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Abstract Root-knot nematodes are causing serious economic
losses of vegetable production. Actual agroecological control
solutions are not effective enough to control this pest or are
difficult to implement in farms. There is little knowledge on
the use of crops to trap nematodes in protected cultivation
systems. Therefore, we tested a resistant pepper as a trap crop
for root-knot nematodes over 4 years in a commercial farm
and an experimental station in Southern France. The effects of
pepper trap crop on plant damages and soil infestation were
compared with a sorghum cover crop. We also surveyed 28
local vegetable farmers for their interest concerning the pos-
sible use of the pepper trap crop. Our results show that nem-
atode infestation of the soil decreased by 99 and 80% after the
first and second implementation of the trap crop. The gall
index measured on Swiss chard decreased from 2.5 to less

than 1 after 4 years. Respectively, 21 and 36 % of farmers
found the cropping system completely and partially accept-
able. The most interested farmers were those having sufficient
labor and available land in summer. Farmer criticisms were
higher nursery costs and planting duration, versus sorghum.
Overall, this is the first design of a cropping system using a
resistant cultivar as a dead-end trap crop for root-knot nema-
todes. The process used, moving from a genetic construct to
agronomic innovation through an interdisciplinary and partic-
ipatory approach, holds promise for scientists seeking new
integrated pest management approaches to increase the sus-
tainability of agriculture.
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1 Introduction

Root-knot nematodes (Meloidogyne spp., RKNs) are causing
increasing economic losses worldwide, particularly in vegeta-
ble crops. Average yield losses of 10 % have frequently been
reported, but much higher percentages have been reported in
local conditions. For example, Sikora and Fernandez (2005)
reported up to 30 % crop losses on highly susceptible plants,
such as tomato, melon, and eggplant. In South of France,
RKN symptoms have been recorded on more than 40 % of
vegetable farms (Djian-Caporalino 2012). These figures call
into question the future of vegetable crops, because such high
levels of infestation jeopardize profitability.
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There are several reasons for these high levels of infestation
in protected cultivation. First, the predominant RKN species
in Mediterranean areas (M. arenaria and M. incognita) are
extremely polyphagous (Djian-Caporalino 2012). They are
host of numerous commercial species, including plants from
three families overrepresented among crops grown under
glass or plastic: Solanaceae, Cucurbitaceae, and Asteraceae
(Sikora and Fernandez 2005). Second, climate change is lead-
ing to higher RKN survival rates, particularly as soils under
shelters are warmer than are those in open fields. Finally, the
use of chemical nematicides has gradually been restricted for
environmental reasons and due to undesirable effects on
health (Zasada et al. 2010). Several agroecological techniques
are known to affect RKNs (Zasada et al. 2010; Collange et al.
2011): sanitation, soil tillage, organic amendment, nematicidal
green manure, biological control, heat-based methods, and
plant resistance etc. Each of these techniques is only partly
effective, necessitating their combination, which further com-
plicates their adoption on farms where space available under
shelters for non-commercial practices is very limited
(Collange et al. 2014). Breeders are mostly focusing on the
introgression of resistance genes (R-genes) into commercial
cultivars or rootstocks, a strategy with several limitations.
First, few R-genes have been identified and used in vegetable
crops so far: theMi-1 gene in tomato (Milligan et al. 1998) and
the N, Me1 and Me3 genes in sweet pepper (Hare 1957;
Hendy et al. 1985). Second, the Mi-1 gene is inactive at soil
temperatures above 28 °C, which are frequently encountered
under shelters in summer in Mediterranean areas, whereas the
efficacy of Me genes is not temperature-dependent (Djian-
Caporalino et al. 1999). Finally, the use of R-genes makes it
possible to grow vegetables in infested soils but decreases soil
contamination only slightly because of the low planting den-
sity. In the long term, R-genes tend to be overcome by the
pest, as shown recently for N and Me3 in pepper (Thies
2011; Djian-Caporalino et al. 2011). By contrast, the pepper
Me1 gene has never yet been overcome in laboratory or field
conditions (Djian-Caporalino et al. 2011, 2014). The use of a
hybrid pepper in which theMe1 andMe3 genes are pyramided
has proved highly effective for the protection of subsequent
crops, as it strongly decreases the soil infection potential in the
long term (Djian-Caporalino et al. 2014). Could such a Me1-
Me3 hybrid pepper be used to trap RKNs in infested soils?

Trapping is mostly used for managing aerial pests. Some
studies have been realized on soil-borne pests, but very few
are available on vegetable production. Nematode trap plants
have been tested periodically since the late 1900s. For exam-
ple Solanum sisymbriifolium (Dandurand et al. 2013) against
potato cyst nematodes Globodera, aragula (Eruca sativa),
marigold (Tagetes patula), and cowpea (Vigna unguiculata)
against Meloidogyne spp. (McSorley et al., 1999, Wang et al.
2003, Roberts et al. 2005, Hooks et al. 2010, Melakeberhan
et al. 2010). In these studies, nematologists focused on the

trapping mechanisms and tried to disentangle the respective
roles of trapping and toxic compound release (a question
remaining open for marigold as reviewed by Hooks et al.
2010). After inoculating nematodes in pots of soil, they com-
pared the population density before and after the trap crop in
very controlled conditions and most often concluded to a sig-
nificant decrease in population density in the soil thanks to the
trap crop.

Although the interest in using such basic knowledge to
control nematodes in field conditions is mentioned in the
literature, it is hardly ever studied. In particular, very few
studies measure the efficacy on the following crop. Two
cases must be distinguished depending if the trapping is
permanent or not. When host plants as lettuce and radish
are cropped, the trapping process is not permanent: host
plants attract juveniles, but plant root systems must be
completely removed from the soil before the end of the
RKN life cycle to prevent nematode reproduction in those
roots and consequent nematode increase in soil (Cuadra
et al. 2000). This is therefore difficult to implement in com-
mercial farms and very risky when growers are overloaded.
Using dead-end trap crops is more promising. The potential
of cowpea, a legume frequent in tropical Asia and West
Africa, received much attention. Roberts et al. (2005) ana-
lyzed the effect of a resistant cowpea cover crop for
protecting the following susceptible tomato crop from
M. incognita. Both the cover crop and the following tomato
crop were protected from RKN infestation, but the resistant
genes Rk and Rk2 did not provide a full protection when
soils were highly infested. The long-term effects beyond the
first crop were not analyzed in depth, but Wang et al. (2003)
consider that RKN suppression is rather short-lived. Finally,
most of the species liable to be used as trap crop are difficult
to introduce into vegetable crop rotations (Djian-Caporalino
et al. 2005), or the technique is not operational yet.

Therefore, we searched for developing an innovative
cropping strategy in which the hybrid-resistant pepper was
used as a dead-end trap crop, attracting RKN juveniles in the
soil, and preventing their progeny from developing. This strat-
egy has several advantages. The two genes are complementa-
ry and efficiently trap RKNs; their activity is stable at high
temperature; and there is a low risk of overcoming their com-
bined resistance (Djian-Caporalino et al. 2014). They defini-
tively trap nematodes within the roots. Finally, the use of this
pepper as a cover crop between two cash crops should facili-
tate its introduction into highly constrained cropping systems.
Our research project brought together scientists (agronomists,
agricultural scientists, geneticists, and nematologists), techni-
cal advisers, and farmers to design an efficient cropping sys-
tem and suitable for use on commercial farms (Navarrete et al.
2010). We present results on its multidimensional assessment
and on its acceptability to farmers, from two complementary
approaches: experimentation and a farmers’ survey.
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2 Materials and methods

As pointed out previously, RKN trapping has been largely
studied by nematologists. Nevertheless, which crop manage-
ment plan is able to optimize the trapping process has never
been explored, neither is its long-term efficacy. We therefore
describe first how the crop management plan was chosen,
based on the available basic knowledge of the RKN life cycle
and trappingmechanisms and of the operational knowledge of
farmers’ constraints to implement new practices (2.1). Then,
the methods used for the multidimensional assessment are
described: the experimental device to assess the pepper effi-
cacy as a trap crop and as a cover crop (2.2) and the farm
survey to estimate the acceptability of this system to farmers.

2.1 Design of an innovative crop management plan
for the pepper trap crop

2.1.1 Potential for RKN trapping with resistance genes

RKNs are obligate plant endoparasites that can complete
several generations per year under shelters (Sikora and
Fernandez 2005). Mature females lay eggs on the root
surface or embedded in galls. Following embryogenesis,
the first-stage juvenile (J1) molts within the egg to gen-
erate the infective second-stage juvenile (J2), which
hatches from the egg. J2s are the only stage mobile in
the soil, but their active dispersal is restricted to a range
of 10–20 cm (Prot and Van Gundy 1981). In susceptible
plants, the J2s initiate the formation of giant cells for
feeding; they then molt three times to generate repro-
ductive adults. The lifecycle is shorter in warm condi-
tions: 63 days at 16 °C and 20 days at 30 °C (Ploeg
and Maris 1999).

Previous experimental studies have shown that Me1 and
Me3 have different modes of action (Djian-Caporalino et al.
2011). Me3 induces early cellular necrosis in the root epider-
mis adjacent to juveniles, whereas Me1 induces a late hyper-
sensitive reaction in the vascular cylinder of infected roots,
preventing the development of egg-laying females (Hendy
et al. 1985; Bleve-Zacheo et al. 1998). In both cases, the nem-
atodes die in the roots without reproducing. Growth of the
Me1-Me3 hybrid on microplots for 5 months strongly de-
creased soil infection potential, by up to 97 % during 3 years
after the trap crop. This decrease was almost complete on
some microplots, on which organic amendment and ferti-
irrigation favored the development of hairy rooting systems
(Djian-Caporalino et al. 2014). As nematodes are killed in the
roots, it overcomes the need to destroy the plants before the
end of the nematode life cycle. This aspect led us to consider
the hybrid as a good potential new trap crop, provided that the
rooting density is high.

2.1.2 Farmers’ constraints limiting the widespread adoption
of the trap crop

The main farmers’ constraints in using an R-pepper trap crop
result from the highly intensive nature of vegetable cropping
under plastic shelters to obtain the best returns on investment.
Crop rotations and planting schemes greatly influence the ca-
pacity of farmers to adopt new practices, such as soil solari-
zation to replace chemical disinfestation (Navarrete et al.
2006). Indeed, the number of vegetable species cropped and
their temporal and spatial arrangement depend principally on
the farmers’ marketing strategy and the characteristics of the
farm, rather than crop health considerations. For instance,
farmers using short marketing channels, who crop a wider
range of vegetable species all year long, have very little avail-
able space and time for the introduction of a cover crop
(Navarrete et al. 2015). By contrast, farmers using long mar-
keting channels specialize in the cultivation of only a few
species, potentially leading to soil health problems. But, they
have room available for green manure crops during certain
periods of the year to maintain soil fertility and health. We
therefore assumed that the capacity to adopt the new cropping
system would depend on such farm characteristics.

Under shelter, cover cropping is possible during two pe-
riods of the year. For plots free in the summer (e.g., after
melon or zucchini crops), the most frequent species used are
Sorghum Sudangrass (Sorghum sudanense) and Sudangrass
hybrids (S. bicolor x S. sudanense), grown from July to
August. They improve soil structure through their deep
rooting and enrich the soil with large amounts of fresh organic
matter, thereby improving soil health (Abawi and Widmer
2000; Collange et al. 2011). If the cash crop is still present
in the summer (e.g., tomato, sweet pepper), cover cropping
can be carried out in the fall, with Brassicaceae such as forage
radish or mustard, which produce biocidal chemicals for
biofumigation (Collange et al. 2011). Cost is another key is-
sue, limiting cover crop practices to a minimum. The only
cropping practice required after soil tillage and sowing is
sprinkler irrigation. After the cover crop has been growing
for 1.5 to 2 months, the leaves and shoots are chopped into
small pieces and incorporated into the soil. The direct cost of
this system has been estimated at about 250–300 €/ha for
sorghum (Crestin and Vannier 2007).

2.1.3 A crop management plan for controlling RKNs
compatible with farmers’ constraints

Based on information from Sects. 2.1.1 and 2.1.2, the scien-
tists and advisors involved in the participatory project sug-
gested growing the hybrid pepper in the summer. The crop
management plan was largely based on the cropping tech-
niques used for sorghum but with the key difference that the
pepper plants had to be sown in peat plugs in a nursery before
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transplantation in the field, because pepper seeds require
warm temperatures (above 23 °C) and a favorable substrate
for normal germination and growth. This additional step in-
creased costs but was necessary to ensure that well-developed
seedlings were planted. The seedlings were initially
transplanted directly into tilled soil, but this necessitated man-
ual weeding, because the weeds grew faster than did the pep-
pers. We therefore decided to plant the seedlings on a biode-
gradable mulching film that could be incorporated into the soil
at the end of cropping. J2 juveniles are not verymobile and are
unlikely to reach the roots through their own displacement
alone, so the roots needed to grow toward them. A planting
density of 12 plants/m2 was assumed to be sufficient for full
exploration of the soil by the roots. Summer is the most fa-
vorable season for trapping RKNs because the life cycle is
shortened by warm temperatures. According to Pegard et al.
(2005), the J2 juveniles are rapidly trapped after they enter the
roots.We therefore considered a 6-week period to be sufficient
to allow all the eggs to develop into J2 juveniles and for these
juveniles to be trapped. Moreover, the growing period was
assumed to be long enough to produce sufficient organic mat-
ter to fulfill the role classically played by sorghum. At the end
of the pepper crop, as RKNs are unable to leave the roots, the
rooting system was left in place, and the shoots and leaves
were incorporated into the soil (Fig. 1).

2.2 Assessment of the agronomic impact of the pepper
crop

2.2.1 Experimental device and growing conditions

Two 4-year trials were performed, one on a commercial farm
and the other at an experimental station under high plastic
tunnels (about 8 m wide and 3.5 m high) (Table 1a). Each trial
consisted of two periods of 2 years, each with the same se-
quence of crops, to assess the likely long-term and cumulative
effects of the alternative cropping system. The pepper cover
crop was cropped every other year (in the first and third years):
it was assumed that this frequency was sufficient to control
RKNs in the long term. After the trap crop, susceptible species
were grown to determine the extent to which the soil had been
disinfected. Two types were used: partially susceptible crops,

such as lettuce and Mi tomato (the resistance of which is
overcome at high temperature), and very susceptible crops,
such as melon. The crop rotation in the farm trial was Swiss
chard—pepper or sorghum cover crop (year 1), lettuce—Mi1
tomato (year 2), lettuce—melon—pepper or sorghum cover
crop (year 3), lettuce—Mi1 tomato—Swiss chard (year 4). At
experimental station, the first and last Swiss chard crops were
replaced with lettuce crops. In each trial, the plot was divided
into two subplots; the cropping systemwith a pepper trap crop
was compared with a control cropping system including a
sorghum cover crop. The first trial was carried on a farm
located in Six-Fours (43.1 N, 5.85 E, Var). The 125-m2 plot
had a sandy-clay soil, with 1.8 % organic matter, and had been
heavily infested withM. arenaria since the 1980s. The second
trial was conducted on a 320-m2 plot at the INRA experimen-
tal station at Alénya (42.6 N, 2.98 E, Pyrénées-Orientales), on
a loamy-sand soil containing 1.8 % organic matter. We aimed
(i) to measure additional variables that could not be measured
on a commercial farm, such as the dynamics of soil coloniza-
tion by the roots over the cropping cycle and (ii) to refine the
pepper crop management plan. In 2013, the same planting
density (12 plants/m2) was used. In 2015, two planting densi-
ties were compared (9 and 12 plants/m2), to assess the feasi-
bility of reducing costs by using a lower density. These data
could not be acquired a farm, and this made it necessary to
carry out the trial in a soil without RKNs.

For the on-farm trial, the pepper seeds (Me1-Me3) were
sown in a nursery on 4 × 4-cm plug trays on April 27, 2012
and June 24, 2014 and were maintained at 25 °C. One month
later, the seedlings were transplanted to the experimental plot,
at a density of 12 plants/m2, to bare soil in 2012 and to soil
covered with a biodegradable film in 2014 (see Sect. 2.1.3).
The soil was rototilled and refined before planting. In 2012
only, 10/40/10 mineral fertilizer (20 kg/m2) was incorporated
into the soil, which was considered to contain too few nutri-
ents for satisfactory growth. After planting, the crop was irri-
gated three times per week. At the end of the trial, the plants,
which were 1.20m high, were incorporated into the soil with a
rotavator, together with the biodegradable film. The cropping
schedule for Alénya trial is indicated on Table 1. On Sorghum
subplots, Sorghum was grown in accordance with local tech-
nical recommendations (Crestin and Vannier 2007), as

a bFig. 1 The pepper cover crop
under shelter in Alénya station
(2013). The pepper was planted
on a biodegradable film (a). At
the end of the trial (b), the crop
was chopped as well as the
biodegradable film and
incorporated into the soil (left part
of the picture)
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indicated in Sect. 2.1.2. The seeds (cv. Lussi in 2012 and cv.
Piper in 2014 in Six-Fours, cv. Piper in 2013 and 2015 in
Alénya) were sown at a density of 50 kg/ha. The other crops
and their management were strictly identical between the
treatment and control systems.

2.2.2 Variables measured and data analysis (Table 1b)

To estimate RKN damages on plants, the gall index was de-
termined on the rooting system of a representative sample (25
to 30 plants per subplot) of each susceptible crop (e.g., lettuce,
melon) on a scale of 0 to 10 (Zeck 1971). The infestation of
the soil with RKN was determined on 250-ml samples of
rhizosphere soil, at a depth of 15 cm, before the experiment
and after each trap and susceptible crops. Over the 4-year
period, samples were always taken from the same site, to
within 10 cm, for each replicate, to take possible heterogeneity
in the distribution of RKNs over the plot into account. RKNs
were extracted by the Seinhorst (1962) elutriation procedure.
They were counted in 5-cm3 counting chambers, under a ste-
reomicroscope (×40 magnification).

For rooting observations at the experimental station, four
pits were dug in 2013 and two in 2015, alongside six pepper

plants in the same row (1.5 m long, 0.7 m deep). A grid of
2 × 2-cm cells was applied vertically to the soil profile to count
the number of roots per cell. We determined the number of
cells occupied by at least one root, to estimate the proportion
of soil potentially disinfected by the trap crop. As nematodes
can cover distances of about 10 cm, we assumed that only
those located in cells containing one or more roots could be
trapped.

For evaluation of pepper growth on the experimental sta-
tion, at the end of the crop, the fresh and dry weights of the
aboveground parts of the plants were determined for four rep-
licates per treatment: the plants from a 1-m2 microplot were
weighed before and after drying in an oven at 50 °C for 48 h.
A subsample of each replicate was used to measure total N
and total C concentrations by elemental analyses based on the
Dumas method (Elementar VarioMacroCube CHN,
Germany).

Mean values and standard deviations were used to com-
pare the alternative cropping system to the control for each
date. The dynamics of gall index and soil infestation with
RKN over the 4 years were studied to detect possible long-
term effects of the pepper trap crop. The dynamics of rooting
was studied to determine the optimal length of the trap crop.

Table 1 Experimental device

Commercial farm, Six-Fours Experimental station, Alénya

2012 2014 2013 2015

a. Cropping schedule

Pepper crop

Planting density (pl/m2) 12 12 12 9 and12

Sowing date 27/04 24/06 04/04 (0) 04/06 (0)

Planting date 29/05 27/08 14/05 (237) 07/07 (426)

End of the crop 29/08 14/11 24/07 (621) 25/08 (917)

Control: sorghum crop

Sowing date 29/05 11/09 14/05 (237) 07/07 (426)

End of the crop 28/07 09/10 05/07 (444) 20/08 (857)

b. Variables measured

Root-gall index (0–10) 25–30 plants per treatment, on
each susceptible crop of the
rotation, 10 dates over 4 years

– –

Soil infestation with RKN
(number per dm3 of fresh soil)

7 samples per treatment, 9 dates
over 4 years

– –

Pepper rooting system observation – 06/06, 18/06, 02/07 and 24/07, 6 plants
per date

30/07 and 18/08, 6 plants per
date and per planting density

Pepper aboveground fresh and
dry weight (g/m2)

– 1 m2 microplot, 4 replicates on 24/07 1 m2 microplot, 4 replicates on 25/08

C/N ratio of the aboveground
part on pepper and sorghum

– – 1 m2 microplot, 4 replicates, on 25/08

The numbers in brackets indicate the cumulative number of degree-days from sowing with a base value of 15 °C, the minimum temperature compatible
with pepper growth
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2.3 A survey to estimate the acceptability of the trap crop
innovation to farmers

A farm survey was carried out in 2014 in Provence (30 km
around Avignon), in an area widely contaminated with RKNs.
We selected 28 vegetable farmers reporting RKN damage, on
the basis of farm size, crop diversity, and marketing channels
(Furnion 2014). The cropping practices ranged from conven-
tional to more environment-friendly or organic systems.
Farmerswere first asked to describe the functioning of their farm:
cropping systems (rotations, crop management plans, and
cropping schedules), available resources (open field and shel-
tered areas, labor force, tillage machinery, etc.), and their market-
ing strategy. Then, they were asked about the feasibility of using
the pepper trap crop on their own farm. Based on a graphic
support mapping out, on a timeline, the farmers’ cropping sys-
tems and the innovative one, the farmers identified the main
changes theywould have tomake, and the difficulties theywould
face if they adopted the innovative system. The interviews, based
on a semistructured questionnaire, lasted about 1.5 to 2 h and
were recorded.

The 28 interviews were analyzed by coding the farm charac-
teristics (area, number of species cropped, degree of
ecologization, RKN pressure, marketing channels), the farming
style (motivation for agroecology and for technical innovation,
perception on RKN management), and the acceptability of the
innovative cropping system. The acceptability was decomposed
into three components: compatibility of cropping calendars be-
tween the innovative and current cropping systems (“Cal”), work
issues (“Work”), and marketing issues (“Mkt”). Two typologies
were built by multiple correspondence analyses (MCAs) and
hierarchical clustering on principal components (R software):
one of farms and one of farmers’ farming styles. The acceptabil-
ity components were compared with these two typologies.

3 Results and discussion

3.1 Impact of the innovative cropping system on RKN
control

3.1.1 RKN dynamics in soil

In the on-farm trial, RKN abundance in the soil decreased
sharply after each pepper crop (Fig. 2a), by up to 99 % in
2012 and 80 % in 2014. However, this decrease was similar
to that after the sorghum crop, which was supposed to have
limited effects on RKNs. In controlled conditions, we showed
that the sorghum cultivars used (Piper and Lussi) allowed
RKNs to multiply over 2-month periods of cultivation in
warm conditions (data not shown), which is the common prac-
tice in the area studied. This may account for their usually
limited control effect on RKNs. In this experiment, sorghum

was incorporated into the soil before the completion of the
RKN life cycle (because of a short period in 2015 and cooler
conditions in 2013). It may, therefore, have acted as a tempo-
rary trap crop, reducing RKN infestation to levels similar to
those achieved with the pepper crops. But, this unintentional
effect conceals the high risk of RKN multiplication if the
sorghum crop is destroyed too late, as indicated by Cuadra
et al. (2000) for other trap species. After the pepper and sor-
ghum crops, the RKN population in the soil remained small,
even after the susceptible lettuce and partially resistant tomato
crops. However, it increased again during the second year
after the melon crop, probably not only because melon is
highly susceptible but also because of the long period from
the last trap crop. It confirms our hypothesis that a trap crop
frequency of one every 2 years is mandatory to maintain RKN
populations below an alarming level. The results are very
interesting because previous studies indicated that the efficacy
of the other trap crop studied (especially cowpea) was rather
short lived (Wang et al. 2003).

The results for RKN dynamics in soil were confirmed by
the gall index recorded for the roots of RKN-susceptible
plants. After the pepper trap crop, the gall index was very
low on lettuce (less than 1 on a 0–10 scale at times 5 and
33) (Fig. 2b). When lettuce is cropped in the fall when
RKNs are still very active, the gall index for these plants can
reach the maximum level of 10 (Djian-Caporalino et al. 2014).
The two cover crops were, therefore, effective for RKN con-
trol. The highest gall index, about 6, was found on the melon
(time 26), which is highly susceptible: nematodes multiplied
substantially on this crop, resulting in a high abundance of
nematodes in the soil at the end of the crop. On Swiss chard,
gall index decreased from 2.5 to 3 before the trial (time 0) to
1 at the end of the trial (time 48), confirming the efficacy of
both trap crops for decreasing soil infection potential. These
results are consistent with and extend those previously obtain-
ed on microplots (Djian-Caporalino et al. 2014). But, they
were obtained after a much shorter period (2 months instead
of 6), which confirms that the Me1-Me3 pepper can be
cropped as a short cover crop.

3.1.2 Potential of pepper roots to colonize the soil and trap
RKNs

Cover crops are usually intended to enrich the soil with organ-
ic matter and improve soil fertility; what is the potential of the
pepper crop as a green manure? During the pepper crop cycle
in 2013 at Alénya station, the roots gradually spread out to
occupy a larger proportion of the soil, extending to greater soil
depths (Fig. 3a). At the end of the trial (10 weeks after plant-
ing), almost 80 % of the soil cells in the first 30 cm were
occupied by roots. This depth is the common depth of soil
tillage under shelters. We assume that this high percentage,
given the small size of the cells used (2 × 2 cm), would be
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Fig. 2 Root-knot nematode
infestation in soil and gall index in
RKN susceptible crops in the on-
farm trial. The two treatments
differed only by the cover crop
species (sorghum or pepper, in
green on the timeline). RKN
infestation (a) was measured on
soil samples at the end of each
crop indicated on the timeline; the
mean of seven replicates per
treatment ± standard error are
shown. Gall index (b) was
measured on the rooting system at
the end of each susceptible crop
on a scale of 0–10; the mean of 27
replicates per
treatment ± standard error are
shown
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Fig. 3 Soil exploration by the pepper roots in Alénya station. The data
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a The soil exploration by pepper roots is presented for each soil layer of
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more than 70 % of the cells are occupied by at least one root in the first
30 cm. b Two planting densities are tested over 2 years: 9 plants/m2 in
2015 and 12 plants/m2 in 2013 and 2015
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sufficient for successful RKN trapping despite the low mobil-
ity of RKN juveniles.

Based on these promising results, we investigated, in 2015,
the interest of a lower planting density, to decrease nursery and
planting costs. With the initial planting density (12 plants/m2),
the percentage of cells occupied by at least one root after
6 weeks was similar to that reported in 2013 (around 75 %
of cells occupied) (Fig. 3b). On the contrary, with a planting
density of 9 plants/m2, only 56 % of the cells were occupied
by roots in the first 30 cm, a proportion probably too low for
satisfactory levels of RKN trapping. The smaller percentage of
cells occupied by roots after 3 weeks than in 2013 (21 and
15% for 12 and 9 plants/m2, respectively) can be explained by
slow growth at the start of the cycle: the seedlings stayed in the
nursery for a too long period and their growthwas impaired by
the high temperatures in the nursery, which delayed root
growth. However, one key positive finding was that the
Me1-Me3 pepper rooting system has a large potential for soil
colonization, for different densities and planting dates (May to
July), provided that cropping duration was adapted. This is a
major strength for a trap cover crop, because it could be used
in various conditions, increasing the likelihood of compliance
with the crop schedule constraints of farmers.

3.1.3 Potential of the resistant pepper as a green manure

At the end of the pepper crops in Alénya trial, for a density of
12 plants/m2, the fresh weights of the aerial parts of pepper
were 28.7 t/ha in 2013 and only 7.2 t/ha in 2015. The corre-
sponding dry weights were 4.25 and 0.9 t/ha, respectively. In
2013, the amount of fresh organic matter incorporated into the
soil was similar to that for sorghum green manure (30.2 t/ha).
However, in 2015, water deficiency at first stages was respon-
sible for the very small amount of organic matter produced.
The potential interest as a green manure is therefore lower
than that of sorghum but satisfactory at a density of 12
plants/m2. The low density trial should be repeated in better
climate conditions, with the seedlings planted in May rather

than July, to favor growth and lengthen the cropping cycle,
both of which should increase organic matter production.

Moreover, the sorghum and pepper crops had different C/N
ratios: 28.2 for sorghum and 9.4 and 10.1 for pepper planted at
12 and 9 plants/m2, respectively. Even if we did not choose
pepper for its capacity to enrich the soil in organic matter,
these results indicate that it could be considered both as a
trap crop and as a green manure, provided that it is grown
for at least 2 months and well irrigated. Abawi and Widmer
(2000) highlighted the interest of organic matter produced by
cover crops to increase microbial activity, improve soil health,
and limit RKN infestation, even if the precise mechanisms are
not clearly known. Due to a low C/N ratio, pepper may rapidly
release large amounts of nitrogen into the soil, but it cannot be
considered as a green manure capable of increasing the stable
humus content of the soil. Rodríguez-Kábana et al. (1987)
have considered that the optimal organic amendments were
those with a C/N ratios between 12 and 20, because they
would both enable nematicidal activity and avoid phytotoxic-
ity. The pepper cover crop is therefore near this optimal range.

In conclusion to the experimental assessment, Me1-Me3
pepper can be considered not only as a trap crop but also as
an appropriate green manure, even if it seems less effective
than sorghum as regards the amount of organic matter pro-
duced, rooting potential, and weed suppression capacities.

3.2 Acceptability of the innovative system to farmers

In the survey, various views were expressed regarding the
cropping system based on pepper trap cover crop. Working
time was the key determinant of the three acceptability com-
ponents considered (compatibility of cropping calendars,
work issues, and marketing issues). It was considered a major
problem for 12 of the 28 farmers and as a moderate problem
for 10 others. Farmers were unhappy with the longer time
required for pepper seedling planting than for the sowing of
sorghum. Costs were also seen as problematic, due to the high
labor costs at planting but particularly for the production of
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pepper seedlings in a nursery. For 19 of the 28 growers, the
innovative system was not considered problematic in terms of
marketing strategy, because the trap crop was not intended for
sale, and because the other species of the innovative cropping
system were similar to those usually cropped in the area.
Cropping calendars were considered to be fully compatible
for 17 farmers and partially compatible for five. As the trap
crop occupies the plots for 2 months in the summer, conflicts
arose only for the few farms harvesting summer crops (e.g.,
tomato, sweet pepper cash crops) until September.

The acceptability of the system to farmers clearly
depended on the characteristics of the farm and the
farmers’ strategy (Fig. 4a). Acceptability was highest
for the farms of type A (i.e., farms with more than
1 ha of plastic shelters, diversified organic vegetable
production, and selling through long marketing chan-
nels). The farmers from the other four types found the
new cropping system problematic for various reasons.
For types B and E, cropping calendars were compatible,
but the farms could not afford the increase in workload
necessary for pepper planting. For example, type B
farms had less than 1 ha of shelters and a workforce
consisting entirely of family members. Type E consisted
of conventional farms specializing in a small number of
crops, with long marketing channels and farming over
larger areas (around 10 ha). These farms employed per-
manent and seasonal staff, but they were already
overstretched by spring crop planting and could not af-
ford to implement the cropping system proposed.
Acceptability was lowest in type D, consisting of farms
producing diverse vegetables in summer and selling
them through short marketing channels: most farmers
considered the workload and the cropping calendar un-
satisfactory as it would make it difficult to ensure sup-
ply for customers in the summer.

The acceptability of the new cropping system also
depended on the farming styles (Fig. 4b). The farmers’
attitude with respect to agroecology and innovation
could even compensate for farm constraints previously
shown. Most farmers following farming style 1 were
interested in using the new cropping system. This
group consisted of very innovative farmers highly
motivated to use agroecological practices. Ten of the
12 farmers in this group were organic farmers, who
preferred to manage RKN dynamics in the long term,
rather than trying to eradicate them immediately. They
had already tested alternative green manures, such as
Tagetes patula, or natural products to manage RKNs
but considered they lack efficiency. By contrast,
farmers of farming style 3 were not used to adopting
innovative practices on their farms nor motivated to
employ ag roeco log i ca l p rac t i ce s . The i r RKN
management only relied on conventional practices and

chemical products. Most of them were reluctant to use
the cropping system proposed. The farming style 2
corresponded to an intermediate group, whose points
of view were difficult to analyze.

These results on the acceptability of the pepper trap crop
echo those from Sattler and Nagel (2010) on the adoption of
conservation measures for water, soil, or biodiversity by
farmers. They noted that farmers’ acceptability tightly
depended on their perception of the innovation, the lack of
faith in the efficacy of the new practice, the lack of know-
how for its implementation, labor requirements, and risk aver-
sion. They also noted that for some farmers, cost could even
be a minor factor compared to the previous ones. We obtained
similar responses; some farmers surveyed for the pepper trap
crop said that the cost issue could be overcome if the cropping
system significantly decreased RKN damage, because they
were facing high levels of RKN damages. More generally,
these results confirm the interest of a participatory approach
to take into account farmers’ constraints in designing an inno-
vation and to assess it not only as regards its efficacy but also
its feasibility for end-users. Schut et al. (2014) noted that the
potential of participatory and systems approach remains large-
ly unexplored for crop protection innovation, and our study is
therefore a contribution to help close this gap. By taking into
account the organizational, social, and economic factors driv-
ing the adoption of innovations, the study enabled to move
from a genetic construct (the resistantMe1-Me3 pepper) to an
agronomic innovation (its use as a trap cover crop to clean soil
in a sustainable cropping system). This research process could
therefore be very useful for other IPM strategies.

4 Conclusions

The study aimed to design and assess a cropping system
using an RKN-resistant pepper as a trap cover crop. So
far, the use of a resistant plant as a cover crop in vegeta-
ble production had been studied in very controlled condi-
tions but never in commercial farm conditions. A partic-
ipatory research was required to design a crop manage-
ment plan able to optimize the trapping and to assess it.
An in-depth assessment (soil colonization by roots, mea-
surement of gall index on plants and of nematode popu-
lation in soil, assessment of the farmers’ acceptability)
had never been realized before this study. Trapping
RKNs with the pepper crop was quite effective: soil con-
tamination was much lower after the trap crop and subse-
quent susceptible crops displayed low levels of RKN
damage during 16 months. Moreover, the pepper crop
partly served the function of a green manure due to the
satisfying amount of fresh organic matter produced. The
farm survey showed that this innovative cropping system
is appropriate for farms with sufficient labor and land
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available in summer for the duration of the trap crop,
especially for intensive large farms. Farms with stronger
labor or land constraints would not be able to adopt such
a cropping system. Most farmers considered the trap crop
to be too expensive, despite their heavy expenditure on
chemical nematicide applications every year. The efficien-
cy of trap crop management could still be improved, and
various options are being considered to adapt this
cropping system to ensure both agronomic efficacy and
acceptability to farmers. First, the generation of homozy-
gous genotypes combining the two genes would lower the
cost of the seed. A research program to help breeders in
the construction of novel resistant pyramid genotypes is
currently underway. Second, nursery costs must also be
decreased. So far, nurseries are used to generate seedlings
for cash crops, with high inputs and high-quality require-
ments. Nursing practices need to be adapted for the pro-
duction of cover crop seedlings at a lower price. Third,
the optimal density and frequency for the pepper crop, in
terms of RKN trapping efficiency, was not determined
precisely, and further studies are required to resolve this
issue, which directly impacts final cost. Finally, alterna-
tives are required for farmers unable or reluctant to im-
plement this innovation: at plot level, alternating sorghum
and pepper cover crops to combine their agronomical and
sanitary effects; at farm level, combining different
cropping systems to increase the return time for suscepti-
ble species. This interdisciplinary research program gen-
erated original results in the fields of genetics (e.g., dura-
bility of resistance), nematology (e.g., balance between
plant-phytoparasitic and free-living species), agronomy
(e.g., design and validation of the crop management plan),
and agricultural science (e.g., factors affecting the poten-
tial for adoption of the practice by farmers). The main
issue now is moving from a participatory research study
to the development of the cropping system and its adap-
tation on farms.
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