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This study investigates the impact of sweet potato plant sanitation on the yield and external and internal quality root storage exploring the nutritional content affected by various cooking methods (raw, boiled, and oven-cooked). The presence of viruses, and concretely of the sweet potato leaf curl virus (SPLCV), in sweet potato propagation material is shown to significantly reduce yield and modify storage root quality. Notably, the research reveals a substantial improvement in crop yield and external quality, reinforcing the efficacy of plant sanitation methods, specifically apical meristem culture, in preserving the overall productivity of sweet potato crops. Furthermore, the investigation identifies a noteworthy decrease in starch content, suggesting a dynamic interaction between plant sanitation and starch metabolism in response to viral diseases. The study also delves into the alteration of mineral absorption patterns, shedding light on how plant sanitation influences the uptake of essential minerals in sweet potato storage roots. While the health status of the plants only slightly affected magnesium (Mg) and manganese (Mn) accumulation, indicating a potential resilience of mineral balance under virus-infected conditions. Moreover, the research identifies significant modifications in antioxidant levels, emphasizing the role of plant sanitation in enhancing the nutritional quality of sweet potatoes. Heat-treated storage roots, subjected to various cooking methods such as boiling and oven-cooking, exhibit notable differences in internal quality parameters. These differences include increased concentrations of total soluble solids (SS) and heightened levels of antioxidant compounds, particularly phenolic and flavonoid compounds. The observed increase in antioxidant capacity underscores the potential health-promoting benefits associated with plant sanitation practices. Overall, the study underscores the critical importance of plant sanitation in enhancing sweet potato production sustainability, contributing to food security, and supporting local agricultural economies. The results emphasize the need for further research to optimize plant sanitation methods and promote their widespread adoption globally, providing valuable insights into the complex relationships in food quality.
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1 Introduction

Sweet potato or batata (Ipomea batatas L.) is the third most economically important herbaceous perennial root crop worldwide (Marques et al., 2022); it is only surpassed by potato (Solanum tuberosum L.) and cassava (Manihot esculenta Crantz). Sweet potato originated from the tropical regions in South and Central America, and it was exported by the Europeans to the rest of the world. This crop is considered the seventh-ranked food raw material in the world because it is an excellent nutritional and caloric source (Monteiro et al., 2022).

Sweet potato plays important economic and nutritional roles in America, Africa, and Asia. Based on the latest statistical data, the leading annual producer is China, producing more than 50% of the world’s output (FAOSTAT, 2021; He et al., 2023). In Europe, this crop fulfills several basic roles in the global food system and sweet potato crop production is on the rise. The leading producer of this crop, amounting to 79,218.5 tons, is Spain (MAPA, 2023), followed by Portugal and Italy (FAOSTAT, 2021). In addition, lately, sweet potato has been gaining research attention. On one hand, this crop may be a potential alternative given the climate change scenario because of its moderate drought tolerance, requiring little labor, and the use of inorganic fertilizers for storage root development (Tedesco et al., 2023). Moreover, sweet potato crops have wide adaptability to marginal land, from tropical to temperate zones. On the other hand, sweet potato storage roots bear a high energy value; they give a great amount of energy output per unit area (Behera et al., 2022). Thus, they contain a variety of nutritional compounds with health-promoting properties that are suitable for the human diet and animal feed (Sanchez et al., 2020), positioning itself as a key crop to ensure food security (Truong et al., 2018).

Sweet potato storage roots contain many macronutrients including protein, lipids, dietary fiber, and carbohydrates, and micronutrients such as minerals, carotenoids, anthocyanins, phenolic acid, and vitamins (Ayeleso et al., 2016; Tanaka et al., 2017; Kourouma, 2019). Sweet potato has been classified according to their flesh color, such as purple, orange, or white (Miguel et al., 2007). The different flesh-colored varieties could determine their nutritional and phytochemical composition and change food sensory analysis. The storage roots are either used as a raw vegetable or used in cooking such as in curries, chips, breads, and cakes, as well as in biscuits, juices, ketchup, and other value-added products (Abidin et al., 2015).

The processing and cooking of sweet potatoes, mainly based on heat treatment, can lead to changes in their physical characteristics and chemical composition (Franková et al., 2022). In addition, these quality traits can also be influenced by both abiotic and biotic factors (Saito et al., 2008; Weber et al., 2015).

In relation to sweet potato phenology traits, as a result of the self-incompatibilities or the absence of production of flower, the only procedure capable of obtain ingstorage roots is by vegetative or clonal plant propagation in non-tropical climes (Monteros-Altamirano et al., 2021; Behera et al., 2022). The vegetative propagation over generations produces the accumulation of viral diseases in the crop, leading to reduced storage root yields in 80%–90%, even in the cases of asymptomatic viral diseases inducing the absence of foliar visible symptoms (Mukasa et al., 2003; Tairo et al., 2004; Adikini et al., 2016). The most important and harmful viral disease in sweet potatoes is known as sweet potato virus disease (SPVD), caused by the co-infection by the Sweet potato chlorotic stunt virus (SPCSV; genus Crinivirus, family Closteroviridae) and Sweet potato feathery mottle virus (SPFMV; genus Potyvirus, family Potyviridae) (Ogero et al., 2023). The presence of viruses significantly impacts the initial formation of storage roots, thereby directly influencing visual fruit quality characteristics. Consequently, storage roots infected with viruses may face rejection in the fresh market on a regular basis. (Clark and Hoy, 2006). For this reason, plant sanitation of infected sweet potato varieties is an essential action to preserve sweet potato crop yield. Viral particles that may be present in the plant vascular system are able to reach the meristematic region by cell-to-cell movement in a slow process (Carrington et al., 1996). Thus, when the plant is affected by pathogens, the only aerial part that is not infected is the apical meristem (Mashilo et al., 2013). Mostly due to its high metabolic activities, it is usually accompanied by elevated endogenous auxin content in shoot apices and the lack of a vascular system (Ferguson and Beveridge, 2009). Based on this finding, apical meristem culture plays an important role in eliminating the viral particles from the selected host plants. This apical meristem tissue should be cultivated in an adequate sterile growing medium under aseptic conditions to induce cell differentiation and finally obtain virus-free complete plants with sanitary assurance (Penella et al., 2020; EPPO, 2021).

Vegetable landraces in Valencia Community (eastern Mediterranean coast of Spain) such as Blanco sweet potato are demanded by consumers due to their high-quality properties, such as having white flesh and great sweetness, and their use in cooking (Miguel et al., 2007). However, its productivity is decreasing due to cycles of viral infection. This situation makes it mandatory to obtain healthy Blanco sweet potato plants through meristem-tip culture in order to preserve biodiversity. Disease-free plants are more resistant to environmental stresses and pests, resulting in higher yields and better external quality storage roots (Penella et al., 2020, 2022), leading to more sustainable and environmental-friendly crop production. Thus, the potential benefits of plant sanitation have been mentioned in some studies that demonstrated a significant increase in yield compared to the farmer’s traditional non-tested material (Clark et al., 2002; Gibson et al., 2004; Clark et al., 2010; Ling et al., 2010). However, in these studies, the effect of plant sanitation in the external and internal sweet potato storage root quality is absent. In addition, the influence of plant sanitation on the nutritional content and active biomolecules of sweet potato storage roots when they are subjected to various cooking methods is not explored. This last approach is crucial for understanding the advantages of plant sanitation in sweet potato production, especially in traditional varieties like Blanco, as it can lead to improved yield and promote local crop cultivation.

With the aim of obtaining knowledge about this issue, this study focused on determining the plant sanitation state and its effect on cooking methods in terms of production and nutritional compounds on a traditional Valencian sweet potato variety (Blanco type). To reach this objective, we have evaluated the following: (i) the differential behavior in terms of the nutritional profile and yield of Blanco sweet potato plants compared with virus-free sweet potato plants and non-sanitized plants, and (ii) whether different cooking/heat treatments commonly used in the preparation of sweet potato storage roots (raw, boiled, and oven-cooked) affect nutritional quality in either sanitized or non-sanitized plants.




2 Materials and methods



2.1 Plant material

The plant materials for this study consisted of a sweet potato [Ipomea batatas L (lam)] traditional variety called Blanco from the Valencia Community, Spain. The Blanco variety was provided by the Valencian Institute of Agrarian Research (IVIA, Moncada, Spain) plant germplasm bank, including two types: non-sanitized (farmer’s traditional non-viral tested material) and sanitized sweet potato plants, obtained by meristem-tip culture in previous experiments (Penella et al., 2020, 2022).

Before planting and just before the sweet potato harvest, the plant material from both sanitized and non-sanitized mother plants was evaluated for the presence of Begomovirus & Potyvirus, and Sweet potato chlorotic stunt virus (SPCSV). Total RNA and DNA was extracted from 0.25 g of fresh leaf samples using the Maxwell® RSC Plant RNA Kit (Promega) and Maxwell® RSC PureFood GMO Authentication Kit, respectively, according to the manufacturer’s protocol and resuspended in 50 μL of sterilized water. Both groups of RNA and DNA samples were analyzed by RT-PCR or PCR using specific primers and conditions previously reported (Marie-Jeanne et al., 2000; Li et al., 2004; Kwak et al., 2014).




2.2 Experimental design

Experiments were conducted from June to October 2021 in the IVIA experimental installation in Moncada (Valencia, Spain; 39°35022.3” N, 0°23044.0” W, 37 cm above sea level). Field trail was randomly designed with the sanitized as well as the non-sanitized type, in three blocks per type, including 10 plants per block. In total, 60 plants were cultivated (30 plants for each treatment). Plants were initially irrigated on-demand, closely monitoring soil moisture to maintain optimal growth conditions during the early stages of the grow cycle. Subsequently, irrigation frequency was reduced, with only two additional irrigations strategically applied throughout the remaining cycle and one rainfall peak in early October.

Sweet potatoes were harvested on 25 October 2021, and the collected usable samples correspond to the different production areas (three replicates). Sweet potatoes were weighed, and their size was measured, classifying them into two different groups: fresh market (up to 25 cm in length) and industry (more than 25 cm).




2.3 Visual quality determination

In order to visually determine the condition of sweet potato fruits suitable for fresh market when harvested, some of the visual quality parameters described by Huaman (1991), with slight modifications, were used as a reference. In all the cases, a single person performed the visual characterization to unify the criteria. Fruit shape and surface defects (shape, skin type, presence of veins, horizontal throttling, and/or longitudinal slits) were considered in 30 storage roots for each treatment. The purpose of this characterization was to describe the condition of the fruits from the consumer’s point of view (Table 1). This visual characterization was performed 1 week after harvest and before the curing process was completed. This process allows for root skin to harden and wound healing caused by handling (FAO, 2022). Sweet potatoes were placed in a greenhouse (natural light conditions with a maximum PAR of 1,000 µmol m−2 s−1, a mean temperature of 21°C, and a mean humidity of 60%) so that they could expel the latex. Sample collection consisted of nine different sweet potato fruits per treatment, for both sanitized and non-sanitized types.


Table 1 | The rating scale for scoring the visual quality of harvested sweet potato (based on data from Huaman, 1991, with slight modifications).






2.4 Internal quality assessment



2.4.1 Sample preparation

The nutritional and nutraceutical composition in commercial sweet potatoes was determined in sanitized Blanco sweet potatoes in comparison to non-sanitized ones under various common cooking methods, including raw, boiled, and oven-baked preparations. Based on this, six different storage root groups were formed: (1) raw and non-sanitized (RV), (2) raw and sanitized (RS), (3) boiled and non-sanitized (BV), (4) boiled and sanitized (BS), (5) oven-baked and non-sanitized (OV), and (6) oven-baked and sanitized (OS) samples. Seven sweet potatoes suitable for fresh market per group were randomly selected, washed, and peeled. To investigate the effects of cooking methods, raw samples were directly stored under room conditions (20°C, 60% HR) in the absence of light, while the remaining samples were processed accordingly to the conditions indicated in Figure 1. Samples designated for baking were placed in a pre-heated laboratory oven (JP Selecta ™, Cincinnati, Ohio, USA), wrapped in aluminum foil, and subjected to 40 min at 180°C followed by 10 min at 200°C, to ensure uniform cooking. Samples designated for stewing were placed in a pre-heated water bath (Raypa, Terrasa, Barcelona, Spain), also covered with aluminum foil, and cooked for 60 min at 100°C to ensure optimal softness and thorough cooking.




Figure 1 | Flowchart of sweet potato sample processing.



For each cooking treatment, two slices were obtained from the central part of each storage root. Specifically, the slice selection process was conducted meticulously, ensuring that each slice was approximately 1 cm thick and using a measuring tape to guarantee uniformity. One slice was set aside for drying, while the other was cut into pieces and ground. The resulting extracts were divided into aliquots of 2 g and frozen in liquid nitrogen (−80°C) for subsequent nutritional determinations. The dried samples, reserved for mineral analysis and dry weight quantification, were processed by drying in a laboratory oven at 65°C for 72 h and subsequently ground using a mixer mill (MM400, Retsch, Hann, Germany).




2.4.2 Dry weight

In order to stablish the percentage DW in storage roots, the fresh weight (FW) of storage roots was recorded. One slice from the central part of each storage root (n = 4) was dried at 65°C for 72 h in a laboratory oven. The DW percentage was calculated as (DW/FW) × 100.




2.4.3 Mineral composition

Samples were dried in a laboratory oven at 65°C for 72 h and homogenized before being burnt in a muffle furnace for 12 h at 550°C. Macronutrients and micronutrients were extracted with 5 mL of 2% (v/v) nitric acid in an ultrasonic bath for 30 min at 40°C. Afterwards, 10 mL of 2% nitric acid was added to the solution. Specifically, the mineral concentration of eight of the main minerals related to sweet potato’s nutritional quality (K, Ca, P, Mg, Na, S, Fe, and Mn) was analyzed. Mineral content was measured by inductively coupled plasma optical emission spectrometry (ICP-OES) on an ICAP 6500 DUO/IRIS Intrepid II XLD system (Thermo Scientific, Waltham, MA, United States) (Meza et al., 2020). ICP-OES analysis was carried out at the Ionomics Platform of Centro de Edafología y Biología Aplicada del Segura (CEBAS)-Consejo Superior de Investigaciones Científicas (CSIC) (Murcia, Spain). The patterns are from Carlos Erba®, and the reagents used were from Panreac®, PA-ISO grade. The results for the macro- and micronutrients were expressed as mg g−1 DW and µg g−1 DW, respectively.




2.4.4 Total soluble sugar and starch contents

Soluble sugar and starch contents were spectrophotometrically determined according to Calatayud et al. (2008), with modifications; 0.3 g of FW of the sample was mixed with 15 mL of 80% (v/v) ethanol, previously heated. The mix was incubated in a water bath for 10 min at 85°C and then vortexed. Samples were centrifuged at 10,000 rpm for 10 min at 22°C. The resulting supernatant was reserved in a flask. This same process was repeated two more times adding hot ethanol back to the mixing tube. The resulting supernatant was used for soluble sugar quantification, while the pellet was used to determine starch content.

The ethanol present in the reserved supernatant was then evaporated by means of the rotary evaporator (R-210, Buchi) at 50°C. The sugar concentrate was diluted in 100 mL of distilled water and filtered to be reserved in a volumetric flask for 24 h at 4°C. Next, 0.5 mL of this solution was reserved for further analysis.

For starch determination, 20 mL of 35% perchloric acid was added to the pellet and the opened tubes were stored in an extraction chamber for 24 h at room temperature. Afterwards, 0.05 mL of this solution was reserved for further analysis.

The last step involved running simultaneous tests for both starch and sugar content. In this experiment, 0.5 mL of the soluble sugar solution or 0.05 mL of the perchloric acid solution was mixed with 2 mL of distilled water in glass tubes and placed on ice. Once cooled, 5 mL of 4 µM anthrone solution, diluted in 96% (v/v) sulfuric acid, was added to each tube. Samples were incubated in a water bath for 7.5 min at 85°C and then placed on ice for 30 min. The absorption of the solutions was measured at 630 nm in a spectrophotometer (Lambda 25 UV/VIS, Perkin Elmer, Waltham, USA). Total soluble sugar and starch concentrations were compared with a standard curve using a diluted (1:25) stock solution of 55.6 µM glucose and 70 µM sodium benzoate. Results were expressed as g glucose equivalent 100 g−1 FW.




2.4.5 Nutraceutical compounds and antioxidant capacity



2.4.5.1 Total phenolic analysis

The total phenolic concentration was analyzed as described by Dewanto et al. (2002) with modifications. Sample extract (1 g of FW) was mixed with 4 mL of 80% (v/v) methanol, vortexed, and incubated in an ultrasonic bath (Ultrasonic cleaner, Fungilab) at medium intensity for 30 min. Samples were centrifuged at 10,000 rpm for 15 min at 4°C. Total phenolic content was determined following the Folin-Ciocalteu colorimetric method where 10 µL of the supernatant was mixed with 115 µL of distilled water, 125 µL of Folin-Ciocalteu reagent, and 1.25 mL of NaHCO3 (7%). This solution was vortexed and incubated at room temperature for 90 min in darkness. The absorption of the solution was measured at 760 nm in a spectrophotometer (Lambda 25 UV/VIS, Perkin Elmer, Waltham, USA). A blank solution without extract was used for calibration. Total phenolic concentration was compared to a gallic acid standard curve (120–600 mg L-1), and total phenolic content was expressed as mg gallic acid equivalent (GA) g−1 FW.




2.4.5.2 Total flavonoid content

Flavonoid concentration was determined using the method reported by Du et al. (2009), with adjustments. One gram FW of sample extract was homogenized in 4.0 mL of 80% (v/v) methanol, incubated in an ultrasonic bath (Ultrasonic cleaner, Fungilab) at medium intensity for 30 min, and then vortexed. Samples were centrifuged at 10,000 rpm for 15 min at 4°C. Subsequently, 0.3 mL of the supernatant was mixed with 3.4 mL of ethanol 30%, 0.15 mL of NaNO2 0.5 M, and 0.15 mL of AlCl3 6H2O 0.3 M and then vortexed. Samples were incubated for 5 min at room temperature. Later, 1 mL of NaOH 0.1 M was added to the mixture. Subsequently, the absorption of the final solution was measured at 506 nm in a spectrophotometer (Lambda 25 UV/VIS, Perkin Elmer, Waltham, USA). Total flavonoid content was compared to a routine (PhytoLab GmbH & Co. KG®) standard curve (4.7–300 mg L-1). Flavonoid content was expressed as mg routine equivalent g−1 FW.




2.4.5.3 Ascorbic acid concentration

Total ascorbic acid (AsA) concentration was spectrophotometrically determined according to Kampfenkel et al. (1995); 0.3 g FW of the sample was mixed with 1.5 mL with 6% (w/v) TCA (trichloroacetic acid). Samples were centrifugated at 10,000 rpm for 3 min. The supernatant (0.05 mL) was mixed with 0.05 mL of 10 mM DTT and 0.1 mL of 0.2 M phosphate buffer (pH 7.4). Then, they were incubated for 15 min at 42°C in a water bath. Afterward, 0.05 mL of 0.5% (w/v) NEM (N-ethylmaleimide) was added to the mix and incubated for 1 min at room temperature. Subsequently, 0.25 mL of 10% (w/v) TCA, 0.2 mL of H3PO4, 0.2 mL of 4% (w/v) 2,2´-dipyridyl, and 0.1 mL of 3% (w/v) FeCl3 were included to the previous solution. The final samples were incubated in a water bath for 40 min at 42°C. The absorption of the solution was measured at 525 nm in a spectrophotometer (Lambda 25 UV/VIS, Perkin Elmer, Waltham, USA). The blank solution without extract was used for calibration. Ascorbic acid was expressed as mg g-1 FW.




2.4.5.4 Carotenoid concentrations

Total carotenoid contents were determined spectrophotometrically as reported by Porra et al. (1989), with slight adjustments; 0.3 g FW of the sample was mixed with 2.5 mL of 80% (v/v) acetone and centrifuged at 2,000 rpm for 10 min. The supernatant was used for analysis. The absorption of the solution was measured at 663.6 nm, 646.6 nm, and 470 nm in a spectrophotometer (Lambda 25 UV/VIS, Perkin Elmer, Waltham, USA). Acetone 80% (v/v) was used as the blank solution. Pigment concentrations were calculated using the following equations. (Chlorophyll a with Equation 1, chlorophyll b with Equation 2 and carotenoids with Equation 3) Results were expressed as µg g-1 FW:

 

 

 




2.4.5.5 Antioxidant capacity measurements

Antioxidant capacity was measured using the method reported by Brand-Williams et al. (1995), with slight modifications. Sample extract (1 g) was homogenized in 4.0 mL of 80% (v/v) methanol, incubated in an ultrasonic bath (Ultrasonic cleaner, Fungilab, Barcelona, Spain) at medium intensity for 30 min, and vortexed afterward. Samples were centrifuged at 10,000 rpm for 15 min at 4°C. The supernatant (30 μL) was mixed with 990 μL of a solution composed of 0.065 M of 2,2-diphenyl-1-picrylhydrazyl (DPHH) solved in 80% (v/v) methanol. The decrease in absorbance at 515 nm compared with a blank solution [containing 80% (v/v) methanol without extract] was measured after a reaction time of 30 min at room temperature and darkness using a spectrophotometer (Lambda 25 UV/VIS, Perkin Elmer, Waltham, USA). The results were expressed as the percentage reduction of the initial DPPH absorption in the extracts.





2.4.6 Statistical analysis

The normality of the distribution was verified for all studied variables using Q-Q plots, which exhibited normal behavior across all cases. Consequently, a two-way ANOVA analysis was performed with the results obtained from the evaluated parameters with Statgraphics Centurion XVIII (Statistical Graphics Corporation 2014, Englewood Cliffs, NJ, USA) using the sanitization status and the heat treatment methods as variables of the analysis. The results were expressed as the means and were compared using Fisher’s least significance difference (LSD) test at p ≤ 0.05.

Principal component analysis (PCA) was performed for standardized values using pairwise Euclidean distances among the means of accessions to determine similarities between sample types. The extracted and statistically significant eigenvalues and the relative and cumulative proportions of total variance explained by the first three components were calculated. Two-dimensional (2D) scatter plot (first vs. second principal components) was executed based on a distance matrix for the principal components to visualize the relation explaining the traits. Information extracted from the feature plot was incorporated into the scatter plot to highlight the traits that contributed the most to the variability among treatments. PCA parameters were estimated using the Grepel, Stat, FactoMine R, and Factoextra R packages (STHDA).

By considering quality traits, correlation analyses were completed among the sanitation status and heat treatments. The individual samples of each variable were subjected to linear regression and correlation coefficients (r) were obtained.






3 Results



3.1 Plant material

While non-sanitized plant material was found to be positive only for Begomovirus (sweet potato leaf curl virus, SPLCV), no virus was detected in the sanitized plant material across both measurement time points (beginning and at the conclusion of the experiment).




3.2 Storage root yield assessment

Sanitization process positively affects the total production of sweet potato plants, as higher values in both total and commercial production were obtained in sanitized plants (production was tripled and doubled, respectively) (Table 2).


Table 2 | Blanco storage root yield assessment of harvested sweet potato.






3.3 Visual quality

Quality traits related to the visual description of the harvested sweet potatoes is shown in Table 3, where lower values indicate a reduced occurrence of disorders, consequently enhancing consumer acceptability. Visual quality was sanitization dependent. Storage root collected from healthy plants showed an acceptable commercial shape and almost no presence of veins, horizontal throttling, or longitudinal slits. Meanwhile, non-sanitized samples showed an unmarketable storage root shape, in terms of consumer acceptance, and a higher frequency of horizontal throttling and longitudinal slits.


Table 3 | The visual quality of harvested sweet potatoes.






3.4 Internal quality



3.4.1 Dry weight of storage roots

The DW of storage roots was solely influenced by the cooking method (data not shown). In its raw state, the storage roots showed a dry matter content of 30%. Baked samples displayed 25% of dry matter content, whereas boiled samples, in contrast, showed a decrease in dry matter percentage (18% dry matter) compared to the raw samples.




3.3.2 Mineral composition

The mineral concentration of eight of the main minerals related to sweet potato’s nutritional quality (K, Ca, P, Mg, Na, S, Fe, and Mn) is displayed in Table 4.


Table 4 | Mineral content of the harvested sweet potato samples.



In the case of Mg and Mn, significant results were related to the sample type [not sanitized (V) vs. sanitized (S)], with a Mg and Mn accumulation that is 13.8% and 16% higher, respectively, in the storage roots obtained from sanitized plants. No significant differences were identified among the various cooking methods. Furthermore, the interaction between sanitation and cooking method treatments was not significant in any case.




3.3.3 Total soluble sugar and starch contents



3.3.3.1 Total soluble sugar concentration

Soluble sugar (SS) content in sweet potatoes is notably affected by the cooking treatment (Figure 2A). Boiled and oven-cooked samples show a higher SS content when compared to raw sweet potatoes (7.1 times higher SS content). By contrast, sanitization does not affect SS content in the sweet potato storage roots.




Figure 2 | Soluble sugar content (SS) (A) and starch content (St) (B) mean values ± SE of replicates per sample type. Different lowercase letters indicate significant differences between (a) Not sanitized (V) vs. sanitization (S) (n = 9), (b) Cooking type [Raw (R) vs. Bath (B) vs. Oven-cooked (O)] (n = 6), (c) Interaction (Raw-not sanitized (RV), raw-sanitized (RS), boiled-not sanitized (BV), boiled-sanitized (BS), oven-cooked-not sanitized (OS), oven-cooked-sanitized (OS)) (n = 3), at p ≤ 0.05 by the LSD test.






3.3.3.2 Starch concentration

Starch content (St) in sweet potatoes is affected by sanitary status, cooking treatment, and interaction between sanitary condition and heat-cooking treatment (Figure 2B). Storage roots collected from sanitized plants exhibit a substantial 9% reduction in St content independently of heat treatment. Regarding the cooking method, boiled sweet potatoes displayed a decrease in starch content compared to their raw and oven-baked counterparts (56.45% and 23.27%, respectively). The interaction between sanitary status and cooking/heat treatment showed statistical differences only on boiled samples. Moreover, the lowest values were detected in sanitized and boiled samples (43.75% lower content compared with those non-sanitized and boiled), and the highest value was held by raw and non-sanitized storage roots (RV), followed by those raw and sanitized (RS) without significant differences between them.






3.4 Nutraceutical compounds and antioxidant capacity



3.4.1 Total phenolic concentration

Considerable total phenolic (Phe) content differences were found depending on the cooking method used and its interaction with sanitation state (Figure 3A). Heat treatment, both boiling (B) and oven-cooked (O), significantly increased the concentration of Phe content, duplicating the concentration in sweet potatoes [2.36 and 2.40 times higher content, respectively, than the mean of the raw samples (R)]. Concerning raw samples, sanitation treatment does not affect Phe content.




Figure 3 | Total phenolic (Phe) content (A), flavonoid content (Flav) (B), ascorbic acid content (vitamin C) (C) and antioxidant capacity (%) (D) mean values ± SE  of replicates per sample type. Different lowercase letters indicate significant differences between (a) Not sanitized (V) vs. sanitization (S) (n = 9), (b) Cooking type [Raw (R) vs. Bath (B)vs. Oven (O)] (n = 6), (C) Interaction (Raw-not sanitized (RV), raw-sanitized (RS), boiled-not sanitized (BV), boiled-sanitized (BS), oven-cooked-not sanitized (OS), oven-cooked-sanitized (OS)) (n = 3), at p ≤ 0.05 by the LSD test.






3.4.2 Total flavonoid content

Sweet potatoes’ flavonoid (Flav) content is significantly affected by thermal treatment and the interaction among both studied variables, plant sanitation and cooking method (Figure 3B). While uncooked samples had little or no content of Flav, boiled and oven sweet potatoes presented a higher concentration. A greater accumulation of flavonoids in boiled virulent samples is shown in comparison with boiled storage roots collected from healthy plants. No differences were found in raw and baked samples depending on their health status.




3.4.3 Ascorbic acid concentration

Significant differences among sanitary status, thermal treatment, and its interaction were found concerning AsA content in samples analyzed (Figure 3C). Storage roots collected from sanitized plants showed the highest AsA content. Moreover, cooking method is relevant to establish vitamin C concentration, as oven-cooked sweet potatoes presented the highest AsA values when compared to raw and boiled ones [21.54% (O vs. R) and 39.1% (O vs. B) higher, respectively]. Meristem-tip culture favored the accumulation of vitamin C only in the raw samples, with no such differences observed in the thermally treated samples among them.




3.4.4 Antioxidant capacity determination

Antioxidant capacity, as determined by the DPPH assay, was dependent on thermal treatment and its interaction with sample sanitation status (Figure 3D). Raw samples showed the lowest antioxidant capacity when compared to boiled and oven-cooked samples. In relation to the interaction of both parameters, cooking treatments and being non-sanitized increased DPPH content in both sample types. Conversely, such effect cannot be noted on raw samples.




3.4.5 Carotenoid concentrations

Concerning carotenoid concentration, significant differences between sanitation status and its interaction with heat treatments were found (Figure 4). Sanitized storage roots accumulate more carotenoid content in their fruits (40% higher concentration than storage roots from non-sanitized plants). When considering the interaction of both variables, health status and cooking method, this effect is exclusively observed in the raw storage roots, with the highest values associated to plant’s sanitation state with no discernible differences in the storage roots that were thermally treated.




Figure 4 | Total carotenoid mean values ± SE of replicates per sample type. Different lowercase letters indicate significant differences between a) Not sanitized (V) vs sanitization (Sanitized samples (S)) (n=9) b) Cooking type (Raw (R) vs Bath (B) vs Oven (O)) (n=6) c) Interaction (Raw-not sanitized (RV), raw-sanitized (RS), boiled-not sanitized (BV), boiled-sanitized (BS), oven-cooked-not sanitized (OS), oven-cooked-sanitized (OS)) (n=3), at p≤0.05 by the LSD test.







3.5 Correlation between internal quality parameters

Correlation analyses were carried out to estimate the relation between the most important quality traits in the sweet potato storage roots (Table 5). The most representative relations were observed between several compounds, such as Flav, AsA, DPPH, SS, St and K, P, and Mg minerals.


Table 5 | Linear correlation coefficient (r) and its significance among the quality traits in sweet potato samples.



Among samples, the pairwise coefficients showed a positive correlation and a statistical significance for 11 out of the 55 studied pairs of traits. Important positive relations were observed between Flav, DPPH, Phe, and SS, with the highest values observed for the pairs DPPH vs. Flav and Phe (r = 0.9566 and r = 0.9544, respectively). Statistically significant negative correlations were also observed for 10 of the 55 studied pairs of traits. The closest negative relations were observed for DPPH and Mg (r = −0.6546), AsA vs. Ca (r = −0.6502), and St and Ca (r = −0.5452).




3.6 Global analysis of the internal quality parameters

A principal component analysis was performed on the complete dataset of nutraceutical and antioxidant parameters (Figure 5). The PCA clustered the samples with high confidence, accounting for 70.9% of the total variability (49.7% with PC1 and 21.2% with PC2). The clustering divides the samples into three broad groups that are distinguished by the heat-cooking method. The samples exhibit a subclustering phenomenon within these general clusters, which is driven by the sanitation status of the samples. Independent PCAs (Supplementary Figures S1A–C) were made to determine if the samples clustered belonging to the heat treatment could show a differential response. The PCA related to raw treatment (Supplementary Figure S1A) was explained by 67% of the total variability (43% the first component and 24% the second component). PCA related to the boiling process (Supplementary Figure S1B) was explained by 70.3% (44% for the first component and 26.3% for the second component), and differences in oven-cooked samples (Supplementary Figure S1C) were 78.6% of the total variability (57.8% for the first component and 20.8% for the second component). In all cases studied, the samples exhibited effective clustering, grouped in sanitized and non-sanitized ones. Depending on the cooking methods applied, various characteristics were associated with either sanitized or non-sanitized samples (Supplementary Figure S1). In general, traits related to the antioxidant capacity (DPPH, flavonoids, and total phenolic content); starch and calcium were predominantly associated with non-sanitized samples. Conversely, traits such as AsA, magnesium, and manganese were prominently linked to sanitized samples. In the case of raw and oven-baked samples within the sanitized group, soluble sugars were also identified as a significant trait.




Figure 5 | Principal component analysis (PCA) based on quality traits represented in the 2 first components of the PCA for the type of cooking and sanitation process (R, raw; B, boiled; O, oven-baked; S, sanitized V, virulent). A total of 6 storage root for sample type were subjected to the analysis.







4 Discussion

The detrimental effects of planting pathogen-infected material constitute one of the major problems that are directly impacting crop viability. This study has documented that the presence of viruses in the propagation plant material significantly diminished yield and modified storage root quality.

The experiments performed in this research have demonstrated that the plant sanitation process promotes a successful production with a remarkable threefold increase in potential yield of sanitized sweet potato plants compared with non-sanitized plants. Similarly, the commercial production of the Blanco-type landrace has effectively doubled planting sanitized plants. These findings align with previous field trials conducted with popular and heirloom cultivars (e.g., Beauregard, Georgia Jet, Hernandez, etc.) (Milgram et al., 1996; Bryan et al., 2003b; Clark and Hoy, 2006; Ling et al., 2010), indicating that yield improvements can be achieved by employing virus-free materials for planting. Other studies have reported similar effects on crops such as potato and cassava (Whitworth et al., 2007; Al-Taleb et al., 2011; Samura et al., 2017).

Furthermore, the evidence gathered from this experiment sheds light on the considerable potential of plant sanitation practices for enhancing sweet potato quality. Storage root collected from healthy plants exhibited a commercially acceptable shape with minimal presence of veins, horizontal throttling, or longitudinal slits. Similar effects were observed in Beauregard sweet potatoes infected with SPLCV (Bryan et al., 2003a; Clark and Hoy, 2006), where infection resulted in a decrease in commercial yield due to the development of shallow and longitudinal grooves. The significant improvement in visual quality observed in the Blanco-type sanitized landrace highlights the economic benefits of implementing this approach in crop cultivation systems.

In a second objective, we analyzed the interaction between sanitation status and standard cooking processes. As expected, the cooking process dramatically influences the quality of storage root. However, the specific implications of virus presence or absence in plants on storage root internal quality have largely remained unexplored until now. This study has demonstrated that some storage root internal quality parameters are influenced by both the use of sanitized and non-sanitized plants, plus the chosen cooking method. The cooking method generally showed a more pronounced impact on storage root quality, explaining 49.7% of the variability, although there were exceptions. In a PCA, clear groupings were observed based on sanitary condition after categorizing samples by cooking methods, emphasizing the importance of plant sanitation for nutritional and nutraceutical quality.

In a broader context, heat-treated storage roots exhibited a significant increase in internal quality parameters (except in starch and carotenoids). Boiling and oven-cooking significantly increased the total SS content, which aligns with previous findings showing that cooking reduces starch content through amylolytic hydrolysis, leading to an increase in reducing sugar contents (Wei et al., 2017; Nicoletto et al., 2018; Yao et al., 2023; Zhang et al., 2023). Notably, recent investigations by Moreno-Ochoa et al. (2023) in sweet potato have revealed that an increase in cooking temperature is associated with a decrease in starch content.

Phenolic and flavonoid compounds, which are major antioxidants in plant-based foods, were influenced also by cooking methods (Turkmen et al., 2005), affecting their retention and bioavailability in storage roots. In our experiments, Phe and Flav analysis indicated the increase of the antioxidant capacity of the cooked storage roots, as a result of the presence of higher amounts of all antioxidant compounds (in general terms, 10 times more in cooked samples compared to control). These findings are in close agreement with those reported by Kim et al. (2019), who observed high Phe and Flav content in heat-treated sweet potatoes compared with raw storage roots, likely due to the thermal processing damaging cell structure. This cell structure damage results in the extraction of antioxidant compounds and the partial removal of water from the tissue samples during the cooking process (Nicoletto et al., 2018), or from the skin, and it has been observed in tomato (Dewanto et al., 2002). The lower water content in cooked storage roots may further reduce dilution effects, enhancing the effectiveness of antioxidant compounds against oxidative stress.

When assessing AsA content, the oven-cooked samples exhibited the highest concentrations (34.78% increase in AsA content compared with raw and boiled samples), a trend consistent with earlier findings reported by Chukwu et al. (2012) and Inocent et al. (2011) in thermal processed sweet potatoes. These findings align with various studies, such as the work of Nicoletto et al. (2018), which highlighted a significantly reduced vitamin C content in comparison with control, whereas steaming results did not show differences from controls. Similar observations have been made in the context of potatoes, where cooking processes involving water, including washing, were found to facilitate the diffusion of vitamin C into the treatment water, as noted by Haase and Weber (2003). Remarkably, our study underscores that the oven method resulted in the most significant concentration of vitamin C, likely attributable to a concentration effect, where water dilution comes into play.

In contrast, cooking sweet potato storage roots reduced the carotenoid content (Calderón de la Barca et al., 2022; Moreno-Ochoa et al., 2023). Carotenoids are easily oxidized because of conjugated double bonds found in the compounds (Krinsky, 2001). Reduction in carotenoid content could be explained by the fact that carotenoids are heat-labile compounds and undergo oxidation and degradation upon exposure to heat, light, acids, peroxides, metals, and enzymes (K’osambo et al., 1998; Gul et al., 2015).

In summary, the cooking process significantly affects the content of antioxidants and other essential nutrients in sweet potatoes, including starch, carotenoids, and AsA. Furthermore, the presence or absence of viruses in the plant material has a clear impact not only on external quality but also on the internal quality of storage roots, with sanitized plants showing notable differences when compared with control non-sanitized storage roots using the same cooking method. Ultimately, the nutritional parameters affected by sanitation were mineral absorption, starch content, carotenoids, and AsA.

Effects of virus infection in the plant can include damage to the root system, interference with nutrient transport, changes in mineral metabolism (Mishra et al., 2020), and disruption of hormonal regulation (Llave, 2016), promoting an imbalance between the leaf (source) and the root system (Anikina et al., 2023). These changes can lead to nutrient deficiencies, affecting the growth and development of sweet potato storage roots (Clark et al., 2012; Ogero et al., 2023). In our study, health status only slightly affected the Mg and Mn accumulation in storage roots, indicating that infection did not deeply alter the ionic balance in our conditions. In fact, mineral nutrition in the soil may slow or exacerbate the effect of virus in mineral plant uptake (Barker, 2019). The soils utilized in our experiment exhibit high fertility levels, potentially mitigating the anticipate negative effects on ion imbalance in plant tissues associated with virus presence. This response was also observed in other horticultural crops such as rutabaga (Shattuck, 1987) and eggplant (Seaker et al., 1982) under virus infection.

Regarding starch, previous studies have demonstrated that in response to abiotic stresses, plants mobilize their starch reserves to release energy, sugar, and derived metabolites (Krasensky and Jonak, 2012; Thalmann and Santelia, 2017; Dong and Beckles, 2019). However, the effects of starch metabolism on biotic stress responses remain unclear (Llave, 2016). Under non-sanitation virus conditions, the Blanco-type sweet potato plants seem to respond by modulating their starch reserves. Starch content has been reported to be positively correlated with the degree of infection in potato inoculated with Alternaria alternata (Fladung and Gieffers, 1993). Substantial starch accumulation has also been observed in Plasmodiophora brassicae infected Chinese cabbage roots at 21 and 28 days after infection (Ma et al., 2022), and a similar effect was seen in Arabidopsis thaliana roots infected by pathogens (Brodmann et al., 2002). Similarly, a recent study conducted on an Asian variety called Jish n°6 (Hou et al., 2020) revealed a reduction in starch content in roots of plants severely infected with SPLCV. Although there were no significant differences observed in plants with moderate infection compared to the control plants, these findings collectively suggest notable implications in relation to infections caused by virulent diseases and starch metabolism.

In the case of Blanco sweet potatoes, our results reveal that starch metabolism is affected by SPLCV viral disease. These findings insinuate a dynamic interaction between starch metabolism and the presence of viruses in plant responses, thus indicating a potential link between the severity of the SPLCV and alterations in starch reserves. These observations also emphasize the possible significance of varietal effects in SPLCV infections and highlights the need for further research studies to fully comprehend the intricacies of starch metabolism in the impact of biotic stressors.

According to Seel et al. (2020), pathogens induced alteration in pigment content (carotenoids) as well as divergent behaviors of plant secondary metabolism, such as AsA content (Oladiran and Iwu, 1992), along with defense activation. This is consistent with the observations made in this study, where pathogen infection led to a reduction in carotenoid and AsA contents in storage roots from diseased plants. Some studies have indicated a positive correlation between AsA and total carotenoids in other food matrices, such as watermelon, spinach, or even fruit beverages (Bergquist et al., 2007; Butcher et al., 2012). In fact, the SPLCV disease has been attributed to potentially acting as a blocker in carotenoid biosynthesis (Hou et al., 2020). The presence of SPLCV disease in Blanco sweet potato plants not only impacts the pigment content and the AsA levels but also affects the potential synergistic relationship between these antioxidants such as demonstrated by correlation between both parameters.

To recapitulate the analyses of all the samples collectively, intriguing associations emerged between Ca, Mg, and K mineral levels and bioactive compounds. For example, it was observed that Ca exhibited negative correlations with certain bioactive compounds, such as carotenoids (r = −0.4992, p ≤ 0.05) and AsA (r = −0.6502, p ≤ 0.01), Mg with phenolic content (r = −0.5114, p ≤ 0.05), and flavonoid content (r = −0.5175, p ≤ 0.05), and a positive effect among K and carotenoids content was found (r = 0.4854, p ≤ 0.05). These findings are significant as they provide insights into the potential interactions between mineral content and bioactive compounds in the tested samples. The negative correlations between certain minerals and specific bioactive compounds may have implications for food and nutrition research. Further investigations are warranted to understand the underlying mechanisms driving these associations. Additionally, the significance of the observed correlations should be considered in the context of other factors that may influence mineral and bioactive compound interactions, such as sample origin, processing methods, and overall dietary patterns. Overall, these results contribute to the growing body of knowledge regarding the complex relationships between mineral levels and bioactive compounds in food, enhancing our understanding of the potential health impacts of dietary choice when vegetal materials come from plant sanitized crops.




5 Conclusions

In summary, it is evident that the planting of sanitized plants and the presence of viruses, particularly SPLCV in the sweet potato propagation material, exert a significant influence, not only on crop yield but also on both the external and internal quality of the storage roots. This influence extends to the choice of cooking method employed, as it plays a pivotal role in shaping the overall quality of the final food product. The observed effects encompass a range of crucial parameters, including alterations in starch content, modifications in mineral absorption patterns, fluctuations in AsA levels, and variations in carotenoid concentrations. Understanding and carefully considering the interplay between sanitized plants, virus’ presence, cooking techniques, and these key quality attributes is of paramount importance in ensuring the production of nutritionally superior and safe food products.

The findings from this study reinforce the importance of plant sanitation techniques as an essential component of modern agricultural practices. By effectively mitigating the impact of viruses and other pathogens, this approach offers a sustainable and efficient strategy for meeting the increasing demand for sweet potato production. The adoption of such practices can not only bolster crop yields but also contribute to promoting food security and sustaining local agricultural economies. Further research and extension efforts in this direction are warranted to optimize the implementation of plant sanitation methods and to foster their widespread adoption in sweet potato cultivation worldwide.
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descriptors. Values are the mean + SE (n = 30). The mean is subjected to a one-way ANOVA. The different lowercase letter indicates differences between status at p< 0.05 by the LSD test.
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