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Abstract

The aim of this study was to optimize the pre-harvest application of seaweed-based biostim-
ulants (BIOs) to improve potato yield, quality, and post-storage attributes. To achieve this,
six potato cultivars differing in maturity periods were subjected to three BIO concentrations
(2.4,7.2,and 9.6 g/L), application timings (from planting to post-bloom), and frequencies
(1-4 applications). The results indicated that BIO efficacy was strongly cultivar-specific.
Responsive cultivars (such as ‘Minshu No. 1’, ‘Leshu No. 1’, “Xiazhai 65’, and ‘Qingshu No.
2’) showed significant yield increases when treated with 7.2 or 9.6 g/L BIO applied 3 to
4 times during key developmental stages (from seedling to 3 weeks after full bloom). In
contrast, ‘Qingshu No. 10" and ‘Qingshu No. 9" exhibited no significant response. Post-
storage analysis revealed that optimal BIO treatments in responsive cultivars (‘Minshu
No. 1’ and ‘Xiazhai 65’) delayed the losses in dry matter content and starch content after
3 months of storage at 7.5 °C. Furthermore, BIO application significantly enhanced the
uptake of potassium (K) in ‘Minshu No. 1, “Xiazhai 65’, and ‘Qingshu No. 2’ potatoes. In
conclusion, applying 7.2 g/L BIO three times during the seedling to post-bloom period is
a potential strategy to enhance yield and quality for responsive early- and mid-maturing
potato cultivars, offering a targeted solution for sustainable potato production.

Keywords: cultivar response; quality attributes; seaweed-based biostimulants; spraying
protocols; Solanum tuberosum L.

1. Introduction

Potatoes (Solanum tuberosum L.) are valued for their large tuber size, uniform shape,
golden-brown skin color, starchy texture, and versatile culinary applications, traits widely
preferred by consumers [1-3]. For farmers and processors, ideal potato cultivars should
combine high yield, resistance to mechanical damage during harvest and handling, and
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prolonged storage stability to prevent sprouting or sugar accumulation [4-6]. However,
potatoes were prone to post-harvest deterioration, including weight loss, fungal infections,
and cold-induced sweetening [7,8]. Furthermore, extended storage periods exacerbated
tuber softening, surface browning, and glycoalkaloid accumulation, significantly reducing
marketability in supply chains [9]. Therefore, the key challenge lied in achieving rapid
growth maturity, maintaining firmness and low reducing sugar content after storage, and
minimizing physiological disorders while extending shelf life. The pre-harvest application
of biostimulants (BIOs) might offer viable solutions to these industry demands.

BIOs are a diverse group of materials with various origins (including microbial, plant,
and seaweed extracts) and modes of action. Unlike traditional fertilizers, which provide
essential nutrients, BIOs enhance plant nutritional efficiency, improve tolerance to abiotic
stress, and increase crop quality and yield [10]. Seaweed-based BIOs, derived from Ascophy!-
Ium nodosum, Ecklonia maxima, Laminaria spp., and Sargassum, are among the most widely
recognized and commercially available BIOs. These extracts contain complex mixtures
of natural compounds, including polysaccharides, phenolics, cytokinins, betaines, and
trace elements [11-13]. The mechanisms of action of BIOs include the stimulation of root
development, enhancement of nutrient uptake efficiency, modulation of phytohormone
balance, and activation of antioxidant defense systems to mitigate stress responses [14]. In
agricultural practice, BIOs are typically applied via foliar spraying or soil drenching. Foliar
application is particularly popular due to its rapid absorption through the leaf cuticle and
stomata, allowing for precise timing relative to critical growth stages [11-13]. Common BIO
application concentrations range from 1 to 10 g/L, with frequencies varying from single
applications to repeated sprays every 2-3 weeks, depending on the specific product label
and crop requirements. In potatoes, a study reported that the pre-harvest foliar application
of 10 g/L BIO extracted from brown alga (Phaeophyceae) increased tuber yield and improved
nitrogen (N) uptake in the ‘Satina’, ‘Sylvana’, and “Volumia’ potato cultivars [14]. Similarly,
BIO treatments on ‘Maris Piper” potatoes enhanced tuber yield by 33% [15]. By contrast,
a recent study reported that BIO sprays failed to affect dry matter, protein, total sugars,
monosaccharides, sucrose, and L-ascorbic acid content in three early-maturing ‘Denar’,
‘Lord’, and ‘Mifek’ potato cultivars [16]. Notably, field trials with the cultivar ‘Irga’ revealed
that the BIO extracted from Ascophyllum nodosum and Ecklonia maxima not only reduced
the incidence of early blight but also enhanced medium-sized tubers [17]. Taken together,
these findings suggested that pre-harvest BIO sprays might serve as a sustainable strat-
egy to optimize tuber quality attributes, extend storability, and enhance stress resilience
in potatoes, though cultivar-specific responses and environmental interactions require
further investigation.

However, despite these promising laboratory and small-scale field results, there is a
lack of standardized, large-scale commercial protocols for using BIOs on potatoes. Further-
more, there is little information available on whether factors such as cultivar, application
concentration, frequency, and timing collectively impact the efficacy of BIO spraying. Given
the variability in biological responses to BIOs, understanding these interactions was critical
for practical implementation. Therefore, the first objective of this study was to evaluate the
cultivar-specific responses and optimal application concentration, frequency, and timing
of seaweed-based BIOs in potato cultivation, addressing the current knowledge gap in
practical implementation guidelines for growers. The second objective of this study was to
investigate the efficacy of pre-harvest BIO sprays in improving the quality and nutrient
uptake of potatoes at harvest and post-harvest quality and physiological disorders. The
final goal was to provide growers with useful guidance for spraying BIOs on potatoes.
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2. Materials and Methods

2.1. Plant Material

Experiments were conducted at the Experiment Field of the Academy of Agriculture
and Forestry Sciences of Qinghai University, located in Xining, Qinghai, China (36.73° N,
101.75° W, elevation 2314 m, average annual rainfall about 500 mm). The soil type at the
experimental field is classified as chestnut soil (semi-arid regions characterized by moderate
organic matter, good drainage, and a calcic horizon) with slight alkalinity (pH 7.5-8.5). No
irrigation was performed in the field. Standard fertilization (136.5 kg/ha of actual N was
applied once before planting), pesticide, and herbicide practices were conducted on all
plants. The meteorological data during the 2022-2024 growing seasons are summarized in

Supplemental S1.

Seaweed-based BIOs (Stimplex®, included 99.99% Ascophyllum nodosum extract, Aca-
dian Seaplants Limited, Dartmouth, NS, Canada) were used in this study. The concentra-
tions of BIOs were expressed as active ingredients. Each row was sprayed using an electric
sprayer (Model CZ0001, Wuyi Zhipu E-Commerce Co., Jinhua, China) with an 18 L plastic
container. Spraying was conducted when the outdoor temperature was below 27 °C, and
applications were performed when rainfall was not predicted in 24 h. Six potato cultivars
were selected based on their maturity periods: early-maturing ‘Minshu No. 1’ (85 days
to maturity), mid-maturing ‘Leshu No. 1’ (100 d to maturity) and “Xiazhai 65’ (110 d to
maturity), and late-maturing ‘Qingshu No. 2’ (115 d to maturity), ‘Qingshu No. 10" (120 d
to maturity), and ‘Qingshu No. 9" (135 d to maturity). Harvest times corresponded directly

to these maturity indicators to ensure physiological comparability across treatments.

2.2. Experimental Designs

To optimize BIO application strategies, a sequential experimental approach was
adopted. First, Experiment 1 screened the optimal concentration and frequency using
late-maturing cultivars to identify baseline responses. Second, Experiment 2 evaluated
the optimal timing and frequency for early-, mid-, and late-maturing cultivars, focusing
on those showing positive responses in Experiment 1. Finally, Experiment 3 refined the
parameters for the responsive or non-responsive cultivars by testing higher concentrations
and frequencies. All experiments utilized a completely randomized design with three repli-
cates per treatment. The specific treatments applied in each experiment are summarized in

Table 1.

Table 1. Summary of BIO treatments applied in Experiments 1, 2, and 3.

BIO Concentration

Experiment Cultivars (g/L) BIO Frequency BIO Application Timing
‘Qingshu No. 2’ 6 weeks of planting
Exp. 1 ‘Qingshu No. 10 24and 7.2 1,2, and 3 times 6 and 9 weeks of planting
‘Qingshu No. 9’ 6,9, and 12 weeks of planting
T1 (planting)
‘Minshu No. 1’ T2 (full bloom)
‘Leshu No. 1’ . T3 (3 weeks after full bloom)
Exp. 2 Xiazhai 65 7.2 1,2, and 3 times T1+T2
‘Qingshu No. 2’ T2 + T3
T1+ T2+ T3
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Table 1. Cont.
Experiment Cultivars BIO Co(l; 7;1)1trat10n BIO Frequency BIO Application Timing
3 (seedling, full bloom, and 3
weeks after full bloom)
‘Minshu No. 1 4a (seedling, 10 d after seedling,
“Xiazhai 65’ . full bloom,
Exp. 3 ‘Qingshu No. 2 72 and 9.6 3and 4 times and 3 weeks after full bloom)
‘Qingshu No. 9’ 4b (seedling, full bloom, 10 d after

full bloom,
and 3 weeks after full bloom)

2.2.1. Experiment 1: Optimum BIO Concentration and Frequency

In 2022, three late-maturing potato cultivars (‘Qingshu No. 2, ‘Qingshu No. 10, and
‘Qingshu No. 9") were selected. The concentrations of 2.4 and 7.2 g/L were chosen based
on Stimplex® label reports indicating the effective minimum and maximum ranges for BIO
application. These concentrations are well below the levels typically required for direct
fertilizing effects (which often require > 50 g/L for macronutrients), ensuring that the
observed effects are due to BIOs rather than nutrient supply. The treatments with three
replicates of three plots each (one plot including three rows [25 plants per row], 7 m long
and 6 m wide) were treated as follows: (1) control: untreated plants; (2) 2.4 g/L BIO 1: BIO
was applied once (June 28) after 6 weeks of planting; (3) 2.4 g/L BIO 2: BIO was applied
twice (June 28 and July 18) after 6 and 9 weeks of planting; (4) 2.4 g/L BIO 3: BIO was
applied 3 times after 6, 9, and 12 (June 28, July, and August 8) weeks of planting; (5) 7.2 g/L
BIO 1: BIO was applied once after 6 weeks of planting; (6) 7.2 g/L BIO 2: BIO was applied
twice after 6 and 9 weeks of planting; (7) 7.2 g/L BIO 3: BIO was applied three times after
6,9, and 12 weeks of planting. At harvest, plants were manually uprooted using a shovel,
ensuring a consistent digging depth of 0.2-0.3 m to avoid tuber damage. Tubers were
carefully extracted, and adhering soil was removed by gentle brushing. The total yield,
tuber weight distribution, dry matter content, starch content, and reducing sugar content
were evaluated. After storing at 7.5 °C and 90% relative humidity (RH) for 3 months, the
dry matter content, starch content, reducing sugar content, and incidences of decay and
sprouting were determined.

2.2.2. Experiment 2: Optimum BIO Frequency and Timing

Based on the results of Experiment 1, ‘Qingshu No. 2" had a high response to 7.2 g /L,
but not in ‘Qingshu No. 10" and ‘Qingshu No. 9’, which had a long development period.
Therefore, the early-maturing ‘Minshu No. 1" and mid-maturing ‘Leshu No. 1" and “Xiazhai
65’ potato cultivars and the BIO concentration of 7.2 g/L were taken into consideration in
this experiment. The treatments in 2023 included: (1) control: untreated plants; (2) BIO
T1: BIO was applied once at planting (April 27); (3) BIO T2: BIO was applied once at full
bloom (FB, June 25 for ‘Minshu No. 1’, June 30 for ‘Leshu No. 1/, June 30 for ‘Xiazhai
65, and July 10 for ‘Qingshu No. 2); (4) BIO T3: BIO was applied once at 3 weeks after
FB; (5) BIO T1 + T2: BIO was applied twice at planting and FB; (6) BIO T2 + T3: BIO was
applied twice at FB and 3 weeks after FB; (7) BIO T1 + T2 + T3: BIO was applied three times
at planting, FB, and 3 weeks after FB. The harvest and storage evaluation was performed
as described in Experiment 1.
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2.2.3. Experiment 3: Optimization of Cultivar Response and Application Intensity

The responsive cultivars from previous experiments, such as ‘"Minshu No. 1’, “Xiazhai
65, and ‘Qingshu No. 2’, and non-responsive cultivars, such as ‘Qingshu No. 9’, were
selected. This experiment aimed to determine if higher concentrations or additional appli-
cations would further enhance yield. Treatments in 2024 included: (1) control: untreated
plants; (2) 7.2 g/L BIO 3: 7.2 g/L BIO was applied three times at seedling (June 5), FB (June
26 for ‘Minshu No. 1’, June 26 for ‘Xiazhai 65, July 1 for ‘Qingshu No. 2’, and July 1 for
‘Qingshu No. 9), and 3 weeks after FB; (3) 9.6 g/L BIO 3: 9.6 g/L BIO was applied three
times at seedling, FB, and 3 weeks after FB; (4) 7.2 g/L BIO 4a: 7.2 g/L BIO was applied
four times at seedling, 10 d after seedling, FB, and 3 weeks after FB; (5) 7.2 g/L BIO 4b:
7.2 g/L BIO was applied four times at seedling, FB, 10 d after FB, and 3 weeks after FB. The
harvest and storage evaluation was performed as described in Experiment 1. Additionally,
the nutrients of the tuber were determined at harvest.

2.3. Evaluations of Total Yield and Tuber Weight Distribution

The total yield (TY) per plot was determined by weighing all tubers. Data were
expressed in kg/plot based on the plot area. After weighing, all tubers in each treatment
per replicate were graded into three size classes based on diameter and weight: small:
diameter < 40 mm or weight < 150 g; medium: diameter 40-60 mm or weight 150-250 g;
large: diameter > 60 mm or weight > 250 g. The weight of tubers in each size class was
recorded. Tuber weight distribution was expressed as the percentage by weight [17]. From
the medium class, 70 uniform tubers per replicate were randomly selected and stored for
subsequent quality evaluations.

2.4. Evaluations of Dry Matter Content, Total Starch Content, and Reducing Sugar Content

One hundred grams of sliced samples from 10 tubers in each treatment per replicate
was cut using a stainless-steel slicer and immediately weighed, then placed in pre-weighted
aluminum trays. Samples were dried in a forced-air electric oven for 24 h at 75 °C until
constant weight. The dry matter content (DMC) was expressed as the percentage residue
of the sample after drying [18].

To measure the starch content (SC) [19], 0.5 g of samples from 10 tubers in each
treatment per replicate was homogenized in 2 mL of distilled water and then centrifuged
at 5,000 g for 20 min at 4 °C. The supernatant was collected for assaying the reducing sugar
content. The residue was added to 4 mL 80% (v/v) ethanol and re-centrifuged. Next, the
residue was treated with 2.5 mL 80% (v/v) ethanol and placed at 80 °C for 30 min, then
re-centrifuged. Finally, 0.5 mL of distilled water and 4.5 mL of 52% (v/v) perchloric acid
were added to the residue, then boiled for 15 min. The supernatant was diluted 50-fold
with distilled water. A 0.2 mL aliquot was added to 0.4 mL of distilled water and 3.6 mL of
the reaction solution containing 88% (v/v) H,SO4 and 0.32% (w/v) anthrone, then boiled for
5 min. The absorbance at 620 nm was then measured using a UV /visible spectrophotometer
(Model T6, Purkinje General Instrument Co., Beijing, China). Glucose was used to create
a standard calibration curve, and the data were presented as the percentage starch of the
sample on a fresh weight basis.

To determine the reducing sugar content (RSC) [19], 0.35 mL of the supernatant from
the initial centrifugation step (total starch analysis) was added to 1.65 mL of distilled water
and 2 mL of the reaction solution containing 1% (w/v) 3,5-dinitrosalicylic acid, 30% (w/v)
Rochelle salt, and 1.6% (w/v) NaOH, then boiled for 5 min. The absorbance at 540 nm was
then measured. Glucose was used to create a standard calibration curve, and the data were
presented as mg/glucose equivalent (GE) kg on a fresh weight basis.
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2.5. Evaluations of Decay and Sprouting Incidences

After storage, fifty tubers from each treatment per replicate were transferred to a dark
room at 20 °C with 60% RH for sprouting evaluation. Decay incidence was assessed imme-
diately after removal from storage and was defined as the percentage of tubers showing any
visible pathological lesions or surface blemishes on the tuber surface. Sprouting incidence
was determined after 7 d of storage at 20 °C and was defined as the percentage of tubers
developing sprouts with a minimum length of >2 mm.

2.6. Determination of Nutrients

For Experiment 3, 10 tubers from each treatment per replicate were cut and washed,
oven-dried at 65 °C, and ground to pass through a 2 mm sieve. After digesting in a
microwave system using nitric acid and hydrogen peroxide, an inductive coupled plasma
optical emission spectrometer (Model 725, Agilent Technologies, Santa Clara, CA, USA)
was used to determine the potassium (K), calcium (Ca), magnesium (Mg), ferric (Fe), and
zinc (Zn) content of the sample. Data were expressed on a dry weight basis as mg/kg.

2.7. Statistical Analysis

Experiments were performed using a completely randomized design. The analysis
of variance (ANOVA) was carried out to assess the significant differences in the data
using Tukey’s honestly significant difference (HSD) test at p < 0.05. The analyses were
conducted using 19.0 IBM SPSS Statistics software (IBM Co., Armonk, NY, USA). Origin
software (version 2021b, OriginLab, Northampton, MA, USA) was used for the principal
component analysis (PCA). The PCA was conducted among total yield (TY), small-size
weight (SSW), medium-size weight (MSW), large-size weight (LSW), dry matter content
at harvest (DMC-H), starch content at harvest (SC-H), reducing sugar content at harvest
(RSC-H), dry matter content after storage (DMC-AS), starch content after storage (SC-
AS), reducing sugar content after storage (RSC-AS), decay, sprouting, K, Ca, Mg, Fe, and
Zn. Principal components with variances of under 10% or eigenvalues of under 1.0 were
dropped from the data.

3. Results

3.1. Effects of Application Concentration and Frequency of BIO on Late-Maturing Potato Cultivars
at Harvest and After Storage

For the harvest evaluation (Table 2), the application of 2.4 or 7.2 g/L BIO either once
(after 6 weeks of planting) or twice (after 6 and 9 weeks of planting) had no effect on
TY, medium-tuber weight, DMC, SC, or RSC in ‘Qingshu No. 2’ potatoes. However,
three applications of 7.2 g/L BIO significantly increased TY and small-tuber weight, while
decreasing large-tuber weight. For ‘Qingshu No. 10" potatoes, no significant difference
was observed in TY, medium-tuber weight, DMC, or SC between the control and any BIO
treatment. However, three applications of both 2.4 and 7.2 g/L BIO resulted in higher RSC,
but lower large-tuber weight compared to the control. For ‘Qingshu No. 9’ potatoes, no
significant difference was observed in any evaluation attribute between the control and
each BIO treatment.

For the post-harvest evaluation (Table 3), no significant difference was found in DMC,
SC, RSC, decay incidence, or sprouting incidence of ‘Qingshu No. 2, ‘Qingshu No. 10’, and
‘Qingshu No. 9" potatoes between the control and any BIO treatment.
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Table 2. Spraying of 2.4 and 7.2 g/L BIO one, two, and three times on yield, tuber weight distribution,
and quality attributes of ‘Qingshu No. 2’, ‘Qingshu No. 10", and ‘Qingshu No. 9" potato cultivars at
harvest (Experiment 1).

Tuber Weight Distribution

Cultivars Treatments TY Small-Tub Medium-Tub L -Tub DMC SC RSC
(kg/PlOt) ma uber e 1.um uber arge uber (o/o) (0/0) (mg/kg)
Weight (kg) Weight (kg) Weight (kg)
Control 29.93b 9.30 f 17.80 ab 283 a 20.25a 20.18a 0.76ab
24¢gL-1BIO1 29.83 b 11.07 cd 16.07 b 270 a 20.30a 203la 0.75ab
Qingshu 24¢L-1BIO2 31.37b 10.50 de 18.90 ab 1.97 be 20.36a 20.52a 0.88ab
No. 2 24gL71BIO3 33.73b 12.17b 20.10 a 147 c 20.02a 20.66a 093a
72gL 1 BIO 1 29.83b 10.03 ef 17.23 ab 2.57 ab 19.38a 2040a 0.72Db
72 gL~ BIO2 31.30b 11.53 bc 17.37 ab 2.40 ab 20.39a 2024a 0.83ab
72gL 1 BIO3 3473 a 13.33 a 20.07 a 1.33 ¢ 1940a 20.07a 0.88ab
Control 35.40 a 12.93 ab 17.97 a 4.50 a 2344a 19.16a 098b
24¢gL-1BIO1 3423 a 12.70 ab 1740 a 413 a 2262a 18.8la 1.02b
Qingshu 24¢L-1BIO2 35.07 a 13.33 ab 1897 a 2.77b 2245a 19.08a 1.13ab
No. 10 24gL~1BIO3 36.83 a 1530 a 19.70 a 1.83b 2263a 1890a 123 a
72gL 1 BIO 1 34.53 a 11.73b 1797 a 483 a 21.81a 1871a 099b
72 gL~ BIO2 34.60 a 13.00 ab 16.83 a 4.77 a 2248a 18.65a 1.12ab
72gL 1 BIO3 36.63 a 1520 a 19.13 a 2.30b 22.77a 18.73a 122 a
Control 42.07 a 16.53 a 20.23 a 530a 2273a 19.61a 0.53a
24¢gL-1BIO1 41.77 a 17.00 a 1940 a 537 a 2235a 1956a 051a
Qingshu 24¢L71BIO2 4250 a 16.13 ab 20.83 a 553 a 22.02a 1945a 046a
No. 9 24gL~1BIO3 4113 a 16.37 a 19.23 a 553 a 21.56a 19.76a 049a
72gL 1 BIO1 4273 a 16.20 a 20.87 a 5.67 a 220la 19.60a 047a
72gL~1 BIO2 4150 a 16.90 a 1940 a 520a 2196a 19.67a 047a
72gL 1 BIO3 4220 a 16.07 a 20.67 a 547 a 2224a 19.68a 048a
Values are presented as means. Different lowercase letters indicate significant differences among means for each
column in each cultivar using Tukey’s honestly significant difference (HSD) test at p < 0.05.
Table 3. Spraying of 2.4 and 7.2 g/L BIO one, two, and three times on storage quality attributes of
‘Qingshu No. 2/, ‘Qingshu No. 10, and ‘Qingshu No. 9’ potato cultivars after storage (Experiment 1).
Cultivars Treatments DMC (%) SC (%) RSC (mng/kg)  Decay (%)  Sprouting (%)
Control 19.58 a 17.83 a 82la 23.33 a 533 a
24¢ L !BIO1 1941 a 18.30 a 8.50 a 22.67 a 4.67 a
24¢ L~1 BIO2 19.22 a 18.06 a 8.46 a 24.00 a 6.00 a
Qingshu No. 2 24¢gL " 1BIO3 19.88a 18.09a 8.55a 24.00 a 4.00a
72¢ L' BIO1 19.10 a 1791 a 8.01a 2333 a 6.00 a
72¢ L~ BIO2 19.10 a 17.83 a 8.02a 21.33 a 533 a
72¢g L' BIO3 18.96 a 18.00 a 8.45 a 22.00 a 6.67 a
Control 2297 a 16.11a 6.32 a 10.67 a 0.67 a
24¢ L1 BIO1 2245a 16.06 a 6.54 a 9.33a 2.00a
24¢ L1 BIO2 22.02a 15.78 a 6.74 a 10.00 a 133 a
Qingshu No. 10 24¢L71BIO3 22.18a 15.95a 6.86 a 10.67 a 2.00 a
72¢ L1 BIO1 21.62a 16.32 a 6.82 a 11.33 a 2.67 a
72¢ L~ BIO2 22.29 a 16.17 a 6.61 a 10.00 a 2.67 a
72¢g L' BIO3 21.68 a 16.13 a 6.51 a 933 a 333 a
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Table 3. Cont.
Cultivars Treatments DMC (%) SC(%)  RSC (mg/kg) Decay (%) Sprouting (%)

Control 17.80 a 1712 a 3.84a 11.33 a 4.00 a

24¢L71BIO1 17.78 a 1743 a 3.92a 10.67 a 4.67 a

24¢gL71BIO2 17.85a 17.25a 3.94a 12.00 a 4.00a

Qingshu No. 9 24¢gL"'BIO3 17.36 a 16.88 a 4.05a 11.33a 2.00a
72¢L ' BIO1 17.48 a 17.11a 444 a 10.67 a 4.00 a

72 gL~ BIO2 16.90 a 16.79 a 4.03 a 12.67 a 4.67 a

72¢L"!BIO3 17.57 a 17.07 a 421a 10.67 a 3.33a

Values are presented as means. Different lowercase letters indicate significant differences among means for each
column in each cultivar using Tukey’s HSD test at p < 0.05.

3.2. Effects of Application Frequency and Timing of BIO on Early-, Mid-, and Late-Maturing
Potato Cultivars at Harvest and After Storage

For the harvest evaluation (Table 4), single (T1, T2, and T3) or split (T1 + T2
and T2 + T3) applications of 7.2 g/L BIO had no effect on TY, small/medium-tuber
weight, DMA, SC, or RSC in ‘Minshu No. 1" potatoes. However, the three applications
(T1 + T2 + T3) of BIO significantly increased TY and larger-tuber weight. For ‘Leshu No.
1" potatoes, BIO treatment did not affect the small/large-tuber weight, DMA, SC, or RSC.
However, three applications and BIO T3 resulted in higher medium-tuber weight compared
to the control. Furthermore, a significantly higher TY was observed in the BIO T2, T3, and
T1 + T2 + T3 treatments compared to the control. For “Xiazhai 65" potatoes, no significant
difference was observed in yield, tuber weight distribution, or quality between the control
and any BIO treatment. For ‘Qingshu No. 2’ potatoes, BIO T2 + T3 and T1 + T2 + T3
treatments resulted in higher TY compared to other treatments. Additionally, an increase
in small-tuber weight paralleling the decrease in large-tuber weight was observed in BIO
T2 + T3 and T1 + T2 + T3 treatments.

Table 4. Applications of 7.2 g/L BIO at T1, T2, and T3 on yield, tuber weight distribution, and quality
attributes of ‘Minshu No. 1’, ‘Leshu No. 1’, “Xiazhai 65’, and ‘Qingshu No. 2’ potato cultivars at
harvest (Experiment 2).

Tuber Weight Distribution

. TY : DMC SC RSC

Cultivars Treatments (kg/Plot) Sma.ill-Tuber Med{um-Tuber Large-Tuber (%) (%) (mg/kg)
Weight (kg) Weight (kg) Weight (kg)

Control 13.93b 5.50 a 748 a 0.95c 16.19a 1247 a 0.57 a

BIO T1 14.67 b 543 a 8.27 a 0.96 ¢ 1595a 1220a 0.53 a

. BIO T2 14.57 b 540 a 8.12a 1.05 be 16.10a 12.18a 0.53 a

Minshu BIO T3 14.60 b 5.60 a 792a 0.97 be 1572a 1215a 05la

No.1 BIO T1 + T2 14.65b 497 a 8.25a 1.43 abc 1568a 12.13a 0.55a

BIOT2 + T3 14.55 b 517 a 783 a 1.55 ab 1593a 12.00a 0.52 a

BIOT1+ T2+ T3 15.85a 523 a 8.85a 1.77 a 1549a 12.07 a 0.50 a

Control 21.23 ¢ 6.32 a 12.45b 247 a 15.74a 1380 a 0.75a

BIOT1 21.45 bc 593 a 13.17 ab 2.35a 16.16a 13.74a 0.75a

BIO T2 23.82a 6.00 a 15.22 ab 2.58 a 16.15a 13.63a 0.71a

Leshu No. 1 BIO T3 23.70 ab 590 a 15.68 a 212 a 1592a 13.67a 0.79 a

BIOT1 + T2 22.32 abc 6.03 a 13.92 ab 237 a 15.66a 13.85a 0.77 a

BIOT2 + T3 23.00 abc 6.18 a 14.72 ab 2.10a 15.75a 14.02a 0.75a

BIOT1 +T2+ T3 2393 a 6.53 a 1547 a 193 a 16.02a 13.66a 0.72 a
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Table 4. Cont.

Tuber Weight Distribution

Culti T TY ; DMC  SC RSC
ultivars reatments (kg/Plot) Sme'all-Tuber Medl.um-Tuber Large-Tuber (%) (%) (mg/kg)
Weight (kg) Weight (kg) Weight (kg)
Control 24.45 ab 6.95 a 15.33 ab 217 a 22.04a 18.63a 0.63 a
BIO T1 23.87b 7.15a 14.63 b 2.08 a 21.77a 18.96 a 0.61 a
BIO T2 25.17 ab 6.87 a 16.23 a 2.07 a 21.32a 18.69a 0.57 a
Xiazhai 65 BIO T3 25.37 a 7.07 a 16.28 a 2.02a 21.51a 1893a 0.58 a
BIO T1 + T2 24.70 ab 7.00 a 15.58 ab 212 a 21.09a 18.88a 0.61 a
BIOT2 + T3 25.37 a 7.08 a 16.33 a 1.95a 21.52a 18.62a 0.61a
BIOT1 +T2+ T3 2532 a 7.05a 16.18 ab 2.08 a 21.56a 18.83a 0.63 a
Control 33.83 ¢ 9.20 ¢ 20.70 ab 3.93a 20.35a 19.28a 093 a
BIOT1 33.30 ¢ 9.63 ¢ 20.07 ab 3.60 ab 20.73a 19.06 a 0.98 a
esh BIO T2 33.05¢ 10.80 abc 19.20b 3.05 be 20.82a 18.68a 0.98 a
Qingshu BIO T3 34.03 ¢ 10.40 be 20.52 ab 3.12b 1995a 18.89a 091a
No. 2 BIO T1 + T2 33.80 ¢ 10.28 ¢ 20.27 ab 325ab  2090a 1888a  09la
BIO T2 + T3 35.12b 11.95 ab 20.17 ab 3.00 bc 2049a 18.71a 0.96 a
BIOT1 +T2+ T3 36.23 a 12.30 a 21.58 a 2.35¢ 19.82a 18.88a 0.98 a
Values are presented as means. Different lowercase letters indicate significant differences among means for each
column in each cultivar using Tukey’s HSD test at p < 0.05.
For the post-harvest evaluation (Table 5), neither single, split, nor three-time appli-
cations of BIO affect DMC, SC, RSC, decay incidence, or sprouting incidence in ‘Minshu
No. 1’, ‘Leshu No. 1’, “Xiazhai 65’, or ‘Qingshu No. 2’ potatoes after 3 months of storage at
7.5 °C.
Table 5. Applications of 7.2 g/L BIO at T1, T2, and T3 on storage quality attributes of ‘Minshu No. 1",
“Leshu No. 1’, “Xiazhai 65’, and ‘Qingshu No. 2’ potato cultivars after storage (Experiment 2).
Cultivars Treatments DMC (%) SC (%) RSC(mg/kg) Decay (%) Sprouting (%)
Control 15.02 a 11.10 a 1.95a 6.67 a 48.67 a
BIOT1 14.69 a 10.97 a 1.93 a 6.00 a 4533 a
BIO T2 14.50 a 1131 a 1.90 a 6.00 a 52.67 a
Minshu No. 1 BIO T3 14.67 a 11.25a 191a 533 a 48.00 a
BIOT1 + T2 14.45 a 1143 a 1.87 a 6.67 a 52.67 a
BIO T2 + T3 14.68 a 11.19 a 1.96 a 4.00 a 52.00 a
BIOT1 + T2 + T3 14.63 a 11.14 a 1.89 a 533a 52.33 a
Control 14.67 a 12.35a 2.38a 14.67 a 24.00 a
BIOT1 15.00 a 12.12 a 2.30a 14.00 a 2333 a
BIO T2 14.50 a 1231 a 2.39 a 15.33 a 26.67 a
Leshu No. 1 BIO T3 14.25a 1201 a 230 a 14.00 a 22.67 a
BIOT1 + T2 14.26 a 11.90 a 236 a 14.67 a 2533 a
BIO T2 + T3 1447 a 12.28 a 232a 14.00 a 26.67 a
BIOT1 + T2+ T3 14.47 a 11.55a 2.25a 14.00 a 26.00 a
Control 20.63 a 16.33 a 191a 0.67 a 2.00a
BIOT1 2091 a 16.51 a 194 a 0.00 a 2.67 a
BIO T2 2043 a 16.01 a 1.94 a 1.33 a 2.00a
Xiazhai 65 BIO T3 2091 a 16.03 a 1.96 a 2.67 a 4.67 a
BIOT1 + T2 21.10 a 1574 a 191a 1.33a 4.67 a
BIOT2 + T3 20.83 a 15.67 a 1.99 a 2.00a 3.33a
BIOT1 + T2+ T3 20.97 a 1574 a 2.01a 1.33a 2.67 a
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Table 5. Cont.
Cultivars Treatments DMC (%) SC (%) RSC(mg/kg) Decay (%) Sprouting (%)
Control 19.12 a 18.62 a 418 a 2.00a 0.67 a
BIOT1 19.27 a 1822 a 4.00 a 1.33a 1.33a
BIO T2 19.19 a 18.42 a 4.05a 3.33 a 1.33a
Qingshu No. 2 BIO T3 1948 a 18.58 a 417 a 2.00a 0.00 a
BIOT1 + T2 19.36 a 18.61 a 413 a 2.00a 0.67 a
BIOT2 + T3 19.03 a 18.30 a 416 a 0.67 a 1.33 a
BIOT1 + T2 + T3 18.93 a 18.31 a 414 a 2.00 a 0.67 a

Values are presented as means. Different lowercase letters indicate significant differences among means for each
column in each cultivar using Tukey’s HSD test at p < 0.05.

3.3. Effects of Increasing Concentration and Frequency of BIO on Early-, Mid-, and Late-Maturing
Potato Cultivars at Harvest and After Storage

For the harvest evaluation (Table 6), applications of BIO at 7.2 (3 or 4 times) or 9.6
(3 times) g/L did not affect RSC or medium-tuber weight, but significantly increased
the TY, medium/large-tuber weight DMC, and SC in ‘Minshu No. 1’ potatoes, with
no significant difference among the BIO treatments. For ‘Xiazhai 65" potatoes, all BIO
treatments increased TY, medium/large-tuber weight, DMC, and SC, but did not affect
small-tuber weight or RSC. For ‘Qingshu No. 2’ potatoes, no significant difference was
observed in small/medium-tuber weight, DMC, or SC between the control and any BIO
treatment; however, all BIO treatments resulted in higher TY with lower large-tuber weight
and RSC compared to the control. For ‘Qingshu No. 9 potatoes, increasing the application
concentration from 7.2 to 9.6 g/L or frequency from three to four times had no effect on TY,
tuber weight distribution, or quality attributes compared to the control.

Table 6. Applications of 7.2 and 9.6 g/L BIO three times and 7.2 g/L BIO four times on yield, tuber
weight distribution, and quality attributes of ‘Minshu No. 1’, “Xiazhai 65’, ‘Qingshu No. 2’, and
‘Qingshu No. 9’ potato cultivars at harvest (Experiment 3).

Tuber Weight Distribution

Cultivars Treatments TY Small-Tub Medium-Tub L Tub DMC SC RSC

(kg/PlOt) ma uber e 1.um uber arge uber (o/o) (0/0) (mg/kg)
Weight (kg) Weight (kg) Weight (kg)

Control 14.95b 6.07b 747 a 142b 1333b 1313b  073a

Minsh 72gL-1BIO3 18.35a 670 a 9.77 a 1.88a 1532a 1449a 0.69a

1\1%5 1“ 9.6gL"1BIO3 1752 a 693a 877 a 1.82a 1523a 1418a 0.68a

: 72gL"1BlO4a  17.73a 6.88a 890 a 1.95a 1515a 146la 0.69a

72gL-1BIO4b  17.98a 7.00 a 9.05a 1.93a 1563a 1467a 0.65a

Control 31.47b 7.93a 21.43b 210b 1946b 1633b  0.65a

72gL 1 BIO3 4053 a 7.63a 29.53 a 337a 2080a 1738a 059a

Xiazhai 65 9.6 g L~1 BIO 3 4115a 7.73 a 30.02a 340a 2099a 17.62a 06la

72gL 1BIO4a  40.70a 7.68a 29.85a 317a 2085a 1796a 0.65a

72gL-1BIO4b  4127a 753 a 3043 a 330a 2074a 1758a 0.63a

Control 33.87b 8.80a 2130 a 3.77 a 2046a 1938a 0.82a

Oinesh 72gL-1BIO3 3793 a 8.82a 2627 a 285b 2076a 1948a  0.72b

No, 96gLT!BIO3 36.57 a 8.67 a 25.13a 2.77b 2072a 1920a  0.72b

' 72gL"1BlO4a  3677a 850 a 25.08a 3.18b 2033a 1949a 071b

72gL-1BIO4b  37.28a 8.67 a 2558 a 3.03b 2044a 1933a 070D
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Table 6. Cont.
Tuber Weight Distribution
Cultivars Treat t [ i bMC Sc RSC
reatments (kg/Plot) Sme'all-Tuber Medl.um-Tuber Large-Tuber (%) (%) (mg/kg)
Weight (kg) Weight (kg) Weight (kg)
4153 a 16.72 a 18.72 a 6.10a 20.78a 19.01a 0.57 a
inesh 72gL 1 BIO3 4132 a 1713 a 18.12 a 6.07 a 21.02a 18.85a 0.50 a
Qll\?gsgu 9.6gL 1 BIO3 4117 a 1693 a 1782 a 6.42a 2082a 19.09a 0.56a
o 72gL 1 BIO 4a 39.73 a 17.00 a 16.50 a 6.23 a 20.79a 1927 a 0.57 a
7.2 g L~ BIO 4b 3992 a 17.03 a 16.80 a 6.08 a 20.88a 18.75a 0.54a
Values are presented as means. Different lowercase letters indicate significant differences among means for each
column in each cultivar using Tukey’s HSD test at p < 0.05.
For the post-harvest evaluation (Table 7), three-time applications of 7.2 and 9.6 g/L
BIO and four-time applications of 7.2 g/L BIO maintained higher DMC and SC in ‘Minshu
No. 1’ and “Xiazhai 65" potatoes compared to the control. No significant difference was
observed in RSC, decay incidence, or sprouting incidence among the treatments. For
‘Qingshu No. 2’ potatoes, spraying 7.2 g/L BIO four times (treatments 4a and 4b) delayed
the reduction in SC. However, no significant difference was found in DMC, RSC, decay
incidence, or sprouting incidence between the control and any BIO treatment. For ‘Qingshu
No. 9" potatoes, none of the BIO treatments affected post-storage quality attributes.
Table 7. Applications of 7.2 and 9.6 g/L BIO three times and 7.2 g/L BIO four times on storage quality
attributes of ‘Minshu No. 1’, “Xiazhai 65’, ‘Qingshu No. 2/, and ‘Qingshu No. 9 potato cultivars after
storage (Experiment 3).
Cultivars Treatments DMC (%) SC (%) RSC (mg/kg)  Decay (%)  Sprouting (%)
Control 12.84b 11.76 b 194 a 10.00 a 78.67 a
72¢gL ! BIO3 1429 a 1294 a 1.89 a 6.67 a 80.00 a
Minshu No. 1 9.6gL ! BIO3 1414 a 13.00 a 193 a 8.00a 83.33 a
7.2 ¢ L1 BIO 4a 14.09 a 1242 a 1.95a 8.00a 81.33 a
7.2 ¢ L~ BIO 4b 1421 a 12.67 a 192 a 8.67 a 82.67 a
Control 18.27 b 14.78 b 2.03a 2.00a 333a
72¢L 1 BIO3 19.30 a 15.61a 201a 1.33a 333a
Xiazhai 65 9.6gL~1BIO3 19.25a 1592 a 194 a 2.00a 4.67 a
7.2 ¢ L~ BIO 4a 19.04 a 15.86 a 191a 2.67 a 2.00a
7.2 ¢ L1 BIO 4b 19.24 a 16.06 a 1.87 a 2.00a 4.67 a
Control 18.74 a 1794 c 3.50 a 1.33 a 0.67 a
72¢L "1 BIO3 18.80 a 18.15bc 375a 133 a 0.00 a
Qingshu No. 2 9.6g L1 BIO3 1847 a 18.03 ¢ 392a 1.33a 0.67 a
7.2 ¢ L~ BIO 4a 18.45 a 18.85 a 3.79a 133 a 0.67 a
7.2 g L~ BIO 4b 1840 a 18.76 ab 3.85a 0.67b 0.00 a
Control 1831 ¢ 18.04 a 319a 2.00a 733 a
72¢L "1 BIO3 18.42 be 17.86 a 327 a 2.00a 6.00 a
Qingshu No. 9 9.6gL ! BIO3 18.54 abc 1791a 321a 1.33 a 6.67 a
7.2 gL~ BIO 4a 18.55 abc 18.09 a 323a 2.67a 4.67 a
7.2 ¢ L~ BIO 4b 18.31 ¢ 17.88 a 320a 133 a 6.00 a

Values are presented as means. Different lowercase letters indicate significant differences among means for each
column in each cultivar using Tukey’s HSD test at p < 0.05.

For the nutrient uptake evaluation (Table 8), applications of BIO at 7.2 (three and four
times) and 9.6 (three times) g/L significantly increased K and Fe uptakes in “‘Minshu No.
1" potatoes. Notably, 7.2 g/L BIO 4b treatment resulted in a higher Ca content compared
to the control. For "Xiazhai 65 potatoes, all BIO treatments did not affect Ca, Mg, or Fe
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uptake. However, they increased K and Zn uptake. For ‘Qingshu No. 2’ potatoes, 9.6 (three
times) and 7.2 (four times) g/L BIO treatments resulted in a high K uptake. However, the
BIO did not affect the Ca, Mg, Fe, or Zn uptakes. For ‘Qingshu No. 9" potatoes, the BIO
application had no effect on the uptake of any nutrient.

Table 8. Applications of 7.2 and 9.6 g/L BIO three times and 7.2 g/L BIO four times on nutrient
uptake of ‘Minshu No. 1’, ‘Xiazhai 65’, ‘Qingshu No. 2/, and ‘Qingshu No. 9’ potato cultivars at
harvest (Experiment 3).

Cultivars Treatments K (mg/kg) Ca(mg/kg) Mg (mg/kg) Fe (mg/kg) Zn (mg/kg)
Control 369.88 b 9.14b 13.88 a 1.70 b 270a
72¢L"1BIO3 403.00 a 1131 a 13.31a 193 a 270a
Minshu No. 1 9.6gL ! BIO3 402.66 a 10.43 ab 13.58 a 193 a 2.72a
7.2 ¢ L~1 BIO 4a 404.56 a 11.03 a 13.62 a 1.88 a 2.69 a
7.2 ¢ L~ BIO 4b 414.85a 1146 a 1348 a 192 a 2.67 a
Control 436.79b 570 a 14.56 a 211a 2.00b
72¢L 1 BIO3 466.75 ab 6.85a 14.83 a 193 a 2.63a
Xiazhai 65 9.6gL"1BIO3 47598 a 7.08 a 14.77 a 1.95a 2.69a
7.2 ¢ L~ BIO 4a 47395 a 6.86 a 14.30 a 2.00a 2.60a
7.2 ¢ L1 BIO 4b 470.52 ab 6.61a 1441 a 1.94 a 2.62a
Control 467.10b 6.51 a 16.15a 2.18a 254a
72¢L 1 BIO3 490.51 a 6.25a 16.44 a 2.07 a 243 a
Qingshu No. 2 9.6gL"1BIO3 496.26 a 6.44 a 16.56 a 2.13a 243a
7.2 ¢ L7 BIO 4a 49731 a 6.52a 16.37 a 212a 245a
7.2 g L~ BIO 4b 488.85 a 6.01a 16.17 a 211a 246 a
Control 431.57 a 10.55a 1299 a 198 a 3.02a
72¢L 1 BIO3 436.18 a 10.90 a 13.29 a 1.85a 324a
Qingshu No. 9 9.6gL ! BIO3 428.66 a 10.46 a 13.34 a 194 a 322a
7.2 ¢ L~1 BIO 4a 429.18 a 10.99 a 13.31a 1.95a 3.08 a
7.2 ¢ L~ BIO 4b 424.49 a 10.78 a 13.36 a 1.97 a 312a

Values are presented as means. Different lowercase letters indicate significant differences among means for each
column in each cultivar using Tukey’s HSD test at p < 0.05.

3.4. Principal Component Analysis

Two principal components accounted for 86.93% of the total variation in the data,
with 58.31% from PC1 and 28.62% from PC2 (Figure 1). For PC1, TY, MSW, DMC-H,
SC-H, MDA-AS, SC-AS, RSC-AS, and K were positively correlated with PC1, whereas
decay and sprouting were negatively correlated with PC1, suggesting that PC1 might be
related to yield, storage quality attributes, and post-harvest disorder development. For
PC2, SSW, LSW, Ca, and Zn were positively correlated with PC2, whereas RSC-H, Mg,
and Fe were negatively correlated with PC2, suggesting that PC2 might be related to tuber
weight distribution and nutrient uptake. Regardless of treatment, the responsive cultivars,
‘Minshu No. 1’ and ‘Xiazhai 65" potatoes, were plotted on the negative axes of the PC2
and were characterized by high RSC-H, Mg, Fe, K, and MSW, while the non-responsive
cultivar, ‘Qingshu No. 9" potatoes, was plotted on the positive axes of the PC2 and was
characterized by high SSW, LSW, Ca, and Zn. Compared to the control ‘Minshu No. 1" and
“Xiazhai 65" potatoes, the scores for these two BIO-treated cultivars showed changes in TY,
SC-AS, SC-H, DMC-H, RSC-AS, and DMC-AS; compared to the control ‘Qingshu No. 9’
potatoes, the scores for BIO-treated potatoes showed substantial changes in SSW, LSW, Ca,
and Zn.
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Figure 1. Principal component analysis (PCA) of yield, tuber weight distribution, quality attributes
at harvest and after storage, and nutrients of ‘Minshu No. 1’, “Xiazhai 65’, ‘Qingshu No. 2’, and
‘Qingshu No. 9’ potatoes.

4. Discussion
4.1. The Optimum Application Concentration of BIO on Potatoes and Their Responses to BIO

In sweet cherries, spraying 1 and 2 mL/L BIO effectively increased the fruit dimen-
sions and yield of late-maturing ‘Skeena’ and ‘Staccato’ cherries [20,21]. While these studies
utilized Ascophyllum nodosum extracts similar to the Stimplex® used here, commercial
formulations vary widely in concentration and auxiliary ingredients, which can influence
results. Furthermore, increasing the BIO concentration to 5 g/L provided greater effects
on accelerating color development and improving the quality and antioxidant properties
in mid-maturing ‘Bing’ cherries [22]. In cucumbers, foliar spraying of 10 g/L BIO dis-
played higher fungal resistance associated with enhanced plant biomass compared to the
control and 5 g/L BIO treatment [23]. Similarly, foliar application of 10 g/L BIO effec-
tively increased tuber yield in ‘Satina’, ‘Sylvana’, and ‘Volumia’ potatoes [14]. However,
3-10 and 4.8-8.5 g/L BIO had little influence on the quality of mangoes and potatoes,
respectively [24]. It is important to note that, while some of the earlier literature suggested
reductions in biotic stress, strictly speaking, BIOs were defined by their ability to improve
nutrient efficiency, tolerance to abiotic stress, and crop quality traits, rather than acting
as direct pesticides. Any observed reduction in disease incidence was likely an indirect
result of improved plant health and enhanced natural defense mechanisms. Taken together,
previous findings indicated that elevating the application concentration of BIOs might
confer substantial benefits in enhancing the quality of fruits and vegetables; however, a
significant risk of non-response could arise due to variability in species-specific responses.
In this study, increasing the concentration of BIO application from 2.4 to 7.2 g/L showed
a great effect on enhancing TY in ‘Qingshu No. 2’ potatoes (Table 2); furthermore, when
the application concentration of BIO increased from 7.2 to 9.6 g/L, an enhanced TY was
still observed, but no difference was found between these two treatments (Table 6). Taken
together, the results confirm that a BIO concentration at 7.2 g/L has the potential to increase
the yield in ‘Qingshu No. 2’ potatoes, while further increasing the concentration does not
bring additional yield benefits. Notably, the ‘Minshu No. 1" and ‘Leshu No. 1’ potato
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cultivars displayed similar responses to the BIO as the ‘Qingshu No. 2. However, the
‘Qingshu No. 10" and ‘Qingshu No. 9" potatoes had no response to the BIO, indicating that
the response of potatoes to BIO application is significantly affected by cultivar differences.
Additionally, the PCA results further supported the finding that the BIO enhanced yield
increase and improved quality attributes in responsive cultivars (Figure 1). One possible
explanation for the disparity in potato response to the BIO might be due to the different
days to maturity between the different potato cultivars. As was previously observed in
sweet cherries, BIOs showed no effect on the quality of the late-maturing ‘Lapins’ sweet
cherry cultivar, while BIOs displayed a greater effect on the quality of mid-maturing ‘Bing’
cherries [22]. Similar results were observed in this study; the BIO had no improvement on
late-maturing ‘Qingshu No. 9" potatoes with 135 d to maturity, but it had a strong effect on
‘Minshu No. 1’, “Xiazhai 65’, and ‘Qingshu No. 2’ potato cultivars with 85, 110, and 115 d
to maturity, respectively. It is unclear why the potato cultivar with a long maturity period
had no response to BIO. Additional studies are required to further explain this disparity.

4.2. The Optimum Application Frequency and Timing of BIO on Potatoes

The potato plant develops through five phenological stages: pre-planting, planting to
sprout germination, sprout germination to emergence, emergence to tuber initiation, and
tuber initiation to maturity [25]. The Stimplex® label claims that it can be first used for
roots and tubers in soil at planting and then repeated in soil or foliar applications every
2-3 weeks until harvest. In this study, a single application of BIO at planting, seeding, or
after 6 weeks of planting and split applications after 6 and 9 weeks of planting or planting
plus FB did not affect TY in ‘Qingshu No. 2" potatoes (Tables 2, 4 and 6). However, spraying
the BIO twice at FB and 3 weeks after FB and increasing the BIO application frequency
to three and four times increased TY, suggesting that multiple applications of BIO can
achieve more yield improvement effects than a single application. Similar results were
observed in BIO-treated ‘Minshu No. 1’ potatoes; only BIO spraying three and four times
can bring additional yield benefits (Tables 4 and 6). Interestingly, when no BIO was applied
at planting, no significantly increased TY was observed in either potato cultivar (Table 4),
indicating that foliar spraying during potato plant development could provide more benefit
to yield improvement than soil application, perhaps due to the BIO possibly penetrating the
cuticle of the leaf or the stomata and then directly entering the cells [26,27]. This conclusion
simplifies the field application process for BIOs in potato production and helps to reduce
the labor input of growers.

While some studies have reported that BIO extracts can reduce the incidence of biotic
stresses like early blight [17] or Jonathan spot [28], these effects might be attributed to the
strengthening of the plant’s innate immune system and cell wall integrity rather than direct
antimicrobial activity. In strawberry, peach, and lemon fruits, the BIO extracted from brown
(Laminaria digitata and Undaria pinnatifida) and red (Porphyra umbilicalis, Eucheuma denticula-
tum, and Gelidium pusillum) seaweeds effectively inhibited fruit decay by enhancing the
activities of peroxidase, polyphenoloxidase, and phenylalanine aminoacylase and increas-
ing the contents of phenolic compounds [29]. In potatoes, BIO extracted from Ascophyllum
nodosum showed a positive retention potential for vitamin C, total carbohydrates, proteins,
phenolics, flavonoids, and antioxidant activity during 28 d of storage at 22 &+ 2 °C [30].
However, in Experiment 1, spraying BIO three times after 6, 9, and 12 weeks of planting
did not affect DMC, SC, RSC, decay incidence, or sprouting incidence of ‘Qingshu No. 2,
‘Qingshu No. 10’, and ‘Qingshu No. 9 potatoes after storage at 7.5 °C for 3 months (Table 3);
similarly, in Experiment 2, three-time applications of BIO at planting, FB, and 3 weeks after
FB had no effect on any quality attribute or disorder in ‘Minshu No. 1’, ‘Leshu No. 1,
“Xiazhai 65, and ‘Qingshu No. 2’ potatoes after storage (Table 5). In contrast, when the BIO
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was applied three times at seedling, FB, and 3 weeks after FB and four times (a, seedling,
10 d after seedling, FB, and 3 weeks after FB; b, seedling, FB, 10 d after FB, and 3 weeks
after FB), the BIO had a strong effect on delaying the losses in DMA and SC in ‘Minshu No.
1" and ‘Xiazhai 65" potatoes. Therefore, the efficacy of pre-harvest BIO spraying on potatoes
was particularly affected by application frequency and timing. Taken together, these results
indicate that BIO sprays > three times (every 2-3 weeks) from seedling to 3 weeks after
full bloom provided greater benefits than single and split treatments in enhancing yield
and quality attributes at harvest. In practice, given that dense plant growth increases oper-
ational difficulty, the risk of plant damage, and operator exposure to chemicals, making
manual spraying of BIO after 3 weeks of FB highly challenging, the use of a drone might be
the best choice for spraying until harvest.

4.3. The Efficacy of BIO on Nutrient Uptake in Potatoes

Nutrient uptake is a critical determinant of potato growth, tuber yield, and qual-
ity [31,32], and the present study demonstrated that BIO application exerted distinct effects
on the accumulation of key macro- and micronutrients in potato tubers. However, the
capacity for macro- and micronutrient uptake following BIO application was affected
by cultivar-specific responses (Table 8). For example, 7.2 g/L BIO spraying three times
significantly increased K and Fe contents in ‘Minshu No. 1’ potatoes by 8.95% and 13.53%,
respectively, compared to the control. The three applications of 7.2 g/L BIO increased the
K and Zn contents in ‘Xiazhai 65" potatoes by 6.86% and 31.50%, respectively, compared
to the control. In contrast, ‘Qingshu No. 9’ potatoes showed no significant changes in
nutrient uptake across all BIO treatments. While increased uptake of micronutrients like
Fe and Zn is generally associated with improved nutritional quality, it is important to
consider potential health implications. K is an essential electrolyte, and while higher levels
are generally beneficial for cardiovascular health, excessive intake can be problematic for
individuals with renal impairment. Similarly, while Fe and Zn are crucial for preventing
deficiencies, excessively high concentrations in food crops can theoretically lead to ad-
verse health effects if dietary intake exceeds recommended tolerable upper intake levels,
although the levels observed in this study are unlikely to pose immediate health risks.
Therefore, while BIO-induced biofortification was beneficial for the general population, its
impact on specific sensitive groups should be considered in future nutritional assessments.
Regarding the study’s scope, although this research focused on K, Ca, Mg, Fe, and Zn
due to their direct impact on tuber quality and stress resilience, we acknowledge that N
and phosphorus (P) are also primary macronutrients essential for potato growth. Previous
research has indicated that Ascophyllum nodosum extracts enhance nutrient acquisition
through stimulating root system development [33], activating soil enzymes that facilitate
nutrient mineralization [34], and up-regulating the expression of nutrient transporter genes
in roots [35,36]. Although we did not measure N and P uptake in this trial, the observed in-
creases in K and Zn suggested that the BIO likely improved overall root foraging efficiency,
which would presumably benefit the uptake of other mobile nutrients like N and P as well.
Future studies should include comprehensive analysis of N and P to fully elucidate the
nutrient mobilization mechanisms of BIOs in potatoes.

5. Conclusions

This study demonstrated that the efficacy of BIO application was highly dependent
on cultivar, spraying concentration, frequency, and timing. Based on these findings, we
propose the following practical recommendations for potato growers: For early- and mid-
maturing cultivars (i.e., ‘Minshu No. 1’, ‘Leshu No. 1’, and “Xiazhai 65’), pre-harvest
application of 7.2 g/L BIO applied three to four times during critical developmental stages
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from seedling to 3 weeks after FB is recommended. This protocol significantly increased
tuber yield, particularly for medium/large-sized tubers, and enhanced the accumulation
of K, Fe, and Zn. Furthermore, this treatment maintained DMC and SC after storage
and reduced post-harvest losses. For late-maturing cultivars (i.e., ‘Qingshu No. 9" and
‘Qingshu No. 10"), no significant yield or quality response was observed for the tested
BIO parameters. Therefore, BIO application is not currently recommended for these late-
maturing varieties. Growers should select responsive cultivars or alternative strategies if
targeting late-maturing varieties. Although the experimental fields were conventionally
fertilized, the primary goal was not to correct nutrient deficiencies but to optimize yield
potential and tuber quality in a high-potential environment. In such well-managed systems,
BIOs serve to enhance physiological efficiency, improve stress resilience, and elevate the
nutritional quality of tubers beyond standard fertilization limits. This approach adds value
by extending shelf-life stability and enhancing nutrient density. Therefore, BIO applica-
tion should be viewed as a strategy for quality enhancement and yield improvement in
responsive cultivars, rather than a substitute for standard agronomic practices. Despite
these promising results, this study has certain limitations. The experiments were conducted
under conventional fertilization conditions in the Qinghai Plateau, which may limit the
generalizability of the findings to other soil types or climatic zones. Additionally, the
specific formulation of the BIO used (Stimplex®) may yield different results with other
seaweed extracts. Future research should address these limitations by investigating the
uptake of N and P alongside micronutrients, exploring the molecular mechanisms underly-
ing cultivar-specific responses, conducting multi-year, multi-location field trials to validate
the stability of these findings under diverse environmental conditions, and assessing the
long-term nutritional impact of increased micronutrient uptake on human health.
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