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				Abstract

				Introduction. Plant-parasitic nematodes (PPN) are a major problem for potato production. Updated information on PPN affecting potato (Solanum tuberosum) in Costa Rica is limited. Objective. To characterize the genera of PPN occurring in potato fields in Cartago, with emphasis on their variation across altitude and soil properties. Materials and methods. Between 2015 and 2017, forty-five potato fields from northern Cartago, Costa Rica, were sampled and categorized by altitude: low (1600–2100 meters above sea level [m a.s.l.]), medium (2101–2600 m a.s.l.), and high (2601–3100 m a.s.l.). Composite soil and root samples were collected per field in a zigzag pattern for nematode analysis and soil characterization. Additional soil samples were collected for cyst quantification. Nematodes were extracted using centrifugal sugar-flotation for genus/family identification and the Fenwick method for cyst quantification. Abundance, frequency, and diversity (Hill’s N1 index) were compared across altitudes and sample types. Non-parametric tests (Kruskal-Wallis, Chi-square) and multivariate analyses (PCA, Spearman correlation) evaluated patterns and associations. Results. Thirteen genera/families were identified. Pratylenchus had the highest frequency of occurrence in soil and roots, Meloidogyne showed the highest mean population density, and Globodera showed greater abundance at higher altitudes. In addition, nematode genera were associated with soil properties, and the presence of M. incognita and M. hapla was molecularly confirmed. Conclusions. Altitude and soil properties were associated with variation in PPN distribution in potato fields of Cartago. 

				Keywords: Pratylenchus, Globodera, Meloidogyne, nematode assemblages.

				Resumen

				Introducción. Los nematodos fitoparásitos (PPN) son un problema importante para la producción de papa. La información actualizada sobre los PPN que afectan la papa (Solanum tuberosum) en Costa Rica es limitada. Objetivo. Caracterizar los géneros de nematodos fitoparásitos presentes en campos de papa en Cartago, con énfasis en su variación según la altitud y las propiedades del suelo. Materiales y métodos. Entre 2015 y 2017, se muestrearon cuarenta y cinco campos de papa del norte de Cartago, Costa Rica, y se categorizaron por altitud: baja (1600-2100 metros sobre 
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				Introduction

				Potato (Solanum tuberosum L.) is the third most consumed crop worldwide (Stokstad, 2019). In Costa Rica, potato is the most extensively cultivated vegetable and represents a vital component of the basic food basket (Programa Integral de Mercadeo Agropecuario [PIMA], 2016). Cartago province has the largest area dedicated to potato cultivation in Costa Rica, comprising 72.7 % (2155 ha) of the total production area, followed by Zarcero in Alajuela with 22.4 % (665 ha) (Secretaría Ejecutiva de Planificación Sectorial [SEPSA], 2023). In Cartago, the most used varieties are Floresta and Granola, with a crop cycle of around 123 days (Vignola et al., 2017). 

				Pathogens such as plant-parasitic nematodes (PPN) can threaten potato production and cause significant yield reductions and economic losses (Chen et al., 2024; Olthof, 1987; Trudgill, 1986; Youssef, 2013). The distribution, population dynamics, and survival of nematodes are strongly influenced by external factors, particularly altitude and soil properties (Perry et al., 2024; Plaisance et al., 2017). These factors can affect temperature, moisture, and soil structure, which in turn shape nematode communities. In Cartago, seed production is conducted at altitudes above 2500 m a.s.l. to minimize pathogen-related issues, as the cooler temperatures characteristic of this zone can help reduce nematode activity (Vásquez et al., 2006). Lower-altitude fields are primarily used for growing potatoes for consumption. Despite these differences, in Costa Rica, no previous research has studied whether the plant-parasitic nematode communities vary across altitudes and associated soil conditions. 

				Nematode sampling and management largely depend on the type of parasitism exhibited by the nematode. Therefore, identifying the genus affecting a crop is essential for developing effective and targeted management strategies. Several nematode genera are associated with potato, but the most critical are Globodera Skarbilovich, 1959, Meloidogyne Göldi, 1892, Nacobbus Thorne & Allen, 1944, and Pratylenchus Filipjev, 1936.

				Pratylenchus causes growth retardation, leaf chlorosis, and yield loss (Bairwa et al., 2022). Potato tubers affected by Pratylenchus exhibit necrotic lesions, which impede their commercialization (Figueiredo et al., 2021). Additionally, secondary fungal infection following Pratylenchus damage is common in the crop (Ain et al., 2025). Potato plants affected by Globodera exhibit stunting, chlorosis, often wilt during the day, and tuber size is reduced (Onditi & Whitworth, 2025; Persley et al., 2010). The roots also show delayed growth and reduced extension (Smit & Vamerali, 1998). Meloidogyne can cause deformation and lesions on the potato skin, which appear as blisters accompanied by necrotic tissue, reducing the tuber marketability (Daneel et al., 2018; Vovlas et al., 2005). 

			

		

		
			
				el nivel del mar [m s. n. m.]), media (2101-2600 m s. n. m.) y alta (2601-3100 m s. n. m.). Se recolectaron muestras compuestas de suelo y raíces por campo en un patrón en zigzag para el análisis de nematodos y la caracterización del suelo. Se recolectaron muestras adicionales de suelo para la cuantificación de quistes. Los nematodos se extrajeron mediante flotación en solución azucarada por centrifugación para la identificación de género/familia y mediante el método de Fenwick para la cuantificación de quistes. La abundancia, frecuencia y diversidad (índice N1 de Hill) se compararon entre altitudes y tipos de muestra. Pruebas no paramétricas (Kruskal-Wallis, Chi-cuadrado) y análisis multivariados (PCA, Spearman) evaluaron patrones y asociaciones. Resultados. Se identificaron trece géneros o familias. Pratylenchus presentó la mayor frecuencia de aparición en el suelo y las raíces, Meloidogyne mostró la mayor densidad poblacional media y Globodera presentó una mayor abundancia en altitudes más elevadas. Además, los géneros de nematodos estuvieron asociados con las propiedades del suelo, y se confirmó molecularmente la presencia de M. incognita y M. hapla. Conclusiones. La altitud y las propiedades del suelo estuvieron asociadas con la variación en la distribución de los nematodos fitoparásitos en los campos de papa de Cartago.

				Palabras clave: Pratylenchus, Globodera, Meloidogyne, ensamblaje de nematodos.
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				The potato crop in Costa Rica is exposed to high concentrations of agrochemicals, with application rates of 54.7 kg a.i./ha/cycle in production areas, up to 88.3 kg a.i./ha/cycle in seed production areas, primarily to treat pathogens, including nematodes (Méndez-Rivera et al., 2023). Growing concerns about the indiscriminate use of chemicals underscore the importance of characterizing nematode-related problems affecting the potato crop in the country (Durán-Quirós et al., 2017). Knowing the nematological status of potatoes can help create problem-focused management strategies that could contribute to mitigate yield losses in potato production caused by nematodes. 

				In Costa Rica, the presence of Meloidogyne, Aphelenchus Bastian, 1865, Aphelenchoides Fischer, 1894, Criconemoides Taylor, 1936, Criconema Hofmänner & Menzel, 1914, Trichodorus Cobb, 1913, Longidorus Micoletzky, 1922, Globodera, Ditylenchus Filipjev, 1936, Rotylenchulus Linford & Oliveira, 1940, Helicotylenchus Steiner, 1945, Tylenchorhynchus Cobb, 1913, and Pratylenchus has been reported in association with potato (Montero et al., 2007; Ramírez, 1979; Sandoval-Ruiz et al., 2020). However, most of these nematodes were reported in the 1970s, and there is no current information regarding the status of PPN in potato in Cartago. Moreover, no previous studies have focused on factors beyond crops that influence the distribution of PPN in potato in Costa Rica. Therefore, the main objective of this research was to characterize the genera of PPN occurring in potato fields in Cartago, with emphasis on their variation across altitude and soil properties. 

				Materials and methods

				Area of study 

				Forty-five potato fields at altitudes ranging from 1609 to 3199 m a.s.l. were sampled in the northern Cartago, Costa Rica, between 2015 and 2017 (Table 1). Sampling was conducted during the active vegetative stage of the crop, approximately 2 to 2.5 months after planting. Field size varied among sampling locations, although precise measurements were not recorded. Two composite samples of roots and rhizospheric soil were collected from each field for the analysis of PPN genera. Each composite sample consisted of five subsamples (roots from five plants and the surrounding soil) and were collected systematically in a zigzag pattern with a shovel (20 cm diameter × 30 cm deep). The distance between sampling points was adjusted according to field size to ensure representative coverage. Additionally, five composite soil samples (each formed by five subsamples) were collected from each field for the quantification of cysts. Soil variables were selected to capture the heterogeneity of potato production systems in Cartago and to allow a multivariate assessment of factors potentially influencing nematode distribution.

				Nematode extraction and identification

				Composite roots and soil samples from each field were processed at the Laboratorio de Nematología, Centro de Investigaciones en Protección de Cultivos (Laboratory of Nematology, Crop Protection Research Center) at the Escuela de Agronomía, Universidad de Costa Rica (Agronomy School, University of Costa Rica). Samples were homogenized and 100 mL of soil and 10 g of roots were processed using the centrifugal-flotation method with sugar solution (Caveness & Jensen, 1955; Sandoval-Ruiz et al., 2023). Soil samples for cyst quantification were also homogenized, dried in a greenhouse, and 200 mL were processed using the Fenwick method (Fenwick, 1940). 

				The PPN and Globodera cysts were identified to genus level (Mai & Mullin, 1996) using a stereomicroscope except Criconematidae and Trichodoridae, which were identified at family level. Density values from two composite samples per field were averaged. The same was done for the five composite samples for cyst quantification. Eggs were not counted. 
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				Chemical and physical soil analyses 

				Soil chemical and physical analyses were performed at the Centro de Investigaciones Agronómicas (Agronomic Research Center) of the University of Costa Rica. Specifically, the analyses were conducted by 1) Laboratorio de Suelos y Foliares (Soil Fertility Laboratory) for soil fertility parameters; and 2) Laboratorio de Recursos Naturales (Soil Physics and Pedology Laboratory) for soil texture. Particle size distribution analyses (soil texture) were determined by the modified Bouyoucos hydrometer method (Gee & Or, 2002).

				The soil chemical analyses were conducted following the guidelines of Díaz-Romeu & Hunter (1978) as follows: soil pH and EC (electric conductivity) were extracted in water 10:25 (m3 m−3); exchangeable acidity and 

			

		

		
			
				Table 1. Sampled locations for nematological analysis in potato, and their respective altitudes. Cartago, Costa Rica. 2015–2017. 

				Cuadro 1. Localidades muestreadas para análisis nematológico en papa y sus respectivas altitudes. Cartago, Costa Rica. 2015-2017. 

					

				
					ID

				

				
					MASL

				

				
					Altitude

				

				
					District

				

				
					Canton

				

				
					ID

				

				
					MASL

				

				
					Altitude

				

				
					District

				

				
					Canton

				

				
					F1

				

				
					1609

				

				
					Low

				

				
					Santiago

				

				
					Paraíso

				

				
					F24

				

				
					2184

				

				
					Medium

				

				
					Tierra Blanca

				

				
					Cartago

				

				
					F2

				

				
					1633

				

				
					Low

				

				
					Santa Cruz

				

				
					Santa Cruz

				

				
					F25

				

				
					2186

				

				
					Medium

				

				
					Charcalillos

				

				
					Pacayas

				

				
					F3

				

				
					1645

				

				
					Low

				

				
					Alvarado

				

				
					Alvarado

				

				
					F26

				

				
					2232

				

				
					Medium

				

				
					Tierra Blanca

				

				
					Oreamuno

				

				
					F4

				

				
					1670

				

				
					Low

				

				
					Capellades

				

				
					Alvarado

				

				
					F27

				

				
					2281

				

				
					Medium

				

				
					Tierra Blanca

				

				
					Cartago

				

				
					F5

				

				
					1678

				

				
					Low

				

				
					Cot

				

				
					Oreamuno

				

				
					F28

				

				
					2302

				

				
					Medium

				

				
					Tierra Blanca

				

				
					Cartago

				

				
					F6

				

				
					1770

				

				
					Low

				

				
					Cot

				

				
					Oreamuno

				

				
					F29

				

				
					2342

				

				
					Medium

				

				
					Tierra Blanca

				

				
					Cartago

				

				
					F7

				

				
					1813

				

				
					Low

				

				
					Cot

				

				
					Oreamuno

				

				
					F30

				

				
					2399

				

				
					Medium

				

				
					Pacayas

				

				
					Alvarado

				

				
					F8

				

				
					1840

				

				
					Low

				

				
					Cot

				

				
					Oreamuno

				

				
					F31

				

				
					2424

				

				
					Medium

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F9

				

				
					1851

				

				
					Low

				

				
					Cot

				

				
					Oreamuno

				

				
					F32

				

				
					2482

				

				
					Medium

				

				
					Pacayas

				

				
					Alvarado

				

				
					F10

				

				
					1856

				

				
					Low

				

				
					Llano Grande

				

				
					Cartago

				

				
					F33

				

				
					2489

				

				
					Medium

				

				
					Pacayas

				

				
					Alvarado

				

				
					F11

				

				
					1870

				

				
					Low

				

				
					Cot

				

				
					Oreamuno

				

				
					F34

				

				
					2609

				

				
					High

				

				
					Pacayas

				

				
					Alvarado

				

				
					F12

				

				
					1873

				

				
					Low

				

				
					Cot

				

				
					Oreamuno

				

				
					F35

				

				
					2619

				

				
					High

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F13

				

				
					1893

				

				
					Low

				

				
					Llano Grande

				

				
					Cartago

				

				
					F36

				

				
					2631

				

				
					High

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F14

				

				
					1956

				

				
					Low

				

				
					Pacayas

				

				
					Alvarado

				

				
					F37

				

				
					2819

				

				
					High

				

				
					Capellades

				

				
					Alvarado

				

				
					F15

				

				
					2005

				

				
					Low

				

				
					Tierra Blanca

				

				
					Oreamuno

				

				
					F38

				

				
					2833

				

				
					High

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F16

				

				
					2041

				

				
					Low

				

				
					Llano Grande

				

				
					Cartago

				

				
					F39

				

				
					2870

				

				
					High

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F17

				

				
					2075

				

				
					Low

				

				
					Llano Grande

				

				
					Cartago

				

				
					F40

				

				
					2886

				

				
					High

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F18

				

				
					2078

				

				
					Low

				

				
					Llano Grande

				

				
					Cartago

				

				
					F41

				

				
					2909

				

				
					High

				

				
					Capellades

				

				
					Alvarado

				

				
					F19

				

				
					2083

				

				
					Low

				

				
					Charcalillos

				

				
					Pacayas

				

				
					F42

				

				
					2918

				

				
					High

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F20

				

				
					2093

				

				
					Low

				

				
					Llano Grande

				

				
					Cartago

				

				
					F43

				

				
					2994

				

				
					High

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F21

				

				
					2101

				

				
					Medium

				

				
					Llano Grande

				

				
					Cartago

				

				
					F44

				

				
					3193

				

				
					High

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F22

				

				
					2123

				

				
					Medium

				

				
					Llano Grande

				

				
					Cartago

				

				
					F45

				

				
					3199

				

				
					High

				

				
					Santa Rosa

				

				
					Oreamuno

				

				
					F23

				

				
					2152

				

				
					Medium

				

				
					Llano Grande

				

				
					Cartago

				

				ID: Sample identification. MASL: Meters above sea level. / ID: Identificación de la muestra. MASL: Metros sobre el nivel del mar.
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				Al, Ca and Mg were extracted with 1N KCl 1:10 (m3 m−3); P, K, Zn, Fe, Mn and Cu were extracted with modified Olsen solution at pH 8.5 (0.5 N NaHCO3, 0.01M EDTA, Superfloc 127) 1:10 (m3 m−3); S with Ca(H2PO4)2H2O 0.008M 10:25 (m3 m−3). Acidity was determined by titration with NaOH and Al with HCl; P and S by colorimetry with flow injection analyzer (FIA), and the rest of elements by atomic absorption spectrophotometry. The total soil C and N (%) were analyzed by dry combustion in Autoanalyzer, using Dumas method (Nelson & Sommers, 1996). From the total soil C (%), the soil organic matter content was calculated by multiplying this value by 1.43 following the laboratory recommendation. 

				Statistical analysis

				Samples were categorized into three altitudinal levels: “low” from 1600 to 2100 m a.s.l., “medium” from 2101 to 2600 m a.s.l., and “high” from 2601 to 3100 m a.s.l. A total of 20 locations were analyzed for the low altitude, 13 for the medium altitude, and 12 for the high altitude. The statistical analysis was performed using R (R Core Team, 2024) and RStudio (Posit Team, 2024).

				 A descriptive statistical analysis was conducted to show the nematode abundance patterns in samples where nematodes were present (excluding zero values). The analysis included measures of central tendency (mean) and dispersion (maximum and minimum) for each nematode taxa, stratified by sample type (roots and soil) and altitudinal distribution (sample type × altitude). This approach of excluding zeros was chosen to focus on the abundance patterns in habitats where nematodes were successfully established, to highlight the actual population densities in occupied habitats, rather than diluting the abundance estimates with samples where nematodes were absent. The mean abundance was calculated as (∑n i = 1 xi)/n, where xi>0 represents individual nematode counts and n is the number of samples containing nematodes. 

				Three key metrics were calculated to analyze the distribution and composition of plant-parasitic nematodes. The Absolute Abundance (FA) represents the total count of individuals across all samples, calculated separately for each genus, family, or cyst, across the altitudinal levels (Low, Medium, High) and sample type (Combined [Roots+Soil]) and separate [Roots or Soil], where FA=∑ni = 1 = xi (with xi representing the count of individuals in sample i). To test for significant differences in absolute abundance across altitudinal levels, a Kruskal-Wallis test was performed, followed by a Bonferroni-corrected post-hoc test (α = 0.05) for multiple comparisons (Holm, 1979; Kruskal & Wallis, 1952). 

				The Relative Abundance (FR = number of individuals in a genus or family / total number of nematodes across all genera or families) quantifies the proportional representation of each taxonomic group, excluding cysts due to differences in extraction methodology, and was analyzed across sample types and altitudinal levels. The Frequency of Occurrence (FO = [number of samples with presence / total number of samples] × 100) measures the proportion of samples in which a particular taxonomic group is present, relative to the total number of samples considered. Genera with zero presence/absence were excluded from the FO analysis to avoid statistical bias caused by missing data. 

				To evaluate significant differences in the FO by sample type across all locations, a Chi-square was used to assess differences in presence/absence of taxa. Subsequently, a pairwise proportion test with a Bonferroni-corrected post-hoc test (α = 0.05) was conducted to adjust for multiple comparisons and compare frequencies between taxa within each sample type (Holm, 1979; Kruskal & Wallis, 1952). This comprehensive approach enables the quantification of total population sizes (FA), assessment of PPN composition (FR), and understanding of spatial distribution patterns (FO) across sample types and altitudes. A Principal Component Analysis (PCA) was performed to analyze relationships between PPN, altitudes, and soil properties. A Spearman’s rank correlation was assessed to determine the strength and direction between the nematodes and nematodes with soil properties.
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				Hill´s N1 diversity index

				To compare the diversity of the PPN by sample type and by altitude the index Hill’s N1 diversity index (Neher & Darby, 2009) was calculated for each sample based on the relative abundances. This index was selected as it provides an estimate of effective diversity that is less influenced by rare taxa and facilitates comparisons among samples. A Wilcoxon test was performed to determine the diversity between sample types, both overall and within each altitude. A Kruskal-Wallis test, followed by a Bonferroni-corrected post-hoc test (α = 0.05) for multiple comparisons was performed to determine the diversity of PPN by altitude, without separating by sample type, and within each sample type.

				Molecular identification of Meloidogyne species

				Ten individuals from four Meloidogyne populations from Llano Grande, Pacayas, Oreamuno, and Paraíso were selected for identification at species level. DNA was isolated as in Humphreys-Pereira et al. (2014) with some modifications. Briefly, individual females were extracted from the roots with a dissecting needle and a scalpel. Each female was first rinsed in a Syracuse dish with autoclaved nanopure water to clean the surface. Then, it was transferred to a PCR tube with 10 µl of autoclaved nanopure water and macerated using a plastic pipette with a flamed tip. Ten microliters of Dream Taq PCR buffer and 1.5 µl of proteinase K (20 mg/mL) were added, and incubated for 16 h at 57 ºC followed by 20 min at 95 ºC.

				 Primers C2F3 (GGTCAATGTTCAGAAATTTGTGG) and 1108 (TACCTTTGACCAATCACGCT) (Powers & Harris, 1993) were used to amplify the mitochondrial DNA region between COII and 16S rRNA genes. PCR was carried out in 25 µl containing: 2.5 µl Dream Taq buffer (10X), 0.25 µl dNTPs (10 mM), 1.5 µl each primer (10 µM), 0.5 µl BSA (25 mg/mL), 0.3 µl Dream Taq (5 U/µl), and 3 µl DNA. The thermal profile was as follows: 94 °C for 2 min; 10 cycles of 94 °C for 10 s, 48 °C for 30 s, 68 °C for 2 min; then 25 cycles with a 20 s increase per cycle, followed by a final extension at 72 °C for 2 min (Jeyaprakash et al., 2006). 

				Reactions were done in a thermocycler. The RFLP-PCR was performed using HinfI and DraI enzymes. The amount required per reaction for DNA digestion was as follows: 8 µl of the PCR product, 0.4 µl of enzyme (DraI or HinfI), 0.4 µl of the buffer corresponding to each enzyme, and 1.2 µl of water. The thermal profile of the enzymatic digestion was 16 hours at 37 °C and 10 minutes at 65 °C. The restriction patterns were compared with results obtained by Humphreys-Pereira et al. (2014). Positive controls of M. incognita and M. hapla were included in the study.

				Results

				Nematode identification and population densities

				Nematodes from thirteen taxa were found in potato in Cartago: Aphelenchoides, Aphelenchus, Criconematidae, Ditylenchus, Globodera, Paratylenchus, Helicotylenchus, Hemicycliophora, Meloidogyne, Pratylenchus, Trichodoridae, Tylenchus and Xiphinema. All these taxa were found in soil samples (Table 2). In the soil samples, Meloidogyne was the genus with the greatest mean population (greatest at low altitude,  = 59 individuals). This was followed by Pratylenchus (greatest at high altitude, x̄ = 25) and Criconematidae (greatest at high altitude, x̄ = 29) (Table 2). 
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				All taxa but Criconematidae, Ditylenchus, Trichodoridae and Xiphinema were found in the root samples (Table 3). In the root samples, Meloidogyne was the genus with the greatest mean population (greatest at the low altitude, x̄ = 5394), followed by Globodera (greatest at high altitude, x̄ = 4526) and Pratylenchus (greatest at the high altitude, x̄ = 2892) (Table 3). Meloidogyne, Globodera, Pratylenchus and Tylenchus were present in the roots and soil at all altitudes (Table 2 and Table 3). 

				Frequency of occurrence (FO %)

				Pratylenchus was the most frequently detected genus in roots (FO = 68.2 %). While it is also found in soil, it appears 14.9 % more often in the root samples (Table 4). Globodera was commonly found in soil (FO = 57.8 %), although it was grouped with several other genera (Table 4). In frequency of occurrence was 28.3 percentage points higher in soil than in root samples. Helicotylenchus, Tylenchus and Meloidogyne were other genera more commonly found in soil than in roots, occurring 17.3 %, 8.3 %, and 3.8 % more frequently in soil samples, respectively (Table 4). Paratylenchus was a genus only present in roots at a very low FO (2.3 %), while Xiphinema was only present in the soil (FO = 2.2 %) (Table 4). 

			

		

		
			
				Table 2. Population densities of the plant-parasitic nematodes associated with soil samples in potatoes at different altitudes. Cartago, Costa Rica. 2015–2017.

				Cuadro 2. Densidades poblacionales de los nematodos fitoparásitos en suelo de papa por altitud. Cartago, Costa Rica. 2015-2017.

				
					Nematode 

				

				
					Total 

				

				
					Low altitude(1600–2100 m a.s.l.) 

				

				
					Medium altitude (2101–2600 m a.s.l.)

				

				
					High altitude (2601–3100 m a.s.l.)

				

				
					(n = 45)

				

				
					(n = 20)

				

				
					(n = 13)

				

				
					(n = 12)

				

				
					Aphelenchoides

				

				
					2 (1–5)

				

				
					3 (2–5)

				

				
					2 (1–5)

				

				
					0

				

				
					Aphelenchus

				

				
					2 (1–6)

				

				
					3 (1–6)

				

				
					1 (1–3)

				

				
					0

				

				
					Criconematidae

				

				
					15 (1–57)

				

				
					14 (1–49)

				

				
					12 (1–52)

				

				
					29 (1–57)

				

				
					Ditylenchus

				

				
					1 (1–2)

				

				
					2

				

				
					0

				

				
					1

				

				
					Globodera

				

				
					18 (1–153)

				

				
					15 (1–79)

				

				
					28 (1–153)

				

				
					11 (2–38)

				

				
					Helicotylenchus

				

				
					33 (1–418)

				

				
					53 (1–418)

				

				
					1

				

				
					3 (1–8)

				

				
					Hemicycliophora

				

				
					3 (1–9)

				

				
					4 (1–9)

				

				
					2 (1–4)

				

				
					2

				

				
					Meloidogyne

				

				
					39 (1–481)

				

				
					59 (1–481)

				

				
					10 (2–21)

				

				
					7

				

				
					Pratylenchus

				

				
					13 (1–201)

				

				
					3 (1–6)

				

				
					7 (1–29)

				

				
					25 (1–201)

				

				
					Trichodoridae

				

				
					2 (1–5)

				

				
					2 (1–2)

				

				
					2 (1–3)

				

				
					2 (1–5)

				

				
					Tylenchus

				

				
					3 (1–12)

				

				
					4.2 (2–12)

				

				
					2 (1–4)

				

				
					3 (1–8)

				

				
					Xiphinema

				

				
					2

				

				
					0

				

				
					2

				

				
					0

				

				
					Cysts

				

				
					74 (1–522)

				

				
					18 (1–142)

				

				
					50 (1–355)

				

				
					142 (2–522)

				

				Values represent nematode counts expressed as number of individuals per sample. Data expressed in meters above sea level (m a.s.l.). Mean (minimum-maximum). If the minimum equals the maximum, only one value is indicated. Data is expressed in 100 mL of soil for mobile phases and 200 mL of soil for Globodera cysts. n: Number of sampled locations. Total: Overall population density across all altitudinal levels combined.  / Los valores representan los conteos de nematodos expresados como número de individuos por muestra. Datos expresados en metros sobre el nivel del mar (m a.s.l.). Media (mínimo-máximo). Si el valor mínimo es igual al máximo, se indica un solo dato. Los datos se expresan en 100 mL de suelo para las fases móviles y 200 mL de suelo para los quistes de Globodera. n: Número de locaciones muestreadas. Total: Densidad poblacional general a través de todos los niveles altitudinales combinados.
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				Table 3. Population densities of the plant-parasitic nematodes associated with potato roots at different altitudes. Cartago, Costa Rica. 2015–2017.

				Cuadro 3. Densidades poblacionales de los nematodos fitoparásitos en raíces de papa a diferentes altitudes. Cartago, Costa Rica. 2015-2017.

				
					Nematode 

				

				
					Total 

				

				
					Low altitude

					(1600–2100 m a.s.l.) 

				

				
					Medium altitude (2101–2600 m a.s.l.)

				

				
					High altitude (2601–3100 m a.s.l.)

				

				
					(n = 44)

				

				
					(n = 19)

				

				
					(n = 13)

				

				
					(n = 12)

				

				
					Aphelenchoides

				

				
					24 (10–40)

				

				
					15 (10–25)

				

				
					28 (10–40)

				

				
					40

				

				
					Aphelenchus

				

				
					55 (1–160)

				

				
					14 (1–20)

				

				
					85 (25–160)

				

				
					0

				

				
					Globodera

				

				
					2177 (10–13280)

				

				
					173 (20–280)

				

				
					156 (10–510)

				

				
					4526 (40–13280)

				

				
					Helicotylenchus

				

				
					424 (5–2165)

				

				
					528.4

				

				
					5

				

				
					10

				

				
					Hemicycliophora

				

				
					5 (1–10)

				

				
					1

				

				
					8 (5–10)

				

				
					0

				

				
					Meloidogyne

				

				
					4224 (5–43720)

				

				
					5394 (5–43720)

				

				
					2110 (200–5480)

				

				
					40

				

				
					Paratylenchus

				

				
					1

				

				
					1

				

				
					0

				

				
					0

				

				
					Pratylenchus

				

				
					1793 (5–13425)

				

				
					663 (5–2080)

				

				
					1706 (70–5040)

				

				
					2892 (60–13425)

				

				
					Tylenchus

				

				
					24 (1–52)

				

				
					22 (5–52)

				

				
					22 (1–45)

				

				
					40

				

				Values represent nematode counts expressed as number of individuals per sample. Data expressed in meters above sea level (m a.s.l.). Mean (minimum-maximum). If the minimum equals the maximum only one value is indicated. Data is expressed in 100 g of roots for the nematode’s mobile phases. n: Number of sampled locations. Total: Overall population density across all altitudinal levels combined. / Los valores representan los conteos de nematodos expresados como número de individuos por muestra. Datos expresados en metros sobre el nivel del mar (m a.s.l.). Media (mínimo-máximo). Si el valor mínimo es igual al máximo, se indica un solo dato. Los datos están expresados en 100 g de raíces para las fases móviles de los nematodos. n: Número de locaciones muestreadas. Total: Densidad poblacional general a través de todos los niveles altitudinales combinados.

			

		

		
			
				Table 4. Frequency of occurrence (%) of the nematodes associated with potato roots and soil. Cartago, Costa Rica. 2015–2017.

				Cuadro 4. Frecuencia de ocurrencia (%) de los nematodos asociados a las raíces y suelo de papa. Cartago, Costa Rica. 2015-2017.

				
					Nematode

				

				
					Roots

				

				
					Soil

				

				
					(n = 44)

				

				
					(n = 45)

				

				
					Aphelenchoides

				

				
					18.2 bc

				

				
					15.6 cde

				

				
					Aphelenchus

				

				
					15.9 bc

				

				
					17.8 acde

				

				
					Criconematidae

				

				
					0

				

				
					31.1 abcde

				

				
					Ditylenchus

				

				
					0

				

				
					6.7 de

				

				
					Globodera

				

				
					29.5 b

				

				
					57.8 b

				

				
					Helicotylenchus

				

				
					22.7 bc

				

				
					40 abc

				

				
					Hemicycliophora

				

				
					6.8 bc

				

				
					17.8 acde

				

				
					Meloidogyne

				

				
					29.5 b

				

				
					33.3 abcd

				

				
					Paratylenchus

				

				
					2.3 c

				

				
					0

				

				
					Pratylenchus

				

				
					68.2 a

				

				
					53.3 ab

				

				
					Trichodoridae

				

				
					0

				

				
					15.6 cde

				

				
					Tylenchus

				

				
					27.3 bc

				

				
					35.6 abcd

				

				
					Xiphinema

				

				
					0

				

				
					2.2 e

				

				
					Cysts

				

				
					66.7 b

				

				Data is expressed based on 100 mL of soil, 100 g of roots for the mobile phases of nematodes, and 200 mL of soil for Globodera cysts. n = number of sampled locations. Different letters within each column indicate significant differences among taxa (Chi-square test with Bonferroni-adjusted pairwise comparisons, α = 0.05). / Los datos se expresan en base a 100 mL de suelo, 100 de raíces para las fases móviles de los nematodos y 200 mL de suelo para los quistes de Globodera. n = número de localidades muestreadas. Diferentes letras dentro de cada columna indican diferencias significativas entre los taxones (prueba de Chi-cuadrado con comparaciones pareadas ajustadas mediante la corrección de Bonferroni, α = 0,05). 
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				Absolute abundance (FA)

				The absolute abundance shows the nematode population densities at different altitudes by sample type (roots, soil, or combined sample [roots + soil]) (Figure 1). In general, when differences in the absolute abundance were consistently observed, they were reflected in the combined sample. Independent of the sample type, Pratylenchus had a greater absolute abundance at higher altitude. Similarly, Globodera had greater absolute abundance at the higher altitude in the root and the combined samples, but there was no difference in the abundance in the soil samples. 

				Globodera cysts had greater absolute abundance at the higher altitude (Figure 1). Meloidogyne had a greater absolute abundance at the lower altitude in the combined sample, but there was no difference in the absolute abundance in the soil or roots samples. Helicotylenchus was consistently higher at the lower altitude, independent of the sample type. Aphelenchoides and Aphelenchus were greater at the medium altitude in the combined samples and Aphelenchoides was also greater at the medium altitude in the soil and root samples. All the other genera did not have differences in absolute abundance. 

			

		

		
			
				
					Figure 1. Absolute abundance of the plant-parasitic nematodes associated with potato across sample type (roots and soil) and altitude. Cartago, Costa Rica. 2015–2017. 

					Data is expressed in 100 g of roots, 100 mL of soil for the nematode’s mobile phases and 200 mL of soil for cysts. Bars with different letters differ significantly among altitudinal levels within each sample type (Kruskal–Wallis test followed by Bonferroni-adjusted post hoc comparisons, α = 0.05). SE: Standard error. Combined: Nematodes in roots + soil.

					Figura 1. Abundancia absoluta de nematodos fitoparásitos asociados con la papa según el tipo de muestra (raíces y suelo) y la altitud. Cartago, Costa Rica. 2015-2017. 

					Los datos se expresan en 100 g de raíces, 100 mL de suelo para las fases móviles de los nematodos y 200 mL de suelo para los quistes. Las barras con letras diferentes difieren significativamente entre niveles altitudinales dentro de cada tipo de muestra (prueba de Kruskal–Wallis seguida de comparaciones post hoc ajustadas mediante Bonferroni, α = 0,05). SE: Error estándar. Combined: Nematodos en raíces + suelo. 

				

			

			
				[image: Gráficos de barras que muestran la abundancia media de diferentes géneros de nematodos en suelo según tres niveles de altitud con barras codificadas por colores para baja, media y alta altitud y letras que indican diferencias estadísticas.
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				Relative abundance (FR)

				Nematode genera had strong dominance by fewer plant-parasitic genera in the root samples (Figure 2). In these samples, the lower altitude was dominated by Meloidogyne with Pratylenchus also present and a lower abundance of Helicotylenchus. The medium altitude was dominated by Pratylenchus, with lower relative abundance of Meloidogyne and even lower from other genera. The high altitude was dominated by Pratylenchus and Globodera.

				The medium altitude showed more presence of different PPN than the other altitudes (Figure 2). At low altitudes, Helicotylenchus was the dominant genus, followed by Meloidogyne. The medium altitude was mostly dominated by Globodera, while the high altitude by Pratylenchus followed by Globodera. Criconematidae was more present in the soil samples, at medium and high altitudes. 

				Principal components analysis (PCA)

				The ordination of soil properties, altitude, and nematode genus is shown in Figure 3. The first two components of the PCA explained 34.1 % of the total variance (PCA1: 19.1 %, eigenvalue = 5.52, PCA2: 15 %, eigenvalue = 4.36). In general, the PCA suggests that the high altitude had nematode and soil properties slightly different than the medium and low altitudes, while these altitudes were more similar. The PCA clusters and vector directions indicated associations between soil properties, altitude and nematode distribution. The ECEC (effective cation exchange capacity) and Ca seem dominant drivers explaining the nematode distribution. These soil properties are more related to some nematode genera such as Meloidogyne and opposite related to genera such as Globodera and Pratylenchus.

			

		

		
			
				
					Figure 2. Relative abundance of the plant-parasitic nematodes associated to potato across sample type (roots and soil) and altitude. Cartago, Costa Rica. 2015–2017. 

					Figura 2. Abundancia relativa de los nematodos fitoparásitos asociados a la papa según el tipo de muestra (raíces y suelo) y la altitud. Cartago, Costa Rica. 2015-2017. 

				

			

			
				[image: La gráfica muestra la abundancia relativa de diferentes componentes en raíces y suelo según la altitud categorizada en baja, media y alta.
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				Spearman´s rank correlation analysis

				The Spearman´s ranks correlations were predominately weak or moderate (Figure 4). There was a negative correlation between Meloidogyne and Pratylenchus, as well as Meloidogyne and Criconematidae with cysts. Several positive correlations were detected: Pratylenchus with Globodera and cysts, Helicotylenchus with Meloidogyne, Ditylenchus with Trichodoridae, Tylenchus with Hemicycliophora, Aphelenchoides with Aphelenchus, Criconematidae with Hemicycliophora, Meloidogyne with Aphelenchus, Globodera with cysts, Aphelenchoides with Aphelenchus and Xiphinema, Aphelenchus with Xiphinema, and Xiphinema with Trichodoridae. 

				Regarding soil properties, nematode genera had contrasting correlation patterns, particularly related with soil texture and chemical properties. Meloidogyne and Criconematidae were positively related with clay content, and the former also with variables linked to soil fertility (e.g., Ca, ECEC, Mn), while showing a negative correlation with Fe. In contrast, Pratylenchus and Globodera exhibited predominantly negative correlations with clay, and several cations (Ca, Mg) and ECEC, with Pratylenchus also negatively correlated with Mn. 

				Trichodoridae showed positive correlations with sand content and pH, and negative correlations with several cations and ECEC. Similarly, cysts showed negative correlations with clay, Ca, Mg, and ECEC, but a positive correlation with SA. Helicotylenchus displayed mixed responses, with positive correlations with clay and organic matter but negative correlations with sand and Cu. Overall, the correlations indicate a clear differentiation of genera along soil texture and fertility gradients.

			

		

		
			
				
					Figure 3. Principal component analysis (PCA) of plant-parasitic nematodes, soil samples, and altitudes from potato samples. Cartago, Costa Rica. 2015–2017. 

					ECEC: Effective cation exchange capacity. SA: Soil acidity saturation. OM: Organic matter. 

					Figura 3. Análisis de componentes principales (PCA) de nematodos fitoparásitos, muestras de suelo y altitudes de muestras de papa. Cartago, Costa Rica. 2015-2017. 

					ECEC: Capacidad de intercambio catiónica efectiva. SA: Saturación de acidez del suelo. OM: Materia Orgánica. 

				

			

			
				[image: Gráfico de análisis de componentes principales que muestra la relación entre diferentes variables químicas y tipos de nematodos en función de la altitud con tres grupos diferenciados por colores.
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				Hill´s N1 diversity index

				The Hill’s N1 index showed a difference in diversity between the soil and root samples. Soil samples (Hill’s N1 = 2.20) had a greater diversity of PPN than root samples (Hill’s N1 = 1.67) (p = 0.01). The diversity of the PPN was not different within the low altitude (p = 0.61, Hill’s N1 in root samples = 1.77 and in the soil samples = 1.87) and within the medium altitude (p = 0.13, Hill’s N1 in root samples = 1.99 and in the soil samples = 2.75). In the high altitude, however, the diversity was greater (p = 0.01) in the soil samples (Hill’s N1 = 2.11) than in the root samples (Hill’s N1 = 1.22). 

				There was no difference in the Hill’s N1 among the altitudes for the combined samples (roots+soil) (p = 0.06) with the low altitude with Hill’s N1 = 1.83, the medium altitude = 2.40, and the high altitude = 1.67. Likewise, there was no difference in the diversity of the root samples by altitude (p = 0.19, Hill’s N1 = 1.77 in the low altitude, 

			

		

		
			
				
					Figure 4. Spearman´s rank correlation coefficient between plan-parasitic nematodes genus and soil properties from potato field samples. Cartago, Costa Rica. 2015–2017. 

					Numbers inside squares indicate the p (rho), the Spearman correlation coefficient, for significant correlations (p ≤ 0.05), while empty squares represent non-significant correlations (p ≥ 0.05). Orange squares (1) represent a perfect positive correlation of ranks, and green squares (−1) represent a perfect negative correlation. ECEC: Effective cation exchange capacity. SA: Soil acidity saturation. OM: Organic matter. 

					Figura 4. Coeficiente de correlación de rangos de Spearman entre el género de nematodos parásitos de las plantas y las propiedades del suelo de muestras de campos de papa. Cartago, Costa Rica. 2015-2017.

					Los números dentro de los cuadrados indican el valor p (rho), el coeficiente de correlación de Spearman, para correlaciones significativas (p ≤ 0,05), mientras que los cuadrados vacíos representan correlaciones no significativas (p ≥ 0,05). Los cuadrados naranjas (1) representan una correlación positiva perfecta de rangos y los cuadrados verdes (−1) representan una correlación negativa perfecta. ECEC: Capacidad de intercambio catiónica efectiva. SA: Saturación de acidez del suelo. OM: Materia Orgánica. 

				

			

			
				[image: Mapa de calor que muestra correlaciones entre diferentes géneros de nematodos y variables ambientales del suelo con valores positivos y negativos destacados en colores rojo y azul.
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				1.99 in the medium altitude, and 1.22 in the high altitude) or in the soil samples by altitude (p = 0.17, Hill’s N1 = 1.87 in the low altitude, 2.74 in the medium altitude, and 2.11 in the high altitude).

				Molecular characterization and identification of Meloidogyne species

				Due to its agronomic importance and the difficulty of distinguishing species based solely on morphology, Meloidogyne was selected for molecular identification to the species level. The amplification products of Meloidogyne showed bands of 1200 bp for the samples from Llano Grande and Paraíso. The samples from Pacayas and Oreamuno showed bands of 500 bp. PCR-RFLP with the DraI and HinfI revealed specific restriction patterns of M. incognita for the samples from Llano Grande and Paraíso, and M. hapla for the samples from Pacayas and Oreamuno (Flores Chaves, 2008; Humphreys-Pereira et al., 2014). 

				Discussion

				The presence of globally recognized genera such as Globodera, Meloidogyne and Pratylenchus at high densities may pose a threat to potato production in Cartago. Although Nacobbus, another economically important genus known to affect potato health, was not detected, the identification of other damaging genera aligns with reports of yield losses in potato associated with nematodes (Lima et al., 2018). However, their actual impact under local conditions remains unquantified, as has been highlighted in other agricultural systems (Sikora et al., 2023). 

				Earlier surveys of PPN in Costa Rica potato fields, particularly those conducted in the 1970s, primarily detected the presence of Meloidogyne, Pratylenchus and Globodera (Ramírez, 1979), while others provided limited information on population densities (Montero et al., 2007). More recent studies in potato systems remain scarce and continue to focus mainly on occurrence and identification rather than ecological or quantitative analyses (Sandoval-Ruiz et al., 2020). Although some reports from other regions of Central and South America have identified similar genera associated with potato and other crops, differences in agroecological conditions and production systems limit direct comparison and have mostly focused on one specific genus (Holguin et al., 2023; Llumiquinga et al., 2026). The present study builds upon local potato research by providing more updated and quantitative information on nematode communities in Cartago, while incorporating environmental variables such as altitude and soil properties. 

				The lack of locally established thresholds for PPN in potato in the country presents a limitation for development of nematode management strategies. While reported thresholds from other countries suggest that the population densities of Meloidogyne, Pratylenchus, and Globodera found in this research exceed the critical levels linked with economic damage (Canto-Saenz & Brodie, 1986; Gorny et al., 2020; Holgado & Magnusson, 2012), it remains unclear whether these thresholds are applicable to local conditions, cultivars and crop practices. This highlights the need for thresholds specific to Costa Rica for the main PPN. 

				The widespread presence of Pratylenchus in soil and root samples across all altitudes indicates that this genus warrants further investigation as a potential constraint on potato production in Cartago. Consistent with this research, Pratylenchus has been reported as the most frequent nematode in potato in other countries (Brown et al., 1980). Worldwide, different Pratylenchus species have been associated with potato (Figueiredo et al., 2021; Orlando et al., 2024). 

				In Costa Rica, the presence of P. penetrans has been previously documented in horticultural crops, along with an unidentified species related to P. crenatus in potato in Cartago (Sandoval-Ruiz et al., 2023). Both species are known to reproduce and cause significant yield losses of up to 70 % on potato (Ain et al., 2025; Alexander & Waldenmaier, 2002; Figueiredo et al., 2022). Therefore, their presence raises concern for the local production, although species-level identification, spatial distribution, and pathogenicity in potato systems still require further research.
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				Meloidogyne was more abundant at lower altitudes, where it was the dominant genus in potato roots. This genus causes galls in the roots and tubers, which interferes with water and nutrient uptake and can affect tuber marketability (Daneel et al., 2018). These results suggest that Meloidogyne populations may be of greater concern in lower altitude production areas, which are typically used for consumption. Therefore, management of Meloidogyne should be prioritized at lower altitude regions.

				The confirmation of M. incognita and the first report of M. hapla in potato in Cartago highlight the diversity of root-knot affecting potato. Previously, M. hapla had been reported in carrot in Cartago, but not in potato (López & Salazar, 1978). Therefore, its presence should be considered to develop local nematode management strategies.

				Globodera was the most prevalent genus found in soil samples at higher altitudes but was also abundant in roots samples, suggesting active infection and a preference for cooler conditions. In Cartago, a previous study confirmed the presence of G. pallida with only one haplotype identified across several fields (Sandoval-Ruiz et al., 2020). The damage threshold for G. pallida under temperate conditions, in the Netherlands, is two eggs/g of soil at planting (Rowe, 2008). In this research, samples positive for Globodera generally exhibited higher abundances, suggesting a threat to potato production. Therefore, considering its distribution and potential crop damage, G. pallida should be prioritized in nematode management strategies, especially in the seed production area, where early and effective control is essential. 

				The most frequent nematode in potato crops was Pratylenchus, but the highest average population density was found in Meloidogyne. These differences may be related to reproductive capacity and life history traits. A female of Meloidogyne can lay over 1000 eggs in a gelatinous mass, while a Pratylenchus female can lay fewer eggs, typically between 16 and 35 eggs per cycle (Azlay et al., 2023). The observed variations in the frequency of occurrence and population density of nematodes in the samples may be influenced by differences in parasitic behavior (Camacho et al., 2025; Handoo et al., 2008; Kunwar et al., 2024; Pulavarty et al., 2021). These biological differences may also explain the contrasting patterns of detection and population density observed in this study and underscore the importance of genus-specific monitoring and management strategies.

				Pratylenchus showed a positive correlation with Globodera and a negative correlation with Meloidogyne, consistent with previous reports of contrasting population patterns among genera (Herve et al., 2005; Umesh et al., 1994). These patterns may reflect competition or ecological differentiation among genera (Kemboi et al., 2022). Environmental gradients such as altitude may also contribute to these patterns. However, further research is needed to better understand these complex dynamics.

				Nematodes from the Trichodoridae family were associated with potato plants in Cartago. Within this family, Trichodorus species are known vectors of Tobravirus (Elshishka et al., 2016) such as Tobacco rattle virus, that can affect potatoes (Riga et al., 2007). In Costa Rica, the presence of this virus has not been reported. However, since the virus-transmitting nematode is found in potatoes from Cartago, it is important to conduct further research to determine whether this virus exists within the country´s potato production areas. 

				The Hill’s N1 result showing greater diversity in the soil than in roots was expected. Root samples typically contain more specialized plant-parasitic nematodes, while soil samples support a broader species diversity. This highlights the importance of nematological sampling. Root sampling can provide a more accurate assessment of population density for endoparasites, while soil sampling is valuable for understanding soil community structure and applying soil-based thresholds (Decraemer & Geraert, 2013). Although soil was sampled at midseason in this study, it is well known that soil sampling before planting is crucial for implementing effective preventive measures. 

				A limitation of the current study is the relatively small proportion of variance explained by the first two PCA components (34.1 %), suggesting that factors such as environmental conditions, ecological interactions, management practices, or crop-related variables may also contribute (Porazinska et al., 1999). Further research should focus on identifying these additional variables, including microbial communities, other soil properties, or environmental conditions, to better understand the remaining sources of variation.
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				The PCA clusters showed that high-altitude sites had slightly different nematode community and soil properties compared to medium and low altitudes, whereas the latter were more similar to each other. This suggests that altitude, likely through associated environmental conditions, plays a role in structuring nematode assemblages. This study observed the lowest number of genera at the highest altitude, which is consistent with findings from other studies on different taxonomic groups, such as microarthropods (Marian et al., 2018; Mumladze et al., 2015). However, while previous research has proposed that higher altitudes tend to have greater nematode diversity, these studies focused on natural ecosystems and included both free-living and plant-parasitic nematodes (Kouser et al., 2021). In contrast, the present study excluded free-living nematodes and was conducted within an agricultural ecosystem, which may explain the contrasting pattern observed. Other factors, such as management practices, crop rotation, agrochemical use, and weed distribution, may also contribute to these differences but were not assessed in this study.

				The PCA analysis indicated that soil properties, such as ECEC, calcium, and clay content, are variables strongly associated with nematode distribution. These variables were associated with several nematode genera, suggesting a role in shaping plant-parasitic nematode communities. Previous research has identified calcium as a key factor negatively impacting the abundance of plant-parasitic nematodes (Archidona-Yuste et al., 2020). In this study, the effect of calcium varied among different nematode genera; for example, Pratylenchus and Globodera showed a negative correlation with calcium, while Meloidogyne showed a positive correlation, indicating genus specific responses to soil chemistry.

				Soil texture also influences the migration and reproduction of nematodes by affecting movement and host location (Plaisance et al., 2017; Prot & Van Gundy, 1981). This may explain why in this study Pratylenchus, Globodera and cysts were negatively correlated with clay content, while Helicotylenchus, Criconematidae, and Meloidogyne showed positive associations. These results are consistent with previous research indicating that juveniles of G. rostochiensis tend to move towards potato roots mainly in soils with high sand content and less in clayey soils (Rode, 1962). 

				Meloidogyne is generally associated with sandy soils, although it has also been suggested that clay soils facilitate juvenile stages of M. incognita in locating roots and migrating greater distances (Prot & Van Gundy, 1981). In this study, no correlation was observed between Meloidogyne and the sand content; instead, this genus showed a positive correlation with clay. This apparent contrast suggests that the influence of soil texture on Meloidogyne may be context-dependent, potentially mediated by soil structure, moisture or local management conditions. Future research should aim to explore these factors and their interactions with soil properties to better understand the distribution of nematodes in potato in Cartago. 

				Conclusions

				This study highlights the prevalence and distribution of plant-parasitic nematodes in the main potato production area of Costa Rica. Several plant-parasitic nematode genera were identified in both soil and roots of potato plants, with Pratylenchus, Globodera, and Meloidogyne being the most abundant. However, the full extent of the damage caused by these nematodes remains unquantified, and further research is needed to develop effective management strategies. Altitude and soil properties were associated with differences in nematode distribution. Further research is recommended to better understand the ecological dynamics of nematodes in potato in Cartago. This should include a comprehensive analysis of the nematode community and the integration of additional soil and environmental factors. 
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Abstract

Introduction. Plant-parasitic nematodes (PPN) are a major problem for potato production. Updated information
on PPN affecting potato (Solamum tuberosum) in Costa Rica is limited. Objective. To characterize the genera of PPN
occurring in potato fields in Cartago, with emphasis on their variation across altitude and soil properties. Materials
and methods. Between 2015 and 2017, forty-five potato fields from northern Cartago, Costa Rica, were sampled
and categorized by altitude: low (1600-2100 meters above sea level [m as.L]), medium (2101-2600 m a:s.L), and
high (2601-3100 m a.s.1). Composite soil and root samples were collected per field in a zigzag pattern for nematode
analysis and soil characterization. Additional soil samples were collected for cyst quantification. Nematodes
were extracted using centrifugal sugar-fiotation for genus/family identification and the Fenwick method for cyst
quantification. Abundance, frequency, and diversity (EEill’s N1 index) were compared across altitudes and sample
types. Non-parametric tests (Kruskal-Wallis, Chi-square) and multivariate analyses (PCA, Spearman correlation)
evaluated patterns and associations. Results. Thirteen genera/families were identified. Prarylenchus had the highest
frequency of occurrence in soil and roots, Meloidogyne showed the highest mean population density, and Globodera
showed greater abundance at higher altitudes. In addition, nematode genera were associated with soil properties, and
the presence of M. incognita and M. hapla was molecularly confirmed. Conclusions. Altitude and soil properties were
associated with variation in PPN distribution in potato fields of Cartago.
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Resumen

Introduccién. Los nematodos fitoparasitos (PPN) son un problema importante para la produccién de papa. La
informacién actualizada sobre los PPN que afectan la papa (Solanum tuberosum) en Costa Rica es limitada. Objetivo.
Caracterizar los géneros de nematodos fitoparsitos presentes en campos de papa en Cartago, con énfasis en su variacion
segiin Ia altitud y las propiedades del suelo. Materiales y métodos. Entre 2015 y 2017, se muestrearon cuarenta y
cinco campos de papa del norte de Cartago, Costa Rica, y se categorizaron por altitud: baja (16002100 metros sobre
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