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Plant-biomass-based hybrid seed wraps 
mitigate yield and post-harvest losses among 
smallholder farmers in sub-Saharan Africa

Tahira Pirzada    1,5, Antoine Affokpon    2,5, Richard H. Guenther3, Reny Mathew3, 
Sachin Agate4, Aitana Blevins    4, Medwick V. Byrd4, Tim L. Sit3, 
Stephen R. Koenning3, Eric L. Davis3, Lokendra Pal    4, Charles H. Opperman3,6  
& Saad A. Khan    1,6 

Sustainable practices that reduce food loss are essential for enhancing 
global food security. We report a ‘wrap and plant’ seed treatment platform to 
protect crops from soil-borne pathogens. Developed from the abundantly 
available wastes of banana harvest and recycled old, corrugated cardboard 
boxes via chemical-free pulping, these paper-like biodegradable seed wraps 
exhibit tunable integrity and bioavailability of loaded moieties. These wraps 
were used for nematode control on yam (Dioscorea cayenensis-rotundata) 
seed pieces in Benin, a major producer of this staple crop in the sub-Saharan 
African ‘yam belt’. Our seed wraps loaded with ultra-low-volume abamectin 
(1/100 ≤ commercial formulation) consistently controlled yam nematode 
(Scutellonema bradys) populations while considerably increasing the yield 
at various locations over 2015–2018. Substantial reduction in post-harvest 
tuber weight loss and cracking was observed after 3 and 5 months of storage, 
contributing to increased value, nutrition and stakeholders’ preference for 
the wrap and plant treatment.

The agricultural sector needs to adopt holistic approaches to food 
production as global food supply must be sustainably enhanced for an 
exponentially growing population. This is especially relevant in regions 
dominated by smallholder farming, for example, sub-Saharan Africa 
(SSA)1–3. SSA’s population is expected to increase almost threefold 
by 2100 (ref. 3); however, its agricultural productivity is not keeping 
pace4. This is because of unfavourable climate changes, poor soil fertil-
ity, continuous cultivation, pathogen pressure and, to a great extent, 
knowledge and resource deficiency of smallholder farmers—who rep-
resent about 80% of the population5–9. Among various tuber and root 
crops, yam (Dioscorea rotundata and D. alata) is extremely valuable in 
West Africa, impacting the economic fate of millions of smallholder 
farmers10–14. Various climatic, cultural and edaphic factors dictate yam 

crop yield and quality11; more importantly, 17–50% of the crop is lost 
annually to plant-parasitic nematodes (PPNs)13,15–17.

PPNs, especially root-knot (Meloidogyne spp.), yam (Scutel-
lonema bradys) and lesion (Pratylenchus spp.)13,14,18, play major roles 
in reducing yam crop values primarily because of lack of available, 
affordable control options6,9,11. The yam nematode S. bradys is probably 
the single-most important parasite due to its ubiquitous presence in 
yam plantings14. Being a migratory endoparasite (occurs in roots and 
tubers, as well as soil) of yam, it is commonly transported regionally 
with yam seed pieces18,19. Its continued reproduction in stored yam 
leads to the loss of valuable food products and also contributes to the 
nematode population density at planting because yam seed piece stock 
comes from infested, stored tubers13,19,20. While PPN pre-plant density 
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index (minimum amount of pressure required to rupture per gram of 
paper) with the root penetration profile of the seed wrap24. BF paper 
shows a burst index of 3.8 kPa m2 g−1 (Extended Data Fig. 1g), almost 3.5 
times lower than the burst index of OCC paper (13.4 kPa m2 g−1). This 
difference in strength can be attributed to the extent of bonding due 
to the packing and nature of fibres in each of the papers, that is, more 
compact fibres enhance hydrogen bonding in OCC paper, while loosely 
packed, hollow fibres reduce the strength of BF paper38–40. Interestingly, 
with addition of BF, the strength of BO hybrids decreases substantially, 
for example, there is a 61% reduction in OCC burst index after adding 
20% BF in BO28, indicating the role of comparatively weaker, hollow 
banana fibres in reducing the strength of OCC fibres. An interplay of 
morphology–strength–cargo release together with biodegradability 
dictates the ultimate performance and fate of a W&P matrix in a field 
environment.

Biodegradability and soil integrity
We evaluated strength and integrity of various matrices by incubating 
them in soil with a growing tomato plant for the period under study 
(Extended Data Fig. 2a–e). Please note that tomato was only used as a 
simple bio-indicator of the ability of plant roots to penetrate through 
various paper compositions. Higher-BF-content papers (BF, BO82, 
BO64) started losing their strength (Fig. 1f–j, and Extended Data  
Fig. 2f) within the first three weeks, with a distinct loss in the fibre 
integrity and strength when kept in the soil for longer periods  
(Fig. 1e–k and Supplementary Table 1). Lower value of Young’s modulus 
of the higher BF content samples (indicative of better flexibility) can 
be attributed to the larger diameter of the BFs (Fig. 1b)41, leading to less 
area available for fibre bonding compared with those of OCC fibres. 
SEM images of samples drawn from soil after three weeks (Extended 
Data Fig. 2g–l) show formation of distinct cracks and loss in fibre mor-
phology. BO82 and BO64 hint as a viable wrap that gradually loses its 
integrity in soil while staying intact during the early growth period. In 
contrast, paper developed from BF-only disintegrates quickly. We also 
noticed that even the interior of the hollow banana fibre is coated with 
soil particles after three weeks (Fig. 1k). This coating can further speed 
up the degradation process owing to the large surface area available 
to soil microorganisms. Interestingly, we also noticed spore-like struc-
tures on BF, BO82 and BO64 after three weeks (shown as arrowheads in 
Extended Data Fig. 2g–i), which indicate the supportive environment 
provided by BF for growth of soil microorganisms that can facilitate 
biodegradation of BF-enriched matrices in soil. While various studies 
have recently indicated that decomposition of lignocellulosics in the 
soil is a synergistic action of several parameters, including diverse 
enzyme families secreted by different soil microorganisms, compo-
sition of lignocellulosics and nature of soil42,43, a low lignin content in 
our synthetic polymer-free BF hybrids taken together with the large 
surface area (contributed by hollow lumen) exposed to the soil biota 
can contribute to its biodegradation within a reasonable timeframe.

Nature and extent of interactions with the AI
The diffusion of small molecules (for example, AI) in a solid phase 
matrix is dictated by various factors, including interactions between 
the matrix and diffusant as well as the aqueous pathways (sorption 
and diffusion) determined by the nature and content of water in the 
matrix. A higher rate of flow of water in BF and BO82 (Fig. 2a) can be 
attributed to their low density and high porosity (indicated by low air 
resistance in Extended Data Fig. 1h) and abundance of hollow tubu-
lar fibres acting as a highway for water molecules44,45. In addition, 
thermogravimetric analysis of the matrices shows a large amount of 
hard-to-remove (bound and trapped46) water (56.5 mg g−1) and volatiles 
(15.4 mg g−1) per gram in BO82 as compared with high-OCC-content 
papers, which exhibit a high content of weakly bonded water (free 
water, indicated by weight loss between 25 and 50 °C; Supplementary 
Fig. 2a). Generally, hard-to-remove water in a matrix is responsible for 

is negatively correlated with crop yield, in the yam–Scutellonema 
pathosystem initial nematode density often results from nematodes 
in seed pieces21,22 rather than in the soil at planting.

Early PPN protection is critical to crop success. One nemati-
cide application method is via seed treatment, reducing the active 
ingredient (AI) amount as compared to broadcast or in-row applica-
tions, exposing the PPN to a higher AI concentration only in the crop 
root zone, and substantially reducing non-target effects and envi-
ronmental impact23. Exploring various options for a cost-effective, 
biodegradable delivery agent, our previous studies indicate promis-
ing attributes of paper-like matrices developed via a chemical-free 
route from banana (Musa acuminata) harvest waste as a platform 
for controlled, targeted delivery of small molecules8,24,25. Besides its 
abundance, cost-effectiveness, composition and durability24,26–29, the 
unique three-dimensional open porous hierarchical structure and 
comparatively low density make banana fibre (BF) an ideal substrate 
for loading small molecules. Here, we present a unique ‘wrap and plant’ 
(W&P) platform to sustainably generate controlled-release biodegrad-
able matrices as seed/seed piece wraps. To fine-tune BF strength and 
release profile, we utilized recycled, old, corrugated cardboard (OCC) 
packaging materials developed from one of the most consumed types 
of paper—paperboard30–35. After determining an appropriate compo-
sition, we utilized these matrices with and without ultra-low volumes 
of a nematicide abamectin (Abm) as yam seed wraps in multiple field 
trials in three different Benin districts from 2015 to 2018. Benin is one 
of five major yam-producing West African countries (the ‘yam belt’) 
that produce ~92% of yams globally10. Assuming early season control 
could translate into reduced post-harvest losses primarily caused by 
S. bradys12,22,36,37, we also evaluated tuber quality in terms of S. bradys 
reproduction factor, tuber weight, and dry rot and cracking extent 
after 3 and 5 months of storage.

Results and discussion
Structure and composition of BF, OCC and hybrid matrices
We created biodegradable matrices without any chemical additives by 
simply dewatering a slurry of chopped BF (Fig. 1a,b) and OCC (Fig. 1c,d) 
individually or mixed in various proportions of BF:OCC as follows: BF, BF 
only; BO82, 80:20; BO64, 60:40; BO46, 40:60; BO28, 20:80; and OCC, 
OCC only. The rise in coarseness and distinct fibrous structures with 
higher BF content in the handsheets (circular sheets with a diameter 
of 15.2–16.5 cm; Supplementary Fig. 1a) can be attributed to the lack of 
any harsh chemical treatment that is typically used to dissolve fibres. 
While the lignin content slightly rises with increasing OCC fraction (Sup-
plementary Fig. 1b), the absence of any additional peaks in the Fourier 
transform infrared spectroscopy spectra of the hybrids indicates no 
new functional group is introduced by OCC (Supplementary Fig. 1c).

Scanning electron microscopy (SEM) images of BF (Extended 
Data Fig. 1a) and OCC (Extended Data Fig. 1b) surface sections show 
analogous morphology with loosely packed fibres, arising from the 
similar manufacturing of the handsheets. However, cross-sections 
of the corresponding handsheets show a sharp contrast in the fibre 
morphology and packing pattern (Fig. 1b,d). While BF is abundant in 
loosely packed, hollow fibres, OCC completely lacks hollow tubular 
fibres and is abundant in layered structures. When combined in dif-
ferent proportions, the resulting hybrids exhibit a gradual loss in the 
number of hollow banana fibres with increasing OCC content (Extended 
Data Fig. 1c–f). In addition to its cost-effectiveness and ease of avail-
ability, we used OCC with BF to tune the strength and release profile of 
the hybrid matrices, because the layered morphology contributed by 
OCC30,33 could facilitate bonding and uniformity of BF paper.

While the fibre morphology and composition of the paper can 
help dictate cargo release properties, the extent of protection pro-
vided to the germinating seed without compromising root growth 
is another critical parameter for selecting the matrix for field trials. 
Our preliminary investigations have shown the relationship of burst 
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diffusion of dissolved/suspended molecules within the fibres, while 
free water (trapped inside the porous structure41) impacts surface 
phenomena such as adsorption and drying. Comparatively higher 
content of hard-to-remove water together with faster flow of water 
in high-BF-content papers (BF and BO82) indicates their tendency to 
quickly absorb and diffuse small molecules (pesticides, nutrients) 
dissolved/suspended in water, which facilitates the AI spray and dif-
fusion in the seed wraps.

For longer-term bioavailability to PPNs, the matrix should slowly 
release AI (here Abm) to ensure continuous exposure to the nematode 
population, particularly during the early growth period. Also, excess 
Abm binds with soil, leading to loss of bioavailability24,25. As depicted 
in Fig. 2b, the readily available Abm content decreases with the rise 
in OCC content in the hybrids, while BF shows the maximum amount 
(32% of the total load) of readily available Abm. OCC and BO28 papers 
do not exhibit any detectable weakly bonded Abm, which is not the 
desired attribute to control PPN populations during the early plant 
growth periods.

To decouple the interactions of Abm with the components of BF 
and OCC, and the major building blocks of lignocellulosics (cellulose 
and lignin), preliminary isothermal titration calorimetry (ITC) meas-
urements were conducted (Fig. 2c and Supplementary Fig. 2b). All 
experiments show exothermic interactions of Abm with BF, OCC, lignin 
and cellulose. The ITC thermograms between Abm and OCC and lignin 
show a similar two-step binding, where an initial steep heat change 
transitions to smaller heat changes with each titration, indicating 
saturation of binding sites. Contrarily, BF shows multistep interactions 
with Abm, showing Abm binding on various sites of BF. When heats of 
interactions are compared, cellulose releases only 6.9 μJ of heat, which 
can be assigned to the abundant –OH groups in cellulose leading to 
weaker interactions with the hydrophobic Abm molecule (structure 
in Supplementary Fig. 2c). OCC, in contrast, releases ~28 μJ of heat, 
indicating stronger binding with Abm, while BF and lignin exhibit a 
similar extent of binding with Abm, as indicated by similar values of 
heat of interaction of 23 μJ and 21 μJ, respectively. Taken together, the 
extent of Abm binding and isotherm shape (Fig. 2b,c) indicate that 
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Fig. 1 | Structure of raw BF and OCC, and mechanical strength of them 
and their hybrids in the soil. a,b, Photograph of banana pseudostem (a) and 
representative SEM cross-sections of BF paper (b; three samples of different BF 
papers were scanned at five different magnifications to verify the reproducibility 
of data). c,d, Photograph of OCC boxes (c) and cross-section SEM of OCC 
paper (d; three samples of different OCC papers were scanned at five different 
magnifications to verify the reproducibility of data). e, Photographs showing 
pieces of BF and hybrid papers (BO82, BO64, BO46 and BO28) removed from the 

soil after 4, 5, 6 and 7 weeks. f–i, Stress–strain plots of paper made from BF,  
BO82, BO64, BO46, BO28 and OCC before burying in the soil (f) and after  
1 (g), 2 (h) and 3 (i) weeks of incubation with roots of live tomato plants in soil. 
Insets show photographs of the corresponding BF after removal from soil.  
j, Plot showing cumulative Young’s moduli of BF, BO82, BO64, BO46, BO28 and 
OCC papers before and after incubation in soil for 1, 2 and 3 weeks. k, High- and 
low-magnification SEM images showing soil particles coating the surface and the 
hollow interior of a banana fibre from BF paper buried in soil for 21 days.
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multiple factors are involved in dictating the release profile of these 
matrices. While a higher OCC content enhances the strength and AI 
binding of the matrix, BF brings in faster diffusion of dissolved/sus-
pended molecules and appropriate mechanical flexibility needed for 
a seed wrap. Additionally, the BF hollow fibrous structure increases 
available surface area for adsorption and diffusion of cargo molecules 
(AI) dissolved/suspended in water.

Pilot-scale production of the W&P matrix for field trials
Studies conducted in the previous sections indicate BO82 as a suit-
able candidate in terms of a balance in biodegradability, release, water 
sorption and strength. For field testing, a 25.4-cm-wide paper roll 
(referred to as BP) was prepared by dewatering a 0.3–0.5 wt% fibrous 
slurry consisting of BF and OCC in an 80:20 composition (Fig. 3a–d). 
The random orientation of the loose-packed fibre and hollow fibrous 
morphology was verified via X-ray tomogram and SEM micrographs 
(Extended Data Fig. 3a,b), while burst index, porosity and mechanical 
performance were optimized to stay within a range similar to BF and 
BO82 (Extended Data Fig. 3c and Supplementary Table 2). Penetration 
of tomato roots through an intact paper (Fig. 3e) indicated a balance in 
strength and root penetration profile. Interestingly, we noticed that BP 
revealed abundant spores of soil microorganisms after a month in the 
soil (Fig. 3f). This observation indicates its propensity to biodegrade to 
low-molecular-weight compounds through the activity of micro- and 
macroorganisms47.

To understand the impact of the soil environment on the bioavail-
ability of AI, we compared the bioactivity of Abm from BP, OCC, BF and 
BO82 (Fig. 3g) in Caenorhabditis elegans bioassays24,49, after burying the 
Abm-loaded matrices in soil for various intervals. The extended reten-
tion of bioactivity shown by BP indicates that the W&P formulation 
partially sequestered the Abm, limiting its interaction with the soil envi-
ronment. These results, taken together with the water sorption studies 
demonstrated in the previous section, suggest that as compared with 
OCC and BF, most of the Abm applied on BP associates with the matrix 
through the trapped water (hard-to-remove), rather than remaining 
on the surface, and therefore releases slowly regardless of the hydra-
tion cycles (Extended Data Fig. 3d) and soil environment. In addition, 
our preliminary studies indicate enhanced ultraviolet (UV) stability 
of otherwise photolytic Abm48,49 when loaded on BP (Supplementary 
Fig. 3), pointing towards the shelf-stable nature of BP–Abm matrix.

W&P improving the yield of yam crops
We established on-farm field trials in Savè and Glazoué counties in 
Benin in 2015 (Extended Data Fig. 4). All trials displayed a consider-
able improvement in tuber weight and quality using W&P treatment 

compared with conventional farmers’ practice (FP: no BP, no Abm;  
Fig. 4a–e and Supplementary Video). Figure 4f also displays an  
impressive increase in yield, that is, 28–57% with Abm-loaded BP  
(BP–Abm) and 27–53% with untreated BP as seed wraps. The control 
plots (FP) were the lowest yielding and poorest quality in all cases. 
In 2016, yield increase was observed for both BP–Abm and BP-only 
treatments in all trials in Savè and Glazoué regions (Fig. 4g). However, 
smaller differences are noticed between FP and W&P treatments owing 
to heavy rains (Extended Data Fig. 5) and flooding of fields. In 2017, we 
observe a substantial rise in yield of treated (BP–Abm and BP) crops 
from the same fields in Savè and Glazoué (Fig. 4h). Six Savalou county 
fields were also included in the study; we notice a 9–22% increase in yield 
after W&P treatments. In 2018, all six trials conducted in Savalou show 
a 16–40% rise in the yield as compared with FP (Fig. 4i). Notably, field 
trials conducted in almost all locations show an overall yield increase 
from 2015 to 2018, for example, for BP–Abm treatments, yield increased 
from 13.2 metric tons per hectare (t ha−1) in 2015 to 15.2 t ha−1 in 2018 
with concomitant increase in tuber quality.

Rainfall patterns varied widely during the 4-year study (Extended 
Data Fig. 5). A general trend was observed that less rainfall led to greater 
yield differences between treated and FP plots. This was particularly 
noticeable during the 2015 season (Fig. 3 and Extended Data Fig. 5). 
Rainfall was much heavier during the 2016–2018 seasons, and in some 
cases, fields were flooded for a period. For example, heavy rain in 
August 2016 in Savè led to flooding. In Glazoué, rainfall in 2016 was 
substantially higher than in 2015, and very heavy rains fell just after 
planting in 2017. In addition, a heavy September rain led to flooding 
as well (Extended Data Fig. 5). Nematode damage to root systems can 
interfere with the ability to take up water in the soil, but can often be 
compensated by supplying excess water. It is likely that the smaller dif-
ferences in yield between treatments observed during wetter seasons 
were due to this phenomenon. Rainfall just after planting may have 
resulted in dilution of the already microdose of Abm carried in the W&P 
treatment, rendering it less effective over time. Despite the smaller 
yield increases in wetter years, the improvement in yam quality with 
the W&P treatments was substantial in all the trials46,47.

Statistical analysis of data (Extended Data Fig. 6 and Supple-
mentary Table 3) indicates that yam yields were increased in all years 
(P ≤ 0.01) by W&P treatments compared with FP (Fig. 5a). Although 
BP–Abm was generally superior to untreated paper (BP), the difference 
between the two was often indistinguishable (Extended Data Fig. 6a,b), 
suggesting that BP alone provided a distinct advantage over FP. Previ-
ous studies have demonstrated that BP interferes with host–nematode 
chemical communications by binding host root exudates and impact-
ing the nematode’s ability to locate the root10. Dry rot was greater 
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(P ≤ 0.01) in FP treatments than in W&P (Extended Data Fig. 6c). The 
difference in tuber quality (weight, size and health) is noteworthy here; 
farmers indicated that BP–Abm treatment always resulted in longer and 
larger tubers that looked free from PPN infection (Fig. 4d,e). Across all 
field trials, a considerable reduction in yam nematode populations was 
observed in tuber peels as compared with FP (Fig. 4j–m). When com-
pared with BP-alone and controls (FP), BP–Abm treatment at planting 
resulted in considerable reductions in the final nematode populations. 
We observed an 80% reduction in final yam nematode populations 
in tuber peels (Fig. 4j–m). Not only was this largely responsible for 
the high tuber quality, it also indicates substantially reduced risks of 
post-harvest tuber damage and loss due to this nematode. Variation in 
final nematode populations was consistently low across trials during 
all 4 years of field trials.

Storage longevity of yam tubers
Yam is also considered an income-generating cash crop because it can 
be traded, stored and consumed during the ‘hungry months’ when 
production of other crops is not possible11. Healthy tubers from stored 
yams are also used as seeds for the next season’s crop. Maintaining 
tuber health post-harvest is a critical challenge, with around 1 million 
tons of yam being lost annually during storage50. While various factors 
play a role in post-harvest loss, the yam nematode is considered a major 
contributor, causing dry rot as well as predisposing the tubers to fungal 
and bacterial infections14,20.

Yam tuber weight at harvest was increased by W&P treatments  
(Fig. 5a; P ≤ 0.01) from 2016 to 2018 with substantial improvement over 
FP (least significant different (lsd) = 31.2, α = 0.01). After 3 months’ 
storage, the tuber weight decreased, with average tuber weights of 
treatments BP–Abm > BP > FP (lsd = 26.5, α = 0.01). The percent weight 
loss of tubers was affected by W&P treatments (Extended Data Fig. 6a,b; 
P ≤ 0.01). Tubers from FP lost a greater percentage of weight compared 
with BP–Abm treatments, while BP weight loss percentage was greater 
than BP–Abm (lsd = 0.81, α = 0.01).

In all three regions, we noticed a considerable reduction in S. 
bradys final population in the treated (BP–Abm and BP-alone) tuber 
peels as compared with FP (Fig. 5b). Statistical analysis of the tuber 
storage data indicates that W&P treatments resulted in lower (P ≤ 0.01) 
S. bradys population density per gram of peels at harvest than FP  
(Fig. 5b and Supplementary Table 4). The BP–Abm treatment had 
noticeably lower nematode population densities than untreated BP, 
which was also lower than FP (lsd = 1.41, α = 0.01). While reproduc-
tion factor and numbers of S. bradys in yam tuber peels increased 
in tubers after storage (Fig. 5b–e), treatment differences in popu-
lation density were still present (P ≤ 0.01). FP had greater numbers 
than BP treatments, which in turn was larger than BP–Abm treatment  
(lsd = 2.95, α = 0.01).

After 5 months of storage, a 2.5–3-fold multiplication in S. bradys 
population was observed in tubers produced from FP treatment, 
while the population multiplication was between 1.5- and 2-fold for 
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Fig. 3 | Pilot-scale production and quality evaluation of banana paper.  
a–d, Photographs showing paper production on a Fourdrinier machine from 
a slurry of fibres from the headbox (a), which is evenly spread and dewatered 
to produce wet fibrous sheet on the wire section (b) and, on further removal of 
water in the press and dryer sections (c), is converted to a paper roll (d).  
e, Photograph of banana paper with tomato roots penetrated after keeping  

in the soil with a tomato plant for 21 days. f, High- and low-magnification SEM 
images of the surface section of banana paper kept in soil for 28 days. Arrowheads 
in the bottom micrograph and encircled areas in the top indicate presence of 
spores of soil microorganisms. g, Plot showing data distribution and standard 
deviation in the mean value of bioavailability of Abm from BF, OCC, BO82 and BP 
after keeping in soil for 25 days (n = 3).
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the tubers produced with BP–Abm treatment, placed under similar 
conditions and durations (Fig. 5c–e). Combined with the lower start-
ing populations in W&P-treated tubers at storage commencement, 
this is an impressive reduction in the yam nematode burden. Tuber 
weight loss during storage can be partially associated with moisture 

loss from tubers drying at high ambient temperatures (25–30 °C). 
However, the major contributor to yam tuber weight loss during 
storage is S. bradys, which compromises the quality, food value 
and marketability of the tubers to a large extent. Compared with 
controls (FP), treated tubers show less weight loss in storage for  
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Fig. 4 | Field trials photographs and data showing yield and S. bradys 
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being wrapped in paper (b), harvest in yam fields (c), healthy tubers obtained 
after W&P treatment with BP–Abm (d) and tubers produced using FP. (e).  
f–i, Plots showing data distribution and standard deviation in the mean value 
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(Sv-1, Sv-2, Sv-3, Sv-4, Sv-5, Sv-6) as a result of field trials conducted in 2015 (f), 

2016 (g), 2017 (h) and 2018 (i; n = 5 for each treatment (FP, BP–Abm and BP) in 
each field). j–m, Plots showing population of S. bradys per gram of tuber peels 
at harvest in Glazoué, Savè and Savalou from field trials conducted in 2015 (j), 
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practice (no wrap, no Abm); BP = paper only; BP–Abm = Abm-loaded paper.  
Error bars in all the plots indicate standard deviation from the arithmetic means.
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3 and 5 months (Extended Data Figs. 6a–b and 7a–c). We also observe 
a reduction in dry rot and cracking in the W&P-treated tubers over  
3 and 5 months of storage in all three regions (Extended Data Figs. 6c  
and 7d–f).

Yam stakeholders’ perception of W&P technology
To evaluate farmers’ perception of the W&P technology and its mar-
ketability, three major studies were conducted in Savè, Savolou and 
Glazoué regions (Supplementary Video). An average cost–profit ratio 
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Fig. 5 | Tuber quality evaluation during storage. a, Yam yield in t ha−1 as 
influenced by W&P treatments for 2015–2018 field trials (lsd = 0.34, α = 0.01).  
b, Statistical data showing influence of BP–Abm, BP and FP treatments in field 
trials from 2015 to 2018 on population density of S. bradys per gram of yam peel at 
harvest and 3 months post-harvest (lsd =1.41 and 2.95, respectively, α = 0.01).  
c–e, Plots showing S.bradys final population (Pf) after storing tubers (produced 
after FP, BP and BP–Abm treatments) for 3 and 5 months in Glazoué (c), Savè 
(d) and Savalou (e) regions (n = 3 for each treatment). Numbers 3 and 5 after 
each year on the x-axis labels indicate the storage time in months. Tubers 
collected from different sites were stored in the same yam barn, so the storability 
experiment was conducted in the same climatic conditions to avoid the influence 
on the results. f–h, Photographs showing yam tubers stored to evaluate tuber 
weight, quality and S. bradys population (f), individually labelled porous 

containers filled with yam tubers produced after treatment and FP (g) and tubers 
with peels removed for sampling (h). Data analysis in panels a and b consists of 
one-way ANOVA for a randomized complete block design with three treatments 
and five replications. Combined analysis was done as for a factorial design with 
three treatments (BP–Abm, BP and FP), five replications, 26 farms and 4 years 
with no adjustments. All data analysis was accomplished using the general linear 
models procedure of PC/SAS software (SAS Institute). Mean separation was 
done by Waller–Duncan k-ratio t-test. Boxes are bounded by quartile 1 (bottom, 
25th percentile) and quartile 3 (75th percentile), whiskers as minimum (quartile 
1 − 1.5 × interquartile range) and maximum (quartile 3 + 1.5 × interquartile range), 
median defined by the line in the box (interquartile range), mean depicted 
by X and outliers depicted by dots. Error bars in panels a–e indicate standard 
deviation from the arithmetic means (shown as respective labels).
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of 79.3% for yams produced after BP–Abm treatments as compared 
with 59.93% generated via FP indicates that yam production via W&P 
treatment is economically profitable in terms of variable and fixed pro-
duction costs51. The net margin of 1,112,080 African Financial Commu-
nity Francs per hectare (FCFA ha−1) generated by BP–Abm treatment is  
153.7 % higher than that of FP (723,498 FCFA ha−1), while BP-alone-treated 
yams generated a net margin of 768,515 FCFA ha−1. Overall, farmers 
received a much higher price for W&P treated tubers than for tubers 
produced by FP, due to higher quality and appearance51. What remains 
to be seen is the cost of commercializing this technology. This is an ave-
nue that is being explored with a commitment to making this technol-
ogy as inexpensive and accessible as possible for smallholder farmers.

We also evaluated the effect of BP–Abm treatment on the organo-
leptic qualities of yam tubers by examining attributes such as vegeta-
tive, harvest, food processing and palatability of yam tubers produced 
via W&P treatment52. The high appraisal indices for boiled and pounded 
yam produced via W&P treatment provided strong support by consum-
ers for the adoption of W&P technology for better yam production in 
West Africa52. The response of various stakeholders including farmers, 
yam-based food processors and traders was recorded based on the 
vegetative, harvest and tuber processing stages of W&P-treated yam 
versus FP. In Savalou and Savè, the sensorial/organoleptic quality of 
foods derived from BP–Abm-treated tubers and the nematological and 
agronomic aspects represented key components of yam stakeholders’ 
preference for adoption of this innovation related to yam production. 
In Glazoué, though, nematological and agro-morphological descrip-
tors were more important in selection of BP for yam production52. 
Overall, the study shows the preference of yam stakeholders from the 
central region of Benin for the W&P BP–Abm treatment, based on the 
quality of the tubers and derived foods (for example, flour).

In summary, we have developed a robust, flexible platform for 
sustainable crop protection for smallholder farmers by recycling 
wastes from banana harvest and old, corrugated cardboard boxes via 
a straightforward, chemical-free route. Field trials in three different 
regions of Benin showed a considerable increase in yield and quality 
of crops produced from tubers treated with either Abm-loaded or 
untreated banana paper. Considerable reductions in yam nematode  
(S. bradys) reproduction factors in tuber peels after three- and 
five-month storage periods indicate the effectiveness of the W&P 
platform in reducing post-harvest loss. Additionally, Abm-loaded 
banana paper provided the most protection from dry rot and cracking, 
followed by banana paper alone. On top of extended release, tunable 
strength, soil integrity and reduced AI photolysis, W&P technology is a 
solid phase treatment that does not require additional equipment for 
application. A single treatment with an ultra-low volume of AI (1/100th 
or less of a commercial formulation) reduces expenses while minimiz-
ing non-target effects. Both farmers’ and consumers’ perceptions of 
W&P technology, food quality and preparation of yam flour revealed a 
strong preference for Abm–banana-paper-treated yams, with banana 
paper alone also outperforming farmer’s practice in terms of quality 
and storage. In the future, this platform will be amenable to structural 
modification such as pouches, slips and seedling trays for scalability, 
ease of application and AI delivery. The tunable nature of our seed 
wraps is also a promising feature for delivering other crop production 
moieties, such as macro- and micronutrients, biologicals, or insecti-
cides and fungicides, with application to smallholder farms, organic 
producers and potentially larger-scale producers.

Methods
Banana (Musa acuminate) fibre was obtained from the Agricultural 
Industrial Unit of Earth University, Costa Rica. OCC boxes were pro-
cured from the North Carolina state’s paper pilot plant. Abm (97%) 
was supplied by Alfa Aesar. Caenorhabditis elegans strain N2 (wild 
type) were obtained from the Caenorhabditis Genetics Center. 
Reagent-grade acetone (99.5%) and high-performance liquid 

chromatography (HPLC)-grade acetonitrile (99.8%) were purchased 
from Millipore Sigma. Rhodamine B (≥95%) dye was purchased from 
Millipore Sigma and used without further purification. For lignin con-
tent measurement, sodium thiosulfate solution (0.2 N), potassium 
iodide solution (1 N), sulfuric acid (4 N), potassium permanganate 
solution (0.1 N) and starch indicator were provided by Fisher Scien-
tific. Deionized (DI) water (pH 5.77 ± 0.13) was used throughout the 
experiments, except while making paper and spraying for field trials.

To prepare handsheets from BF, OCC and hybrid fibre slurries, 
the fibres were soaked in water separately or in various compositions 
(Supplementary Table 1) overnight and diluted to 1.57% consistency 
before beating in the valley beater for 3 min, as per Technical Associa-
tion of the Pulp and Paper Industry (TAPPI) T200 standard method.  
A standard laboratory British handsheet mould was used to prepare at 
least ten circular handsheets per composition (15.88-cm diameter with 
a grammage of 70 g m−2) from the pulp, following TAPPI T205 standard 
method. After selecting the final composition for the W&P matrix, OCC 
and BF were mixed and made into a 1.57% consistency pulp slurry by 
mechanically chopping down (refining) the fibres in water for 3 min in 
a valley beater. A 30.48-cm Fourdrinier paper machine was used to pre-
pare a 25.4-30.48 cm-wide paper roll (Fig. 3a–d). Prepared fibre slurry 
was stored in the tank overnight. This slurry was then transformed into 
a sheet via an open headbox (Fig. 3a) to evenly distribute the suspen-
sion onto the wire section for initial dewatering (Fig. 3b). Water was 
further removed from the wet web in the press section, followed by 
drying by heated cylinders in the drying section, similar to the process 
in industrial scale paper machines. The paper was continuously wound 
on a roll (Fig. 3d). The target grammage (weight per surface area) was  
70–80 g m−2. The paper (handsheets and paper roll) was conditioned at 
23 °C and relative humidity of 50% before testing the density, air resist-
ance (Gurley method), burst strength and lignin content, following 
TAPPI T410, T460, T810 and T236 tests, respectively.

A field emission scanning electron microscope (Verios FE1) was 
used to characterize the morphology of various samples, which were 
made conductive by coating with a 10 nm layer of gold before charac-
terization, while the acceleration voltage was kept at 2.0 kV. Typically 
three cross-sections of different samples of each type of paper were 
scanned at five different magnifications to verify the reproducibility 
of data. Fourier transform infrared spectroscopy data were collected 
using a Perkin Elmer Frontier spectrometer, equipped with a diamond/
ZnSe attenuated total reflection stage. Sixty-four scans were performed 
in each case while the data were accessed via OMNIC software. A TA 
Instruments SDT thermogravimetric analyzer was used to measure 
free and hard-to-remove water content of each sample via thermo-
gravimetric analysis. A 10–12 mg sample was heated at a rate of 10 °C 
min−1 to determine the weight loss at 50, 90 and 120 °C. Mechanical 
performance of samples was examined using a dynamic mechanical 
analysis attachment on a TA Instruments Discovery Series Hybrid 
Rheometer HR-3. Rectangular specimens with a length of 30 mm and 
a width of 10 mm were clamped at the two ends with a loading gap fixed 
at 15 mm and a constant pulling rate of 3 mm min−1. The minimal force 
for recording to remove any slack of the samples was set at 0.1 N. The 
thickness of each sample was measured by a micrometre screw gauge. 
At least three specimens from each sample were evaluated and aver-
aged for all samples.

Binding studies
To estimate the extent of binding between the matrices and AI (Abm in 
this case), we sonicated a 1 cm2 piece of matrix loaded with 10 ppm of 
Abm in 10 ml of DI water for 5 min. The same piece of paper was later 
transferred to 10 ml of acetone and vigorously shaken for 30 min to 
ensure complete dissolution of Abm. HPLC analysis of the aliquots 
gave us an estimate for the weakly bound AI released in DI water in 
the first 5 min and strongly adhered Abm that was collected in ace-
tone. All experiments were conducted in triplicate. To understand 
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the nature of interactions between Abm and components of hybrid 
matrices (BF and OCC) and their building blocks (lignin and cellulose), 
ITC was conducted via a TA Instruments isothermal titration calorim-
eter (NanoITC, TA Instruments) at 298 K. A 2.5 × 10−6 M Abm solution in 
DI:acetone (95:5 ratio by volume) solvent was titrated into a 170 ml cell 
initially containing the titrant (BF, OCC, lignin or cellulose) dispersions  
(0.001 wt%) in the same solvent (DI:acetone) via 20 injections of 2.45 μl 
each. The injections were pre-programmed and automatically carried 
out at 250 s intervals under 350 rpm stirring rate. The time interval 
between injections was chosen to ensure that thermodynamic equi-
librium was achieved before the next injection. The baseline before the 
first injection and after the final was collected for 100 s. Abm solution 
dilution into the solvent (DI:acetone in 95:5 ratio by volume) experi-
ment was performed to collect data regarding the heat of dilution of 
the titrant. The dependence of the heat of interaction on the ratio of 
Abm:titrant was obtained by calculating the area of the peaks obtained 
on each injection. Each titration experiment was performed in triplicate.

UV stability analysis
An INTELLI-RAY 400 UV lamp with an intensity of 50 mW cm−2 was 
used to expose three replicates of Abm only (on copy paper), BP–Abm, 
Abm–BF and Abm–OCC samples to UV light for 30, 60, 120 and 180 min 
(Supplementary Fig. 3). Abm content was kept at around 10 ppm per 
gram of sample. The samples were agitated in acetone for 1 hour to 
ensure complete dissolution of Abm, which was determined via HPLC.

Experiment sites
The field study was undertaken from 2015 to 2018 in the Guinea–Sudan 
transition zone of Benin (centre of Benin, West Africa) in three districts: 
Glazoué (site of Houin), Savalou (site of Agbadogo) and Savè (site of 
Gobé). Experiments were carried out for three consecutive years in a 
total of 16 farmers’ fields at Glazoué (Gl-1, Gl-2, Gl-3, Gl-4 and Gl-5) and 
Savè (Sa-1, Sa-2, Sa-3, Sa-4 and Sa-5), and for two consecutive years at 
Savalou (Sv-1, Sv-2, Sv-3, Sv-4, Sv-5 and Sv-6). The acronyms refer to 
the names of the various farms that were part of this study. The cli-
mate where the trials were conducted is tropical Guinea–Sudan humid 
savannah, with a transitional regime between a bimodal rainfall distri-
bution (southern Benin) and unimodal rainfall distribution (northern 
Benin). The average annual rainfall in the transition zone is between 
900 and 1,200 mm with seasonal variations and unequal distribution, 
exacerbated by increasing climate change. Most soils in this region 
are classified as tropical ferruginous soils53 with a sandy loam texture 
(Supplementary Table 5). The sites of Agbadogo and Gobé are located 
on lowland (moderately well-drained soils), while Houin is located on 
a plateau (well-drained soils).

Experiment details and field design
Field activities were carried out in the sub-humid savannah 
agro-ecological zone, one of the major yam production regions of 
Benin (Extended Data Fig. 4a). Soil samples were taken for prelimi-
nary assessment of nematode infestation levels. After sample analysis, 
the field with the highest nematode population density was selected.  
A total of ten fields (five per location) were therefore selected for the 
trial. Fields were cleared of vegetation, and mounds were made follow-
ing yam cultivation practices. The mounds were labelled according to 
the experiment design (Extended Data Fig. 4b–d). Each field trial was 
arranged in a randomized complete block design with five replicates 
and three treatments (Extended Data Fig. 4e): plots, spaced 2 m apart, 
accommodated four rows of six mounds. In each field, trial was arranged 
in a randomized complete block design with five replicates and three 
treatments (Extended Data Fig. 4d): (1) banana paper + Abm (BP–Abm); 
(2) banana paper alone (BP); and (3) untreated control (referred to as 
farmers’ practice, FP), where seed yams were planted without banana 
paper. Each BP–Abm wrap (15.25 × 20.25 cm2) contained 10 μg of Abm. 
This resulted in plots with Abm at the rate of 1.0 g ha−1 or 4.54 ppb.

After the mounds were prepared for planting and labelled follow-
ing the treatments, soil samples were collected to estimate pre-planting 
nematode population densities. Four soil cores were removed per plot 
from 5 to 30 cm depth using a hand trowel, following a zig-zag sampling 
pattern54. Soil cores from the same plot were combined and thoroughly 
mixed before a 250 cm3 composite sample was removed for nematode 
extraction using the centrifugation technique described in ref. 55. PPNs 
recovered in the fields were at least one of the three most important 
genera: Scutellonema spp., Meloidogyne spp. and Pratylenchus spp. 
Fields harboured an initial nematode density of at least 500 nematodes 
per 250 cm3 soil.

Each mound was planted with single seed yam (cv. Klatchi of the 
complex Dioscorea cayenensis-rotundata) wrapped or not with banana 
paper, depending on the treatment. Seed yams for the first year of 
trials were produced in nematode-free soil using miniset technique56. 
For the following years, seed yams were purchased from farmers who 
had been previously trained for the production of nematode-free seed 
yams. Briefly, they set up the plantation of treated mother seed yam, 
then harvested tubers from July to September and kept the vines on 
the mounds. Small tubers generated by the roots of these vines from 
September to December were used as clean seed yams for the follow-
ing years. No fertilizers were applied, and planting and other cultural 
operations were performed by farmers according to local practices. 
Planting occurred at the beginning of the first rainy season (8–11 June 
2015, 13–16 May 2016, 26 April–29 May 2017, 8 May 2018) and tubers 
were harvested 7 to 8 months later when vines were completely dried. 
Typical FP is to plant the yam seed piece in the mound with no further 
inputs. FPs vary among farms, but weed control is via manual cultiva-
tion when it does occur, and no fertilizer is added to the mounds. No 
insect or disease control agrichemical applications are employed. Yam 
cultivation is very low input and labour intensive, with crop manage-
ment being performed manually.

Tuber yields at harvest and weight loss after storage
Evaluation of post-harvest efficacy of W&P technology was initiated 
in 2016 to study the effect of treatments on nematode population 
increase, yam tuber weight decline and quality after storage. Tubers 
were harvested and yields were determined as the cumulative weights 
from all mounds and expressed as grams per square metre. The effect 
of W&P on tuber storability was assessed after three- and five-month 
storage periods. Two tubers were randomly collected from individual 
plots at harvest, arranged in plastic bags and further stored in a cov-
ered, open-sided yam barn (Fig. 5f) to assess nematode population 
build-up and tuber damage. Weights of two tubers per plot used for 
post-harvest studies were recorded before and after storage, and the 
percentage weight loss was calculated as follows:

% weight loss =
100×(Mean weight of yam tubers at harvest−Mean weight of yam tubers after storage)

Mean weight of yam tubers at harvest

Tubers collected from different sites were stored in the same 
yam barn, so the storability experiment was conducted in the same 
climatic conditions to avoid the influence on the results. The site of 
the storability experiment is located in the sub-humid savannah region 
with a sub-equatorial climate characterized by two wet seasons from 
mid-March to mid-July and mid-September to mid-November, alternat-
ing with two dry seasons. The annual average rainfall is between 1,000 
and 1,200 mm, and the yearly mean temperature between 25 and 30 °C.

Assessment of nematode population densities
Nematode population densities were estimated at harvest from tubers 
and soil samples. To determine tuber nematode population densi-
ties, sample peels (outer cortex) were removed from a 5 × 5 cm2 area 
on four sides of each of three tubers using a kitchen peeler (modified 
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from ref. 18; Fig. 5g,h and Supplementary Video). Tuber peels from the 
same plot were then thoroughly mixed, and 25 g peels were removed 
for nematode extraction using the centrifugation technique. For soil 
nematodes, soil sub-samples were collected from the tuber zones in the 
middle mounds, and a composite soil sample of 250 cm3 was removed 
per plot and processed for population estimation. Thereafter, nema-
todes were morphologically identified and counted under an Olympus 
CX31 dissecting microscope at a magnification of ×20.

Nematodes in stored tubers were also extracted from 25 g of yam 
peels following the procedure described in the previous paragraph. 
The build-up in S. bradys population during storage was determined 
at yam harvest and after storage. The reproduction factor (Rf) for  
S. bradys during storage was then calculated as:

Rf = Nematode population at storage
Nematode population at harvest

(2)

Assessment of nematode damage
Prior to peel removal, tuber samples were subjected to visual assess-
ment of nematode symptoms at harvest and after 3 or 5 months of 
storage. Severity of dry rot and cracking symptoms was rated on a 1–5 
scale as follows: 1 = clean tuber; 2 = 1–25% of tuber skin showing targeted 
symptoms (low level of damage); 3 = 26–50% of tuber skin showing 
targeted symptoms (low to moderate level of damage); 4 = 51–75% of 
tuber skin showing targeted symptoms (moderate to severe level of 
damage); and 5 = 76–100% tuber skin showing the targeted symptoms 
(high level of damage)28,57,58.

Data analyses
Data analysis for each site consisted of analysis of variance (ANOVA) 
for a randomized complete block design with three treatments (FP, 
BP and BP–Abm) and five replications. The yearly results were com-
bined to determine the differences between years. All data analysis 
was done using the general linear models procedure of PC/SAS soft-
ware (SAS Institute). The lsd was used for mean separation. Because 
we observed substantial differences in rainfall patterns and growing 
practices between farms and years, each year and data between farms 
within each year were analysed separately.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this 
published article, as separate source data files and Supplementary 
Information files. Source data are provided with this paper.

References
1. Cui, Z. et al. Pursuing sustainable productivity with millions of 

smallholder farmers. Nature 555, 363–366 (2018).
2. Shepard, D. Growing at a Slower Pace, World Population is 

Expected to Reach 9.7 Billion in 2050 and Could Peak at Nearly  
11 Billion Around 2100: UN Report (United Nations, 2019).

3. Vollset, S. E. et al. Fertility, mortality, migration, and population 
scenarios for 195 countries and territories from 2017 to 2100: 
a forecasting analysis for the Global Burden of Disease study. 
Lancet 396, 1285–1306 (2020).

4. Giller, K. E. The food security conundrum of sub-Saharan Africa. 
Glob. Food Sec. 26, 100431 (2020).

5. Adenle, A. A., Wedig, K. & Azadi, H. Sustainable agriculture  
and food security in Africa: the role of innovative technologies 
and international organizations. Technol. Soc. 58, 101143  
(2019).

6. Karuri, H. Root and soil health management approaches for 
control of plant-parasitic nematodes in sub-Saharan Africa.  
Crop Prot. 152, 105841 (2022).

7. Savary, S. et al. The global burden of pathogens and pests on 
major food crops. Nat. Ecol. Evol. 3, 430–439 (2019).

8. Ochola, J. et al. Wrap-and-plant technology to manage 
sustainably potato cyst nematodes in East Africa. Nat. Sustain 5, 
425–433 (2022).

9. Coyne, D. L. et al. Plant-parasitic nematodes and food security in 
Sub-Saharan Africa. Annu. Rev. Phytopathol. 56, 381–403 (2018).

10. Darkwa, K. et al. Comparative assessment of genetic diversity 
matrices and clustering methods in white Guinea yam (Dioscorea 
rotundata) based on morphological and molecular markers.  
Sci. Rep. 10, 13191 (2020).

11. Neina, D. Ecological and edaphic drivers of yam production in 
West Africa. Appl. Environ. Soil Sci. 2021, 5019481 (2021).

12. Scarcelli, N. et al. Yam genomics supports West Africa as a major 
cradle of crop domestication. Sci. Adv. 5, eaaw1947 (2019).

13. Coyne, D. & Affokpon, A. in Plant Parasitic Nematodes in 
Subtropical and Tropical Agriculture (eds Sikora, R. A. et al.) 
252–289 (CABI, 2018).

14. Affokpon, A. Nematode parasites of yam (Dioscorea spp.) in Benin: 
prevalence and species diversity. In Proceedings of the 69th 
International Symposium on Crop Protection (Ghent University, 
2017); https://www.ugent.be/bw/plants-and-crops/iscp/en/about/ 
proceedings

15. Adesiyan, S. O., Odihirin, R. A. & Adeniji, M. O. Economic losses 
caused by the yam nematode, Scutellonema bradys, in Nigeria. 
Plant Dis. Rep. 59, 477–480 (1975).

16. Sasser, J. N. & Freckman, D. W. A World Perspective on Nematology: 
The Role of the Society (Society of Nematologists, 1987).

17. Affokpon, A., Coyne, D. L., de Proft, M. & Coosemans, J. In vitro 
growth characterization and biocontrol potential of naturally 
occurring nematophagous fungi recovered from root-knot 
nematode infested vegetable fields in Benin. Int. J. Pest Manag. 61, 
273–283 (2015).

18. Coyne, D. L., Tchabi, A., Baimey, H., Labuschagne, N. & Rotifa, I. 
Distribution and prevalence of nematodes (Scutellonema bradys 
and Meloidogyne spp.) on marketed yam (Dioscorea spp.) in West 
Africa. Field Crops Res. 96, 142–150 (2006).

19. Adesiyan, S. O. Penetration and multiplication of Scutellonema 
bradys in yams (Dioscorea spp.). Nematol. Medit. 5, 313–317 (1977).

20. Baimey, H., Coyne, D. & Labuschagne, N. Effect of fertiliser 
application on yam nematode (Scutellonema bradys) 
multiplication and consequent damage to yam (Dioscorea spp.) 
under field and storage conditions in Benin. Int. J. Pest Manag. 52, 
63–70 (2006).

21. Paterne, E. A. S. A. et al. Yam (Dioscorea rotundata Poir and D. 
cayenensis Lam complex) in the traditional agriculture of Benin: 
present-day cultivar diversity and farmers’ perception on their 
tolerance to tuber dry rot caused by the nematode Scutellonema 
bradys. Int. J. Curr. Microbiol. Appl. Sci. 8, 1119–1138 (2019).

22. Kolombia, Y. A. et al. Morphological and molecular 
characterisation of Scutellonema species from yam (Dioscorea 
spp.) and a key to the species of the genus. Nematology 19, 
751–787 (2017).

23. Farias, B. V. et al. Electrospun polymer nanofibers as seed 
coatings for crop protection. ACS Sustain. Chem. Eng. 7,  
19848–19856 (2019).

24. Pirzada, T. et al. Tailored lignocellulose-based biodegradable 
matrices with effective cargo delivery for crop protection.  
ACS Sustain. Chem. Eng. 8, 6590–6600 (2020).

25. Cao, J. et al. Development of abamectin loaded lignocellulosic 
matrices for the controlled release of nematicide for crop 
protection. Cellulose 23, 673–687 (2016).

http://www.nature.com/natfood
https://www.ugent.be/bw/plants-and-crops/iscp/en/about/proceedings
https://www.ugent.be/bw/plants-and-crops/iscp/en/about/proceedings


Nature Food | Volume 4 | February 2023 | 148–159 158

Article https://doi.org/10.1038/s43016-023-00695-z

26. Pappu, A. et al. Advances in industrial prospective of cellulosic 
macromolecules enriched banana biofibre resources: a review. 
Int. J. Biol. Macromol. 79, 449–458 (2015).

27. Banana Market Review 2020 (FAO, 2021); https://www.fao.org/ 
publications/card/en/c/CB6639EN

28. Mohapatra, D., Mishra, S. & Sutar, N. Banana and its by-product 
utilisation: an overview. J. Sci. Ind. Res. 69, 323–329 (2010).

29. Vinokur, V. Banana Market Review—Preliminary Results 2020 (FAO, 
2021); https://www.fao.org/publications/card/en/c/CB5150EN/

30. Jahan, M. S., Rahman, M. M. & Sarkar, M. Upgrading old 
corrugated cardboard (OCC) to dissolving pulp. Cellulose 23, 
2039–2047 (2016).

31. Starkey, H. et al. Lignin-containing micro/nanofibrillated  
cellulose to strengthen recycled fibers for lightweight sustainable 
packaging solutions. Carbohydr. Polym. Technol. Appl. 2,  
100135 (2021).

32. Debnath, M. et al. Soft mechanical treatments of recycled fibers 
using a high-shear homogenizer for tissue and hygiene products. 
Cellulose 28, 7981–7994 (2021).

33. Copenhaver, K. et al. Recycled cardboard containers as a 
low energy source for cellulose nanofibrils and their use in 
poly(l-lactide) nanocomposites. ACS Sustain. Chem. Eng. 9, 
13460–13470 (2021).

34. Tang, Y. et al. Extraction of cellulose nano-crystals from old 
corrugated container fiber using phosphoric acid and enzymatic 
hydrolysis followed by sonication. Carbohydr. Polym. 125, 
360–366 (2015).

35. U.S. Paper Industry Reaches Record for Containerboard Production 
in 2021 (American Forest and Paper Association, 2022); https:// 
www.afandpa.org/news/2022/us-paper-industry-reaches-record- 
containerboard-production-2021

36. Coyne, D. L., Akpheokhai, L. I. & Adeniran, A. F. The yam  
nematode (Scutellonema bradys), a potential threat to potato 
(Solanum tuberosum) production in West Africa. Plant Pathol. 60, 
992–997 (2011).

37. Mignouna, D. B. et al. Potential returns to yam research 
investment in sub-Saharan Africa and beyond. Outlook Agric. 49, 
215–224 (2020).

38. Li, A. et al. Grafting nanocellulose with diethylenetriam-
inepentaacetic acid and chitosan as additive for enhancing 
recycled OCC pulp fibres. Cellulose 29, 2017–2032 (2022).

39. Chen, Y. et al. Effects of wet-pressing induced fiber hornification 
on hydrogen bonds of cellulose and on properties of eucalyptus 
paper sheets. Holzforschung 72, 829–837 (2018).

40. Wan, J., Yang, J., Ma, Y. & Wang, Y. Effect of pulp preparation 
and papermaking processes on the properties of OCC fibers. 
BioResources 6, 1615–1630 (2011).

41. Célino, A., Fréour, S., Jacquemin, F. & Casari, P. The hygroscopic 
behavior of plant fibers: a review. Front. Chem. https://doi.org/ 
10.3389/fchem.2013.00043 (2014).

42. Wilhelm, R. C., Singh, R., Eltis, L. D. & Mohn, W. W. Bacterial 
contributions to delignification and lignocellulose degradation 
in forest soils with metagenomic and quantitative stable isotope 
probing. ISME J. 13, 413–429 (2019).

43. Shinde, R. et al. Potential of lignocellulose degrading 
microorganisms for agricultural residue decomposition in soil: a 
review.J. Environ. Manag. 320, 115843 (2022).

44. Iqbal, A., Beaugrand, J., Garnier, P. & Recous, S. Tissue density 
determines the water storage characteristics of crop residues. 
Plant Soil 367, 285–299 (2013).

45. Kim, H. K., Park, J. & Hwang, I. Investigating water transport 
through the xylem network in vascular plants. J. Exp. Bot 65, 
1895–1904 (2014).

46. O’Neill, H. et al. Dynamics of water bound to crystalline cellulose. 
Sci. Rep. 7, 11840 (2017).

47. Yin, G. Z. & Yang, X. M. Biodegradable polymers: a cure for the 
planet, but a long way to go. J. Polym. Res. 27, 28 (2020).

48. Escalada, J. P. et al. Photodegradation of the acaricide abamectin: 
a kinetic study. J. Agric. Food Chem. 56, 7355–7359 (2008).

49. Mo, D. et al. Fabrication and evaluation of slow-release 
lignin-based avermectin nano-delivery system with UV-shielding 
property. Sci. Rep. 11, 23248 (2021).

50. Coursey, D. G., Fellows, L. E. & Coulson, C. B. Respiration in yam 
tuber tissue. Nature 210, 1292–1293 (1966).

51. Dedehouanou, H. Wrap & plant technology: an innovative and 
cost-effective method for seed yam treatment for nematode 
control in fields. Adv. Soc. Sci. Res. J. 9, 39–59 (2022).

52. Dedehouanou, H. & Affokpon, A. Comprehensive perception 
approach of adoption: innovative wrap & plant technology  
for nematodes management on yam. Adv. Soc. Sci. Res. J. 9, 
355–368 (2022).
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Extended Data Fig. 1 | Physical attributes of handsheets made from BF, OCC 
and hybrid fibers. SEM images showing surface sections of paper made from 
(a) banana fiber (BF) and (b) OCC. SEM images showing variation in the fiber 
morphology of the cross sections of the handsheets developed from BF:OCC 
fibers mixed in various proportions, (c) BO82 (80:20), (d) BO64 (60:40), (e) BO46 
(40:60) and (f) BO28 (20:80). 3 independent replicates of each sample were 

scanned at 5 different magnifications to verify the reproducibility of data. Plots 
showing variation in (g) burst indices and (h) density and air resistance (inversely 
related to porosity) of the handsheets prepared from BF, OCC and hybrid fibers 
(BO). Error bars represent standard deviation in the respective mean values of  
10 independent replicates. handsheets.
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Extended Data Fig. 2 | Biodegradability and soil integrity. (a-d) Photographs 
showing the design of soil integrity studies in the greenhouse using tomato plant 
as a bioindicator. (e) Schematic proposing the design of ‘W&P’ test based on soil 
integrity studies. (f) Photographs showing various samples before and after 
keeping in the soil for 7, 14 and 21 days. SEM images showing the surface section 

of (g) BF, (h) BO82, (i) BO64, ( j) BO46, (k) BO28 and (l) OCC after removing 
from the soil after 21 days. Red arrowheads show spores of soil micro/macro-
organisms. Typically, 3 independent replicates of each sample were scanned at  
5 different magnifications to verify the reproducibility of data.
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Extended Data Fig. 3 | Structure, soil integrity & bioactivity retention 
of banana paper. (a) X-ray tomograph showing 3D random orientation and 
loose packing of fibers in banana paper. Two independent replicates of banana 
paper were scanned at different magnifications and locations to verify the 
reproducibility of data. (b) High and low magnification SEM images showing 
morphology of a cross section of banana paper. Three independent replicates of 
the paper were scanned at 5 different magnifications to verify the reproducibility 

of data. (c) Stress-strain plot of as-prepared banana paper (BP-0), and after 
keeping in soil for 7 (BP-7), 14 (BP-14) and 21 days (BP-21). Typically three 
independent replicates of each sample are tested to verify the reproducibility 
of data. (d) Plot showing bioavailability of Abm from BF, OCC, BO82 and BP 
after 15 hydration cycles (n = 3). Error bars show standard deviation in the mean 
bioavailability data in each case.
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Extended Data Fig. 4 | Field trials design & setup. (a) Map showing Savé (green), 
Glazoué (orange) and Savalou (red) regions in Benin.The base map was applied 
without endorsement using data from the Database of Global Administrative 
Areas (GADM; https://gadm.org/). (b-d) Photographs showing preparation and 

set up of yam fields. (e) Schematic showing randomized complete block design of 
a field with plots treated with abamectin loaded banana paper (BP-Abm), banana 
paper only (BP) and untreated control referred as Farmers’ practice (FP).

http://www.nature.com/natfood
https://gadm.org/


Nature Food

Article https://doi.org/10.1038/s43016-023-00695-z

Extended Data Fig. 5 | Rainfall patterns in Glazoue, Save and Savalou. Rainfall data for Savé (2015-2017), Galzoué (2015-2017) and Savalou (2017-2018).
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Extended Data Fig. 6 | Effect of treatments on yield & tuber storage. Data 
showing (a) Yam tuber wt (g / tuber) at harvest and 3 months post-harvest (least 
significant difference (lsd) 31.2 and 26.5 respectively α = 0.01), (b) percent weight 
loss of tubers after 3 months storage. (lsd = 0.81, α = 0.01), (c) Yam dry rot on  
a 1- 5 scale as influenced by W&P treatments (lsd = 0.10, alpha 0.01)., and (d)  
3 months post-harvest reproductive factor (Rf 3 = population density at 3 months 
/ initial {harvest} population density / g of yam peel) for Scutellonema bradys 
(lsd =0.12, α = 0.01), (e) Influence of W&P treatments on final population density 
of Scutellonema bradys per gram of yam peal from 2015-2018 (least significant 
difference =1.41,α = 0.01), and (f) Population density (Pf3/g of yam peel) 3 months 
post harvest for Scutellonema bradys as affected by W&P treatments from 

2016 – 2018 (lsd = 2.95, α = 0.01). Data analysis consisted of one-way Analysis of 
Variance (ANOVA) for a randomized complete block design with three treatments 
and five replications. Combined analysis was done as for a factorial design with 
three treatments (BP-Abm, BP and FP), five replications, 26 farms, and four years 
with no adjustments. All data analysis was accomplished using the General linear 
models procedure (PROC GLM) of PC/SAS software (SAS Institute, Cary, NC). 
Mean separation was by Waller-Duncan K-ratio t-test. Boxes are bounded by Q1 
(bottom, 25th percentile) and Q3 (75th percentile), whiskers as minimum  
(Q1-1.5*IQR) and maximum (Q3 + 1.5*IQR), median defined by line in the box 
(IQR), mean depicted by X, outliers depicted by dots.
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Extended Data Fig. 7 | Post-harvest tuber quality evaluation. Post-harvest data showing tuber weight loss and tuber health (dry rot and cracking) after 3- and  
5- month storage in (a) & (d) Glazoué (2016-2017), (b) & (e) Savé (2016-2017) and (c) & (f) Savalou (2017-2018) regions. Error bars in part a-c indicate standard deviation 
from the arithmetic means.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data generated or analyzed during this study are included in this published article and its supplementary information files



2

nature portfolio  |  reporting sum
m

ary
M

arch 2021

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid 
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in 
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the 
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for 
sharing of individual-level data; provide overall numbers in this Reporting Summary.  Please state if this information has not 
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based 
analysis.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Paper handsheets: 10 handsheets were produced for each sample 
Seed wrap: 10, 000 seed wraps (6*8 inches2) were produced from 7500 feet of paper roll.  
Each field trial was arranged in a randomized complete block design with five replicates and three treatments. Individual plots, spaced 
2meters apart, accommodated four rows of 6 mounds. After the mounds were prepared for planting and labeled following the treatments, 
soil samples were collected to estimate pre-planting nematode population densities. Four soil cores were removed per plot from 5 to30 cm 
depth using a hand trowel, following a zig-zag sampling pattern. Soil cores from the same plot were combined and thoroughly mixed before 
a250 cm³ composite sample was removed for nematode extraction using the centrifugation technique. Each mound was planted with single 
seed yam.Fields harbored an initial nematode density of at least 500 nematodes per 250 cm³ soil.  
Post-harvest studies: sample peels (outer cortex) were removed from a 5×5 cm2 area on four sides of each of three tubers, to determine 
tuber nematode population densities at harvest and after 3- and 5-month storage. Tuber peels from the same plot were then thoroughly 
mixed, and 25 g peels were removed for nematode extraction using the centrifugation technique. For soil nematodes, soil sub-samples were 
collected from the tuber zones in the middle mounds, and a composite soil sample of 250 cm3 was removed per plot and processed for 
population estimation. 
Soil and root sampling for nematodes employed standard protocols that have been robustly applied for over 50 years for numerous crops. 
Sample size for yam was chosen to closely replicate farmer’s practices and was limited by the size of the plots we were able to deploy but 
were representative of local yam production practices.

Data exclusions No data were excluded during the characterization of banana paper. 
No data were excluded from the analyses in the field trials since none of the plants selected for individual monitoring in each plot after 
emergence die at the end of the experiment.

Replication Seed wraps: To characterize burst index, density and air resistance of banana paper handsheets and paper roll, we used 10 replicates in each 
case following standard TAPPI protocols. 3 replicates were used to determine mechanical strength and integrity via DMA analysis of each 
sample. 3 replicates were used in each case to determine bioavailability, binding analysis and UV-resistance of respective samples. 
Paper for the field trials: Each year, the paper for the seed wraps was prepared following the same protocol and its key attributes were 
evaluated to replicate those of the previous years' prior to use in the field trials. 
Field trials: The field study was undertaken from 2015 to 2018 in Guinea-Sudan transition zone of Benin (Centre of Benin, West Africa) in 
three districts. Field trials were  replicated for three consecutive years in a total of 16 farmers’ fields at Glazoué, and Savè, and for two 
consecutive years at Savalou. The trials were replicated in the same field from 2016-2017 in Glazoué and Savè, and from 2017-2018 
inSavalou .Seed yams for the first year of trials were produced in nematode-free soil using miniset technique. For the following years, seed 
yams were purchased from farmers who had been previously trained for the production of nematode-free seed yams. 
Planting: Planting occurred at the beginning of the first rainy season (8-11 June, 2015; 13-16 May, 2016; 26 April-29 May, 2017; 8 May 
2018),and tubers were harvested 7-8 months later when vines were completely dried. In each season, trials were replicated in multiple 
different farmers' fields (2015: 6 farms; 2016: 4 farms; 2017: 10 farms; 2018: 6 farms), and trials were repeated for four seasons. In total, 
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trials were established in 16 different farmers' fields (10 farms for multiple years) with a similar history of yam cultivation during 2015 thru 
2018. All attempts at replication were successful. Typical farmer’s practice (FP) is to plant the yam seed piece in the mound with no further 
inputs. Farmer’s practices vary among farms, but weed control is via manual cultivation when it does occur, and no fertilizer is added to the 
mounds. No insect or disease control agrochemical applications are employed. Yam cultivation is very low input and labor intensive, with crop 
management being performed manually.The site of the storability experiment is located in the sub-humid savannah region with a sub-
equatorial climate characterized by two wet seasons from mid-March to mid-July and mid-September to mid-November, alternating with two 
dry seasons. The annual average rainfall is between 1000 and 1200 mm and the yearly mean temperature between 25 and 30 oC. Data 
analysis for each site consisted of Analysis of Variance (ANOVA) for a randomized complete block design with three treatments (FP, BP,and 
BP-Abm) and five replications. The yearly results were combined to determine the differences between years.

Randomization Field trials were fully randomized in the open field, due to the homogeneous infestation of the soil with plant-parasitic nematodes, the lack 
ofinclination of the field and the absence of physical elements (e.g. trees, rocks, shelters) in the experimental area,. Plants were 
distributedusing a randomized complete block design.

Blinding Blinding was not relevant to field trials of this nature. Field trials: In each location, we gave every treatment and plot number a unique random 
code (e.g. BP-Abm would be GBV 101, etc.) that we entered into an excel file. Plants within each replication plot were labelled as GBV 101.1, 
GBV 101.2, etc., until the end of the season and the data collection process. Laboratory supporting staff worked using these codes.  

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Caenorhabditis elegans strain N2, hermaphrodite, +/- 3.5 day lifecycle

Wild animals It is likely that numerous different species of plant-parasitic nematodes were isolated during soil sampling for these experiments, but 
the predominant species we recovered was Scutellonema bradys, a pernicious pest invertebrate. These microscopic nematodes were 
collected in soil and root/peel samples, were extracted by standard techniques, and disposed of down the sink drain. Prior to 
extraction the samples were held in refrigerated conditions.

Reporting on sex Sex was not considered during study design

Field-collected samples It is likely that numerous different species of plant-parasitic nematodes were isolated during soil sampling for these experiments, but 
the predominant species we recovered was Scutellonema bradys, a pernicious pest invertebrate. These microscopic nematodes were 
collected in soil and root/peel samples, were extracted by standard techniques, and disposed of down the sink drain. Prior to 
extraction the samples were held in refrigerated conditions.

Ethics oversight No ethical guidance required. C. elegans is a standard laboratory invertebrate and plant-parasitic nematodes are pernicious pests. 
There are no ethical or regulatory concerns with working with either organism.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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