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ABSTRACT 

 
Atandi, J. G., C. Orage, E. I. Nyambura, A. W. Kiriga, D. O. Omayio, K. Saikai, S. Haukeland, J. Kisaakye 

and D. L. Coyne. 2025. Banana fibre paper technology: Impact of repeated use on plant-parasitic nematodes 

and yield of potatoes and peas. Nematropica 55:44-64. 

 

Crop losses from plant-parasitic nematodes in sub-Saharan Africa necessitate sustainable, affordable, 

and smallholder-adapted management options. Synthetic nematicides are effective but difficult to apply 

safely. Using banana fibre paper (BFP) as a biodegradable carrier for low dose nematicide delivery offers 

a promising alternative. Our study tested the approach through consecutive potato (Solanum tuberosum) 

and pea (Pisum sativum) cropping at two locations in Kenya. Banana paper delivered biological 

(Trichoderma asperellum) and chemical (abamectin, fluopyram) nematicides. Nineteen nematode genera 

were recovered, including Globodera, Trichodorus, and Meloidogyne. Better nematode suppression was 

observed in the BFP + Abamectin, BFP + Fluopyram and BFP + Trichoderma treatments, relative to the 

control, albeit inconsistently. While BFP + Fluopyram and BFP + Trichoderma increased potato yields 

compared to the control, pea yields remained unchanged. Banana fibre paper technology presents an 

effective option for pesticide delivery, minimizing excessive use and potential contamination. The findings 

also offer a basis for training farmers in safe pesticide practices for nematode control. 
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RESUMEN 
 

Atandi, J. G., C. Orage, E. I. Nyambura, A. W. Kiriga, D. O. Omayio, K. Saikai, S. Haukeland, J. Kisaakye 

and D. L. Coyne. 2025. Banana fibre paper technology: Impact of repeated use on plant-parasitic nematodes 

and yield of potatoes and peas. Nematropica 55:44-64. 

 

Las pérdidas de cultivos causadas por nematodos fitoparásitos en África subsahariana exigen opciones 

de manejo sostenibles, asequibles y adaptadas a los pequeños agricultores. Los nematicidas sintéticos son 

eficaces, pero su aplicación segura resulta difícil. El uso de papel de fibra de plátano como portador 

biodegradable para la aplicación de bajas dosis de nematicidas ofrece una alternativa prometedora. Nuestro 

estudio evaluó este enfoque mediante el cultivo consecutivo de papa (Solanum tuberosum) y arveja (Pisum 
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sativum) en dos localidades de Kenia. El papel de plátano se utilizó para aplicar nematicidas biológicos 

(Trichoderma asperellum) y químicos (abamectina, fluopiram). Se recuperaron diecinueve géneros de 

nematodos, incluidos Globodera, Trichodorus y Meloidogyne. Se observó una mejor supresión de 

nematodos en los tratamientos BFP + Abamectina, BFP + Fluopyram y BFP + Trichoderma en comparación 

con el control, aunque de manera inconsistente. Mientras que BFP + Fluopyram y BFP + Trichoderma 

aumentaron los rendimientos de papa respecto al control, todos los tratamientos con papel aumentaron los 

rendimientos de papa en comparación con el control sin envoltura, mientras que los rendimientos de arveja 

no mostraron diferencias. El papel de fibra de plátano representa una opción eficaz para la aplicación de 

pesticidas, minimizando el uso excesivo y la contaminación potencial. Los hallazgos también ofrecen una 

base para capacitar a los agricultores en el uso seguro de pesticidas para el control de nematodos. 

 

Palabras-clave: abamectina; fluopyram; nematicidas; Trichoderma 

  

INTRODUCTION 
 

With over a billion people consuming potatoes 

(Solanum tuberosum), this crop ranks as the third 

most important worldwide and in East Africa, the 

second most important, after maize (Zea mays) 

(International Potato Center [CIP], 2024; Price et 

al., 2021). Potato is a globally popular crop for 

various reasons, including the ability to adapt to 

diverse eating habits (Devaux et al., 2014; Fleming 

& Morris, 2024), as well as the potential for 

improving food security (Ahmadu et al., 2021; 

Coyne et al., 2018a). Pea (Pisum sativum) is also 

an important crop grown as a vegetable for 

consumption locally and commercially. In Kenya, 

pea is grown for both local trade and export 

purposes, bringing high returns of up to 

USD 8 million annually from European market 

(Food and Agriculture Organization of the United 

Nations Statistics, 2024; Infonet-biovision, 2024). 

Globally, pea is commonly cropped in rotation with 

alfalfa, potato, and sugarbeet, but in Kenya they are 

mostly rotated with potato. Despite the importance 

of both crops and the increased demand for food in 

Kenya, their production has steadily declined, with 

pests and diseases, and climate change among the 

key reasons (El-Nagdi et al., 2019; Ndegwa et al., 

2020; Ogada et al., 2014; Wang’ombe & van Dijk, 

2013).  

Of the common potato pests and diseases in 

Kenya, late blight (Phytophthora infestans) and 

bacterial wilt (Ralstonia solanacearum) are key 

constraints (CIP, 2024). Viral diseases, such as 

potato virus X, potato virus Y, potato virus A, 

potato virus M, and potato leaf roll virus, are also 

problematic (Onditi et al., 2021; Polder et al., 2019; 

Were et al., 2013). A range of plant-parasitic 

nematodes are also important pests of potato (Niere 

& Karuri, 2018), which have become more 

recognized of late in Kenya due to the recent 

detection of the invasive and highly damaging 

potato cyst nematodes (Globodera rostochiensis 

and G. pallida) (Mburu et al., 2018; 2020; Mwangi 

et al., 2015). Stubby root nematodes (Trichodorus 

spp. and Paratrichodorus spp.) are also important 

as they indirectly affect potato tuber quality 

through transmission of tobacco rattle virus (TRV) 

rendering them unmarketable (Kolombia & Fabiyi, 

2023). For pea, Pseudomonas syringae pv. pisi, 

Aphanomyces root rot, Mycosphaerella pinodes, 

fusarium wilt (Fusarium oxysporum f.sp. pisi), 

powdery mildew (Erysiphe pisi), and rust 

(Uromyces viciae fabae) are among the more 

common diseases that affect production (Coyne et 

al., 2000; Prioul et al., 2004). Additionally, plant-

parasitic nematodes can affect pea crop growth and 

yield (Upadhaya et al., 2019). 

Plant-parasitic nematodes are important plant 

pathogens that result in significant crop losses 

worldwide, often as a complex with other 

pathogens (Abd-Elgawad, 2014; Coyne & 

Affokpon, 2018; Perry et al., 2024; Singh et al., 

2013). In sub-Saharan Africa, knowledge of 

nematodes as constraints to crop production 

remains relatively poor as compared with the 

situation in more developed nations (Coyne et al., 

2018a; Sikora & Roberts, 2018). However, with 

increasing efforts, the threat that nematodes pose to 

crop production and food security in sub-Saharan 

Africa is becoming very clear, and major efforts are 

necessary to mitigate these intractable pests (Coyne 

et al., 2018a). Root knot nematodes (Meloidogyne 

spp.) are arguably the most important nematode 

pests across crops, including in sub-Saharan Africa 

(Perry et al., 2024). In East Africa, they are also 

important constraints to potato production (Kamau 

et al., 2024; Lima et al., 2018) while Globodera 

spp. also pose a threat (Mburu et al., 2020). Other 
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genera, such as Trichodorus spp., can also cause 

heavy damage directly or indirectly (Bairwa et al., 

2022; Sharma & Sharma, 2022). The widespread 

occurrence of Globodera spp. in Kenya has only 

exacerbated the crisis of declining potato yields.  

In Africa, chemical pesticides have 

traditionally provided a principal option for 

controlling nematodes (Jones, 2017; Otieno, 2023). 

Use of chemical pesticides, however, has been 

largely driven by the larger-scale commercial 

sector, while smallholder farmers are less 

conversant with chemical pesticide use, especially 

nematicides, and tend not to use the more 

expensive (newer) products (Baweja et al., 2020; 

Oka, 2020). With the removal from the market of 

numerous products over recent decades, chemical 

options dwindled before newer, less hazardous 

chemistries began to appear (Lykogianni et al., 

2021). There remains, however, a persistent need to 

optimize delivery and efficacy of nematicidal 

applications for various reasons, including cost 

efficiency, contamination, ecological and human 

health (Aouada & De Moura, 2015; Khan et al., 

2023; Mahmood et al., 2016). Biological-based 

nematicidal options are becoming increasingly 

available but tend to be less used by smallholders 

in Africa (Abd-Elgawad & Askary, 2018). The soil 

environment is vast and so the targeted delivery of 

the lowest possible dosages of nematicides make 

for cost- and use-efficiency, while minimizing 

potential environmental contamination (Aouada & 

De Moura, 2015; Sasanelli et al., 2020). Similarly, 

by improving the efficacy of biological products, 

through targeted delivery, farmers are more likely 

to adopt their use (Hezakiel et al., 2024; Nazeer et 

al., 2023). Meanwhile, nematode pests continue to 

cause increasingly higher losses to production, as 

cropping systems intensify further and land 

becomes more successively cropped (Coyne et al., 

2018a; Khan, 2023; Teshita et al., 2024). Novel, 

environmentally sensitive and effective 

mechanisms are necessary to address this situation 

(Lykogianni et al., 2021; Sikder & Vestergård, 2020). 

The concept of using banana fibre paper as a 

biodegradable carrier for the targeted delivery of 

low doses of nematicides was first explored to 

improve the efficacy of abamectin (Cao et al., 

2015; Pirzada et al., 2020). To enhance the 

effectiveness of abamectin, controlled release 

technology has been widely applied (Cao et al., 

2016; Fan et al., 2014) but it still has mobility 

issues. While an effective nematicide, abamectin 

strongly bonds to carbon, soil particles, and organic 

matter and becomes relatively immobile in soil, 

impeding its ability to come into contact with 

nematodes, reducing its impact (Dionisio & Rath, 

2016; North Carolina State University [NCSU], 

2024). Delivery of low doses of abamectin by 

impregnating it on a biodegradable matrix and then 

applying it to the rhizosphere provided effective 

protection to potato (Kamau et al., 2024; Ochola et 

al., 2022) and yam (Dedehouanou et al., 2022; 

Pirzada et al., 2023) against nematode damage 

compared with conventional applications. 

Preliminary assessment using the nematicide 

fluopyram in pots provided results similar to 

abamectin (unpublished data). The current study 

was therefore conducted to compare the repeated 

delivery of fluopyram and abamectin chemical 

nematicides in addition to the Trichoderma 

asperellum-based product, Sustain OD® (RealIPM 

Ltd., Thika, Kenya), to potato and pea using banana 

fibre paper in the field. The opportunity to 

determine the use of the paper on a true seed crop 

was taken, using green pea. The repeated 

applications over successive seasons assessed the 

impact of this technology on the soil microbial 

dynamics and diversity over time, with a focus on 

nematode assemblages. The current study reports 

on plant-parasitic nematodes and crop growth. The 

impact on the free-living nematode community and 

microbiome aspects is reported separately. 

 

MATERIALS AND METHODS 
 

Study sites 

 

Our studies were established in the central and 

western highlands of Kenya at Nyandarua 

(0.72786° S, 36.6542° E) and Nyamira (0.8082° S, 

34.9668° E) counties, respectively, between 2021 

and 2023. Both locations receive bi-modal rainfall, 

with the long rains between March and July and 

short rains between September and December 

(Table 1). Owing to the favorable climatic 

conditions and high soil fertility, agricultural 

activities, including dairy and crop farming, are 

key economic drivers for the two counties (Council 

of Governors, 2013; County Government of 

Nyamira, 2018). Before planting the trials, soil 

samples were collected from each site to determine 

soil baseline parameters (Table 1). 
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Table 1. Geographical characteristics, soil physical and chemical properties of the study sites in Nyandarua 

and Nyamira counties, Kenya. 

  Nyandarua Nyamira 

Agroecological zone (AEZ) Upper Highland 1 Lower Midland 2 

Rainfall 700 – 1600 mm 1200 – 2100 mm 

Temperature 12 – 25 °C 10.1 – 28.7 °C 

Altitude 2400 – 3999 m 1877 – 2191 m 

Longitude 36.6542° E 34.9668° E 

Latitude 0.72786° S 0.8082° S 

Soil class Clay-loam volcanic Red volcanic nitisols 

Soil texture Clayey-loam Loamy-clayey to clayey 

Soil drainage Moderately drained Well drained 

Soil pH (units)   7.92 ± 0.48   6.19 ± 0.65 

Bulk density (g/cm3)   1.48 ± 0.14   1.43 ± 0.06 

Electrical conductivity(S) (mS/cm)   0.08 ± 0.05   0.12 ± 0.05 

Cation exchange capacity (meq/100 g) 26.18 ± 5.56 36.28 ± 8.54 

Soil organic carbon (%)   3.88 ± 2.83   1.29 ± 0.40 

Nitrogen total (%)   0.15 ± 0.06   0.09 ± 0.02 

Phosphorus (Olsen) (mg Kg-1)     2.39 ± 1.75   2.53 ± 0.97 

 

 

Trial establishment and management 

 

Two independent field experiments were 

established in both Nyandarua and Nyamira 

counties, one with potato and the other with pea. 

Although conducted at the same field sites, the 

crops were planted in separate, non-overlapping 

plots. Potato (cv. Shangi) were planted in plots of 

3.0 × 3.75 m, with 50 tubers planted per plot at a 

spacing of 30 cm between plants and 75 cm 

between rows at a depth of 5 cm, resulting in a plant 

population density of 44,444 plants/ha. For pea, 

150 seeds (cv. Greenfeast) per plot (3.0 × 3.75 m) 

were sown to a depth of 2 cm at a spacing of 10 cm 

between plants and 75 cm between rows, giving a 

plant density of 133,333 plants/ha. At both sites, 

di‑ammonium phosphate (DAP) fertilizer was 

applied at planting at a rate of 123.6 kg/ha, and 

calcium ammonium nitrate (CAN) at a rate of 

123.6 kg/ha was used to top-dress at 30 days post 

planting of each experiment. 

The trial comprised five treatments in which 

individual potato or pea seeds were wrapped in 

different paper treatments. These included banana 

representing the standard farmer practice 

(unwrapped tubers with no paper) was included. 

All banana paper sheets were supplied by North 

Carolina State University (NCSU, Raleigh, North 

Carolina, USA). Treatment details and application 

rates are provided in Table 2. This study utilized 

micro-dosages of less than one ten-thousandth 

(<1×10⁻⁴) of the recommended chemical 

nematicide rates of 160 g/ha for abamectin and 

250 g/ha for fluopyram, respectively. The 

BFP + Abamectin and BFP + Fluopyram were 

supplied pre-treated, while BFP + Trichoderma 

was prepared by wrapping potato or pea seeds in 

untreated paper, placing them in the planting hole, 

and drenching each wrapped seed with 300 ml of 

T. asperellum suspension (1.5 × 10⁴ cfu/ml) before 

lightly covering with soil (Kamau et al., 2024). The 

commercial T. asperellum product, Sustain OD®, 

was supplied by the RealIPM Ltd. (Thika, Kenya) 

as a liquid concentrate (1.0 × 10⁹ cfu/ml) and was 

diluted with water at planting. Each banana paper 

sheet (10.0 × 12.5 cm) was loosely wrapped around 

potato seed tubers (Ochola et al., 2022). For pea 

seeds, the banana sheets were cut into smaller sizes 

of 3.0 × 3.0 cm prior to wrapping the seeds. At each 

site, treatments were replicated four times in a 

randomized complete block design, with blocks 

separated by 0.75 m buffer zones. 

Pests and diseases were managed using 

chemical pesticides. The fungicides Ridomil Gold® 

(active ingredients: Metalaxyl-M 40 g/kg and 

Mancozeb 640 g/kg; Syngenta, Kenya) and Ortiva 

250 SC® (active ingredient: 250 g/L Azoxystrobin; 

Syngenta,  Kenya),    were  applied  bi-weekly  and  
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Table 2. Active ingredients and rates of pesticides and biocontrol agents amended on banana fibre paper treatments. 

Treatment Active ingredient Concentration/sheet Source of product 

BFPv  NAw NA NCSU, USAz 

BFP + Abamectin Abamectin 100 ngx NCSU, USA 

BFP + Fluopyram Fluopyram 10 ng NCSU, USA 

BFP + Trichoderma Trichoderma asperellum 4.5 x 106 cfuy RealIPM, Kenya 

Control NA NA NA 
vBFP = Banana fibre paper. 
wNA = Not applicable. 
xng = nanograms. 
ycfu = colony forming units. 
zNCSU = North Carolina State University. 

 

 

interchangeably starting from day 45 until 

dehaulming of potato and harvest of pea. The trials 

were rainfed, with hand-weeding undertaken at 

30‑day intervals (twice each season). The potato 

trials were conducted over four consecutive 

cropping seasons in Nyandarua County and for 

three seasons in Nyamira County. Initially, the 

study was established in Kakamega but was 

abandoned after the first cropping season due to 

land ownership and leasing issues, relocating it to 

Nyamira where three cropping seasons were 

conducted. In contrast, trials in Nyandarua 

proceeded for four seasons as originally planned. 

Pea trials were conducted for three seasons at each 

location, to compare and contrast with potato. For 

both crops, trials were terminated 90 days after 

planting. At harvest, plots were immediately 

prepared manually for the next cropping season, 

ensuring minimal delay before replanting with the 

same crop and treatment type. 

 

Soil sampling, nematode processing and yield 

analyses 

 

Prior to planting the first crop, soil samples 

were taken from each plot to establish initial 

nematode densities (Pi). Thereafter, soil and roots 

were sampled at harvest of each crop to determine 

final nematode densities (Pf), which also 

represented the Pi of the succeeding cropping. At 

each sampling time, soil and root samples were 

removed to a depth of ~30 cm using a trowel in a 

cross diagonal sampling pattern, taking five core 

samples per plot. Composite samples of at least 

500 g soil and 50 g roots were collected from each 

plot and immediately transported to the laboratory 

in a cool box for processing. 

Extraction for vermiform nematodes followed 

the modified Baermann technique using 100 ml 

soil and 5 g root sub-samples over 48 hr (Coyne et 

al., 2018b). Nematode suspensions were reduced to 

10 ml and nematodes counted from 3 × 2 ml 

aliquots using a Leica MZ12 stereomicroscope 

(Leica Microsystems, Wetzlar, Germany) and 

expressed per 100 ml soil or 5 g roots. For each 

sample, at least 100 nematodes were identified to 

genus level using a Zeiss Axiolab 5 compound 

microscope with Axiocam 208 camera (Carl Zeiss 

NTS Ltd, Oberkochen, Germany). Nematode 

identification was based on morphological features 

(Kansas State University, 2021). For potato cyst 

nematode extraction, the Fenwick can method was 

used with 200 ml of air-dried soil (European and 

Mediterranean Plant Protection Organization, 

2017). However, due to very low densities or no 

recovery of cysts, the analysis proceeded to focus 

solely on vermiform nematodes. 

At approximately 45 days post planting, plant 

growth parameters were recorded. For potato, five 

plants per plot were randomly selected and plant 

height, number of branches, number of leaves, 

length of leaves, stem diameter, and canopy 

diameter were recorded. The largest leaf per plant 

was selected and measured using a ruler. The stem 

diameter was measured at 5 cm above the root 

collar using a string and ruler. For pea, 10 plants 

were randomly selected in each plot and plant 

height, number of branches, number of leaves, 

length of leaves, and stem diameter were recorded 

as above for potato. 

Upon harvest of potato at 90 days after 

planting, tubers were graded into marketable and 

unmarketable (small chats, deformed, rotted, or 

damaged) based on tuber distribution size (Ekin et 
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al., 2009; Seid & Tessema, 2024). The weight (kg) 

of marketable tubers was recorded per plot, which 

was later computed to tons/hectare (t/ha). 

Similarly, peas were harvested at physiological 

maturity (90 days post planting). Harvest was by 

hand, which was achieved by carefully plucking 

the pea pods. The green pods were graded into 

either marketable or unmarketable based on 

McDonald et al. (2016), with unmarketable pods 

representing those with insufficient grain filling or 

damaged by biotic or abiotic elements. The weight 

(kg) of marketable green pods was recorded per 

plot, which was later computed to t/ha. 

 

Data analyses 

 

Nematode density and crop yield data were 

tested for normality and homogeneity of variance 

using Shapiro-Wilk test and Levene’s test, 

respectively. Where necessary, the data were 

transformed to their natural log to meet 

assumptions for parametric analysis. Data were 

then subjected to a two-way analysis of variance 

(ANOVA) to evaluate the main and interaction 

effects of season and treatment on nematode 

density and diversity, crop growth parameters, and 

yield. When significant effects were observed 

(p ≤ 0.05), means were separated using Fisher’s 

least significance difference (LSD) test using the 

package “agricolae” (De Mendiburu, 2023). All  

statistical analyses were performed using R version 

4.4.2 (R Core Team, 2023). 

 

RESULTS 
 

Plant-parasitic nematodes associated with potato 

and pea agroecosystems 

 

A total of 19 taxa of plant-parasitic 

nematodes, belonging to 11 families, were detected 

during the entire study period; 17 genera were 

recorded from potato (15 in Nyandarua and nine in 

Nyamira), and 13 genera from pea (11 in 

Nyandarua and 10 in Nyamira). For both crops, 

there was variation in mean densities of the 

nematode genera in Nyandarua (χ² ≥ 1926.8, 

p < 0.001) and Nyamira (χ² ≥ 3721.6, p < 0.001), 

respectively. For potato trials, the most commonly 

detected economically important nematode species 

were Globodera spp. (87 nematodes/100 ml soil) in 

Nyandarua, and Trichodorus spp. 

(223 nematodes/100 ml soil) in Nyamira (Table 3). 

While for the pea trials, Meloidogyne spp. was the 

predominantly important nematode genera in both 

Nyandarua (42 nematodes/100 ml soil) and 

Nyamira (110 nematodes/100 ml soil), respectively 

(Table 4). 

 

Relative density of plant-parasitic nematodes and 

nematode reproduction among treatments 

 

At each trial location, there was no interaction 

of season and treatment (χ² ≤ 1.9, p ≥ 0.38) on 

nematode density for either soil or roots from 

potato, therefore, data were pooled across seasons 

but split between sample type (soil and roots) prior 

to further analysis. In Nyandarua, the nematode 

density in potato soil varied (χ² = 12.21, p = 0.02) 

across treatments, with BFP + Abamectin 

recording the lowest final densities 

(258 nematodes/100 ml soil). Reproductive factors 

also varied (χ² =10.87, p  <  0.05), being lowest 

under BFP + Trichoderma (RF = 1.2). In roots, 

lower nematode densities (12 nematodes/5 g roots) 

were found under BFP + Fluopyram compared 

with 22 nematodes/5 g root in the control. In 

Nyamira, soil nematode densities were lowest 

(χ² = 71.47, p < 0.001) in BFP + Fluopyram and 

BFP + Trichoderma (≤ 771 nematodes/ 100 ml 

soil). Similarly, the same treatments registered the 

lowest reproductive factors (RF ≤ 0.88), relative to 

the control (RF = 1.11). Apart from the 

BFP + Abamectin treatment, all other paper 

treatments significantly reduced nematode 

densities in potato roots by ≥1.7‑fold, relative to 

untreated control (Table 5). 

For peas, there was no variation by season nor 

a significant season × treatment interaction 

(p ≥ 0.95). In Nyandarua, soil nematode densities 

varied significantly among treatments (χ² = 75.43, 

p < 0.001), with BFP and BFP + Abamectin having 

lower densities (≤ 432 nematodes/100 ml soil) than 

the control (609 nematodes/100 ml soil) (Table 5). 

Nematode reproduction was also influenced by 

treatment (χ² = 13.02, p = 0.04) with BFP treatment 

recording the lowest RF (1.2) compared to that of 

the control (RF = 2.3). Contrary, none of the 

treatments reduced root nematode densities relative 

to the control. In Nyamira, soil nematode densities 

were reduced (χ² = 28.96, p < 0.001) under BFP and 

BFP + Abamectin   relative   to  the  control,   with 
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Table 2. Prevalent plant-parasitic nematodes affecting potatoes in Nyandarua and Nyamira counties of Kenya. 

Family Genus cp classx Nyandaruay Nyamiray 

Aphelenchoidae Aphelenchoides spp. e 31 ± 4 cz   63 ± 6 c 

Aphelenchoididae Aphelenchus spp. e 49 ± 5 b     3 ± 1 e 

Belonolaimidae Tylenchorhynchus spp.  c   9 ± 2 de     0 ± 0 e 

Criconematidae Criconema spp. c   3 ± 1e     0 ± 0 e 

Hemicycliophoridae Hemicycliophora spp. c 36 ± 4 c     0 ± 0 e 

Heteroderidae Globodera spp. a 87 ± 8 a     0 ± 0 e 
 Meloidogyne spp. a 14 ± 2 d 163 ± 20 b 

Hoplolaimidae Helicotylenchus spp. c   9 ± 2 de     0 ± 0 e 
 Hoplolaimus spp. c   1 ± 1 e     0 ± 0 e 
 Rotylenchus spp. c 15 ± 2 d     0 ± 0 e 
 Trichotylenchus spp. c   0 ± 0 e   10 ± 2 de 

Longidoridae Longidorus spp. d 10 ± 2 de     0 ± 0 e 
 Xiphinema spp. d   2 ± 1 e   11 ± 2 de 

Pratylenchidae Pratylenchus spp. b   6 ± 3 de   74 ± 17 c 

Trichodoridae Trichodorus spp. d   0 ± 0 e 223 ± 11 a 

Tylenchidae Filenchus spp. e 42 ± 3 bc 246 ± 10 a 
 Tylenchus spp. e 34 ± 5 c   32 ± 2 d 
xLetters represent nematode feeding category and damage where a = most damaging and e = least damaging 

(Yeates et al., 1993). 
yMeans are recorded at commencement of trial period in the first cropping season. Values represent nematode 

counts/100 ml soil. 
zMeans followed by the same lowercase letters in each column are not significant at p ≤ 0.05. 

 

 

 

 

Table 3. Prevalent plant-parasitic nematodes affecting peas in Nyandarua and Nyamira counties of Kenya. 

Family Genus cp classx Nyandaruay Nyamiray 

Aphelenchoidae Aphelenchoides spp. e 54 ± 5 bz   73 ± 4 b 

Aphelenchoididae Aphelenchus spp. e 38 ± 5 c     0 ± 0 e 

Criconematidae Criconema spp. c 11 ± 3 d     7 ± 2 e 

Heteroderidae Globodera spp. a   7 ± 2 d     0 ± 0 e 
 Meloidogyne spp. a 42 ± 4 bc 110 ± 5 a 

Hoplolaimidae Helicotylenchus spp. c 35 ± 3 c   40 ± 4 b 
 Rotylenchulus spp. c 10 ± 2 d     0 ± 0 c 
 Rotylenchus spp. c 12 ± 2 d   10 ± 3 c 
 Scutellonema spp. c   0 ± 0 d   15 ± 4 c 

Longidoridae Longidorus spp. d   0 ± 0 d     1 ± 1 e 

Pratylenchidae Pratylenchus spp. b   2 ± 1 d   76 ± 5 b 

Tylenchidae Filenchus spp. e 87 ± 5 a   53 ± 3 c 
 Tylenchus spp. e 96 ± 6 a   37 ± 4 d 
xLetters represent nematode feeding category and damage where a = most damaging and e = least damaging 

(Yeates et al., 1993). 
yMeans are recorded at commencement of trial period in the first cropping season. Values represent nematode 

counts/100 ml soil. 
zMeans followed by the same lowercase letters in each column are not significant at p ≤ 0.05. 
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Table 4. Effect of banana fibre paper on the mean densities and reproductive factor of plant-parasitic nematodes 

infecting potato and pea in field trials at Nyandarua and Nyamira counties, Kenya. 

Trial Site Treatment 

Soilt 

nematodes 

(Pi)v 

Soilt 

nematodes 

(Pf)w 

Reproductive 

factor 

(RF) 

Rootu 

nematodes 

Potato Nyandaruax BFP 183 ± 26 bz 317 ± 27 a 1.73 ± 0.25 ab   14 ± 1 ab 

  BFP + Abamectin 180 ± 21 b 258 ± 41 b 1.43 ± 0.22 c   19 ± 2 ab 

  BFP + Fluopyram 190 ± 28 ab 289 ± 32 ab 1.52 ± 0.2 b   12 ± 2 b 

  BFP + Trichoderma 254 ± 43 a 299 ± 37 ab 1.18 ± 0.22 d   20 ± 2 ab 

  Control 151 ± 32 b 320 ± 45 a 2.12 ± 0.18 a   22 ± 3 a 

 Nyamiray BFP 891 ± 30 a 910 ± 43 a 0.94 ± 0.09 b   53 ± 4 c 

  BFP + Abamectin 959 ± 48 a 883 ± 25 ab 0.99 ± 0.12 ab 386 ± 14 a 

  BFP + Fluopyram 633 ± 49 c 622 ± 29 c 0.67 ± 0.08 c   56 ± 4 c 

  BFP + Trichoderma 773 ± 27 b 771 ± 15 b 0.88 ± 0.14 bc 234 ± 8 b 

  Control 964 ± 88 a 952 ± 38 a 1.11 ± 0.11 a 403 ± 10 a 

Pea Nyandarua BFP 203 ± 50 b 334 ± 41 b 1.20 ± 0.24 c   21 ± 3 c 

  BFP + Abamectin 271 ± 41 a 432 ± 86 b 2.13 ± 0.25 b   35 ± 6 b 

  BFP + Fluopyram 268 ± 36 ab 649 ± 131 a 2.42 ± 0.21 a   26 ± 5 bc 

  BFP + Trichoderma 274 ± 19 a 605 ± 111 a 2.21 ± 0.36 ab   49 ± 10 a 

  Control 279 ± 17 a 609 ± 111 a 2.25 ± 0.38 ab   28 ± 6 bc 

 Nyamira BFP 357 ± 14 b 438 ± 68 b 1.31 ± 0.22 b 117 ± 23 b 

  BFP + Abamectin 502 ± 28 a 450 ± 59 b 1.26 ± 0.26 b 118 ± 17 b 

  BFP + Fluopyram 360 ± 19 b 667 ± 133 a 1.85 ± 0.29 a 115 ± 14 b 

  BFP + Trichoderma 227 ± 17 c 545 ± 129 ab 1.67 ± 0.23 ab 142 ± 10 b 

    Control 334 ± 8 bc 549 ± 64 ab 1.82 ± 0.37 a 167 ± 43 a 
tSoil samples obtained from composite sample of 100 ml. 
uRoot samples obtained from composite sample of 5 g. 
vPi = Initial nematode population where means are recorded at commencement of trial period in the first cropping 

season. 
wPf = Final nematode population pooled from fourx and threey consecutive cropping seasons. 
zMeans followed by the same lowercase letters in each column for each crop and site are not significant at p ≤ 0.05. 

 

corresponding RF values suppressed (χ² = 11.46, 

p = 0.04). However, in root samples, all treatments 

had lower nematode densities than the control. 

 

Effect of treatments on crop growth parameters 

 

In the Nyandarua trial, potato growth traits 

differed among treatments. Plant height, leaf 

number, leaf length, and stem diameter were 

influenced (χ² ≥13.09, p < 0.01) by treatment, with 

taller plants and thicker stems recorded under BFP 

+ Abamectin compared with the control (Table 6). 

However, the number of branches and canopy 

diameter remained similar (χ² ≤ 3.0, p > 0.55) 

across treatments. Meanwhile in Nyamira, the third 

cropping season was affected by severe drought 

resulting in crop failure. Consequently, data from 

this season was not included in the analysis. 

However, from the first two seasons, which were 

pooled together, BFP + Trichoderma resulted in 

higher (χ² ≥ 10.19, p ≤0.04) values of plant height, 

leaf count, leaf length, and canopy diameter. In pea 

trials in Nyandarua, only plant height differed (χ² = 

22.85, p < 0.001) among the treatments, with BFP 

+ Fluopyram having taller plants (52 cm) than in 

the control (43 cm) (Table 7). At the Nyamira site, 

there were wide variations (χ² ≥ 21.06, p < 0.001), 

particularly for leaf length and stem diameter, 

where all BFP treatments outperformed the control. 

 

Effect of treatments on marketable yield 

 

Potato yields differed among the treatments 

(χ2 ≥ 12.28, p ≤ 0.02) during each season 

(χ2 ≥ 75.99, p < 0.001) with significant treatment 

by  season  interactions   (χ2 ≥ 45.08, p < 0.001)  at  
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sites. In Nyandarua, BFP + Fluopyram and BFP + 

Trichoderma resulted in greater marketable yields 

than the control in the first and second cropping 

seasons. However, no treatment performed better 

than the control in the third and fourth seasons 

(Fig. 1). At Nyamira, all treatments led to higher 

yields than the control in the first two seasons, 

yielding ≥ 48% and 57% increment for season 1 

and 2, respectively (Fig. 2). However, for pea trials, 

no yield differences were observed in Nyandarua 

or Nyamira across seasons. 

 

 

 

 
 

Figure 1. Effect of banana paper treatments on yield of potatoes across four cropping seasons in Nyandarua county, 

Kenya. Bars followed by the same letters are not significant at p ≤ 0.05. 
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Figure 2. Effect of banana paper treatments on the yield of potatoes across three 

cropping seasons in Nyamira county, Kenya. Bars followed by the same letters are not 

significant at p ≤ 0.05. 

 

 

DISCUSSION 
 

This study builds on earlier work evaluating 

banana fibre paper (BFP) as a carrier for 

nematicides, particularly abamectin, by assessing 

its broader utility under field conditions. Previous 

studies with BFP + Abamectin reported consistent 

nematode suppression and large yield gains in 

potato and yam (Dedehouanou et al., 2022; Kamau 

et al., 2024; Ochola et al., 2022; Pirzada et al., 

2023). Expanding this concept, we also tested BFP 

as a delivery system for fluopyram, a chemical 

nematicide, and T. asperellum, a biological control 

agent, in both potato and pea across multiple 

cropping seasons. To maintain focus on the 

potential of repeat paper-based delivery, 
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conventional direct applications were intentionally 

excluded, as their efficacy is already well 

established. The novelty of this study therefore lay 

in assessing whether paper-based micro-doses 

could provide sustained nematode suppression and 

yield benefits while reducing chemical use and 

potential contamination. Our findings suggest that 

while BFP impregnated with nematicides did 

suppress nematodes and improved potato yields, 

the magnitude of increase was more modest than in 

previous studies that reported three- to four-fold 

gains (Kamau et al., 2024; Ochola et al., 2022). 

This may reflect differences in environmental 

conditions, treatment efficacy over time, or 

variations in nematode pressure across sites, as 

potato cyst nematodes were absent in Nyamira. The 

lack of yield differences between treatments in the 

later Nyandarua seasons is also notable, though not 

immediately clear. In pea trials, nematode 

suppression without yield gains could be due to 

smaller seed size limiting effective paper delivery 

and generally low nematode challenge. 

Globodera spp. and Trichodorus spp. were the 

predominant economically important nematode 

species in potato farming at Nyandarua and 

Nyamira, respectively. Potato cyst nematodes 

(G. rostochiensis and G. pallida) are major threats 

to potato production, reducing crop yields by up to 

80% (Abrantes et al., 2023; Coyne et al., 2018a; 

Mburu et al., 2020; Onditi & Whitworth, 2024). 

Trichodorus spp., commonly known as stubby root 

nematodes, are also problematic nematodes for 

potato, with the ability to transmit tobacco rattle 

virus (TRV), leading to corky ringspot disease, 

which can render tubers unmarketable (Bairwa et 

al., 2022). Noteworthy, Globodera spp. and 

Trichodorus spp. were exclusively observed in 

Nyandarua and Nyamira site, respectively. The 

prevalence and distribution of Globodera spp. in 

Kenya has been documented (Mburu et al., 2020) 

with no reports of their presence in Nyamira, likely 

as it is not a major potato producing region. While 

Meloidogyne spp. is a highly prevalent, aggressive, 

and damaging nematode pest of potatoes (Lima et 

al., 2018; Pulavarty et al., 2021), densities of this 

nematode remained relatively low in our study. 

This may be attributed to our use of land that had 

been fallow for 5 years prior to our study. In the pea 

trials, however, Meloidogyne spp. and 

Pratylenchus spp. were the prevalent species at the 

locations. Meloidogyne spp. are important 

plant‑parasitic nematodes in pea fields in tropical 

and temperate regions (Upadhaya et al., 2019). 

A field study by Youssef & El-Nagdi (2019) 

indicated that most pea cultivars were susceptible 

to M. incognita. Pratylenchus spp. are also 

common on field peas (Riga et al., 2008). Legume 

food crops are known to be favourable hosts for a 

number of Pratylenchus spp., such as P. thornei and 

P. neglectus (Kandel et al., 2018). 

Banana fibre paper treatments demonstrated 

potential to suppress plant-parasitic nematodes in 

both potato and pea trials, although the magnitude 

of suppression varied across sites and crops. In 

some cases, BFP + Fluopyram and BFP + 

Trichoderma lowered soil and root nematode 

populations     relative     to    the    control, while 

BFP + Abamectin and untreated BFP also 

contributed to reductions in certain contexts. These 

variable outcomes highlight that suppression was 

treatment‑ and environment-dependent rather than 

uniform. The effectiveness of BFP + Fluopyram 

aligns with its known nematicidal activity, where 

inhibition of succinate dehydrogenase disrupts 

energy metabolism and immobilizes nematodes 

even at low concentrations (Beeman & Tylka, 

2018; Faske & Hurd, 2015; Hawk & Faske, 2020; 

Heiken, 2017; Ji et al., 2019; Jones et al., 2017; 

Schleker et al., 2022). Similarly, the reductions 

observed with BFP + Trichoderma are consistent 

with reports of Trichoderma spp. antagonizing 

plant‑parasitic nematodes through antibiosis, 

enzymatic hydrolysis, competition, and 

mycoparasitism (Asghar et al., 2024; Poveda et al., 

2020; Singh et al., 2018; Temitope et al., 2020; 

Wanjiku et al., 2021; Zhang et al., 2015), with 

T. asperellum noted for egg-parasitism and 

suppression of infective juveniles (dos Santos 

Pereira et al., 2021; Hemeda & El-Deeb, 2019). 

BFP + Abamectin also suppressed nematodes 

relative to the control, consistent with previous 

studies showing that abamectin can paralyze 

nematodes at sub-lethal concentrations as low as 

0.39 μg/ml suspension (Cao et al., 2015, 2016; 
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d’Errico et al., 2017; Faske & Starr, 2006; Kamau 

et al., 2024; Ochola et al., 2022). Collectively, these 

results indicate that BFP can serve as an effective 

carrier for chemical and biological agents, though 

the degree of nematode suppression achieved 

appears to depend on local soil and environmental 

conditions. 

 Growth responses to BFP treatments in potato 

trials varied across growth parameters generally. In   

Nyandarua, BFP + Abamectin produced the tallest 

plants and thickest stems compared to the control, 

reflecting improved vigor and structural 

robustness. This suggests that suppression of 

nematode pressure by abamectin may have allowed 

better resource allocation to shoot growth (Cao et 

al., 2015; Faske & Starr, 2006). BFP + 

Trichoderma supported more and larger leaves than 

the control, which is consistent with its role in 

enhancing nutrient uptake and promoting 

vegetative development (Poveda et al., 2020). In 

Nyamira, growth improvements were evident 

under BFP + Trichoderma for increased plant 

height, leaf length and canopy diameter relative to 

the control. BFP + Fluopyram enhanced leaf 

production in this site. These site-specific patterns 

show that the different BFP treatments conferred 

growth advantages through distinct mechanisms, 

with abamectin strengthening plant structure, 

Trichoderma stimulating canopy expansion, and 

fluopyram improving leaf development. In peas, 

the effects of BFP-based treatments on growth 

traits were inconsistent when compared with the 

control. While BFP + Fluopyram and BFP + 

Trichoderma enhanced plant height, branching, or 

stem diameter, these improvements did not follow 

a consistent pattern across traits or sites. Bandara 

& Kang (2024) for example, observed that 

Trichoderma spp. does not always necessarily 

result in crop growth, despite its positive impacts 

elsewhere.  

In potatoes, yield responses generally 

reflected treatment effects in the early seasons. In 

Nyandarua, BFP + Fluopyram and BFP + 

Trichoderma resulted in higher yields than the 

control during the first two seasons, aligning with 

earlier reports on banana fibre paper–based 

delivery systems (Kamau et al., 2024). However, 

these advantages were not sustained in seasons 

three and four, suggesting diminishing treatment 

effects or environmental constraints such as shifts 

in soil microbial communities, nutrient depletion 

under continuous potato cropping, or seasonal 

variability in temperature and moisture (Larkin et 

al., 2017; Petrushin et al., 2024; Qin et al., 2022). 

The performance of BFP + Trichoderma may also 

have been constrained by microbial competition, 

while BFP + Fluopyram, despite strong early gains, 

could have had residual effects on beneficial 

microbes with downstream implications for plant 

performance (Sun et al., 2019). In Nyamira, yield 

responses were inconsistent, with neither BFP + 

Fluopyram nor BFP + Trichoderma conferring 

sustained advantages relative to the control. And 

while Mahmoud et al. (2023) realized improved 

yield attributes of peas upon utilization of bio-

fertilizers, we did not find any yield increment in 

our pea trials. Traditionally, seed treatment by 

biological and chemical enhancement methods has 

largely been via seed coating and/or soaking 

(Lamichhane et al., 2022; Mendoza-Figueroa et al., 

2025; Rocha et al., 2019). We explored the use of 

banana paper as a wrap for the delivery of 

nematicides and microbes with limited success. 

This may be due to the relatively small amount of 

paper used to wrap the seed grains. Moreover, 

wrapping of individual seeds was time and labor-

intensive. To further test and improve this, studies 

are underway to assess the potential use of banana 

fibre pellets as a more user-friendly way for the 

effective delivery of nematicides on grain crops. 

 

CONCLUSION 

 

The study revealed that potatoes and peas 

were hosts to a wide range of plant-parasitic 

nematodes in Kenya. It further demonstrates both 

the opportunities and limitations of BFP as a 

delivery system for nematicidal agents. While 

suppression of plant-parasitic nematodes was 

inconsistent across sites and treatments, the initial 

potato yield responses were clear and compelling. 

The highest crop yields were realized with BFP + 

Fluopyram and BFP + Trichoderma, relative to the 

control. Pea, a grain crop, responded positively to 

BFP and BFP + Abamectin applications in terms of 

nematode suppression but not in terms of crop 

yield. These findings suggest that BFP represents a 

promising innovation for deploying both chemical 

and biological inputs, particularly for potato 

systems in diverse agroecological zones of Kenya. 
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However, its effectiveness in nematode 

suppression remains variable, warranting further 

optimization before widescale application. For 

further studies, we recommend investigating the 

improved applicability of BFP technology in grain 

crops as wrapping them is an impractical process 

that could be improved. Furthermore, owing to the 

largely unknown and complex nature of plant 

disease interactions, we suggest evaluation of this 

technology on disease complexes such as 

nematode-bacteria or nematode-fungus 

interactions. 
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