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              Abstract
[bookmark: _Hlk204788223]Priming is a pre-germination technology that induces stress tolerance through controlled hydration. This study evaluated the efficacy of four priming technologies in Altiplano variety carrot seeds under laboratory and field conditions at the Centro Nacional de Producción de Semillas de Hortalizas - CNPSH (Sipe Sipe, Cochabamba, Bolivia), to identify the most suitable treatments for carrot producers in Bolivia. In the laboratory, a completely randomized design with four replications was used, evaluating: hydropriming with immersion times of 24, 36, 48, 60 and 72 hours (5 treatments); biopriming with immersion times of 24, 36, 48, 60 and 72 hours and subsequent inoculation with Trichoderma sp. (5 treatments); halopriming with NaCl at concentrations of 3%, 5%, 10% and 15% with 24, 36, 48, 60 and 72 hours of immersion (20 treatments); and halopriming with KNO₃ at concentrations of 3%, 5%, 10% and 15% with 24, 36, 48, 60 and 72 hours of immersion (20 treatments). The most effective treatments in the laboratory were: hydropriming (24-48 hours of immersion), halopriming with KNO₃ (3-15%, 24-48 hours of immersion) and halopriming with NaCl (3-10%, 24-36 hours of immersion), which were validated in the field using a randomized complete block design with four replications. The results showed that halopriming with KNO₃ (3%, 36 h) showed maximum efficacy in field conditions, reaching 95.33% ± 0.15% germination and greater seedling vigor (213.07 ± 1.23) in Altiplano carrots seeds. This technology is positioned as a viable alternative for farmers, due to its low cost and easy integration into traditional production systems in Bolivia.
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Introduction
The carrot (Daucus carota L.) is one of the most  cultivated root vegetables worldwide. However, their  production is significantly affected by the effects of climate change that causes abiotic stress,  reduces yields, and mainly  impairs seed germination and seedling establishment (Pawar et al., 2018; Paparella et al., 2024; Que et al., 2019)  Heterogeneity asynchrony in seed germination, a common feature in the Apiaceae family (including carrots), represents a key agronomic challenge that affects production efficiency and crop quality (Mozumder & Hossain, 2013).
[bookmark: _Hlk205309468]In the high Andean regions of Bolivia, carrot production faces serious limitations due to recurrent frosts, seasonal droughts, and degraded soils, factors that reduce yields by more than 40% compared to areas with suitable conditions (Ticona Flores, 2023). This problem directly affects smallholder farmers, who depend on this crop for their food security and local economy (FAO, 2021). In this scenario, accessible, low-cost, and easy-to-adopt technologies are required to improve crop resilience without increasing dependence on external inputs (INIAF, 2025).Seed priming is a pre-germination treatment based on controlled hydration that activates the initial metabolic processes without allowing the emergence of the radicle (Farooq et al., 2019; Pudel et al., 2024). Priming activates germinative processes and induces stress responses (LEA proteins) without allowing root emergence, generating a "cellular memory" that improves stress tolerance during germination (Chen & Arora, 2013). This innovative technology emerges as an effective alternative to improve germination, vigor and tolerance to abiotic stresses, particularly in conditions of drought, salinity and extreme temperatures (Paparella et al., 2015). Recent studies show that priming through partial hydration activates the physiological and biochemical processes prior to germination, but without reaching root protrusion (Khan et al., 2005; Muhie et al., 2021; Paparella et al., 2015; Singh et al., 2015). In addition, it induces stress tolerance mechanisms through the early activation of metabolic pathways such as the production of antioxidants and osmoprotectants (Ibrahim, 2016). In the specific case of carrots, seeds subjected to priming have reached up to 98% germination in 9 days under thermal ranges of 20 °C and 35 °C (Nascimento et al., 2013), evidencing their potential to optimize production in adverse environments.
Various priming technologies have been developed to address specific stressors (Tolrà et al, 2025). Among them, hydropriming, which activates metabolic processes through water-controlled imbibition, stands out for being an economical, fast and practical technology. This technology has been shown to be effective in improving seed germination under salt and water stress in various species (Ermis et al., 2021; Pedrini et al., 2020).
Halopriming, a technique that consists of the controlled imbibition of seeds in inorganic saline solutions to induce resistance to stress (Biswas et al., 2023; El-Sanatawy et al., 2015) has been shown to be effective in improving salinity tolerance. This technology prepares the seeds to respond more quickly and efficiently to situations of subsequent stress (Souguir et al., 2013; Tolrà et al, 2025). In addition, its application is simple and inexpensive (Velusamy-Manonmani et al., 2014), so it could be recommended to farmers to improve synchronization in seedling emergence (Jisha & Puthur, 2014).
Biopriming technology uses beneficial microorganisms such as plant growth promoting bacteria and fungi (PGPBs) capable of surviving in various adverse environmental conditions, which improve the tolerance of treated seeds against abiotic stress (Deshmukh et al., 2020; Fiodor et al., 2023; Forti et al., 2020; Prasad et al., 2016). In addition, this innovative technology provides the added benefit of biotic stress management, which is useful in almost all crops and is an eco-friendly alternative to chemical pesticides (Fiodor et al., 2023).
Seed priming technologies are key strategies for optimizing crop yields under stress conditions (Ashraf & Foolad, 2005; Lutts et al., 2016) particularly in the high Andean carrot-producing regions of Bolivia. However, it should be noted that the effectiveness of priming methods varies significantly between species, making it essential to evaluate multiple approaches to optimize the physiological quality of seeds (Muhie et al., 2024).
[bookmark: _Hlk205296915]In Bolivia, its application is incipient, with few studies adapted to local varieties and the technical conditions of farmers. Therefore, this study aimed to evaluate and compare the effectiveness of four technologies: hydropriming, halopriming (with NaCl and KNO3) and biopriming (with Trichoderma sp.) analyzing their impact on the germination and early establishment of Altiplano carrot seedlings under laboratory and field conditions. The purpose is to propose simple, economical and easily adopted technologies for carrot producers in high Andean regions of Bolivia, as simple, economical and easily adopted technologies by carrot producers.
                                                                                        °C   °C                                                                                                                               sp.               
Materials and Methods

Study area, variety and evaluated variables

The study was conducted at the facilities of the Centro Nacional de Producción de Semillas de Hortalizas (CNPSH), located in Villa Montenegro, Cochabamba, Bolivia. The plant genetic material used consisted of carrot seeds of the Altiplano variety (Valle de Oro brand), Chantenay type. This variety has an average root length of 12 to 15 cm, a crop cycle of 120 days in valleys and 180 days in high plateaus, and an average yield of 35 to 45 t ha-1. The study was developed in the laboratory and field.

Response variables
The response variables in laboratory and field were evaluated randomly according to the methodology described for each one (Table 2).

Table 1. Response variables (laboratory and field) analyzed and description of evaluation methods.
	Response variables
	Process description

	50% root protrusion (laboratory)
	The days elapsed until 50% of the seeds showed a root protrusion of at least 2 mm were recorded.

	100 % de protrusion radicular (laboratory)
	The days elapsed until 100% of the seeds showed a root protrusion of at least 2 mm were recorded.

	50 % de germination (laboratory)

	The days elapsed until 50% of the seeds showed a root of 4 a 5 mm were recorded.

	100 % de germination (laboratory)
	The days elapsed until 100% of the seeds showed a root of 4 a 5 mm were recorded.

	Emergence speed index (laboratory)

	For the calculation of this index, the seeds that presented their cotyledons completely exposed and opened were counted daily according to what was proposed by Maguire (1962).

Where:
ESI = Emergency speed index.
 = Number of seeds with exposed and open cotyledons.
= Number of counts.


	Total percentage of emergence (laboratory)
	To measure this response variable (TPE%), after 20 days, the number of seeds with their cotyledons exposed and fully opened was counted, which was divided by the number of seeds in the Petri dish and the percentage was obtained.

	Seedling length (laboratory)
	Once the TEL% was determined, 5 seedlings were randomly selected from each Petri dish, in which their length in cm was measured, from the neck of the plant to its apex, this procedure was repeated for each experimental unit.

	Seedling vigor index (laboratory)
	This response variable was recorded according to the formula of Abdul-Baki and Anderson (1973):



	Emergency speed index (field)
	To obtain this index, the seedlings emerged with their cotyledons completely open were counted daily, according to what was proposed by Maguire (1962):

Where:
ESI = Emergency speed index.
 = Number of seeds with exposed and open cotyledons.
= Number of counts.

	Total percentage of emergence (field)
	To measure this response variable (TPE), after 20 days of sowing the seeds, the number of seedlings emerged was counted, which was divided by the number of seeds sown and the percentage was calculated.

	Seedling length (field)
	Once the TPE (%) was determined, 5 seedlings were randomly selected from each experimental unit in the field and in each of them, their length in cm was measured, from their neck to the apex of one of their true leaves. This procedure was repeated for each experimental unit.

	Seedling vigor index (field)
	This response variable was recorded according to the formula of Abdul-Baki and Anderson (1973):



[bookmark: _Hlk205026087]                                                               Experiment in the laboratory phase
The laboratory experiment was carried out using a completely random design (CRD)     (17°26’26.58”S, 66°20’37.97”W; 2550 m a.s.l.)        with four replications. Four    methods of priming certified Altiplano carrot seeds       were evaluated: hydropriming [5 treatments (24, 36, 48, 60 and 72 hours of immersion) and a control], halopriming with NaCl [20 treatments (complete factorial: 5 immersion times (24, 36, 48, 60 and 72 hours) combined with 4 concentrations of NaCl (3, 5, 10 and 15%) and a control], halopriming with KNO3 (complete factorial: 5 immersion times (24, 36, 48, 60 and 72 hours) combined with 4 concentrations of KNO3 (3, 5, 10 and 15% w/v) and a control] and biopriming [5 treatments (24, 36, 48, 60 and 72 hours of immersion and subsequent inoculation with Trichoderma sp.) and a control]. Prior to the development of the experiments, the moisture content (5%) and the percentage of initial germination of the seeds (92%).                Laboratory experimental procedure    
Hydropriming method
Seed preparation
For each replicate, 0.6 g of carrot seeds were weighed using a digital analytical balance (ME 104, precision 0.10 mg) and placed in 50 mL beakers containing 20 mL of distilled water.
Treatment design
The treatments consisted of five immersion durations (24, 36, 48, 60, and 72 hours), along with a control (no treatment). After immersion, the seeds were shade-dried for 48 hours.
Laboratory experimental setup
[bookmark: _Hlk204937182][bookmark: _Hlk204936633][bookmark: _Hlk204936990]Fifty seeds per treatment were randomly selected and sown in Petri dishes lined with moistened absorbent paper. The sown Petri dishes were placed in a germination chamber (SG2-22 Dual Chamber, Hoffman Manufacturing Inc.) at 20 °C and 80% relative humidity. The photoperiod was set to 12/12 hours (light/dark), achieved using dimmable LED lights under controlled conditions. They were irrigated with distilled water every day using an atomizer to maintain moisture in the absorbent paper.
Laboratory evaluation and experimental units
Under rigorously controlled laboratory conditions, the response variables were monitored daily until the evaluation of all of them was completed.        . Each experimental unit consisted of one Petri dish containing 50 carrot seeds, including those subjected to hydropriming and the control.
[bookmark: _Hlk205030935]                                                                         
Biopriming method
Seed preparation
The experimental hydropriming  protocol was applied until the seed of each treatment dried.
Inoculation with Trichoderma sp.
For inoculation, a suspension of Trichoderma sp. Al 50 %(w/v) by dissolving 50 g of the powder formulation (1.2x109 CFU g-1) in 100 mL of distilled water. Fifty randomly selected seeds per treatment were immersed in test tubes with 3 mL of this suspension for 2 hours at 25 25±2 °C, after which they were removed and dried at room temperature under shade until their initial humidity was researched.
Laboratory experimental setup
The seeds of each dried and inoculated treatment were sown in Petri dishes on moistened absorbent paper. The sown Petri dishes were placed in a germination chamber (SG2-22 Dual Chamber, Hoffman Manufacturing Inc.) at 20 °C and 80% relative humidity. The photoperiod was set to 12/12 hours (light/dark), achieved using dimmable LED lights under controlled conditions. They were irrigated with distilled water every day using an atomizer to maintain moisture in the absorbent paper.            sp.         
Laboratory evaluation and experimental units
Under rigorously controlled laboratory conditions, the response variables were monitored daily until the evaluation of all of them was completed.       . The experimental unit consisted of a Petri dish containing 50 treated carrot seeds treated with     biopriming and a control .
                                                                           .

NaCl halopriming method
Seed preparation
For each replicate, 0.60 ± 0.01 g of carrot seeds were weighed using a digital analytical balance (ME104, precision: 0.10 mg) and placed in 50 mL beakers.
Treatment design
To each beaker, 20 mL of a sodium chloride (NaCl) solution was added at one of four concentrations (3, 5, 10, and 15% w/v), with immersion periods of 24, 36, 48, and 72 hours, along with a control treatment (no priming). After immersion, the seeds were rinsed with distilled water and shade-dried for 48 hours.
Laboratory experimental setupFifty   seeds from each treatment were randomly selected and sown in Petri dishes containing moistened absorbent paper. The sown Petri dishes were placed in a germination chamber (SG2-22 Dual Chamber, Hoffman Manufacturing Inc.) at 20 °C and 80% relative humidity. The photoperiod was set to 12/12 hours (light/dark), achieved using dimmable LED lights under controlled conditions. They were irrigated with distilled water every day using an atomizer to maintain moisture in the absorbent paper.
Laboratory evaluation and experimental units
Under rigorously controlled laboratory conditions, the response variables were monitored daily until the evaluation of all of them was completed.       . The experimental unit consisted of one Petri dish containing 50 treated carrot seeds, including both the halopriming treatments with sodium chloride and the untreated control.
                                                                            
KNO3 halopriming methodSeed preparation
For each replicate, 0.60 ± 0.01 g of carrot seeds were weighed using a digital analytical balance (ME104, precision: 0.10 mg) and placed in 50 mL beakers.
Treatment design
To each beaker, 20 mL of a potassium nitrate (KNO3) solution was added at one of four           concentrations (3, 5, 10 and 15% w/v), with  immersion periods of  24, 36, 48 and 72 hours, along with a control treatment (no priming). After immersion, the seeds were rinsed with distilled water and shade-dried for 48 hours.          
Laboratory experimental setup
Fifty seeds from each treatment were randomly selected and sown in Petri dishes containing moistened absorbent paper. The sown Petri dishes were placed in a germination chamber (SG2-22 Dual Chamber, Hoffman Manufacturing Inc.) at 20 °C and 80% relative humidity. The photoperiod was set to 12/12 hours (light/dark), achieved using dimmable LED lights under controlled conditions. They were irrigated with distilled water every day using an atomizer to maintain moisture in the absorbent paper.
Laboratory evaluation and experimental units
Under rigorously controlled laboratory conditions, the response variables were monitored daily until the evaluation of all of them was completed. The experimental unit consisted of one Petri dish containing 50 treated carrot seeds, including both the halopriming treatments with potassium nitrate and the untreated control.
Experiment in the field phase
The treatments with the best response in the laboratory of the 4 priming methods studied were evaluated under field conditions. The field experiment was carried out using a randomized complete block design (CRBD), (17°26'26.58"S, 66°20'37.97"W; 2550 m a.s.l.) with four replications.
Field experimental setup
From each of the treatments with the best response in the laboratory, 100 seeds (seeds previously treated with the priming methods studied) were randomly selected. These seeds were sown in an experimental plot of the CNPSH, following the established design. The spatial distribution consisted of a distance of 5 cm between seeds and 10 cm between rows, with an arrangement of 4 rows per plot containing 25 seeds each, resulting in an area of 0.50 m². Irrigation was applied by gravity with a frequency of every 3 days, keeping soil moisture close to the capacity of the field.

Field evaluation and experimental units
[bookmark: _Hlk205033877]Under rigorously controlled field conditions, the response variables were monitored daily until the evaluation of all of them was completed. Each experimental unit consisted of four 1.20-metre-long rows, spaced 0.1 meters apart, with 25 seeds sown at 5 cm intervals in each row.
Statistical analysis
Statistical analysis laboratory phase
In the laboratory phase, a completely randomized design (DCA) was implemented to evaluate four priming methods: (1) hydropriming and (2) biopriming (both with 5 treatments and 4 replications each), as well as (3) halopriming with NaCl and (4) halopriming with KNO₃ (both in identical factorial arrangements: Factor A [concentration: 3, 5, 10, 15%] × Factor B [immersion time: 24, 36, 48, 60 hours], including a control for each salt, with a total of 20 treatments × 4 repetitions by saline method.
The data were analyzed in R v4.4.3, verifying the assumptions of normality (Shapiro-Wilk test) and homoscedasticity (Levene test) using the car package. For the comparative analysis, an ANOVA was applied followed by Tukey's post-hoc test (p ≤ 0.05, agricultural package), complemented by simple effects analysis and interaction plots when the interactions were significant. With statistical support, nonparametric permutation tests (10,000 replications) were performed. Experimental accuracy was evaluated by the coefficient of variation (CV), while the goodness of fit of the model was determined by the coefficient of determination (R²).
Statistical analysis field phase
The most effective treatments identified in the laboratory phase were evaluated under field conditions using a randomized complete block design (DBCA) with four replications. The statistical analysis was performed in R v4.4.3, where the assumptions of normality (Shapiro-Wilk test) and homoscedasticity (Levene test) were first verified using the car package. For multiple comparisons, an analysis of variance (ANOVA) was applied, followed by Tukey's post-hoc test (p ≤ 0.05; agricolae package), complemented by mean comparison graphs. With statistical support, non-parametric permutation tests were performed with 10,000 replications. Experimental accuracy was quantified using the coefficient of variation (CV), while the goodness of fit of the model was evaluated through the coefficient of determination (R²).
                                                                 
Results and Discussion

Laboratory phase                                           
[bookmark: _Hlk205039362]Table 1. Analysis of variance   (ANOVA) for the effects of priming techniques on response variables under laboratory conditions.
	Priming Technique
	Source of Variation
	50%
protrusion
	100%
protrusion
	50%
germin.
	100%
germin.
	Germin. speed
	Germin.
(%)
	Seedling
length
	Seedling
vigor

	Hydropriming
	Treatment  
	0.001**
	0.0226*
	0.327NS
	0.084NS
	0.242NS
	2.1x10-7**
	0.518NS
	9.5x10-7**

	Biopriming
	Treatment
	0.129NS
	0.078NS
	9.8x10-6**
	0.023**
	0.001**
	0.652NS
	0.735NS
	0.589NS

	Halopriming (NaCl)
	Concentration
	0.006**
	<2x10-16**
	0.007**
	<2x10-16**
	6.62x10-9**
	0.052NS
	0.034*
	0.001**

	
	 Immersion time (IT)
	0.097NS
	0.027**
	0.007**
	0.193NS
	9.93x10-5**
	0.047*
	0.899NS
	0.287NS

	
	Concentration × IT
	<2x10-16**
	<2x10-16**
	[bookmark: _Hlk204932441]<2x10-16**
	0.521NS
	1.35x10-7**
	0.074NS
	0.249NS
	0.076NS

	Halopriming (KNO3)
	Concentration
	<2.2x10-16**
	<2.2x10-16**
	0.179NS
	0.003**
	1.1x10-10**
	0.009**
	0.940NS
	0.001**

	
	IT
	<2.2x10-16**
	<2.2x10-16**
	0.027**
	0.027**
	1.8x10-10**
	0.094NS
	0.656NS
	0.478NS

	
	Concentration × IT
	<2.2x10-16**
	<2.2x10-16**
	0.013**
	0.051NS
	8.7x10-10**
	7.0x10-15**
	0.239NS
	8.15x10-8**


50% protrusion: carrot root protrusion on 50% of the seeds. 100% protrusion: carrot root protrusion on 100% of the seeds. 50% germin.: germination of 50% (root of 4 a 5 mm)     . 100% germin.: germination of 100% (root of 4 a 5 mm)     . Germin. speed: daily average germination counted over a period. Germin. (%): percentage of seed germination. Seedling length: measured from the root tip to the shoot apex. Seedling vigor index: mean seedling length × germination.
Significance levels: at 0.01 = ‘**’, and at 0.05 = ‘*’. NS: not significant.

Hydropriming
[bookmark: _Hlk205038266]Because of hydropriming treatment with 60-hour immersion did not reach 50% root protrusion, it was not included in the data analysis. ANOVA for hydropriming revealed significant differences (p ≤ 0.05) in the response variables: 50 and 100% root protrusion, total germination percentage, and plant vigor index. No significant differences (p > 0.05) were observed for the other variables evaluated during the laboratory phase (Tables 1 and 2).

[bookmark: _Hlk205132217][bookmark: _Hlk205059466]Table 2. Means (± SD) 50% protrusion: carrot root protrusion on 50% of the seeds. 100% protrusion: carrot root protrusion on 100% of the seeds. 50% germin.: germination of 50% (root of 4 a 5 mm). 100% germin.: germination of 100% (root of 4 a 5 mm). Germin. speed: daily average germination counted over a period. Germin. (%): percentage of seed germination, seedling length and seedling vigor index of carrot hydropriming treatments under laboratory conditions.
	Hydropriming treatments
	50%
protrusion
	100%
protrusion
	50%
germin.
	100%
germin.
	Germin. speed
	Germin.
(%)
	Seedling
Length (cm)
	Seedling
vigor

	24 hours imm.
	3.00 ± 0.01c
	7.25 ± 0.95b
	[bookmark: _Hlk205125954]10.50 ± 1.29a
	15.25 ± 0.95a
	4.37 ± 0.33a
	66.00 ± 5.88a
	3.85 ± 0.26a
	407.00 ± 30.04a

	36 hours imm.
	3.75 ± 0.95bc
	8.25 ± 0.95ab
	12.50 ± 2.38a
	15.00 ± 1.15a
	4.20 ± 0.49a
	62.00 ± 6.92a
	3.32 ± 0.62a
	363.00 ± 69.56ab

	48 hours imm.
	4.00 ± 0.81bc
	8.50 ± 1.00ab
	10.50 ± 1.28a
	15.50 ± 0.57a
	4.45 ± 0.31a
	62.50 ± 2.51a
	3.82 ± 0.67a
	395.75 ± 44.17a

	72 hours imm.
	4.50 ± 0.57ab
	9.50 ± 0.57a
	11.50 ± 0.57a
	14.00 ± 0.81a
	4.47 ± 0.47a
	16.00 ± 3.26b
	3.42 ± 0.42a
	94.50 ± 17.92c

	Control
	5.50 ± 0.57a
	8.75 ± 0.50ab
	12.00 ± 1.82a
	14.00 ± 0.82a
	3.82 ± 0.53a
	58.5 ± 12.30b
	3.20 ± 0.99a
	285.00 ± 64.28b

	CV(%)
	16.16
	9.78
	13.96
	6.00
	10.15
	13.91
	18.29
	15.91

	R2
	0.67
	0.51
	0.25
	0.40
	0.29
	0.90
	0.18
	0.87


Means in the same column followed by the same letters do not show significant differences according to the Tukey test (p ≤ 0.05).

50% and 100% root protrusion (hydropriming)
The 24-hour hydropriming significantly reduced (p ≤ 0.05) the time to reach 50% root protrusion (3.00 ± 0.01 days) compared to the control (5.50 ± 0.57 days) and required only 7.25 ± 0.95 days for 100% root protrusion, this time being shorter (p ≤ 0.05) than that observed with 72 hours of immersion (9.50 ± 0.57 days) (Table 2).
Germination of 100% (hydropriming)
At 20 days, the 24-hour treatment showed the highest percentage of germination (66.00% ± 5.88%), significantly higher (p ≤ 0.05) than the 72-hour treatment (16.00% ± 3.26%), but without differences with the other treatments or the control (Table 2).
Seedling vigor index (hydropriming)
Regarding the seedling vigor index, the 24- and 48-hour treatments registered the highest values (407.00 ± 30.04 and 395.75 ± 44.16, respectively), significantly exceeding (p ≤ 0.05) the 72-hour treatment (94.50 ± 17.91) and the control with (285.00 ± 64.28) (Table 2, Figure 1).
50% and 100% germination, germination speed and seedling length (hydropriming)
The results showed that the immersion times evaluated (24-72 hours) under controlled conditions did not show significant effects (p > 0.05) on the variables: 50% germination varied between 10.50 ± 1.28 days (48 hours) and 12.50 ± 2.38 days (36 hours); 100% germination ranged from 14.00 ± 0.81 days (72 hours) to 15.50 ± 1.15 days (24 hours); germination speed showed values between 3.82 ± 0.53 (control) and 4.20 ± 0.49 (36 hours); and seedling length fluctuated between 3.20 ± 0.99 cm (control) and 3.85 ± 0.26 cm (24 hours) (Table 2). This absence of significant effects could be attributed to: (1) the immersion time, (2) the technique used, or (3) the response of the carrot variety studied, coinciding with literature that reports greater efficacy of hydropriming in field conditions than in the laboratory (Paparella et al., 2015).
                                                                                                            
[bookmark: _Toc186529993]                                                                                                                                                          
                        
The results obtained show that 24-hour hydropriming was the most efficient treatment for Altiplano carrot seeds, significantly reducing the time required to reach both 50% (3.00 ± 0.01 days) and 100% root protrusion (7.25 ± 0.95 days). However, it is important to note that, despite this acceleration in initial germination, only 66% of the seeds managed to complete development to the stage of fully exposed cotyledons. This discrepancy between initial germination (100%) and final germination percentage (66%) suggests that, although hydropriming is effective in overcoming dormancy and promoting root emergence, other limiting factors persist in the later stages of seedling development (Delian & Lagunovschi, 2015). This limitation is consistent with what was reported by Farooq et al. (2019), who highlight that the main disadvantage of hydropriming lies in the heterogeneous hydration of the seeds, which generates asynchronous germination.
Moderate hydropriming treatments (24-48 hours) not only accelerated germination in accordance with what was reported by Delian & Lagunovschi (2015), who indicate that hydropriming increased germination in carrot seeds compared to other treatments evaluated, but also produced seedlings with greater vigor (indices of 407.00 ± 30.04 and 395.75 ± 44.16, respectively). This positive effect contrasts sharply with the results of the 72-hour prolonged treatment, which showed a delay in germination (9.50 ± 0.57 days for 100% protrusion) and a low percentage of germination (16.00% ± 3.26%), in addition to significantly reduced vigor (94.50 ± 17.91). This could be because seeds treated with very long hydropriming processes are more susceptible to infection with harmful microorganisms (Singh et al., 2015). These findings are consistent with what was reported by Pérez et al. (2016) and Ermis et al. (2021), who observed that excessive periods of imbibition can be detrimental to the germination process.
The variability observed in the ability of seeds to complete their development (66% maximum) could be attributed to intrinsic differences in their physiological quality (Forti et al., 2020). Factors such as heterogeneity in the content of energy reserves, imperceptible tissue damage during imbibition, or oxidative stress could explain why 34% of the seeds did not reach the stage of exposed cotyledons, despite having shown root protrusion. These results partially coincide with previous studies (Ortiz et al., 2018), although they highlight the importance of considering the specific characteristics of each species, as evidenced by the contrast with the results reported for Momordica charantia seeds by Adhikari et al. (2021).
The results of this study demonstrate that 24-48 hour hydropriming represents the optimal balance for the treatment of Altiplano carrot seeds, allowing the seeds to quickly reach an adequate moisture level with a stable supply of oxygen, which increases the levels of metabolites associated with the germination process (Forti et al., 2020), simultaneously improving the germination speed, the synchrony of the process and the quality of the seedlings obtained. These findings are consistent with Zhao et al. (2022), who indicate that hydropriming promotes excellent germination by reducing imbibition time, and with Farooq et al. (2019), who argue that moderate hydropriming is effective to the point where pregermination metabolic processes begin without actual germination occurring. However, the results also highlight that the evaluation of treatment success should not be based solely on initial germination parameters, but should include indicators of complete seedling establishment. Therefore, these treatments were selected for evaluation under field conditions.

Biopriming
[bookmark: _Hlk205058539]Because of biopriming treatment with 60-hour immersion and inoculation with Trichoderma sp. did not reach 50% root protrusion, was not included in the data analysis. The ANOVA for biopriming revealed significant differences (p ≤ 0.05) for the response variables: 50 and 100% germination, and the germination rate index. No significant differences (p > 0.05) were found for the other variables evaluated during the laboratory phase (Tables 1 and 3).

Table 3. Means (± SD) 50% protrusion: carrot root protrusion on 50% of the seeds. 100% protrusion: carrot root protrusion on 100% of the seeds. 50% germin.: germination of 50% (root of 4 a 5 mm). 100% germin.: germination of 100% (root of 4 a 5 mm).. Germin. speed: daily average germination counted over a period. Germin. (%): percentage of seed germination, seedling length and seedling vigor index of carrot biopriming treatments under laboratory conditions.
	Biopriming treatments
	50%
protrusion
	100%
protrusion
	50%
germin.
	100%
germin.
	Germin. speed
	Germin.
(%)
	Seedling
Length (cm)
	Seedling
vigor

	24 hours imm. and inoculated with Trichoderma sp.
	3.25 ± 0.20a
	7.50 ± 0.58a
	10.25 ± 0.50a
	12.25 ± 6.68b
	3.85 ± 1.59b
	49.50 ± 33.83a
	2.45 ± 1.70a
	285.75 ± 30.04a

	36 hours imm. and inoculated with Trichoderma sp.
	4.25 ± 0.95a
	7.50 ± 0.57a
	9.75 ± 0.50a
	13.75 ± 0.50a
	4.70 ± 0.47ab
	65.00 ± 7.57a
	3.25 ± 0.64a
	337.75 ± 69.56a

	48 hours imm. and inoculated with Trichoderma sp.
	4.25 ± 1.25a
	7.75 ± 0.50a
	9.00 ± 0.10b
	14.00 ± 0.52a
	5.62 ± 0.25a
	63.00 ± 3.92a
	3.57 ± 0.43a
	382.25 ± 44.16a

	72 hours imm. and inoculated with Trichoderma sp.
	5.50 ± 1.73a
	8.50 ± 0.57a
	9.00 ± 0.54b
	14.00 ± 0.60a
	5.33 ± 0.38ab
	61.50 ± 1.99a
	3.52 ± 0.70a
	374.25 ± 17.91a

	Control
	4.50 ± 0.57a
	8.50 ± 1.00a
	9.00 ± 0.80b
	13.25 ± 0.50a
	5.67 ± 0.43a
	69.00 ± 6.83a
	3.53 ± 0.57a
	265.75 ± 64.28a

	CV (%)
	25.36
	8.44
	3.36
	23.12
	15.72
	25.85
	28.47
	35.01

	R2
	0.36
	0.38
	0.77
	0.25
	0.50
	0.18
	0.21
	0.19


Means in the same column followed by the same letters do not show significant differences according to the Tukey test (p ≤ 0.05).

50% germination (biopriming)
Biopriming treatments with Trichoderma sp. inoculation (24 and 48 hours of water immersion)    significantly reduced (p ≤ 0.05) the time required to reach 50% germination in seeds of the carrot variety Altiplano (10.25 ± 0.50 and 9.75 ± 0.50  days, respectively), suggesting that fungal inoculation promotes germination, possibly through the production of growth-promoting metabolites. These findings are consistent with those reported by Santana Baños et al. (2016) in tomato, where Trichoderma sp. enhanced germination by stimulating enzymatic activity and mobilizing seed reserves.
100% germination (biopriming)The biopriming treatment with 24 hours of water immersion recorded the shortest time to reach 100% germination (12.25 ± 6.68  days), significantly (p ≤ 0.05) lower than all other treatments and the control.
Germination speed index (biopriming)
The biopriming treatment with 48 hours of immersion and the control showed the highest seedling germination speed indices (5.62 ± 0.25 and 5.67 ± 0.42  , respectively), significantly higher (p ≤ 0.05) than the 24-hour biopriming treatment, but statistically similar to the 36-hour and 72-hour biopriming treatments (Table 3, Figure 2).                       

                      
           sp.            sp.            sp.            sp.

50% and 100% root protrusion, germination percentage, seedling length and seedling vigor (biopriming)
The results showed that biopriming under controlled conditions did not show significant effects (p > 0.05) on the variables: 50% of root protrusion varied between 3.25 ± 0.20 days (24 hours) and 5.50 ± 1.73 days (72 hours); 100% root protrusion ranged from 7.50 ± 0.57 days (36 hours) to 8.50 ± 1.00 days (control); germination percentage varied between 49.50% ± 33.83% (24 hours) and 69.00% ± 6.83% (control); seedling length ranged from 2.45 ± 1.70 cm (24 hours) to 3.57 ± 0.43 cm (48 hours); and seedling vigor ranged from 265.75 ± 64.28 (control) and 382.25 ± 44.16 (h8 hours) (Table 3). These results contrast with those of Srivastava et al. (2010) who reported 40% improvements in germination with biopriming in nightshades, suggesting that the response is highly dependent on the specific microorganism-culture combination.
The results obtained show that none of the biopriming treatments evaluated showed significant differences (p > 0.05) with respect to the control in the established germination and growth parameters. These findings contrast with what has been reported in the scientific literature (Forti et al., 2020; Murunde & Wainwright, 2018; Yadav-Aranav, 2022), where specific strains of plant growth-promoting microorganisms demonstrated significant positive effects on the germination of various horticultural species. Consequently, biopriming treatments were not considered for evaluation under field conditions.
This discrepancy could be attributed to multiple factors: (1) Strain compatibility: The strain of Trichoderma sp. used may not have been compatible with Altiplano carrot seeds or may have low growth-promoting activity. It should be noted that there is currently no variety-specific commercial inoculum (O'Callaghan, 2016), although numerous studies demonstrate the effectiveness of Trichoderma spp. as a biopriming agent (Alizadeh-Mehrdad et al., 2021). (2) Inoculation protocol: The parameters used in the application method (immersion time), duration of inoculation (2 hours) and spore concentration (1×10⁵ spores/mL) may not have reached the optimal levels reported in the literature for other species (1.2×109 CFU g-1). (3) Post-treatment management: The drying process after biopriming could have affected the viability of the inoculum of Trichoderma sp., reducing its colonization capacity.
[bookmark: _Hlk205217684]These results highlight the need to standardize specific protocols for each seed-microorganism system, considering: characterization of strains, in vitro compatibility tests and optimization of inoculation media.
Halopriming with NaCl
The ANOVA for halopriming (NaCl) showed significant differences (p ≤ 0.05) for the interaction (concentration NaCl × immersion time) for the response variables 50 and 100% root protrusion, 50% germination and germination speed index. No significant differences (p > 0.05) were observed for the other variables evaluated in the laboratory phase (Table 1).

[bookmark: _Hlk205194925]Table 4. Means (± SD) factor immersion time: Germin. (%): percentage of seed germination. and factor concentration: 100% germin.: germination of 100% (root of 4 a 5 mm)., seedling length and seedling vigor index of carrot halopriming with NaCl treatments under laboratory conditions.
	[bookmark: _Hlk205193791]Factor: Immersion time (hours)
	Germin.
(%)
	Factor: Concentration (%w/p)
	100%
germin.
	Seedling
Length (cm)
	Seedling
vigor

	24
	65.87 ± 8.04a
	3
	13.75 ± 0.50a
	4.00 ± 0.92ab
	377.60 ± 107.78a

	36
	56.50 ± 11.80b
	5
	13.15 ± 0.49b
	4.55 ± 0.54a
	450.70 ± 53.18a

	48
	59.75 ± 12.32ab
	10
	12.70 ± 0.47b
	4.56 ± 0.81a
	436.90 ± 113.39a

	60
	59.50 ± 6.51ab
	15
	13.20 ± 0.69b
	4.23 ± 0.87a
	380.70 ± 87.41a

	72
	61.00 ± 7.69ab
	Control
	13.25 ± 0.50ab
	3.52 ± 0.56b
	265.75 ± 139.81b

	Control
	56.50 ± 4.72b
	
	
	
	

	CV (%)
	10.50
	
	7.74
	23.70
	5.25

	R2
	0.63
	
	0.46
	0.30
	0.42


Means in the same column followed by the same letters do not show significant differences according to the Tukey test (p ≤ 0.05).

Germination percentage (immersion time factor) halopriming with NaCl
The analysis of the soaking time factor in halopriming with NaCl revealed that the 24 hours of treatment were optimal, reaching 65.87% ± 8.04% germination (significantly higher at 36 hours and at control; p ≤ 0.05), but statistically similar with 48, 60 and 72 hours without significant differences (Table 4). These results suggest that 24 hours of immersion allow optimal metabolic activation without excessive osmotic stress, however, times greater than 36 hours can induce cell damage without additional benefits.

100% germination (concentration factor) halopriming with NaCl
Halopriming with 10% NaCl showed the shortest time to reach 100% germination (12.70 ± 0.47 days), being significantly lower (p ≤ 0.05) than 3% NaCl (13.75 ± 0.50 days). However, no statistical differences (p > 0.05) were observed between the 10% concentration and the 5%, 15% or control NaCl concentrations (Table 4). These results can be attributed to salt stress affecting the root system through the reduction of root epidermis hairs, intersections, and bifurcations, as indicated by Wang et al. (2008). In addition, Anwar et al. (2024), observed that the percentage of germination in wheat seeds increased from around 5.29% to 16.74% as a result of priming with different agents, but the NaCl treatment applied in that study was not effective.
Seedling length (concentration factor) halopriming with NaCl
Halopriming with 5%, 10% and 15% NaCl produced the longest seedling lengths (4.55 ± 0.54 cm, 4.56 ± 0.81 cm and 4.23 ± 0.87 cm, respectively), showing statistically significant differences (p ≤ 0.05) with respect to the control (3.52 ± 0.56 cm) (Table 4). No significant differences (p > 0.05) in seedling length were observed among the concentrations with NaCl evaluated.

Seedling vigor index (concentration factor) halopriming with NaCl
The halopriming with NaCl (3, 5, 10 and 15% (w/w)) showed significantly higher vigor indices (p ≤ 0.05) than the control (265.75 ± 139.81), with values between 377.60 ± 107.78 and 450.70 ± 53.18 (Table 4). However, these results contrast with what was reported by De Souza et al. (2005) in rice, where increasing concentrations of NaCl reduced germinative vigor. Anwar et al. (2024) also observed this inhibitory effect with NaCl (10,000-20,000 ppm), which showed lower vigor compared to other osmotic agents (mannitol, CaCl2 and KCl) in wheat. This apparent discrepancy could be due to differences in the specific salt tolerance of the species studied, the concentration ranges evaluated, or the experimental conditions applied (Tolrà et al, 2025).

50% root protrusion (meaningful interaction) halopriming with NaCl
[bookmark: _Hlk205113846]In relation to the time required to reach 50% root protrusion, the most effective  treatments were  24 and 36 hours of immersion in 10% NaCl, 24 hours in 5% NaCl and 48 hours in 15% NaCl, with averages              of 2.75, 3.00, 3.25 and 3.50 days, respectively. These values were significantly   lower than   the other treatments evaluated and the control (Figure 1a).                                                                 Figure 1. Interaction of NaCl concentration × immersion time for the response variables (a) 50% root protrusion (days), (b) 100% root protrusion (days), (c) 50% germination (days), and (d) laboratory emergence speed index.
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h24: 24-hour immersion, h36: 36-hour immersion, h48: 48-hour immersion, h60: 60-hour immersion, h72: 72-hour immersion. Pc10: 10% NaCl concentration, Pc15: 15% NaCl concentration, Pc3: 3% NaCl concentration, Pc5: 5% NaCl concentration. test: control.

[bookmark: _Hlk205113970]100% root protrusion (meaningful interaction) halopriming with NaClRegarding the achievement of 100% root protrusion, the best  treatments were  36 hours of immersion in 10% and 15% NaCl, 24 hours in 5% NaCl, and 48 hours in 15% NaCl registering averages                of 4.50, 5.00, 4.25, and 4.70 days, respectively. These values were significantly lower than   the other treatments and control evaluated (Figure 1b).                                 

[bookmark: _Hlk205114321]50% germination (meaningful interaction) halopriming with NaClWhen analyzing the time needed for germination of 50% of the seeds,  treatments with 36 and 24 hours of immersion in 10% NaCl stood out again,             with averages of 7.50 and 8.25 days, respectively, showing a significantly advantage over the rest of the          treatments evaluated and the control (Figure 1c).                               
Germination speed index (meaningful interaction) halopriming with NaCl
[bookmark: _Hlk205114422]Regarding germination speed index  treatments with 36 and 24 hours of immersion in 10% NaCl showed the highest seed germination speed indices    with averages of 7.82 and 7.28, respectively, higher than those recorded for the other treatments and control (Figure 1d).                                                   
The results of this study demonstrate that halopriming with NaCl significantly accelerates germination compared to control, particularly with immersions of 24-36 hours in 10% NaCl and 24 hours in 5% NaCl. These treatments significantly reduced the times to reach 50% and 100% root protrusion, also improving the germination speed index in Altiplano carrot seeds. This positive effect could be attributed to the activation of metabolic pathways that increase salinity tolerance (Tolrá et al., 2025), although their efficacy varies according to salt concentration and exposure time.
However, the literature reports contrasting responses depending on the species. While benefits were observed in our study did not detect promoting effects in cucumber, attributing it to osmotic rather than ionic properties. Killian et al. (2005) even reported negative effects in carrots with high concentrations (340 mM NaCl), coinciding with our findings where 15% NaCl showed lower efficacy. This interspecies variability suggests that crops such as tomatoes respond better to moderate salt stress than sensitive species such as cucumbers or carrots.
The study by Manjavachi et al. (2022) in parsley corroborates our finding that adequate concentrations (1-1.5 MPa NaCl) can accelerate root protrusion. However, as Mortele et al. (2008) warn, excessive concentrations limit water absorption, affecting key physiological processes. This explains why in our study; despite achieving 100% germination in controls, the rates decreased drastically with high salt concentrations.
Recent results suggest promising alternatives: Poudel et al. (2024) showed that KNO₃ at 3% (24 hours) outperforms NaCl in root and shoot emergence. However, halopriming maintains advantages in germinative vigor, as confirmed by Lamichhane et al. (2021) through biochemical parameters (dehydrogenase and amylase activity) and membrane integrity. These collective findings indicate that the efficacy of halopriming depends critically on species-salt-immersion time interactions, in addition there is an optimal threshold of salt stress for each crop and alternatives to NaCl such as KNO₃ could be higher in some species.
[bookmark: _Hlk205218234]In conclusion, although halopriming with NaCl can be an effective technique to improve the speed and synchrony of germination, its success depends on optimal dosage (such as 5-10% NaCl in this case) and the specific tolerance of each species.
Based on the results obtained, the 24-36 h treatments in 10% NaCl and 24 h in 5% NaCl were selected for evaluation in field conditions.

Halopriming with KNO3
The ANOVA for halopriming with KNO3 revealed significant differences (p ≤ 0.05) for the interaction between KNO3 concentration and immersion time concerning the response variables: 50% and 100% root protrusion, 50% germination, germination speed index, total emergence percentage, and seedling vigor index. No significant differences (p > 0.05) were observed for the other variables evaluated during the laboratory phase (Table 1).

Table 5. Means (± SD) factors immersion time and concentration: 100% germin.: germination of 100% (root of 4 a 5 mm). with KNO3 treatments under laboratory conditions.
	Factor: Immersion time (hours)
	100%
germin.
	Factor: Concentration (%w/p)
	100%
germin.

	24
	12.87 ± 0.72b
	3
	13.12 ± 0.64bc

	36
	13.31 ± 0.70ab
	5
	12.62 ± 0.61c

	48
	12.41 ± 0.67b
	10
	13.00 ± 0.73bc

	60
	13.12 ± 0.83b
	15
	13.35 ± 0.67b

	72
	12.75 ± 0.50b
	Control
	14.00 ± 0.81a

	Control 
	14.00 ± 0.81a
	
	

	CV (%)
	5.74

	R2
	0.54



100% germination (concentration and immersion time factors) halopriming with KNO3
Altiplano carrot seeds treated with a concentration of 5% potassium nitrate showed the lowest number of days to reach 100% germination (12.62 ± 0.61 days), being statistically similar to concentrations of 3% (13.12 ± 0.64 days) and 10% (13.00 ± 0.73), but significantly lower than the control (14.00 ± 0.81 days) and treatment with 15% (13.35 ± 0.67) potassium nitrate (Table 5).
Likewise, the shortest germination times were observed in seeds of the Altiplano variety with soaking times of 24, 48, 60 and 72 hours (12.87 ± 0.72, 12.41 ± 0.67, 13.12 ± 0.83 and 12.75 ± 0.50 days, respectively), significantly shorter than the control (14.00 ± 0.81) (Table 5).
These results suggest that potassium nitrate reduces the time required for germination, which is consistent with the findings of Anwar et al. (2024), who reported that the most effective methods to increase the germination rate include priming with 10,000 ppm KCl, 10,000 ppm KNO3 and 1,000 ppm NaOCl.

Seedling length halopriming with KNO3
No significant differences in seedling length were observed between the KNO₃ halopriming treatments and the control, with values ranging from 3.25 ± 0.35 cm and 4.25 ± 0.40 cm. The absence of differences could be attributed to the fact that KNO₃ mainly affects germination (not growth), enhanced by controlled laboratory conditions that homogenized the response.
50% root protrusion (meaningful interaction) halopriming with KNO3
[bookmark: _Hlk205198349]The shortest time to reach 50% root protrusion under laboratory conditions were obtained with halopriming treatments  of 24 hours of immersion in 10% KNO3, 36 hours in 3% KNO3, and 48 hours in 15% KNO3              with averages of 2.00, 2.00, and 2.25 days, respectively,  values lower than    the other treatments (Figure 2a). These results suggest that moderate KNO3 concentrations (< 15%) combined with immersion times of up to 48 hours optimize root protrusion. These findings are consistent with those reported by Méndez Flores (2014) for Beaucarnea gracilis, where KNO3 concentrations of 5-10 atm improved both germination speed and percentage.
Figure 2. Interaction of concentration KNO3 × immersion time for the response variables: a) 50% root protrusion (days), b) 100% root protrusion (days), c) 50% germination (days), d) germination speed index, e) total germination percentage and f) seedling vigor index in the laboratory.
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h24: 24-hour immersion, h36: 36-hour immersion, h48: 48-hour immersion, h60: 60-hour immersion, h72: 72-hour immersion. Pc10: 10% KNO3 concentration, Pc15: 15% KNO3 concentration, Pc3: 3% KNO3 concentration, Pc5: 5% NaCl concentration. tes: control.

[bookmark: _Hlk205198380]100% root protrusion (meaningful interaction) halopriming with KNO3Halopriming treatments involving 24 hours of immersion in 10% KNO3, 36 hours in 3% KNO3, and 48 hours in 15% KNO3 resulted in the shortest times to reach 100% seed protrusion under laboratory conditions, with averages of 4.50, 4.50, and 5.25 days, respectively - shorter than those observed in the other treatments evaluated (Figure 2b). This suggests that moderate KNO3 concentrations (< 15%) and immersion durations ≤ 48 hours optimize radicle protrusion. However, these findings contrast with those of Garruña et al. (2014) in Capsicum chinense, where KNO3 negatively affected germination, possibly due to suboptimal water availability. Such discrepancies may be attributed to differences in methodology, concentration, KNO3 purity, or species-specific sensitivity.
50% germination (meaningful interaction) halopriming with KNO3
[bookmark: _Hlk205198396]Regarding early germination (50%), the most effective  treatments were  48 hours of immersion in 15% KNO3 and 24, 36, and 48 hours in 5% KNO3 reaching               averages of 7.75,  8.00, 8.00, and 8.00 days, respectively - lower than those of the other treatments evaluated (Figure 2c). These results confirm that KNO3 accelerates germination, consistent with the findings of Muhammad et al. (2020) in tomato, where 0.75% concentrations enhanced emergence rates. However, the variation in effective concentrations (5-15% vs. 0.75%) suggests that optimal responses may be species-dependent.
Germination speed index (meaningful interaction) halopriming with KNO3
[bookmark: _Hlk205198412]The highest seed germination indices under laboratory conditions corresponded to     36 hours of immersion in 3% KNO3, 48 hours in 5 and 15% KNO3, and 24 hours in 10% KNO3            with averages of 7.82, 7.10, 7.47, and 7.40, respectively - surpassing those of the other treatments evaluated (Figure 2d). These findings indicate that immersion durations ≤ 48 hours with KNO3 enhance germination speed. This is in agreement with Reolon et al. (2013), who reported increased emergence speed in rice using 0.2 M KNO3 for 24-48 hours, suggesting that longer durations may be detrimental.
Germination percentages (meaningful interaction) halopriming with KNO3
[bookmark: _Hlk205198438]Halopriming treatments with 24 hours of immersion in 10% KNO3, 48 hours in 15% KNO3, and 36 hours in 3% KNO3 yielded the highest germination percentages under laboratory conditions, with averages of 80.75%, 79.25%, and 75.00%, respectively - higher than those observed in the other treatments evaluated (Figure 2e).
Seedling vigor index (meaningful interaction) halopriming with KNO3
[bookmark: _Hlk205198459]Similarly, halopriming treatments with 24 hours of immersion in 10% KNO3, 48 hours in 15% KNO3, and 36 hours in 3% KNO3 resulted in the highest seedling vigor indices under laboratory conditions, with averages of 543.75, 539.00, and 493.00, respectively, again outperforming the other treatments evaluated (Figure 2f). These findings confirm that KNO3 enhances seedling vigor, consistent with reports by Batool et al. (2015) in Brassica oleracea var. capitata and Steiner et al. (2018) in wheat, where halopriming with potassium nitrate also improved this parameter.
[bookmark: _Hlk205218813]The results obtained show that KNO₃ can be an effective promoter of germination under laboratory conditions. Halopriming treatments with KNO3 at concentrations of 3% (24 -36 hours), 5% (24 hours) and 10% (36 hours) proved to be the most effective in improving germinative performance, highlighting the 3% KNO₃ (36 hours) that achieved the fastest root protrusion (50% in 2 days, 100% in 4.5 days), high germination speed (7.82) and vigor (493.00). followed by 10% KNO₃ (36 hours) that efficiently combined speed (7.40) and germination percentage (80.75%). Therefore, these treatments were selected for evaluation in field conditions.
The effectiveness of halopriming with KNO3 varies significantly depending on the plant species studied. This variability is evidenced by comparing the positive effects observed in Beaucarnea gracilis (Méndez Flores, 2014) and tomato (Muhammad et al., 2020), where even low concentrations (0.75%-10%) improved germination, with the negative results reported for Capsicum chinense (Garruña et al., 2014). These differences could be attributed to different degrees of specific sensitivity or to variations in the water requirements of each species.
A determining factor in the effectiveness of the treatment is the time of exposure to saline solutions. As observed in rice (Reolon et al., 2013), immersion periods of less than 48 hours were beneficial, while longer exposures showed adverse effects. This pattern has been confirmed in other crops, although with variations in the optimal ranges specific to each case. In cabbage, for example, halopriming with potassium salts (KCl, KH2PO4 and KNO3) proved to be superior to the control in all the parameters evaluated: germination percentage, emergence speed and seedling vigor (Muhammad et al., 2017). However, the same study revealed that high concentrations had a negative impact on pumpkins, reinforcing the need to carefully adjust salt concentrations depending on the crop.
For the specific case of carrots, treatments with 3% KNO3 for 24 hours showed the best results in terms of seed quality (Kundu & Bordolui, 2025), also achieving a 23.08% reduction in the time needed to reach 50% emergence compared to control (Dessalew et al., 2022). Equally encouraging results were obtained in Keluss, where low concentrations of KNO3 (0.2 - 0.4%) applied for 48 - 72 hours at 2 °C not only increased germination by more than 85%, but also improved antioxidant enzyme activity (Ahmadi et al., 2023).
These findings together highlight that, while KNO₃ represents a valuable tool to improve germination, its successful application requires careful consideration of the interaction between multiple factors: optimal concentration and adequate immersion time and the particular physiological characteristics of each species.
Field phase

For the field evaluation, the treatments that showed the best laboratory performance compared to the control were selected: hydropriming (immersion for 24-48 hours), halopriming with KNO₃ (3% for 36 hours, 10% for 24 hours, and 15% for 48 hours), halopriming with NaCl (10% for 36 hours, 3% for 24 hours, and 5% for 24 hours), and a control (no treatment). ANOVA revealed significant differences (p ≤ 0.05) among the treatments for the response variables: growth rate index, total emergence percentage, seedling height, and seedling vigor index (Table 6).

Table 6. Analysis of variance for response variables evaluated in the field.
	Source of variation
	Growth
velocity index
	Total emergency
(%)
	Seedling
height
	Seedling
vigor index

	Treatment
	< 2e-16**
	< 2.22e-16**
	< 2e-16**
	< 2e-16**

	Block
	0.0699NS
	0.3200NS
	0.0460*
	0.2970NS

	CV (%)
	22.20
	23.52
	20.20
	19.02

	R2
	0.79
	0.65
	0.80
	0.70


Significance levels: at 0.01 = ‘**’, and at 0.05 = ‘*’. NS: not significant.
Treatments T2 (2.55 cm), T3 (2.44 cm), and T1 (2.42 cm) recorded the greatest seedling heights at 20 days, showing significant differences (p ≤ 0.05) compared to the other treatments. However, these same treatments exhibited emergence percentages below 60% (Table 7), suggesting that the increased height may be attributed to the lower density of emerged seedlings, likely due to reduced competition for light and nutrients.

[bookmark: _Hlk205039509]Table 7. Means (± SD) of growth speed index, emergence percentage, seedling height and vigor in seedlings of different carrot priming treatments under field conditions.
	Treatments
	Growth Speed Index
	Total Emergency
(%)
	Seedling height
(cm)
	Seedling vigor index

	T1: Hydropriming (24 hours)
	35.24 ± 0.23g
	59.33 ± 0.20f
	2.42 ± 0.01b
	143.29 ± 0.77e

	T2: Hydropriming (48 hours)
	27.17 ± 0.31h
	40.83 ± 0.64h
	2.55 ± 0.64a
	104.02 ± 1.70g

	Control
	25.15 ± 0.75h
	39.65 ± 1.01h
	2.17 ± 0.01f
	102.55 ± 1.71g

	T3: Halopriming KNO3 (10%, 24h)
	35.88 ± 0.03f
	56.67 ± 0.50g
	2.44 ± 0.01b
	137.98 ± 0.33f

	T4: Halopriming KNO3 (15%, 48h)
	41.54 ± 0.22d
	69.33 ± 0.31d
	2.33 ± 0.02d
	161.55 ± 1.50d

	T5: Halopriming KNO3 (3%, 36h)
	58.33 ± 0.18a
	[bookmark: _Hlk205296411]95.33 ± 0.15a
	2.24 ± 0.01e
	213.07 ± 1.23a

	T6: Halopriming NaCl (10%, 36h)
	51.37 ± 0.25b
	84.50 ± 0.64b
	2.08 ± 0.03g
	175.76 ± 3.08b

	T7: Halopriming NaCl (3%, 24h)
	40.26 ± 0.31e
	67.67 ± 0.86e
	2.36 ± 0.01c
	159.35 ± 2.04d

	T8: Halopriming NaCl (5%, 24h)
	44.63 ± 0.10c
	76.00 ± 0.54c
	2.16 ± 0.01f
	164.73 ± 1.84c


[bookmark: _Hlk205039928]Means in the same column followed by the same letters do not show significant differences according to the Tukey test (p ≤ 0.05).
Treatment T5, with a growth speed index of 58.33, total emergence of 95.33%, and seed vigor index of 213.07, showed significant differences (p ≤ 0.05) compared to the other treatments (Table 3), standing out as the most effective under field conditions. These results align with previous studies indicating that seed priming - particularly with KNO3 - enhances germination, growth, and seedling vigor when compared to NaCl, possibly due to its role in the early activation of metabolic processes (Mamun et al., 2018; Nawaz et al., 2011).
[bookmark: _Hlk205309841]Halopriming with KNO3 (3% for 36 hours) proves to be an effective technique for improving germination, emergence, and seedling vigor in the Altiplano carrot variety, contributing to better crop establishment under field conditions. These findings are consistent with previous studies demonstrating the efficacy of KNO3 as a halopriming agent in several species: in tomatoes (Gour et al., 2022; ul Sahar et al., 2023; Tania et al., 2020), cabbage (Batool et al., 2015, where vigor improved in low-yielding seeds with 1% applications), and Kalmegh (Shruti et al., 2024). In particular, the results of Mahmood ur Rehman et al. (2024) with carrots corroborate that this treatment optimizes both germination and early seedling establishment.
                      
Conclusions
Under laboratory conditions, hydropriming for 24 and 48 hours was confirmed as an effective pre-germination treatment for carrot seeds (Altiplano variety), significantly improving germination speed, uniformity and seedling quality.
It is concluded that it is necessary to standardize specific laboratory biopriming protocols for each seed-microorganism system, considering the characterization of strains, in vitro compatibility tests and the optimization of inoculation media, in order to improve their effectiveness both in controlled conditions and in the field.
Halopriming with NaCl (5%–10%, between 24 and 36 hours of immersion) was found to be an effective technique to improve the speed and timing of germination in Altiplano carrot seeds under laboratory conditions, although its efficacy depends on the specific physiological tolerance of each species. These results highlight the importance of adjusting protocols to the characteristics of each seed.
Halopriming with KNO3, especially at concentrations of 3% (24-36 hours immersion), 5% (24 hours immersion) and 10% (36 hours immersion), showed consistent improvements in germination efficiency, speed, vigor and germination percentage in Altiplano carrot seeds in the laboratory.
Treatment with 3% KNO3 for 36 hours demonstrated significant efficacy in field conditions, reaching 95.33% ± 0.15% germination (p<0.05) and significantly improving seedling vigor (vigor index: 213.07 ± 1.23) in Altiplano carrots. These results not only confirm the potential of halopriming to achieve a more uniform establishment of the crop, but also validate its viability as an accessible technology for small producers in high Andean areas, as it requires low-cost inputs (KNO3: ~US$1/kg) and simple protocols that can be easily integrated into traditional production systems.
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