dlfferer.lt vegetative and . 60 R4 67 R4 Gas exchange, RWC and Number of pods
reproductive stages as detailed

in Fig. 2. DAS — days after - - 74 R6 Gas exchange, RWC and Number of pods

sowing - Harvest 94 R8 Yield trials
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Results

Physiological responses to biostimulant treatments
during V4 stage

The net photosynthesis of soybean plants remained unal-
tered by biostimulant treatment in a double application
manner during stages V4-R1 (T02) and single applica-
tion at 1.0 (T09) and 1.5 L ha™' (T14) at V4; however,
it was reduced in treatments with a single dose (T04) or
double application (T07 and T12) (Fig. 3a). At the evalu-
ation time (stage V4), only 50% of the dose was applied
for treatments TO7 and T12 (equivalent to 0.5, and 0.75
L ha~!, respectively), while a complete dose (0.5 L ha™?)
was applied for treatment TO4 (Fig. 2).

The biostimulant at rates of 1.0 and 1.5 L ha™' (T09 and
T14, respectively) significantly increased the transpiration
rate of plants compared to the other treatments (Fig. 3b).
In contrast, the application of 0.5 to 0.75 L ha™! at V4
[T04, TO7 (first application rate at V4 time-point) and T12
(first rate at V4)] significantly reduced the stomatal con-
ductance (gs) of soybean plants compared to the control,
whereas the application of 1.5 L ha~! (T14) resulted in an
increased gs at the V4 stage (Fig. 3c).

Biostimulant at 0.5 (T2 and T4) and 1.0 L ha™! (T7 and
T9) reduced the relative water content (RWC) compared
to control plants, while the dose of 1.5 L ha™! (T12 and
T14) did not significantly alter the RWC of plants at veg-
etative stage 4 (Fig. 3d). The intrinsic water use efficiency
(A/gs) was higher in TO4 and T12, surpassing all other
treatments and the control; whereas the instantaneous
water use efficiency (A/E) did not exhibit statistical dif-
ferences (Fig. 3e and f).

Reproductive and biometric responses
of biostimulant application at R2 stage

At R2 stage, the biostimulant significantly decreased the
number of flowers, with the more prominent effects in a
single application at 0.5 (T4) and 1.5 L ha™! (T15) treat-
ments, except for T13 plants as compared to the control
(Fig. 4a).

Although the biostimulant application promoted nega-
tive effects in the number of flowers (T04 and T15), in
most cases it promoted a higher pollen viability to the
remaining flowers compared to the control, reaching val-
ues equal to or higher than 99% (T04, TO7, T0S8, T14,
and T15). Thus, except for T2, biostimulant application
significantly increased pollen viability in soybean plants,
regardless of the dose and application timing, as compared
to the control (Fig. 4b). In general, soybean plant height

at the R2 stage was slightly stimulated by treatments TOS,
T10, T13, and T15, while the remaining treatments did not
result in any significant alteration compared to the control
(Fig. 40).

Physiological performance and number of pods
at R4 and R6 stage

At R4 stage, net photosynthesis was not changed by biostim-
ulant application but there was a reduction in plants from
treatments TO05, T06, TO7, TO8, TO9, T10, and T16 com-
pared to the control TO1 (Fig. 5a). In contrast, transpiration
rate was increased in plants treated with biostimulant at TO3,
T04, TO7, TOS, T09, T10, and T15 compared to the control
(Fig. 5b), but no significant changes were observed in sto-
matal conductance (Fig. 5c).

Soybean plants at the R4 stage exhibited a higher relative
water content under biostimulant treatment at 1.0 (T11) and
1.5 L ha~! (T12 and T15) in the R4 and R1 stages, respec-
tively, as compared to the control (Fig. 5d). Conversely, soy-
bean plants had a higher number of pods when the biostimu-
lant was applied at 1.5 L ha™! in double application at V4-R1
(T12) or R1-R4 (T13), not differing from T02 and TOS but
surpassing the control and other treatments (Fig. Se).

The intrinsic and instantaneous water use efficiencies of
biostimulant-treated plants were similar or little reduced as
compared to the control treatments. The decreases were sta-
tistically significant in plants from 1.0 L ha™! dose, except
for T11 (Fig. 5g and ).

At the R6 stage, soybean plants showed elevated rates
of net photosynthesis when the biostimulant was applied as
TO04, TO9, T10, and T14, as compared to control and other
treatments (Fig. 6a). In contrast, transpiration and stomatal
conductance rates were stimulated in plants from treatments
T04, TOS, TO6, TO7, TO9, T10, T14, and T16 compared to
the control, except for stomatal conductance in T06 (Fig. 6b
and c).

In general, except for 1.5 L ha~! dose, the biostimulant
significantly increased the relative water content of soy-
bean plants compared to the control (TO1), with particular
emphasis on treatment TO7 (Fig. 6d). In contrast, the num-
ber of pods in soybean plants either remained the same or
was reduced compared to the control treatment when the
biostimulant was applied at 1.0 (V4-R1) or 1.5 L ha™! (R1-
R4 or R1) (Fig. 6e). Intrinsic and instantaneous water use
efficiency did not exhibit significant changes at this stage
(Fig. 6f and g).

Soybean yield
The biostimulant application at 0.5 (T02, T03, T04), 1.0

(TO7, TO8, T11), and 1.5 L ha™! (T12, T13, T14, T15) pro-
moted significant increase in the number of grains per pod,
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Fig.3 Physiological parameters of soybean plants at V4 stage in
response to different dosage of biostimulant. a Net photosynthesis-
A. b Transpiration-E. ¢ Stomatal conductance —g.s. d Relative water
content-RWC. e Instantaneous water use efficiency -A/E. f Intrin-
sic water use efficiency -A/gs rate of soybean plants at V4 stage
(Extrema cultivar) after application of biostimulant at 0.5, 1.0 and 1.5

while TO6 resulted in a significant reduction (Fig. 7a). A
similar pattern was observed for grain weight, with plants
treated with the biostimulant at 0.5 (T02, T03, T06), 1.0
(T07, T09),and 1.5 L ha™! (T12, T13, T14) showing a sig-
nificant gain compared to the control (Fig. 7b).

The soybean yield gain as affected by biostimulant treat-
ment was dependent on the dose and application stage
(Fig. 7c). The highest yield data were observed only when
the biostimulant was applied at 1.5 L ha™!' as a double

@ Springer

Biostimulant treatment

* Treatment not applied at this stage of the plant

L ha™!, as detailed in Fig. 2. The vertical lines represent mean = error,
n=4 (number of independent repetitions). Different uppercase let-
ters represent significant differences due to biostimulant treatments
according to the Scott—Knott test (p <0.05). * Treatment was not ini-
tiated in the V4-stage time-point according to Fig. 2

application between the V4-R1 stages (T12), resulting in a
value 12% higher than the control.

Principal component analysis (PCA)

Principal Component Analysis (PCA) accounted for
72.38% of the total variation, with 45.01% attributed to
component 1 and 27.3% to component 2 (Fig. 8). The
results indicated distinct clustering patterns among
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Fig.4 Morphometrical and pollen viability parameters of soybean
plants at R2 stage in response to different dosage of biostimulant.
a Number of flowers. b Plant height. ¢ Pollen viability of soybean
plants at R2 stage (Extrema genotype) after application of biostimu-
lant at 0.5, 1.0 and 1.5 L ha™', as detailed in Fig. 2. The vertical lines

soybean plant stages, with overlaps observed between
application timing and biostimulant dosage.

Regarding PC2, an overlap was noted between group 4
and group 1, where the application of 1.5 L ha™! at V4-R1
or R1-R4, and 0.5 L ha~! (at V4-R1), exhibited stronger
correlations with productivity factors and instantaneous
water use efficiency across all assessed stages. A higher
correlation was observed between these variables and
their respective treatments. However, in terms of PC1,
these two groups were distinctly separated, displaying
variations in the grouped variables.

In group 2, treatments applied solely during the repro-
ductive period (either in a single or double application)
clustered together and showed stronger associations with
stomatal conductance. Conversely, in group 3, applying
all three doses at the V4 stage, along with a 1.0 L ha™!
dose at V4-R1, exhibited weaker correlations with pro-
ductivity, photosynthetic factors, and variables related to
flowering. Nonetheless, photosynthetic parameters evalu-
ated at R6 (A, E, RWC, and gs) showed significant influ-
ence following application at the V4 stage.
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represent mean=+error, n=4 (number of independent repetitions).
Different uppercase letters represent significant differences due to
biostimulant treatments according to Scott—Knott test (p<0.05). *
Treatment was not initiated in the R2-stage time-point

Discussion

Ascophyllum nodosum-based biostimulants are widely
marketed globally and their effectiveness may vary
depending on the application method, dosage and adopted
crop (Online Resource 3) (Deolu-Ajayi et al. 2022). The
potential of ANE-based biostimulants in the perfor-
mance of semiarid-typical soybean cultivars remains to
be explored, particularly concerning the optimum dos-
age and the most effective application stage. The optimal
performance of the 95R95IPRO soybean cultivar was
observed when the A. nodosum-based biostimulant was
applied at 1.0 L ha™!, a response associated with higher
rates of net photosynthesis and stomatal conductance, even
in plants under stress (Repke et al. 2022). Here, soybean
plants from semiarid-adapted Extrema cultivar displayed
improved physiological conditioning when treated with A.
nodosum-based biostimulant at 1.0 and 1.5 L ha™!, but the
productive performance was improved only by 1.5 L ha™!
treatment (Figs. 3, 5, 6, 7 and 8).
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Fig.5 Physiological and early productive parameters of soybean
plants at R4 stage in response to different dosage of biostimulant. a
Net photosynthesis -A. b Transpiration -E. ¢ Stomatal conductance
-g. d Relative water content -RWC. e Number of pods. f Instantane-
ous water use efficiency -A/E. g Intrinsic water use efficiency -A/gs

At the vegetative stage V4, T14-treated plants exhib-
ited stomatal conductance higher than those from control
treatment, which was associated with elevated transpira-
tion rate (Fig. 3). Although a higher instantaneous water
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of soybean plants (Extrema cultivar) at R4 stage, after treatments
with biostimulant as detailed in Fig. 2. The vertical lines represent
mean=+error, n=4 (number of independent repetitions). Different
uppercase letters represent significant differences due to biostimulant
treatments according to the Scott—Knott test (p <0.05)

use efficiency was not observed, treatments T12 and T14
showed unchanged relative water content, suggesting a
restrict control of thermal balance, as transpiration process
is determinant for heating dissipation and cooling the leaf
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Fig.6 Physiological and productive parameters of soybean plants at
R6 stage in response to different dosage of biostimulant. a Net photo-
synthesis -A. b Transpiration -E. ¢ Stomatal conductance -gs. d Rela-
tive water content -RWC. e Number of pods. f Instantaneous water
use efficiency -A/E. g Intrinsic water use efficiency -A/gs of soybean

(Ranawana et al. 2023). The biostimulant at 1.5 L ha™! also
elicited significant responses in the physiological condi-
tioning of soybean plants, as it significantly increased the
relative water content (RWC) at the V4 (T12 and T14) and
R4 (T11, T12, T15) stages (Figs. 3d and 5d). The results

Transpiration (E)
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A
B4 T B A
B B B
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plants, Extrema cultivar, at R6 stage, after treatments with biostimu-
lant as detailed in Fig. 2. The vertical lines represent mean + error,
n=4 (number of independent repetitions). Different uppercase let-
ters represent significant differences due to biostimulant treatments
according to the Scott—Knott test (p <0.05)

indicated a better balance of water potential, involving tight
control of stomatal conductance, which directly influenced
the water consumption, transpiration and leaf temperature
regulation (Hassan et al. 2020; Liao et al. 2022; Rahimi et al.
2022; Petrik et al. 2023).
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Fig.7 Productive parameters
of soybean plants at R8 stage
in response to different dosage
of biostimulant. a Number of
grains per pod. b Weight of a
thousand seeds. ¢ Yield of soy-
bean plants (Extrema genotype)
after treatment with biostimu-
lant at 0.5, 1.0 and 1.5 L ha™!
in the V4, R1 and R4 stages, as
detailed in Fig. 2. The vertical
lines represent mean =+ error,
n=4 (number of independent
repetitions). Different uppercase
letters represent significant
differences due to biostimulant
treatments according to the
Scott—Knott test (p <0.05)

Fig. 8 Principal component
analysis (PCA) of the mean
parameters of soybean plants
(Extrema cultivar) evaluated at
different stages (V4, R2, R4,
R6 and R8) after application

of the biostimulant, as detailed
in Fig. 2 and Table 1. PCA

was composed by data of net
photosynthesis (A), transpiration
(E), stomatal conductance (gs),
relative water content (RWC),
instantaneous water use effi-
ciency (A/E) and intrinsic water
use efficiency (A/gs), plant
height (H), number of flowers
(NF), pollen viability (VP),
number of pod (NP), number of
grains per pod (NGP), weight
of a thousand seeds (WTS) and
yield (Y). Group 1 consisted of
plants treated with 1.5 L ha™!

at the R1 to R4 stages. Group 2
comprised plants treated with
doses 0of 0.5, 1.0, and 1.5
ha™! either as a single dose or
applied at the R1 and R4 stages.
Group 3 included plants treated
at the V4 stage with all doses,
with treatment split at the V4 to
R1 stage at 1.0 L ha™'. Group 4
was comprised of the negative
control (TO1) and doses of 0.5
and 1.5 L ha™! rated applied at
the V4 and R1 stages
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Growth morphology directly impacts flowering and grain
yield in soybean cultivation, particularly due to increased
pod formation in internodes of plants (Xue et al. 2022).
Herein, biostimulant application modulated the relationship
between vegetative and reproductive stages. Soybean plants
exhibited increased height when treated with the biostimu-
lant at 0.5 (T05), 1.0 (T10), and 1.5 (T13 and T15) L ha™!
(Fig. 4c). The height increase was associated with a higher
number of flowers in T13 at the R2 stage (Fig. 4a) and a
higher number of pods in T13 at R4 (Figs. 5e and 6e). Treat-
ment T12 also stimulated the number of pods at the R4 and
R6 stages (Figs. 5e and 6¢), but there was no direct relation-
ship with the height of the plants. This phenomenon likely
resulted from the timing of the biostimulant application,
which was split in T12 (0.75+0.75 L ha™") at the V4 and
R1 stages, compared to the double application at the R1 and
R4 stages in T13. In several plant species, this response was
attributed to fluctuations in gibberellin levels (Mosa et al.
2022; Zhao et al. 2022).

The results also suggest that the induction of the pho-
tosynthetic machinery at the R6 stage by the A. nodosum-
based biostimulant was crucial for plant production. It sup-
plied seeds with assimilates and increased fertilization rates,
resulting in a higher number of grains per pod (Figs. 4, 5,
6, 7 and 8). This metabolic adjustment was essential for
reserve accumulation in the seeds, leading to an increase in
thousand-seed weight (Fig. 7b) and higher plant productiv-
ity (Fig. 7c). These findings align with previous studies that
emphasized the biostimulant's role in maintaining photosyn-
thetic metabolism at the R6 stage, thereby enhancing plant
performance, as observed by Repke et al (2022).

Numerous studies have evidenced that biostimulants play
a role in the hydrolysis and biosynthesis of molecules, as
well as in the accumulation of reserves during seed forma-
tion (Sunmonu et al. 2016), contributing to pod production
and plant yield. In this study, soybean plants exhibited a
higher number of pods when exposed to 0.5 (T02 and TOS)
and 1.5 (T12 and T13) L ha™! at the R4 stage (Fig. 5e).
The increased pod number was not directly associated with
number of flowers, which was even lower than the control
(Fig. 4a). These findings suggest that, in these application
setups, the biostimulant increased fertilization rates likely
due to the rise in viable pollen (Fig. 4b), resulting in a higher
number of pods (Fig. 5e), as previously demonstrated by
Sun et al. (2022).

The biostimulant applied in a single dose at 0.5 L ha™"
in V4 (T04) and at 1.0 L ha~' or 1.5 L ha~! in V4 (T9 and
T14) or R4 (T11 and T16) promoted significant decrease in
soybean yield (Fig. 7). The low productivity likely occurred
due to negative feedback, where the single-dose application
during the V4 and R4 stages was insufficient to elicit produc-
tive responses in the plants (Shukla et al. 2018; Shahrajab-
ian et al. 2021; Andreotti et al. 2022). In the V4 stage, the

activation of physiological responses occurred but did not
sustain the production; while the application in R4 stage may
have been too late to promote plant response (Andreotti et al.
2022; Mosa et al. 2022). Another explanation was the spe-
cific application stage, highlighting that soybean plants seem
to exhibit greater sensitivity to biostimulant when spraying
during R1 stage. Accordingly, to increase plant height with
the biostimulant was under foliar spray at the R1 stage (T05,
T10, T13 and T15) (Fig. 7c).

The data reinforce recent findings that the algae-based
biostimulants modulate soybean yield depending on dosage
and application timing (Repke et al. 2022). Here, a typi-
cal semiarid cultivar displayed the highest yield treated in
a double application at different stages, at a rate of 1.5 L
ha~! (Fig. 7c), specifically in the form of T12 (0.75 L ha™!
at V4+0.75 L ha™! at R1), with productivity values 12%
higher than the control (Fig. 7c).

Conclusion

The algae-based biostimulant through foliar spray promotes
better physiological performance in soybean plants under
greenhouse conditions in a timing and dose-dependent man-
ner. The superior performance of biostimulant-treated plants
was achieved in a double application at 1.5 L ha™!, divided
into 0.75 L ha~! at V4+0.75 L ha™! at R1 (T12), which
reflected in improved number of pods, number of grains per
pod, weight of a thousand seeds and grain yield. Further
studies are necessary to investigate the role of biostimulant
at molecular and biochemical levels in cultivated crops,
employing as a strategy to activate plant responses against
environmental stresses. The findings providing crucial infor-
mation to support soybean cultivation in semiarid regions as
an eco-friendly and sustainable alternative.
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