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1Faculty of Agriculture, University of Novi Sad, Dositej Obradović Square 8, Novi Sad, 21000, Serbia
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ABSTRACT: Onion (Allium cepa L.) is a widely cultivated vegetable valued for its taste, aroma, and nutritional content.
Biostimulants (BTs) are substances that stimulate plant growth and development. �is study explores the impact of
BTs and nitrogen (N) fertilization on the yield and nutrient use e�ciency of directly seeded onions, addressing the
challenges of excessive N application and promoting sustainable practices. A two-year �eld experiment was conducted
using a split-plot design with three replications. Treatments included a control (C), a seaweed extract-based BT (T1),
humic and fulvic acids (T2), and Trichoderma spp. (T3). N rates applied were 64 kg N/ha (N1), 100 kg N/ha (N2),
150 kg N/ha as the standard (NS), and 200 kg N/ha (N3). Compared to the C ×NS treatment, T1 ×N1 increased yield by
7.6%with a saving of 50 kgN/ha; T2×N3 increased yield by 19.4%; and T3×N1 increased yield by 11.7%with a saving of
86 kgN/ha.�eT2 treatment reducedNuptake under excessiveN rate (T2×N3), indicating a potential protective e�ect
against stress induced by high N levels. Treatment with T1 improved nutrient use e�ciency (NUtE, PUtE, KUtE) and
partial factor productivity (PFP) under reduced N conditions (T1 × N1). �e study advises farmers to apply T3 under
reducedN rates (N1 andN2) to improve yield and highlights that all three BTs enhance nutrient use e�ciency, providing
promising strategies to boost onion productivity while minimizing nutrient losses in direct seeding cultivation.
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1 Introduction

Onions (Allium cepa L.) are widely cultivated vegetables known for their taste, aroma, and high
nutritional value. Additionally, onions are rich in nutrients, packed with health-promoting compounds such
as phenols, �avonoids, sugars, and proteins [1,2].

According to FAO [3], the average onion yield in Serbia is 8.5 t/ha, while certain countries with
geographical boundaries intersecting the 45○ northern latitude achieve higher yields, such as 31.2 t/ha
in Italy, 36.8 t/ha in France, and 48.1 t/ha in Japan. With the potential of some onion cultivars to yield
70–100 t/ha [4,5], it becomes imperative to increase yields and enhance production competitiveness in both
domestic and global markets.

Nitrogen (N) plays a key role in determining the yield and quality of vegetable crops. For example, in
cucumber (Cucumis sativus L.), excessive N application has been shown to reduce yield [6], while in root
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celery (Apium graveolensL.) it can a�ect the phenolic content and antioxidant status [7]. In onion grown from
sets, N fertilization has been shown to increase bulb yield [2]. In the Vojvodina Province (Republic of Serbia),
farmers typically apply one-third of the total N rate in autumn (prior to plowing), another third in spring
(7–10 days before sowing), and the remaining portion is supplied through three to �ve equal applications,
mostly via fertigation, during the growing season of directly seeded onion.

In pursuit of higher yields, farmers o�en use excessive or imbalanced N rates, which can lead to soil
acidi�cation and deteriorate the soil environment, ultimately negatively a�ecting crop growth and yield [8,9].
According to theWorld Bank [10], fertilizer prices fell by more than 17% year-over-year in the fourth quarter
of 2024 but remain above the 2015–2019 average due to continued global demand and trade restrictions.
Despite this moderate decline, further price �uctuations are expected, underscoring the importance of
improving nutrient use e�ciency through sustainable practices. �erefore, it is essential to improve the
nutrient use e�ciency, particularly of N, phosphorus (P), and potassium (K), to reduce the application
of mineral fertilizers, contributing to cost-e�ective production and environmental preservation, while
ensuring high yields and bulb quality. One potential solution is the implementation of various biostimulants
(BTs) [11,12].

BTs are substances that stimulate plant nutrition in the presence of varying nutrient availability [11,13].
Drawing from this de�nition, Calvo et al. [14] and Rouphael and Colla [15] highlight that applying BTs
can improve vegetable yield and nutrient e�ciency when nutrients are limited. �e most common BTs on
the market are based on seaweed extracts (SWE), humic and fulvic acids (HFA), and Trichoderma spp. For
example, the application of BTs based on SWE and Trichoderma spp. increased lettuce (Lactuca sativa L.)
yield and nutrient use e�ciency under reduced N rates compared to standard fertilization practices [12,16].
Additionally, the application of humic substances increased the yield and N use e�ciency of green peppers
(Capsicum annuum L.) and the P content in garlic bulbs (Allium sativum L.) [17,18]. In the case of onions
grown from seedlings, SWE enhanced N accumulation in bulbs [19]. For tomatoes (Solanum lycopersicum

L.), the e�ect of Trichoderma spp. on N accumulation in fruit depended on the cultivar [20].

BTs are increasingly recognized in global agricultural strategies for their role in enhancing nutrient use
e�ciency, reducing reliance onmineral fertilizers, and supporting environmentally sustainable farming [2,5].
�eir use also aligns with the goals of initiatives such as the European Green Deal [21] and the FAO’s
guidelines [22] on sustainable soil management, which emphasize reducing nutrient losses, preserving
soil health, and promoting resource-e�cient agriculture. Integrating BTs into vegetable systems such as
onion production o�ers a promising path toward achieving high yields with reduced environmental impact,
especially under lower fertilizer inputs.

Considering the signi�cance of onions in human nutrition worldwide, while numerous studies have
investigated the in�uence of BTs [19,23,24] and N fertilization [25–29] on onion yields or nutrient e�ciency
obtained from seedlings, there is limited knowledge regarding their e�ects on bulbs produced through direct
seeding. �is knowledge gap underscores the need for further research to explore the potential bene�ts and
limitations of BTs and N on directly seeded onion production. By addressing this research gap, valuable
insights into the e�ects of BTs and N can be gained on onion production by direct seeding, contributing to
the implementation of more e�cient and sustainable agricultural practices.

�is study investigates the e�ect of BTs and N fertilization on onion yield and N, P, and K uptake and
accumulation under direct seeding cultivation. Based on reviewed literature, the hypothesis is that BTs will
reduce the required amount of N fertilizer while achieving high yields and nutrient e�ciency compared to
standard fertilization practices.
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2 Materials and Methods

2.1 Experimental Site

The field experiment was carried out in the Vojvodina Province (45.26○ N and 19.83○ E), a prominent 
vegetable production region in Republic of Serbia, during the years 2021 and 2022. This region forms part 
of the Pannonian Plain, typical for vegetable cultivation across much of Southeastern Europe, making the 
findings broadly applicable beyond national borders. Details about the experimental site are explained in 
the article by Vojnović et al. [30]. Briefly, in 2021, prior to the establishment of the experiment, the soil had 
moderate levels of P2O5 (10.6 mg 100 g−1) and high levels of K2O (48.2 mg 100 g−1) and was classified as 
weakly organic (1.7%). The following year (2022), the soil showed an optimal content of P2O5 (16.0 mg 100 
g−1) and a high content of K2O (32.2 mg 100 g−1), with a slightly higher level of humus (1.9%).

Regarding meteorological data (Fig. 1), during both years, the highest average daily temperature was 
recorded in July. In 2021, this temperature was 2.7○C higher than the long-term average, while in 2022 it 
was 3.2○C higher. Additionally, the highest precipitation was also recorded in July, with values exceeding 
the long-term average by 25.3 mm in 2021 and 40.1 mm in 2022. Meteorological data were obtained from
a digital meteorological station Vantage Pro2™ by Davis Instruments (Hayward, CA, USA) powered by 
solar panels. �e s tation was f actory-calibrated and periodically validated against data f rom t he nearest 
national meteorological station of the Republic Hydrometeorological Service of Serbia (RHMSS) to ensure 
accuracy [31].

Figure 1: Weather conditions during the experiment in 2021 (a) and 2022 (b). �e dark red bars represent the average
daily air temperature, while the pink bars indicate the multi-year average temperature (1991–2020). �e solid purple
line shows the amount of precipitation, and the dashed line represents the multi-year precipitation average



4 Phyton-Int J Exp Bot. 2025

2.2 Experimental Treatments and Agrotechnical Practices

�e �eld trial was designed as a two-factorial study using a split-plot design, with a randomized block
arrangement and three replications. �is layout was selected as optimal due to the practical requirements
of BTs application via drip irrigation, which made whole-plot randomization more e�cient and minimized
�eld variability.�emain plots consisted of various BTs treatments: Control (C): without BTs; Agasi R© (T1)—
BT formulated with seaweed extract (SWE) (Ecklonia radiata and Laminaria spp.) of composition 2.64% N,
and 1.43% K2O; HumiBlack

R© (T2)—BT containing humic and fulvic acids (HFA) (1.7% K2O); Ti�
R© (T3)—

incorporates fungi from the Trichoderma spp. genus. �e sub plots included di�erent N fertilization rates:
64 kg N/ha (N1); 100 kg N/ha (N2); 150 kg N/ha as standard N rate for onion cultivation (NS); 200 kg N/ha
(N3).�emain plot size was 30m2 (1.5 m × 20m) and the subplot size was 7.5 m2 (1.5 m × 5m).�e total size
of the experiment was 360 m2, consisting of 12 main plots and 48 subplots. �e onion cultivar used in the
experiment was Elenka F1 (Cora Seeds R©, Cesena, Italy), characterized by bronze-colored dry outer scales.
�is cultivar is intended for fresh consumption, and its bulbs are suitable for long-term storage. Seeds were
purchased from a certi�ed agricultural retailer in Serbia. Agronomic management practices applied in the
experiment with onions are explained in Vojnović et al. [2] and Vojnović et al. [32]. Brie�y, for better clarity
and overview to farmers, all agronomic practices are summarized in Tables 1 and 2.

Table 1: Agronomic practices before vegetation of onion [32]

Preceding crop Autumn Early spring Two weeks

before seeding

One week before

seeding

27 March in 2021 and 16

March in 2022

2021: Malted
Barley (Hordeum
vulgare L.); 2022:
Red pepper
(Capsicum
annuum L.)

Fertilization with
64 kg N/ha per

plot

Harrowing First pre-sowing
soil preparation

Fertilization with 0,
36, 86, and
136 kg N/ha

Direct Seeding: Double
rows, 50 cm between
strips, 20 cm between
double rows, 10 cm
between rows, 4–6 cm
between plants.

Plowing at 27 cm × × Second pre-sowing
soil preparation

×

Table 2: Agronomic practices during vegetation [32]

1�ree weeks

a�er

germination

Five weeks a�er

germination
3Pest management 80% Plant fall

Herbicides Fungicides Insecticides

2T1 at 5 L/ha 2T1 at 5 L/ha
Bromoxynil
(0.6 L/ha)

Matalaxyl m +
mancozeb (2.5 kg/ha)

Formeranate
hydrochloride
(1 kg/ha)

Harvesting

2T2 at 25 L/ha 2T2 at 25 L/ha
Fluroxypyr
(0.25 L/ha)

Boscalid +
pyraclostrobin
(0.75 kg/ha)

Imidacloprid
(0.12 L/ha)

Determination of I
class (diameter >
4 cm) or II class (< 4

cm)

2T3 at 1.5 kg/ha 2T3 at 1.5 kg/ha
Fluazifop-P-butyl
(1.3 L/ha)

Azoxystrobin +
chlorotalonil (1.5 L/ha)

Spirotetramat
(1 L/ha)

×

Drip irrigation (16 mm diameter drip tapes spaced at 10 cm with a capacity of 10 L/h/m)

Note: 1In 2021, onion emergence was observed 25 days a�er sowing, while in 2022, it occurred 27 days a�er
sowing. 2Doses of BTs were de�ned based on the manufacturer’s recommendations. 3Pest management was
conducted according to the recommendations of the Agricultural Extension Service Sombor [33].
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2.3 Laboratory and Biometric Analyses

�e bulbs N, P2O5, and K2O content was measured in the dried ��een randomly selected bulbs per
plot. �e N content was measured using the Kjeldahl method [34], the P2O5 content was measured using a
colorimeter [35], and the K2O content was analyzed using a �ame photometer [36].

To assess the BTs e�ectiveness on onion plant nutrition and mineral distribution and yields under
varying N rates, element e�ciency indicators, including N utilization e�ciency (NUtE), P utilization
e�ciency (PUtE), K utilization e�ciency (KUtE), partial factor productivity (PFP) was calculated using the
following formulas [37–40]:

NUtE, PUtE, or KUtE =
Bulb Yield (kg/ha)

Bulb content N , P, or K (kg)

PFP =
Bulb Yield (t/ha)

Fertil ization (kg N/ha)

Before analyzing variance (ANOVA), the distribution’s normality was checked using the Shapiro-Wilk
test [41]. �e experimental results were analyzed using a two-factor ANOVA and the LSD test (p ≤ 0.05)
to assess the signi�cance of di�erences between treatment means. �e e�ects of BTs on the N, P2O5, and
K2O uptake by 10 t of yield are presented separately for each year to provide comprehensive insight into
the in�uence of BTs on mineral element distribution in yield. Results are presented as a two-year average
for the interaction of BT × N in N, P2O5, and K2O removal by 10 t bulbs, along with nutrient e�ciency
indicators (NUtE, PUtE, KUtE, andPFP) and bulb yield. Statistical analyseswere conducted using Statistica R©

14 so�ware from TIBCO So�ware Inc. (Palo Alto, CA, USA).

3 Results

3.1 Yield of Onion (t/ha)

BTs and N signi�cantly in�uenced onion yield (Fig. 2). On the T1 plot, the highest bulb yield was
recorded with the T1 × NS treatment (73.0 t/ha), which was 15.3% higher than the C × NS treatment
(63.3 t/ha). On the same plot, the yield with the lowest nitrogen rate (T1 × N1) did not signi�cantly di�er
from the C × N3 treatment.

In the interaction of T2 and N, the highest yield was obtained with the T2 × NS treatment (75.6 t/ha),
which was 19.4% higher than the C ×N3 treatment. �e bulb yield in the T2 ×N1 treatment (60.76 t/ha) did
not statistically di�er from the standard fertilization (C × NS).

On the T3 treatment, the highest onion yield was recorded with the T3×N3 treatment (73.8 t/ha), 16.6%
higher than the C × NS treatment. �ere was also a signi�cant di�erence of 11.8% in favor of the T3 × N1
treatment (70.7 t/ha) compared to the C × NS treatment.

3.2 N, P2O5, and K2O Removal by 10 t of Onion Bulbs

Observing the e�ect of the BTs, it was noticed that in 2021, the highest N removal per 10 t of onion bulb
yield was in the T1 treatment (18.1 kg), which was 4.0% higher compared to the C (17.4 kg) (Fig. 3). During
2022, the highest N removal per 10 t of yield was in the T3 treatment (18.0 kg), which was 11.8% higher
compared to the C.
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Figure 2: Two-year average of onion yield. C—control without BTs; T1—BT based on SWE; T2—BT based on HFA;
T3—BT based on Trichoderma spp. N1—64 kg N/ha; N2—100 kg N/ha; NS—150 kg N/ha (standard rate); N3—200 kg
N/ha. Bars marked with the same letter do not signi�cantly di�er at p ≤ 0.05 according to the LSD test. �e lines in the
bars represent the standard error of the mean

Figure 3: �ee�ect of BTs onN removal by 10 t of onion bulbs. C—control without BT; T1—BT based on SWE; T2—BT
based on HFA; T3—BT based on Trichoderma spp. Bars marked with the same letter do not signi�cantly di�er at p ≤
0.05 according to the LSD test. �e lines in the bars represent the standard error of the mean

�e e�ect of the BTs di�erently altered the P2O5 content in onion bulbs during both years of the study
(Fig. 4). In 2021, the highest P2O5 removal was observed in the control and T1 (6 kg each), while the lowest
was in the T3 (5.4 kg). �e following year, the highest P2O5 removal per unit yield was in the T2 (5.8 kg),
which was 3.6% higher than the control.

In 2021, the highest K2O removal with 10 t of onion bulbs was observed in the C (41.6 kg), while the
lowest was in the T2 (32.1 kg), and their di�erence was signi�cant (Fig. 5). A similar trend was observed in
2022, where the signi�cantly highest K2O removal was in the control (38.4 kg), and the lowest was in the T2
(31.0 kg).
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Figure 4: �e e�ect of BTs on P2O5 removal by 10 t of onion bulbs. C—control without BTs; T1—BT based on SWE;
T2—BT based on HFA; T3—BT based on Trichoderma spp. Bars marked with the same letter do not signi�cantly di�er
at p ≤ 0.05 according to the LSD test. �e lines in the bars represent the standard error of the mean

Figure 5: �e e�ect of BTs on K2O removal by 10 t of onion bulbs. C—control without BTs; T1—BT based on SWE;
T2—BT based on HFA; T3—BT based on Trichoderma spp. Bars marked with the same letter do not signi�cantly di�er
at p ≤ 0.05 according to the LSD test. �e lines in the bars represent the standard error of the mean

3.3 Interaction of BTs and N on Nutrient Removal by 10 t of Onion Bulbs

BTs and N signi�cantly a�ected N removal by 10 t yield of onion bulbs (Table 3). �e T1 treatment
showed the highest N removal in the T1 × N3 (20.9 kg), which was 21.5% higher than the C × NS (17.2 kg).
�e e�ect of T1 was evident in the T1 × NS (19.2 kg) compared to the C × NS, with an 11.6% di�erence. �e
BT named T2 signi�cantly increased N removal at lower N rates.

In the T3 and N interaction, the highest N removal with 10 t of onion bulbs was recorded in the T3 ×
N3 (20.6 kg), which was 19.6% higher than C × NS. Other N treatments in T3 showed signi�cantly lower N
removal than T3 × N3.

�e removal of P2O5 with 10 t of bulbs varied based on the BTs and N treatments (Table 3). �e highest
P2O5 removal was observed in the T1 × N3 (6.1 kg), while the lowest was in the T1 × N2 (5.2 kg), with a
signi�cant di�erence between them. Moreover, all treatments with N rates on T1 signi�cantly reduced P2O5
removal compared to C × NS.
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Table 3: Two-year average removal of N, P2O5, and K2O by 10 t of onion bulbs

BTs N Rate N (kg) P2O5 (kg) K2O (kg)

C

N1 14.0 ± 0.40fg 4.4 ± 0.16j 39.6 ± 1.1e

N2 15.5 ± 0.23e 6.0 ± 0.11cd 31.0 ± 1.0gh

NS 17.2 ± 0.37c 6.4 ± 0.11a 47.3 ± 1.0b

N3 20.3 ± 0.03a 6.3 ± 0.06ab 42.0 ± 0.04d

T1

N1 13.6 ± 0.09g 5.3 ± 0.04hi 30.2 ± 0.24h

N2 14.9 ± 0.39ef 5.2 ± 0.03i 37.4 ± 0.90f

NS 19.2 ± 0.28b 6.0 ± 0.12cd 32.8 ± 0.10g

N3 20.9 ± 0.80a 6.1 ± 0.07b−d 53.5 ± 0.78a

T2

N1 15.0 ± 0.33e 5.8 ± 0.01de 27.7 ± 0.22i

N2 15.7 ± 0.07de 5.2 ± 0.05i 35.8 ± 0.14f

NS 16.8 ± 0.25c 6.2 ± 0.07a−c 31.5 ± 0.26gh

N3 16.9 ± 0.24c 6.0 ± 0.04cd 31.0 ± 0.38gh

T3

N1 16.8 ± 0.24c 5.5 ± 0.10gh 30.8 ± 0.83gh

N2 16.8 ± 0.21c 5.6 ± 0.03fg 29.9 ± 0.70h

NS 16.6 ± 0.23cd 5.7 ± 0.10ef 39.8 ± 0.26e

N3 20.6 ± 0.64a 5.2 ± 0.03i 44.8 ± 0.21c

Note: C—control without BTs; T1—BT based on SWE; T2—BT
based on HFA; T3—BT based on Trichoderma spp. Values in a
column marked with the same letter do not signi�cantly di�er
at p ≤ 0.05 according to the LSD test. Number a�er ± represent
standard error of average.

In the T2 treatment, the highest P2O5 removal by bulb yield was observed in the T2 ×NS (6.2 kg), while
the lowest was in the T2 × N2 (5.2 kg), with a signi�cant di�erence between them.

�e application of T3 signi�cantly reduced P2O5 removal. Treatments N1, N2, NS, and N3 on T3 plots
exhibited signi�cantly lower P2O5 removal than C × NS by yield of 10 t of onion bulbs.

�e interaction between BTs and N signi�cantly in�uenced the K2O content in onion bulbs (Table 3).
�e highest K2O removal was observed on T1 ×N3 (53.5 kg), showing a 13.1% increase compared to C ×NS
(47.3 kg).

In the T2 plots, the highest K2O removal was observed in the T2 × N2 (35.5 kg), while the lowest was
in the T2 × N1 (27.7 kg), with a signi�cant di�erence between them. Compared to the standard N rate (C ×
NS), all interactions of T2 and N showed signi�cantly lower K2O removal by bulb yield.

On the T3 treatment, the highest K2O removal was observed in the T3 ×N3 (44.8 kg), while the lowest
was in the T3 × N2 (29.9 kg), and their di�erence was signi�cant. All interactions in the T3 treatment were
signi�cantly lower in K2O removal with bulb yield than C × NS.

3.4 Nutrient E�ciency Indicators (NUtE, PUtE, KUtE, and PFP)

�e BTs signi�cantly in�uenced NUtE as shown in Fig. 6a. �e highest, but not signi�cantly, NUtE
was observed in the T2 treatment, reaching 625.0 kg of onion bulbs/kg N, which is 1.8% higher than
the C, which recorded 614.2 kg of onion bulbs/kg N. Signi�cant di�erences were observed between T3 and
other treatments.
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Figure 6: Two-year average of the e�ect of BTs on nutrient use e�ciency indicators: (a) NUtE—Nutilization e�ciency;
(b) PUtE—P2O5 utilization e�ciency; (c) KUtE—K2O utilization e�ciency; (d) PFP—partial factor productivity. C—
control without BTs; T1—BT based on SWE; T2—BT based on HFA; T3—BT based on Trichoderma spp. Bars marked
with the same letter do not signi�cantly di�er at p ≤ 0.05 according to the LSD test. �e lines in the bars represent the
standard error of the mean

In terms of PUtE, the highest value was found in the T3 treatment (1802.1 kg of onion bulbs/kg P2O5),
while the lowest PUtE was recorded in the T2 (1722.4 kg of onion bulbs/kg P2O5). �ere was a signi�cant
di�erence between these two treatments (Fig. 6b).

�e BTs also a�ected KUtE.�e highest KUtE was recorded in the T2 treatment, with 321.4 kg of onion
bulbs/kg K2O, while the lowest was observed in the C, with 259.0 kg of onion bulbs/kg K2O.�is represents
a signi�cant di�erence of 24.1% (Fig. 6c). Also, T1 and T3 were signi�cantly higher than C.

Additionally, BTs had a signi�cant impact on PFP (Fig. 6d). �e highest PFP was observed in the T3
treatment, at 0.64 t of onion bulbs/kg N fertilization, while the lowest PFP was in the C, at 0.5 t of onion
bulbs/kg N fertilization. �is marks a signi�cant di�erence of 25.5%.

3.5 Interaction of BTs and N on Nutrient E�ciency Indicators

BTs and N signi�cantly in�uenced NUtE in onion bulb yield (Table 4). �e highest NUtE on T1-treated
plots was observed in the T1 ×N1 treatment (741.1 kg of onion bulbs/kg N), while the lowest was in the T1 ×
N3 (490.7 kg of onion bulbs/kg N), with a signi�cant di�erence of 250.3 kg of onion bulbs.

In the interaction of T2 and N, the highest NUtE was observed in the T2 × N1 treatment (667.6 kg of
onion bulbs/kg N), which was signi�cantly lower than C × N1 (728.2 kg of onion bulbs/kg N).
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Table 4: Two-year average of nutrient use e�ciency indicators (NUtE, PUtE, KUtE, and PFP)

BTs N Rate NUtE (kg of

Onion

Bulbs/kg N)

PUtE (kg of

Onion Bulbs/kg

P2O5)

KUtE (kg of

Onion

Bulbs/kg

K2O)

PFP (t of Onion

Bulbs/kg of Supplied

N through

Fertilizers)

C

N1 728.2 ± 22.0a 2306.4 ± 85.6a 257.5 ± 7.3ef 0.81 ± 0.00c

N2 649.5 ± 11.3b 1672.3 ± 31.8f−h 326.2 ± 17.9bc 0.51 ±0.01e

NS 582.7 ± 12.39c 1573.4 ± 27.2j 212.5 ± 4.6g 0.42 ± 0.01fg

N3 496.3 ± 1.5de 1583.3 ± 15.6ij 240.0 ± 0.3f 0.30 ± 0.00i

T1

N1 741.1 ± 7.1a 1891.8 ± 18.4bc 333.9 ± 3.2b 0.90 ± 0.02b

N2 676.2 ± 19.9b 1937.5 ± 17.0b 270.6 ± 6.0de 0.68 ± 0.10d

NS 526.1 ± 7.0d 1672.0 ± 32.3f−h 308.4 ± 1.1c 0.48 ± 0.01e

N3 490.7± 20.4de 1668.6 ± 21.2f−i 191.4 ± 2.9h 0.35 ± 0.01hi

T2

N1 667.6± 17.3b 1704.9 ± 2.8e−g 362.9 ± 3.9a 0.94 ± 0.03b

N2 641.9± 4.2b 1933.1 ± 25.4b 281.5 ± 1.7d 0.62 ± 0.04d

NS 599.7 ± 8.4c 1608.4 ± 18.1h−j 319.7 ± 2.8bc 0.50 ± 0.01e

N3 590.9 ± 7.4c 1643.1 ± 10.4g−j 321.6 ± 3.6bc 0.31 ± 0.00hi

T3

N1 594.0 ± 9.2c 1818.3 ± 32.6cd 325.2 ± 9.1bc 1.1 ± 0.03a

N2 593.1 ± 6.9c 1782.1 ± 12.0de 332.5 ± 7.8b 0.66 ± 0.02d

NS 604.0 ± 7.8c 1734.9 ± 28.9d−f 251.8 ± 1.3f 0.45 ± 0.09ef

N3 471.9 ± 15.7e 1873.2 ± 13.5bc 216.4 ± 1.2g 0.37 ± 0.00gh

Note:NUtE—Nutilization e�ciency; PUtE—P2O5 utilization e�ciency; KUtE—K2Outilization e�ciency;
PFP—partial factor productivity. C—control without BTs; T1—BT based on SWE; T2—BT based on HFA;
T3—BT based on Trichoderma spp. Values in a column marked with the same letter do not signi�cantly
di�er at p ≤ 0.05 according to the LSD test. Results are presented asmean values± standard error of average.

�e highest NUtE on T3-treated plots was observed in the T3 × NS treatment (604.0 kg of onion
bulbs/kg N), while the lowest was recorded in the T3 × N3 treatment (471.9 kg of onion bulbs/kg N).
Compared to the standard C ×NS, only the T3 ×N3 treatment showed a signi�cant decrease of 23.8%, while
other treatments were statistically equivalent.

BTs and N in�uenced the PUtE in onion cultivation (Table 4). On T1-treated plots, the highest PUtE
was observed in the T1 ×N2 treatment (1937.5 kg of onion bulbs/kg P2O5), signi�cantly higher than C ×N2
(1672.3 kg of onion bulbs/kg P2O5), with a di�erence of 15.8%.

In the interaction of T2 and N, the highest PUtE was observed in the T2 × N1 treatment (1933.1 kg of
onion bulbs/kg P2O5), which was signi�cantly lower than C × N1 (2306.4 kg of onion bulbs/kg P2O5), with
a di�erence of 15.6%. �ere was a signi�cant di�erence in PUtE between T2 × N1 and C × NS.

In the interaction with all N rates, the T3 treatment signi�cantly increased PUtE compared to the C.
�e highest PUtE was observed in the T3 × N3 treatment (1873.2 kg of onion bulbs/kg P2O5), signi�cantly
higher than C × N3 (1583.3 kg of onion bulbs/kg P2O5), with a di�erence of 18.3%. �e T3 × NS treatment
(1734.9 kg of onion bulbs/kg P2O5) was signi�cantly higher than C × NS, with a di�erence of 10.3%.

�e KUtE depends on applying BTs and N rates (Table 3). On T1-treated plots, the highest KUtE was
observed in the T1×N1 treatment (333.9 kg of onion bulbs/kgK2O), signi�cantly higher thanC×N1 (257.5 kg
of onion bulbs/kg K2O) and C × NS (212.5 kg of onion bulbs/kg K2O).
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�e highest KUtE was observed in the T2 ×N1 treatment (362.9 kg of onion bulbs/kg K2O), which was
40.9% higher than C × N1.

On T3-treated plots, the highest KUtE was observed in the T3 × N2 treatment (325.2 kg of onion
bulbs/kg K2O), and the lowest was in the T3 × N3 treatment (216.4 kg of onion bulbs/kg K2O), with a
signi�cant di�erence between them. Compared to the standard N rate (C ×NS), the T3 ×NS treatment was
signi�cantly higher.

�e application of BTs and N in�uenced the PFP (Table 3). �e T1 × NS treatment (0.48 t of onion
bulbs/kg N fertilization) signi�cantly increased PFP by 14.3% compared to the standard C × NS (0.42 t of
onion bulbs/kg N fertilization).

In the interaction of T2 and N, the highest PFP was observed in the T2 ×N1 treatment (0.94 t of onion
bulbs/kg N fertilization), while the lowest was in the highest N rate, T2 × N3 (0.31 t of onion bulbs/kg N
fertilization), with a signi�cant di�erence between them.

On the T3-treated plots, the highest PFP was observed in the T3 ×N1 treatment (1.1 t of onion bulbs/kg
N fertilization), which was signi�cantly higher than C × N1 (0.81 t of onion bulbs/kg N fertilization), with a
di�erence of 35.8%.

4 Discussion

In this study, the application of BTs signi�cantly altered the yield and nutrient e�ciency of directly
seeded onions. On a two-year average, the T3 treatment signi�cantly increased bulb yield in all N rates.
However, the bene�cial e�ect of Trichoderma spp. was particularly evident under reduced N rates (T3 ×
N1), where it signi�cantly increased onion yield compared to the standard fertilization rate (C × NS). �is
e�ect can be explained by the fact that fungi from the Trichoderma spp. genus synthesize and release auxins,
peptides, and various organic compounds that directly stimulate plant growth and development [16].

When combined with reduced N fertilization, T1 and T2 also demonstrated favorable e�ects on bulb
yield, as observed in the two-year average. Speci�cally, in plots treated with T1 × N1 and T2 × N1, yields
were statistically equivalent to C × NS. Similar results have been con�rmed in studies with lettuce (Lactuca
sativa L.) and onion (Allium cepa L.) [12,42]. �is is consistent with Abbas et al. [19], who emphasize that
SWE are rich in auxins and cytokinins, which are associated with cell division and elongation in plants.
Reducing N input from 150 to 64 kg N/ha resulted in a saving of 86 kg N per hectare. To supply this amount
with ammonium nitrate (33% N), a farmer would need approximately 260.6 kg/ha of fertilizer. Based on
the updated market price of 0.53 e/kg [43], this reduction corresponds to a cost saving of approximately
138.9 e/ha.

�e T1 treatment increased N removal per 10 t of bulb yield under the NS treatment. Abbas et al. [19]
found that similar BT can enhance N assimilation in onions. Krouk et al. [44] highlighted increased
expression of the NRT 1.1 gene in Arabidopsis plants treated with SWE, which encodes a protein responsible
for nitrate transport in guard cells and lateral root development, crucial for N uptake and water regulation.
�e application of T2 signi�cantly increased N uptake and removal from the soil per 10 t of bulb yield
compared to the C. In a study with maize (Zea mays L.), humic substances enhanced nitrate assimilation in
young plants (seedlings) [45]. Additionally, the application of humic substances increased N use e�ciency
and yield of green peppers (Capsicum annuum L.) grown under greenhouse conditions [17], which is also
supported by Nardi et al. [46], who state that humic acids stimulate N metabolism in plants.

Furthermore, the application ofTrichoderma spp. under reducedN supply (under N1 andN2) improved
N use e�ciency by lowering N removal per unit of yield. �ese �ndings align with the research of
Harman [47], emphasizing the ability of Trichoderma spp. fungi to improve N nutritional e�ciency.
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�e results revealed that the application of T1 signi�cantly increased P2O5 removal per 10 t of onion
yield under N1. Abbas et al. [19] stated that the e�ect of SWE on P uptake depends on the onion cultivars.
Furthermore, according to the study conducted by Battacharyya et al. [48], the presence of alginic acid in
seaweed stimulates the growth of fungi, further contributing to enhanced availability of accessible P for
plants. In this study, the T1-treated plants showed increased PUtE, which can enhance bulb yields and quality.

�e �ndings indicate that T2 increased P2O5 removal under conditions of insu�cient N fertilization.
�is e�ect could be the plant’s response to stressful nutritional conditions demonstrating the signi�cance
of humic substances in promoting nutrient uptake and helping plants cope with adverse environmental
conditions. A previous study noted that humic substances create a favorable environment for bacteria that
enhance the availability of P [49]. For example, Denre et al. [18] demonstrated an increase in P content in
garlic using humic substances. Similarly, Lv et al. [50] highlighted that negatively chargedmolecules of fulvic
acid can form humates with P, facilitating its uptake by plants. In this study, the application of T2 showed
promising results in improving PUtE, which can contribute to reducing the use of P fertilizers. Furthermore,
many studies [51,52] emphasize that humic substances enhance fertilizer use e�ciency.

�e removal of K2O with a 10 t yield was highest in the C plots in both years, indicating that the
application of BTs can reduce the depletion of K2O resources. In shallot (Allium cepa L. Aggregatum group)
experiments, seaweed treatment reduced the bulb’s K content [53]. Similar results were observed in onions
by Gupta et al. [54]. In contrast, studies by Yassen et al. [55] con�rmed increased K content in onions grown
with the addition of SWE.

In this study, excessive fertilization with N3 signi�cantly increased K2O removal, and the application of
T1 played a substantial role in this e�ect. �is could be one of the in�uences of SWE on the plant’s condition
under abiotic stress. One possible reason is that K regulates the synthesis of enzymes, osmotic balance within
cells, and stomatal activity, thereby a�ecting water utilization e�ciency from the substrate [56]. Additionally,
changes in K content were highlighted in garlic (Allium sativum L.) a�er applying SWE in studies by Denre
et al. [18].�e use of T1 showed a signi�cant increase in KUtE in plots fertilized with N1 and NS. Kossak and
Dyki [57] noticed an increase in the number and size of xylem and phloem cells in tomatoes a�er applying
SWE, which Colla et al. [58] consider evidence of enhanced e�ciency in transporting mineral elements
throughout the plant. Although this study con�rmed the positive e�ects of BTs on nutrient e�ciency, the
underlying physiological and biochemical mechanisms require further investigation in future studies.

�e consistently higher K2O removal observed in the control plots (Fig. 5) may re�ect less e�cient K
uptake and utilization, or greater unregulated K losses in the absence of biostimulant-induced physiological
regulation. Applying the T2 and T3 signi�cantly reduced K2O removal by 10 t of bulb yield, suggesting the
potential to reduce K fertilizer usage. �is reduction in K2O content in bulbs can be bene�cial in some
instances, for example, in individuals su�ering from kidney diseases, where excessive K accumulation in
the blood, known as hyperkalemia, may occur [59]. �e World Health Organization recommends a daily K
intake of 3510 mg for adults [60]. However, for individuals with hyperkalemia, the recommended K intake
is limited to 1500 mg per day [59]. �erefore, there is a need for onion bulbs with low K content for patients
with kidney conditions [61]. �e application of the same BTs that reduced K2O removal in this experiment
(T2 and T3) was also used by Vojnović et al. [2], who reported that they altered the content of total soluble
sugars and titratable acidity in onion bulbs, which may in�uence �avor and overall bulb quality.

�e T2 treatment signi�cantly increased KUtE in onions fertilized with N1, NS, and N3. �is e�ect
may be attributed to the ability of humic substances to stimulate H+-ATPase activity, which activates
ion transporters and enhances ion uptake, ultimately improving the overall nutrient e�ciency of the
plant [62,63].



Phyton-Int J Exp Bot. 2025 13

BTs increased N utilization from fertilizers, as evidenced by the high PFP values. �e increase in PFP
in onion production resulting from the application of T1 can be attributed, as stated by Vera et al. [64], to
the presence of laminarin, a polysaccharide found in SWE. Laminarin stimulates the synthesis of salicylic
acid, leading to an acidic environment that activates the proton pump and enhances the uptake of anions
and cations, ultimately improving plant nutrient e�ciency [65].

�e T2 treatment increased PFP under reduced and standard N fertilization conditions. �ese results
are consistent with the report of Canellas et al. [62] and Nardi et al. [66], who suggest that humic substances
can improve nutrient use e�ciency, thereby potentially reducing the required amount of fertilizers.

In this study, the most signi�cant increase in PFP was observed with T3, especially under reduced
N dosage conditions. �is could be attributed to the fungi’s inherent ability to optimize nutrient uptake
and plant utilization. López-Bucio et al. [67] state that Trichoderma spp. can enhance mineral uptake and
distribution in plant organs, particularly under stressful conditions. Although the PFP values in this study
did not exceed 0.9 t/kg N—commonly considered the threshold for very high fertilizer use e�ciency—the
improvement observed with T3 highlights its potential to enhance nutrient utilization even under reduced
N input.

5 Conclusions

�is study demonstrates that BTs treatments signi�cantly in�uence the yield and nutrient e�ciency
of directly seeded onions. �e treatment Trichoderma spp. improved yield under reduced N rates, as it
signi�cantly increased onion yield under the N1 rate compared to the control with standard N rate.

�e treatment with seaweed extract enhanced nutrient use e�ciency under reduced N rates. �is is
evident in the seaweed extract × N1 treatment, which signi�cantly improved NUtE, PUtE, KUtE, and PFP
compared to the control × NS.

Humic and fulvic acids reduced N uptake under excessive N rates, suggesting a potential protective
e�ect against stress caused by high N levels.

�e study recommends the use of Trichoderma spp. in combination with reduced N rates to improve
yield and demonstrates that all three BTs contribute to enhancing nutrient use e�ciency, o�ering viable
alternatives to excessive fertilization. �ese �ndings could help inform sustainable fertilizer use strategies
and support future policy initiatives aimed at reducing dependency on mineral fertilizers.

Future research should also explore the long-term e�ects of BTs on soil health, as well as potential
cultivar-speci�c responses, to better understand their broader applicability across diverse agroecologi-
cal conditions.
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