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1 Introduction

In Task 6.2, we co-design and test push-pull expansion to other crops. Based on existing intensification
efforts and their potential value to farmers (Mulupi et al., 2025), we focus here on the integration of high-
value vegetables for organic production in push-pull. This system is termed vegetable-integrated push-
pull (VIPP) (Chidawanyika et al., 2025a). Organic high-nutrition vegetables such as kale represent a success
story in which push-pull farmers have been producing to markets beyond neighbours and local markets
(Mulupi et al., 2025). This deliverable reports on progress toward this expansion of push-pull.

2 Testing vegetable-integrated push-pull (VIPP)

This section is modified and reproduced from parts of Chidawanyika et al. (2025a) (CC BY 4.0). Some
headings have been changed and sections rearranged to fit the report narrative, references and
background information have been updated where necessary, and supplementary files are listed as
appendices.

2.1 Motivation

Originally developed to control Lepidopteran pests in African smallholder cereal cropping systems, push
pull technology (PPT) is a companion cropping method where maize or sorghum are intercrops with
leguminous plants of the genus Desmodium [Fabaceae] whilst surrounded by Napier grass (Pennisetum
purpureum) or those of the Brachiaria sp. [all Poaceae] (Cheruiyot et al., 2022). The Desmodium in the
intercrops is thought to serve as the push factor by repelling pests (Cheruiyot et al., 2022; Odermatt et
al., 2025) whilst attracting natural enemies (Sobhy et al., 2022). The surrounding grasses are intended to
provide the pull factor by luring pests away from the crop for oviposition whilst arresting larval
development (Chidawanyika et al., 2014; Cheruiyot et al., 2022), although in some cases the border
grasses may also repel pests and attract their enemies (Sobhy et al., 2022; Lang et al., 2022; Odermatt et
al., 2025). Together, the companion plants provide crop protection against pests (Midega et al., 2018) in
addition to other ecosystem services including suppression of parasitic weeds (Hooper et al., 2015;
Midega et al., 2017), soil nitrogen fixation and improved organic content and phosphorous content in the
soil (Drinkwater et al., 2021).

Apart from pest and disease control, sustainable intensification of cropping systems offers opportunities
for improving nutritional diversity (Chidawanyika et al., 2023). This is particularly important in sub-
Saharan Africa where crop production is largely dominated by cereals (de Graaff et al., 2011; Noort et al.,
2022). Hence, we recently integrated vegetables and edible legumes within PPT to form vegetable
integrated push pull (VIPP). In this current study, we investigated how integrating kales and tomatoes
within VIPP can influence pests and diseases as well as the productivity of these vegetables. We
hypothesised that the vegetables will be protected by the insect behavioural manipulation of the PPT
together with the resource-based population dynamics of plant-herbivore interactions. We also
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hypothesised that disease incidences will be lower, given that herbivore damage acts as a predisposing
factor for pathogen infection, leading to yield increment.

2.2 Materials and Methods

2.2.1 Study area

The field experiments were conducted at the International Centre of Insect Physiology and Ecology (icipe),
Thomas Odhiambo Campus, Mbita Point, Kenya (0°25°S, 34°12'E). The experiment was undertaken during
the short rain seasons from October to December in 2020 and 2021, as well as during the long rain seasons
from March to May and June to August in 2020. This region is characterized by a semi-arid climate,
experiencing rainfall patterns that are also endured by smallholder farmers in the region (1933 mm p.a).
Mbita Point is situated along the shores of Lake Victoria, which may influence its microclimate. The area

typically experiences two main rainy seasons: the long rains from March to May and the short rains from
October to December and soils are predominantly vertisol.

2.2.2 Plot layout

We established a split-plot design of Push-Pull Technology (maize + silverleaf desmodium, Desmodium
uncinatum + Brachiaria around the plot) and control (sole maize) (both 28 x 15m). At two weeks post-
seedling emergence, two vegetable types — kales (Collards variety) and tomatoes (Riogrand variety) —
were planted in both the VIPP and control plots alternating with maize (WH 505 variety) in 5.25 x 5.25 m
subplots that were replicated four times for the two treatments. The inter- and intra-row spacing between
maize was 75 cm and 30 cm, respectively, while desmodium was planted at an inter-row spacing of 75
cm. Kales and tomatoes were planted with an intra-row spacing of 30 cm (Figure 1).
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Figure 1: Overview of experimental layout for vegetable integrated push-pull (VIPP) and control plots
cultivated with kales, tomatoes and maize crops

2.2.3 Pest and disease infestation levels and severity of damage

Data collection commenced two weeks post-planting of vegetables and continued weekly until the
seventh week, concluding with the final harvest. A randomized sampling method was employed by
selecting 20 plants from the middle rows of vegetables while excluding border plants. To minimize bias,
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five plants were chosen from either side of the middle rows, totaling 20 plants per sampling plot. Pest
populations were monitored by inspecting individual plants within each plot. For each plant, the species
and abundance of each pest were recorded. Pest damage and disease severity was concurrently assessed
by visual inspection.

A seven-point Likert scale (Dvorak et al., 2021) was used to quantify the severity of pest and disease
damage, where each level represents the extent of damage observed on the plants: 0 indicating no
damage (clean), 1 for very low damage, 2 for low damage, 3 for moderate damage, 4 for high damage, 5
for very high damage, and 6 for complete plant death. In both seasons, pest damage and disease ratings
commenced 2 weeks after germination and continued weekly over a 4-week period.

Harvesting was done weekly, and yield and quality were determined from the same plants where crop
health was assessed. The harvested leaves were sorted into three distinct batches: the first batch included
healthy leaves and those exhibiting low to moderate damage, categorized as consumable; whilst the third
batch consisted of severely damaged and diseased leaves, which were classified as non-marketable
(rejected). During the quality assessment, a 5-member panel of local farmers was invited to categorise
the vegetables after each harvest. Thereafter, the leaves were counted and weighed to determine the
yield for each treatment.

The data for all the surveyed parameters were pooled according to seasons; short rain seasons (October
to December 2020 and October to December 2021) and long rain seasons (June to August 2020 and March
to May 2021). Pest and disease damage (ratings) and incidences of kales and tomatoes were subjected to
a generalized linear model (GLM) in R statistical software (R Core Team 2023).

The disease severity was converted into proportion. The area under disease progress curve (AUDPC) was
computed for disease severity following Jeger and Viljanen-Rollinson (2001):

-1
()
= 5 +1
=1
where n = total number of observations, y; = proportion disease severity observed on kales or tomatoes

at the /™" observation, and t = time (expressed as weeks) at the i observation.

The computed values of AUDPC for each disease type were subjected to a two-way analysis of variance.
In these analyses, seasons and treatments were fixed factors. Post hoc analyses were performed using
Tukey’s HSD (Honestly Significance Difference) test and the significance level was set at a = 0.05.

2.3 Results

VIPP significantly influenced the incidences of aphids (x*=49.85, p<0.001), diamondback moth (DBM) (x?
=25.56, p<0.001), and grasshoppers (x%=11.83, p<0.001) but not cabbage looper (x?=0.25, p=0.61) in
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kales. Only the incidences of DBM and grasshopper varied between the seasons (x?=25.56, p<0.001, and
x?=11.83, p<0.001, respectively). However, there were no significant interactions between treatments
and seasons. Similarly, the severity of damage followed similar trends in line with the pest infestation
levels (Appendix 1). Overall, the numbers of aphids and DBM together with the severity of damage were
consistently lower in VIPP plots compared to control plots (maize + kale). However, the incidence (Figure
2 and 3) and damage (Figure 4 and 5) levels of cabbage loopers and grasshoppers were not affected by

treatments.
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Figure 2: Incidence of insect pests on kales grown in push-pull (VIPP) and control plots in two cropping
seasons (Bars represent the means. Different letters above the error bars denote significant differences
between treatments)
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Figure 3: Incidence of insect pests on tomatoes grown in push-pull (VIPP) and control plots in two cropping
seasons (Different letters above the error bars denote significant differences)
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Figure 4: Insect pests’ damage ratings observed on kales grown in push-pull (VIPP) and control plots in two
cropping seasons (Different letters above the error bars denote significant differences among treatments)
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Figure 5: Insect pests’ damage ratings observed on tomatoes grown in push-pull (VIPP) and control plots
in two cropping seasons (Different letters above the error bars denote significant differences between
treatments)

In tomatoes, VIPP significantly influenced infestations by leafminers Tuta absoluta (x2=3.05, p=0.004),
whiteflies (x2=5.94, p=0.014) and fruit flies (x%=9.94, p=0.023) but not thrips (x2?=1.43, p=0.23) and
bollworms (x? = 0.92, p=0.33). There was seasonal variation in the incidences of thrips, bollworms,
whiteflies and fruit flies (p<0.001). Only incidences of bollworm and whiteflies were significantly
influenced by the interactions of treatments and seasons. The same trends were followed in the damage
ratings (Appendix 2).

Low incidences of and damage by leafminers, whiteflies and fruit flies on tomatoes were observed in push-
pull plots compared to plots of tomato as a sole crop. No significant variations of the incidences of and
damage by thrips and bollworms were recorded between the two treatments (Figures 4 and 5).

In kales, early and late blight, black rot, leaf curl and leaf spot were observed during long rain season.
While in the short rain season, late blight, black rot, leaf curl, mildew and anthracnose were observed
(Figure 6). Unlike other diseases observed on kales, the AUDPC for black rot and leaf curl showed
significant variations between treatments (black rot: F = 4.39, p = 0.044, leaf curl: F = 6.16, p =0.018) and
seasons (black rot: F=22.17, p<0.001, leaf curl: F=4.11, p = 0.048).
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Figure 6: Area under disease progress curves for disease severity caused by different diseases recorded on
kales cultivated in push-pull (VIPP) and control plots in two cropping seasons (Different letters above the
error bars denote significant differences between treatments)

Early and late blight, leaf curl and leaf spot were the diseases that were observed on tomatoes (Figure 7).
High severity of late blight and leaf spot were observed in short rain season compared to the long rain
season (late blight: F = 19.56, p < 0.001, leaf spot: F = 11.39, p = 0.004). Tomatoes in control plots had
higher severity of leaf spot compared to tomatoes grown in push-pull plots during long rain season (F =
9.61, p =0.021). The AUDPCs for the other diseases were not statistically different between treatments.
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Figure 7: Area under disease progress curves for disease severity caused by different diseases recorded on
tomatoes cultivated in push-pull (VIPP) and control plots in two cropping seasons (Different letters above

the error bars denote significant differences between treatments)
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Table 1: Statistical summary of generalized linear models for yield parameters of kales

2

Parameters Independent variables % Df p-value
Number of marketable leaves Season 25.51 1 <0.001
Treatment 31.44 1 <0.001
Weeks after transplanting 577 3 0.12
Season x Treatment 0.09 1 0.76
Number of non-marketable leaves Season 1.02 1 0.31
Treatment 54.09 1 <0.001
Weeks after transplanting 6.99 3 0.072
Season x Treatment 4.29 1 0.038
Weight of marketable leaves Season 27.44 1 <0.001
Treatment 87.21 1 <0.001
Weeks after transplanting 23.26 3 <0.001
Season x Treatment 0.23 1 0.63
Weight of non-marketable leaves Season 0.36 1 0.54
Treatment 52.95 1 <0.001
Weeks after transplanting 5.37 3 0.15
Season x Treatment 2.08 1 0.15

The treatment consisted of vegetable integrated push-pull (VIPP) and control plots where experiments were conducted during long and short rain
?msllgn;ata were assessed weekly at physiological maturity

The summary of GLM for yield parameters including the number and weight of marketable and non-
marketable leaves is provided in Table 1. The treatments resulted in significant differences in the yield
parameters (x2 > 31.44, p<0.001). Here, we considered clean and undamaged leaves as marketable
(suitable for human consumption). The number and weight of marketable leaves were consistently higher
in push-pull plots compared to control plots during both long and short rain seasons (Figure 7). In contrast,
lower numbers and less weight of no-marketable leaves were observed in push-pull plots compared to
control plots. Overall, 3.01 £ 0.17 and 1.54 + 0.41 leaves/plant/week and 0.107 £ 0.011 and 0.013 + 0.004
kg of leaves/plant/week were recorded in VIPP and control plots, respectively during short rain season. In
the short rain season, 4.25 + 0.51 and 2.92 + 0.38 leaves/plant/week and 3.01 £ 0.17 and 1.54 + 0.41 kg
of leaves/plant/week were recorded in push-pull and control plots, respectively (Figure 8).
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Figure 8: Yield of kales (harvestable leaves) collected at different harvesting stages and seasons in push-
pull (VIPP) and control plots as (a) number of marketable leaves, (b) number of non-marketable leaves, (c)
weight of marketable leaves, (d) weight of non-marketable leaves. Different letters above the error bars
denote significant differences between treatments

The summary of GLM for yield parameters including the number and weight of marketable and non-
marketable tomato fruits is provided in Table 2. The treatments resulted in significant differences in the
yield parameters (x2>39.75, p<0.001). VIPP plots gave higher yield (number and weight of marketable
fruits) and reduced yield loss in terms of the number and weight of non-marketable fruits of tomatoes
than control plots during both long and short rain seasons (Figure 9). Numerically, 5.44 + 0.68 and 3.68 +
0.06 fruits/plant/week and 0.49 + 0.09 and 0.23 + 0.04 kg of fruits/plant/week were recorded in push-pull
and control plots, respectively during the long rain season. In the short rain season, 6.32 + 0.89 and 3.45
+ 0.60 fruits/plant/week and 0.33 + 0.06 and 0.18 * 0.03 kg of fruits/plant/week were recorded in push-
pull and control plots, respectively.
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Table 2: Statistical summary of generalized linear models for yield parameters of tomato

Parameter Independent variables ¥ Df p-value
Number of marketable fruits Season 0.286 1 0.59
Treatment 39.75 1 <0.001
Weeks after transplanting 10.79 3 0.013
Season x Treatment 0.18 1 0.67
Number of non-marketable fruits Season 0.01 1 0.92
Treatment 38.60 1 <0.001
Weeks after transplanting 17.60 3 <0.001
Season x Treatment 4.34 1 0.037
Weight of marketable fruits Season 22.52 1 <0.001
Treatment 81.05 1 <0.001
Weeks after transplanting 8.65 3 0.034
Season x Treatment 5.69 1 0.017
Weight of non-marketable fruits Season 2.99 1 0.084
Treatment 57.14 1 <0.001
Weeks after transplanting 15.62 3 0.001
Season x Treatment 12.63 1 <0.001

The treatment consisted of vegetable integrated push-pull (VIPP) and control plots where experiments were conducted during long and short rain
seasons
Yield data were assessed weekly at physiological maturity
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Figure 9: Harvestable tomato fruits collected at different harvesting stages and seasons in push-pull (VIPP)
and control plots as (a) number of marketable fruits, (b) number of non-marketable fruits, (c) weight of

marketable fruits, (d) weight of non-marketable fruits. Different letters above the error bars denote
significant differences between treatments

2.4 Discussion

2.4.1 Pest incidences and damage ratings on kales

Our results show that a VIPP system differentially influences pest incidences and their damage in both
kales and tomatoes. Aphids and DBM, the major pests in kale production, together with grasshoppers
were consistently lower in the VIPP plots compared to the control, underlying the importance of in-situ
crop diversification in pest management. These findings corroborate several studies that have associated
habitat complexity in crop fields with reduced pest infestation. For example, companion cropping of
cabbage with non-host vegetables resulted in reduced DBM infestations (Asare-Bediako et al., 2011).
Similarly, such companion cropping has been widely associated with the suppression of aphids in various
cropping systems (Lai et al., 2011; Ben-Issa et al., 2017a,b).
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The mechanisms for such pest suppression in companion cropping systems are broad. For example, non-
host plants are known to disrupt the olfactory-guided location of hosts leading to lower infestations
(Broad et al., 2008; Gurr et al., 2017). Alternatively, the complex habitats wrought by companion cropping
can also lead to enhanced natural enemy diversity by either volatile mediated attraction (Khan et al., 1997;
Mutua et al., 2024) or increased resources such as flowers and nectar availability (Sigsgaard et al., 2013;
Straser et al., 2024) leading to increased pest parasitism. In our study system, the PPT has long been
known to suppress pests by both volatile mediated insect behavioural manipulation where pests are
repelled and lured away from the crop whilst parasitoids are recruited (Khan et al., 1997; Chidawanyika
et al., 2014; Sobhy et al., 2022; Lang et al., 2022). Furthermore, the PPT has been linked with the
conditioning of the soil where crop anti-herbivore secondary metabolites are activated to improve
thereby reducing pest damage (Mutyambai et al., 2019, 2024; Bass et al., 2024; Lang et al., 2024). It is
therefore plausible that vegetables introduced to form the VIPP benefit from a suite of these ecosystem
services, in part or in full, leading to decreased pest activity.

Although the VIPP in our study showed efficacy against aphids, grasshoppers and DBM in kales, it did not
influence the incidences of cabbage loopers suggesting that the impact of our model companion cropping
system is not universally effective against all pests. Nevertheless, the occurrence of the loopers was
relatively lower compared to the more devastating pests. In tomatoes, the VIPP did not influence
incidences of thrips and bollworms underlying how the impact of such companion cropping may be
species-specific. Taken together, our studies suggest the more generalist pests are less affected by the
VIPP companion cropping. This is expected because, in nature, the behaviour of generalist insects tends
to be modulated by a more complex integration of multiple cues (Bruce et al., 2005) to locate perfect
hosts where feeding on alternatives due to chance encounters is often exploratory due to anti-herbivore
feedback from plants including tactile and gustatory cues (Ali & Agrawal, 2012; Gols, 2014; Chakraborty
et al., 2023). Such may have been the case in our study as the generalists tended to damage the crops
relatively less compared to the specialist pests.

Insect population dynamics are known to be highly responsive to seasonality (Chidawanyika et al., 2020;
Nyamukondiwa et al., 2022). In our study, there were differential effects of seasonality on pest incidences
in both tomatoes and kales.

We observed early and late blight, black rot, leaf curl, leaf spot, mildew and anthracnose were common
diseases observed on kales. In tomatoes, early and late blight, leaf curl and leaf spot were common
diseases. The severity of black rot and leaf curl on kales and leaf spots on tomatoes were less in VIPP
compared to control plots, implying in situ crop diversification can result in modification of host factors
and reduce the susceptibility of crops to pests. Coupled with other practices such as crop rotation and
removal of weeds, farmers can disrupt the disease cycles (Krupinsky et al., 2002).

Unlike other diseases, the severity of black rot and leaf curl on kales as well as blight and leaf spot on
tomatoes was more pronounced during long rain than in short rain seasons. This demonstrates that long
rain stimulates the severity of plant diseases. This corroborates findings by (Khalig et al., 2022) who
reported a more apparent development of Ascochyta blight on cowpeas during prolonged rains. These
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further demonstrate the critical role of various components of the disease triangle including the host (crop
types and cultivars), type of pathogens and environmental factors such assoil fertility, moisture,
temperature and temperature on the development of diseases. Reportedly, cover crops can have twice
as suppressive effects against pests and diseases when compared to intercropping or agroforestry
(Beillouin et al., 2021). Interestingly, the other diseases were not different between vegetables planted in
VIPP and control plots. This further demonstrates the disease management role of crop diversification
may vary based on the number and types of crops as well as the type of plant pathogens. For instance,
the practice of crop mixtures increases the disease host resistance index thereby improving disease
reduction efficiency (Wang et al., 2021). Indeed, temporal and spatial crop diversification confers a lot of
benefits including enhancing the regulation of pests, weeds and diseases and reducing pesticide use
including herbicides, fungicides and insecticides (Tooker et al., 2002; Tooker & Frank, 2012; Struik &
Kuyper, 2017; Guinet et al., 2023).

In this study, we observed good quality and high yield of tomatoes and kales grown in VIPP plots compared
to control plots. We attribute this gain in number and weight of marketable leaves of kale and tomato
fruits to lower pest and disease pressure in VIPP plots compared to control plots. Furthermore, the high
yield of vegetables in VIPP can be associated with the multifaceted benefits conferred by this technology
including the presence of Desmodium which improves soil fertility through nitrogen fixation, live mulch to
conserve soil moisture and ground cover to smother weeds. Indeed, PPT has been demonstrated to offer
these benefits in addition to pest and striga weed management in cereal production (Khan et al., 2011).

2.5 Conclusions

Crop diversification such of the VIPP enhances crop protection, yield and quality of kales and tomatoes.
Our results suggest that sustainable intensification practices such as the VIPP are viable alternatives for
reducing the use of chemical pesticides whilst maintaining crop quality and yield. With further
intensification options such as organic soil amendments such as manure, farmers may further enhance
productivity whilst building a more bio-circular approach to their farming system. Whilst we demonstrate
these crop protection benefits, there is need to investigate the mechanisms surrounding the trophic
interactions including natural enemy responses and their efficacy in pest regulation. This will enable
optimized and wider application of these intercropping approaches on the targeted pests.
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3 Mechanisms

Two mechanisms have been investigated so far: volatile organic compounds emitted by the Desmodium
intercrop and their effects on biocontrol agents, and soil legacy effects on the accumulation of defensive
and antioxidant glucosinolate compounds in kales.

3.1 Infochemicals from Desmodium

This section is modified and reproduced from parts of Chidawanyika et al., (2025b) (CC BY 4.0). Some
headings have been changed and sections rearranged to fit the report narrative, references and
background information has been updated where necessary, and supplementary files are listed as
appendices.

Companion cropping can boost crop productivity through various ecosystem services, below and above
ground, through improved soil health, crop protection and pollination services (Khan et al., 2014,
Chidawanyika et al., 2023). For crop protection, aromatic companion plants can mediate trophic
interactions influencing chemical profiles that can repel crop pests or attract their natural enemies
(Mumm & Dicke, 2010; Odermatt et al., 2025). Floral resources of natural enemies can also aid in the
conservation of natural enemies by providing food (Parolin et al., 2012). Such companion cropping has
proven successful in curbing various pests including cabbage root fly and onion fly (Finch et al., 2003),
cereal stemborers and fall armyworm (Cheruiyot et al., 2021, 2022; Sobhy et al., 2022), cruciferous
vegetable pests (Chidawanyika et al., 2023, 2025a; Mutua et al., 2024), millet shoot fly (Moreno & Racelis,
2015), and cotton pests (Midega et al., 2012; Chi et al., 2021). The soil legacies of such companion
cropping can indirectly mediate arthropod assemblages through changes in crop secondary metabolites
that can minimize crop damage (Mutyambai et al., 2019, 2024; Lang et al., 2024).

The current study evaluated the potential of D. intortum infochemicals, particularly volatile organic
compounds (VOCs), in attracting natural enemies: the parasitoids Cotesia vestalis, Aphidius ervi, and A.
colemani. We hypothesized that the infochemicals attract these parasitoids, assisting them in locating
their target host in a VIPP system thereby improving the protection of vegetables against pest damage.
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3.1.2.1 Plants

Seeds of D. intortum and kale, Brassica oleracea var acephala (thousand-headed variety) were obtained
from Simlaw Seeds Company Ltd (Nairobi, Kenya). Brassica oleracea seeds were first sterilized by soaking
in 1% sodium hypochlorite solution to eliminate seed-borne pathogens then thoroughly rinsed in three
changes of distilled water before drying using adsorbent paper. The sterile seeds were then sown in
individual 5L plastic pots filled with autoclaved soil and manure in the ratio 2:1 (autoclaved for 30 min at
121 °C). Desmodium intortum seeds were surface-sterilized as described above, rinsed, then pre-
germinated in Petri dishes containing wet filter papers at room temperature. After radicle emergence,
three seedlings were transplanted to 5 L pots containing autoclaved soil without fertilizer. The plants were
later thinned to one plant per pot after 21 d to reduce competition. The plants were kept in an insect-
proof screenhouse, maintained at 25+ 2 °C, 60-70% relative humidity (RH) and L12:D12 light/dark
photoperiod at the International Centre of Insect Physiology and Ecology (icipe), Duduville Campus,
Nairobi, Kenya, (01° 13’ 25.6” S 036° 53’ 49.1” E, 1616 m a. s. |.). The seedlings were watered daily, and
they did not receive any chemical treatment. Four-week-old Brassica oleracea and eight-week-old D.
intortum were used for the experiments.

3.1.2.2 Insects

Larvae of DBM were collected from smallholder farms in Homabay County, Kenya. Potted B. oleracea
plants were provided for mass-rearing of the obtained larvae. Cotesia vestalis cocoons were also collected
from the smallholder farms and their progeny subsequently reared on second and third instar DBM larvae
as their host. The DBM larvae were monitored for cocoon formation, then separated into different cages
and used for bioassays after successful eclosion. Mummified aphids were also collected from farmer fields
and kept in rearing cages. After emergence, adult wasps of A. ervi and A. colemani were kept in separate
cages containing B. brassicae feeding on B. oleracea. Afterwards, the mummified aphids were further
separated into different cages and used for bioassays after emergence. In all the experiments, DBM and
B. Brassicae were kept in 50 cm x 80 cm x 40 cm Perspex cages, while the emerging wasps were separated
in 40 cm x 50 cm x 40 cm well-ventilated Perspex rearing cages. The rearing environment was maintained
at 28 £ 2 °C, 55 £ 5 % RH. Newly emerged adult wasps were fed with 20 % honey-water solution soaked
in cotton balls. One-day-old gravid female wasps were used for bioassays.

3.1.2.3 Behavioral responses of C. vestalis, A. ervi and A. colemani using a Y-tube
olfactometer

Behavioural responses of C. vestalis, A. ervi and A. colemani to headspace D. intortum VOCs were carried
out to determine the orientation of the adult wasps (Appendix 3). The assays were carried out in a Y-tube
olfactometer (arm = 10 cm, stem = 14 cm, diameter = 3 cm) held at an inclining position of 45 °C between
the Y-tube and the horizontal plane. The olfactometer was placed on a black background, illuminated
using a 20 V white, fluorescent tube from above in a dark room to avoid any visual distractions. For
bioassays involving VOCs of D. intortum, one arm of the olfactometer held 10 pl aliquots of the D. intortum
VOCs while the other arm held 10 pl of dichloromethane (DCM) as a control, in a two-way choice test. The
samples were applied on filter paper (4 x 25 mm) using a micropipette (Drummond Scientific, Broomall,
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USA), which were then placed in the two glass arms attached at the top of the Y-tube olfactometer.
Thereafter, we conducted bioassays using live plants, individually enclosed in heat-sterilised (100 °C for
12 h) polyethylene terephthalate (PET) bags (50 cm x 60 cm; Lifetime Brands Europe Ltd, Valepits Road,
Birmingham). Enclosed live D. intortum and B. oleracea plants and their combinations were tied on each
side of the olfactometer against one another or clean air bag controls (Appendix 3). To minimize
contamination of headspace plant VOCs with those from the soil, the whole pot containing the soil was
covered with aluminum foil to the base of the plant, leaving only the aerial parts of the plant exposed. An
electric-powered air-free vacuum pump (Model: DAA-V174-EB, GAST Manufacturing Company, Benton
Harbor, Michigan, United States) was used to suck charcoal-filtered air into the Y-tube at a flow rate of
700 mL/min, thereby creating a net flow rate of 350 mL/min into the arms. To eliminate positional bias,
treatment odor sources were alternated between the arms after every replication. All insects were used
only once to avoid confounding results due to acquired experience using clean olfactometers. Plants were
replaced with fresh ones after testing five insects. An insect was considered to have made a choice if it
moved at least 5 cm into any arm and stayed for more than 1 min over a 10 min observation period. In all
cases, experiments were carried out in a controlled laboratory environment as described by (Adams et
al., 2023), between 12:30 p.m. and 5:00 p.m. The parasitoids and test plants were moved to the bioassay
room one hour prior to conducting the bioassays to allow them to acclimatize. In all tested combinations,
30 gravid female wasps without oviposition exposure were tested.

3.1.2.4 Collection and Analysis of VOCs

Headspace sampling technique was used to collect VOCs from intact D. intortum and a control (empty
polyethylene terephthalate bag) for 12 h, starting at the last 2 h of the photophase (Magara et al., 2015;
Mutyambai et al., 2015). The aerial parts of the plants were gently enclosed in new sterile PET bags and
tied gently around the stem. Precaution was taken not to damage the plants to avoid emission of VOCs in
response to mechanical damage. Charcoal-purified air was passed through the inlet port at a flow rate of
600 mL min~. Volatile organic compounds were collected on single-use charcoal filters (0.05 g, 60/80
mesh, Supelco, USA) inserted into the outlet through which air was drawn at 400 mL min™. After trapping,
the entrained VOCs were eluted using 250 uL of gas chromatography (GC)-grade DCM (Merck, Germany)
in 2 mL micro vials (Agilent Technologies, Warsaw, Poland) and stored in a -80 °C freezer before further
chemical analysis and bioassays. Entrainments from each host plant were replicated four times and each
plant was used only once.

Analysis of VOCs was done using gas chromatography-mass spectrometry (GC-MS) on an HP 7890A series
gas chromatograph (Agilent Technologies, Wilmington, USA) coupled with an HP 5975C mass
spectrometer (Agilent Technologies, Wilmington, USA). The column used was 30 m x 0.25 mm i.d., 0.25
mm Agilent HP-5 MS capillary column. An aliquot (1 uL) of each sample was injected in splitless mode at
an oven temperature of 35°C for 5 min, which gradually increased to 280 °C at 10 °C/min and held for 10.5
min. The carrier gas was helium at a flow rate of 1.0 ml/min and the mass spectra were acquired at 70 eV
within a mass range of 38— 550 Daltons (Da) during a scan time of 0.73 scans s, Volatiles were identified
by comparing their mass spectral data with the GC/ MS library data and NIST website (Adams, 1995; NIST,
2008). Available authentic standards were used to confirm the identities of compounds based on their
mass spectral data and retention times (RTs). Quantification of the identified VOCs was done using
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calibration curves (peak area vs. concentration) generated by serial dilutions of the authentic standards
B-pinene and (E)-caryophyllene analyzed under the same GC/MS conditions at five different
concentrations (1-500 ng/ mL) since it equally yields results as close to the natural situation as possible.
The retention indices (RIs) of the compounds were determined using n-alkane standards (C8-C31).

3.1.2.5 Chemicals

Authentic standards of hexanal, (2)-3-hexenol, nonane, a-pinene, octen-3-ol, octanone, (E)-B-ocimene,
linalool, B-elemene and (E)-B-caryophyllene (>90% purity), all sourced from Sigma Aldrich (Gillingham,
UK), were used for quantification and confirmation. Dichloromethane (99.9% purity) used for volatile
elution was purchased from Merck (Darmstadt, Germany).

3.1.2.6 Coupled Gas Chromatography-Electroantennography

Adult parasitoids of each species were individually collected from the Perspex rearing cage into small
cages measuring 40 cm x 40 cm x 40 cm. The wasps were subjected to ice at different times to make them
immobile. Antennae were prepared by separating the head of ice-chilled wasps from the rest of the body
using a scalpel. Two silver-silver chloride (Ag-AgCl) borosilicate glass micro electrodes, 2 mm o.d. X 1.16
mm i.d. with an inner filament (INR-II, Syntech, Hilversum, the Netherlands) were filled with Ringer saline
solution as outlined by (Maddrell, 1969) but without glucose and used for electroantennogram recordings.
The Ringer saline solution consisted of 0.7 gl NaCl (Loba Chemie, India, > 99.5%), 0.5 gl KCI (= 99%), 0.2
gl CaCl, (> 99%), 2.5 gl™* MgCl, (= 99%), 2.72 gl KH,PO4 (= 99%) and 9.6 ml KOH (> 85%), all purchased
from Sigma Aldrich. With the help of an electrode holder, the head was placed at the indifferent electrode
with the tip of the antenna touching the recording electrode. The glass tube featured a side hole through
which the column effluent was introduced. VOCs to which the antenna of each wasp responded to were
identified on the GC component of the GC-EAG. One pl of the concentrated entrainment sample was
injected onto a nonpolar column (HP5-MSI, 30 m x 0.25 mm i.d. x 0.25 um film thickness) (Agilent
Technologies, California, USA) in a HP7890 GC (Agilent Technologies, Palo Alto, USA) equipped with a cool
on-column injector and a flame ionization detector (FID). The oven temperature was programmed at 35
°C for 2 min and then programmed at 10 °C min™* to 280 °C. Nitrogen was used as the carrier gas.
Simultaneous recordings of the EAG and FID responses were obtained with specialized software
(Electroantennographic Detection 2015 version 1.2.6, Syntech, Hilversum, The Netherlands). The EAD
outlet contained an uninterrupted airflow filtered through charcoal at a rate of 200 mL min~* directed to
the antenna. A total of six coupled runs were completed for each parasitoid. Only FID peaks corresponding
to an EAG peak in at least 3 replicates were considered electro-physiologically active.

3.1.2.7 Bioassays with synthetic standards

The response of C. vestalis, A. ervi and A. colemani to individual synthetic standards was assessed using
Y-tube olfactometer assays. Compounds that elicited a common response based on GC-EAG results were
selected for the assays. This included hexanal, (E)-B-ocimene and (E)-B-caryophyllene. The responses to
each compound were evaluated in solution at three concentrations: their putative natural release rates
(ng/plant/h), double the natural concentration, and half the natural concentration, as previously
described by (Fiaboe et al., 2023). The synthetic compounds were prepared by diluting 1 mg/ml of each
compound in DCM and then formulating the working solution separately from the stock solution. The

27



D6.4 Proof of principle
H2020-SFS-2019-2  (results of factorial experiments) for new push-pull crop systems including socioeconomic and market impact

different concentrations were then applied to filter paper strips (30 mm diameter) using a micropipette
(Drummond Scientific, Broomall, USA), then evaluated against a filter paper strip treated with 10-uL DCM.
After evaporation, the treated filter papers were placed in the two glass arms attached at the top of the
Y-tube olfactometer. In all tested compounds, 30 gravid female wasps without oviposition exposure were
tested.

3.1.2.8 Statistical analysis

Choice data from the Y-tube olfactometer assay were subjected to Chi-Square (x?) goodness-of-fit test to
determine significant differences in the odours choices of the insects (P < 0.05). The number of C. vestalis,
A.erviand A. colemani responses to intact plants and synthetic VOCs were converted to percentages using
the formula [(n/N) x 100], where n is the number of parasitoid responses to a given treatment, while N
represents the total number of responses (30). Response values of 1 and 0 were chosen to represent
response and non-response, while excluding the non-responsive parasitoid wasps. A Venn diagram was
generated to illustrate shared and unique compounds that elicited responses in EAG across the three
insects using the Venn Diagram package (version 1.7.3). All data analysis was carried out in R software
(v4.3.0) using the R Studio user interface (v2023.06.0) (R Core Team, 2023)

3.1.3.1 Behavioral responses of C. vestalis, A. ervi and A. colemani using Y-tube
olfactometer

Our results show that female C. vestalis showed no significant response to all the 8 test combinations (P
>0.05, Appendix 4). However, D. intortum elicited more C. vestalis choices either alone or in combination
with kale as compared to sole kale, DCM and empty oven bags. Interestingly, the wasps showed an equal
response to the pooled D. intortum and kale combination compared to kale and empty bag (X?= 1.20,
df=1, P > 0.05) (Figure 10, Appendix 4).
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Figure 10: Behavioral responses of C. vestalis to volatiles from intact D. intortum, kale and control
treatments (air and dichloromethane) in a Y-tube olfactometer assay. Bars represent the percentage of
choices made by female wasps based on 30 observations. DCM, dichloromethane. Non-responding insects
(nr) were excluded from the analysis.

A. colemani females exhibited differential responses to the test combinations in the Y-tube olfactometer
bioassays. A. colemani females showed a preference to volatiles of D. intortum compared to volatiles of
DCM (X*=6.53, df=1, P=0.01) and air (X*=6.53, P =0.01). Despite no significant differences, more choices
were recorded in the combination of D. intortum and kale plants compared to clean air (X?=2.13, df=1, P
> 0.05) and sole kale plant (X?= 1.20, df=1, P > 0.05), respectively. There were also equal responses when
the parasitoid was presented with DCM and clean air in the two arms (X?=0.13, df=1, P > 0.05) (Figure 11,

Appendix 4).
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Figure 11: Behavioral responses of A. colemani to volatiles from intact D. intortum, kale and control
treatments (air and dichloromethane) in a Y-tube olfactometer assay. Bars represent the percentage of
choices made by female wasps based on 30 observations. DCM, dichloromethane. Asterisks (*) indicate
significant differences (Chi-square test at o = 0.05). Non-responding insects (nr) were excluded from the
analysis.

A. ervi females also exhibited varied responses to the test combinations in the Y-tube olfactometer
bioassays. The parasitoids were significantly attracted to the combination of D. intortum, and kale as
compared to air (X?=4.80, df=1, P = 0.03) and kale compared to air (X?>= 6.53, df=1, P = 0.01). Although
not significant, the wasps showed more preference to the arms with D. intortum VOCs as compared to air
(X2=1.20, df=1, P> 0.05), DCM (X?=0.53, df=1, P > 0.05) and kale (X?=2.13, df=1, P > 0.05). Similarly, the
wasps marginally preferred the arm with the combination of D. intortum and kale as opposed to the one
holding sole kale plant (X*= 3.33, df=1, P > 0.05) (Figure 12, Appendix 4).
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Figure 12: Behavioral responses of A. ervi to volatiles from intact D. intortum, kale and control treatments
(air and dichloromethane) in a Y-tube olfactometer assay. Bars represent the percentage of choices made
by female wasps based on 30 observations. DCM, dichloromethane. Asterisks (*) indicate significant
differences (Chi-square test at a = 0.05). Non-responding insects (nr) were excluded from the analysis.

3.1.3.2 Gas-Chromatography Mass Spectrometry analysis of D. intortum headspace

VOCs
Sixteen different VOCs were detected in the headspace VOCs of D. intortum (Table 1). Among the VOCs,
(2)-3-hexenyl acetate was the most abundant, while nonane was the least abundant VOC (Table 1). Other

compounds including a-pinene, sabinene, linalool and B-elemene were also identified although at varying
mean concentrations (Table 3, Figure 5).

Table 3: Average concentration (ng/plant/h) of volatile organic compounds detected in the headspace

samples of D. intortum plants (n=4).

Retention Compound Mean * SE
index

6.3 Hexanal 153.80+60.37
7.8 (2)-3-Hexenol 1390.04+922.17
8.1 p-Xylene 601.51+277.72
8.7 o-Xylene 315.75+145.38
8.9 Nonane 63.07£36.63
9.6 a-Pinene 120.88+49.74
10.3 Cumene 159.85+98.70
10.6 Octen-3-ol 314.78+131.11
10.8 Octanone 439.02+200.46
11.2 (2)-3-Hexenyl acetate 2676.70+1478.94
11.6 Sabinene 400.34+150.76
12.0 (E)-B-Ocimene 293.35+82.35
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12.8 Linalool 152.82+66.34
17.2 B- Elemene 230.56+79.08
17.9 (E)-B-Caryophyllene 340.58+124.09
19.6 Unknown compound 1393.51+317.81

Values represent averages of independent replicates + mean standard errors (SE).
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Figure 13: Representative chromatogram of volatile organic compounds identified in D. intortum plant
headspace volatiles. Identities of the peaks are shown in Table 3.

3.1.3.3 Electrophysiological responses of C. vestalis, A. colemani and A. ervi to D.
intortum volatiles

The antenna of C. vestalis detected hexanal, nonane, (E)-B-ocimene and (E)-B-caryophyllene compounds
from D. intortum, while that of A. colemani detected hexanal, cumene, octen-3-ol, (Z)-3-hexenyl acetate,
(E)-B-ocimene and an unknown compound (16). Additionally, the antenna of A. ervi further detected
hexanal, (Z)-3-hexenol, B-ocimene and (E)-B-caryophyllene. The antennae of all the tested parasitoids
commonly detected hexanal and (E)-B-ocimene. Both C. vestalis and A. ervi antennae detected (E)-B-
caryophyllene. Overall, the antenna of A. colemani detected more compounds compared to C. vestalis
and A. ervi (Figure 14).
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Figure 14: Electrophysiological responses of C. vestalis (A), A. colemani (B) and A. ervi (C) to D. intortum
headspace VOCs.

Venn diagram analysis revealed presence of species-specific VOCs across the three insects. The highest
number of species-specific VOCs were observed in A. colemani. These include cumene, octen-3-ol, (2)-3-
hexenyl acetate and an unknown compound. On the other hand, (2)-3-hexenol and nonane were the
unique VOCs that elicited responses in A. ervi and C. vestalis, respectively. (E)-B-caryophyllene was shared
between C. vestalis and A. ervi while no overlapping VOCs were observed between C. vestalis Vs. A.
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colemani and A. ervi Vs. A. colemani. Interestingly, (E)-B-ocimene and hexanal were commonly shared
across the three parasitoids (Figure 15).

Cotesia vestalis Aphidius colemani

Aphidius ervi

Figure 15: Venn diagram comparing D. intortum volatile compounds that elicited electrophysiological
responses in C. vestalis, A. colemani and A. ervi. N/A indicates no shared compounds.

3.1.3.4 Behavioral responses of A. ervi, A. colemani and C. vestalis to synthetic
compounds

C. vestalis was significantly attracted to the natural concentration of hexanal (X2 = 4.80, df=1, P = 0.03)
and avoided the half and double concentrations (P > 0.05). Similarly, the plant-derived natural
concentration (X*= 4.80, df=1, P = 0.03) and double concentrations (X?> = 6.53, df=1, P = 0.01) of (E)-B-
ocimene significantly attracted the females of C. vestalis. In contrast, C. vestalis females showed no
significant attraction towards all the concentrations of (E)-B-caryophyllene, except the double
concentration which was marginally attractive (X*>= 3.33, df=1, P = 0.07) (Figure 16A, Appendix 5). A.
colemani was significantly attracted to the plant derived (X?=4.80, df=1, P = 0.03) and half (X2=6.53, df=1,
P =0.01) concentrations of hexanal. Conversely, the wasp was significantly attracted to the double (X?=
6.53, df=1, P = 0.01) and plant derived natural concentrations of synthetic (E)-B-ocimene (X*= 6.53, df=1,
P =0.01) (Figure 16B, Appendix 5). On the other hand, A. ervi exhibited a significant attraction towards
the olfactometer arms with double (X?= 10.8, df=1, P = 0.001) and plant-derived natural concentrations
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of synthetic hexanal (X2 = 4.80, df=1, P = 0.02). Similarly, A. ervi was significantly attracted to the plant
derived natural concentrations (X* = 8.53, df=1, P = 0.003) and double (X? = 6.53, df=1, P = 0.01)
concentrations of (E)-B-caryophyllene relative to their solvent controls. In contrast, (E)-B-ocimene was
only attractive to A. ervi at half the putative natural concentration (X?=4.80, df=1, P = 0.03). Nevertheless,
the wasp chose more the arms loaded with the natural putative concentration of (E)-B-ocimene as
compared to the solvent control, although the difference was marginally significant (P = 0.07) (Figure 16C,
Appendix 5).
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Figure 16: Behavioral responses of C. vestalis (A), A. colemani (B) and A. ervi (C) to synthetic compounds
of hexanal, (E)-B-ocimene and (E)-B-caryophyllene and DCM control in a Y-tube olfactometer assay. Bars
represent the percentage of choices made by female wasps based on 30 observations. Asterisks (*) indicate
significant differences (Chi square test: *P < 0.05, **P < 0.01, ***P < 0.001). Non-responding insects (nr)
were excluded from the analysis.

The mechanisms of crop protection by Desmodium plants are variable with both above and belowground
factors reported important in influencing insect behavior (Sobhy et al., 2022; Lang et al., 2022; Mutyambai
et al., 2024) although their role is sometimes contentious (Erdei et al., 2024; Odermatt et al., 2025).
Previous field observations from the VIPP system have shown increased protection of kales against aphids
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and DBM, and Tuta absoluta in tomatoes (Solanum lycopersicum L.), when intercropped with maize and
Desmodium uncinatum compared to sole maize with vegetables (Chidawanyika et al., 2025a). The
reduction in pest damage has been attributed to the overexpression of anti-herbivore metabolites by D.
uncinatum, along with changes in plant—herbivore population dynamics (Chidawanyika et al., 2025a). The
present study complements these findings by examining how D. intortum VOCs modulate the behavior of
key kale pest parasitoids including C. vestalis, A. colemani and A. ervi. Apart from pest repellency, it was
hypothesized that the intercropped D. intortum within the VIPP recruits parasitoids that may aid defense,
as with maize pests and their parasitoids (Sobhy et al., 2022). Our results showed that the two aphid
parasitoids, A. colemani and A. ervi were attracted to D. intortum VOCs compared to the DBM parasitoid
C. vestalis (Figs. 10-12). Generally, parasitoids rely on herbivore-induced volatiles (HIPVs) to locate their
host, which vary in specific compound ratios, depending on the condition of the plant (Ross et al., 2023).
Aphid parasitoids can respond to constitutive plant VOCs since their feeding behaviour causes minor
injury, enough to trigger emission of detectable HIPVs (Takemoto & Takabayashi, 2015; Ahmed et al.,
2022). This indicates that D. intortum VOCs likely mimic these HIPV blends, thereby re-directing aphid
parasitoids host-searching behavior. Contrary, DBM larval feeding and oviposition can induce significant
damage to host (Hussain et al., 2020; Fiaboe et al., 2023), thereby making constitutive VOCs a lesser
determinant of behavioral response. This could explain the less attraction of C. vestalis to kale and D.
intortum treatments. Furthermore, parasitic wasps can locate their host using visual cues, perceived
sound or contact stimuli either individually or in concert. This information is processed in the insect
sensory system in order to enhance foraging efficiency by reducing the energy and search time (Soyelu,
2014). With the processed information, parasitic wasps can improve their host detection by distinguishing
plants infested by their hosts from those infested by related but non-host species through behavioural
plasticity (Wang et al., 2003). Additionally, the behavioural responses of parasitic wasps varies among
individuals of the same species due to their physiological status, experience and their genotype, and
therefore the behaviour of generalist species is presumably adaptive (Wang et al., 2003). The geographic
isolation of parasitoids and stimuli species can lead to variations in the olfactory receptors due to genetic
differences in the target parasitoid or the host plant volatiles (Krishnan et al., 2023).

The GC-MS analyses from our study detected 16 compounds from D. intortum (Table 3; Figs. 13 & 14).
This is contrary to earlier reports by (Erdei et al., 2024) who reported non-emission of bioactive
compounds by the plant species. Of these bioactive compounds, EAG recordings from the three tested
parasitoid showed differential detection (Fig. 14). All the parasitoid species were able to detect (E)-B-
ocimene and hexanal whilst (E)-B-caryophyllene was detected by only C. vestalis and A. ervi. Additionally,
only C. vestalis detected nonane whilst A. colemani detected cumene, octen-3-ol, (Z)-3-hexenyl acetate
and an unknown compound. Such differential detection of bioactive compounds by insects is not new and
is dependent on several complex factors including sensory structures, diverse receptor proteins,

sophisticated neural processing (Barish & Volkan, 2015; Zhou ( ) & Jander, 2022) and even

physiological status (Pogue et al., 2024). In our study, all the tested insects were maintained under similar
conditions, age and feeding regimes providing similar physiological status. We, therefore, attribute
differential antennal responses to the sensory modalities and the subsequent neural processing, which in
turn influenced behavioral responses.
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Numerous studies have highlighted that parasitic wasps rely on complex olfactory cues and varying ratios
of volatile compounds to locate their host (Girling et al., 2011; Uefune et al., 2020; Kugimiya et al., 2024).
In a previous study, C. vestalis was reported to be attracted to a blend of herbivore-induced plant volatiles
(HIPVs) containing a-pinene, sabinene, (Z)-3-hexenyl acetate and n-heptanal in the greenhouse, which
were specifically released upon DBM larval feeding (Takemoto & Takabayashi, 2015). Additionally, the
parasitoid utilizes 1,2-diethyl benzene and 1,4-diethyl benzene, emitted by buckwheat (Fagopyrum
esculentum) to locate nectar sources, thereby enhancing its survival and efficacy (You et al., 2024).
Conversely, C. vestalis antenna detected nonane in the present study. The lack of preference to D.
intortum by C. vestalis could also be due to lack of herbivore-induced plant volatiles which could elicit
behavioural response, an indication that C. vestalis relies on specific ratios of blend compositions after
active herbivory rather than constitutive emissions. Nonane has been previously associated with evoking
Aphidius gifuensis responses towards tobacco plants attacked by Myzus persicae (Song et al., 2021). On
the other hand, A. colemani exhibits a preference for specific VOCs such as limonene, decane, a-pinene,
(2)-3-hexenol identified in intact and aphid-infested Brassicaceous plants (Ahmed et al., 2022). In line with
our study, (Chehab et al., 2010) reported (Z)-3-hexenyl acetate as a signaling VOC of A. colemani. The
unique detection of this VOC may confirm the role of the compound in considerably attracting A. colemani
towards D. intortum. A. ervi has been reported to be attracted to (E)-B-ocimene (Cascone et al., 2023), n-
octanal, (Z2)-3-hexenyl acetate, (Z)-3-hexenol, (E)-B-caryophyllene and (E)-B-farnesene, emitted by
infested tomato (Solanum lycopersicum) and broad beans (Vicia faba) (Takemoto & Takabayashi, 2015).
(E)-B-ocimene has also been reported to stimulate the production of VOCs that confer protection to
healthy S. lycopersicum against aphid infestations and reduce their developmental success (Cascone et
al., 2023). Notably, our study also demonstrated that A. ervi antenna detected hexenal. This VOC has been
associated with maize herbivore deterrence and signaling to Braconidae parasitoids. Moreover, some of
these VOCs have been identified before as constitutive D. intortum VOCs in PPT, triggering
electrophysiological and behavioral responses in S. frugiperda and Cotesia icipe (Sobhy et al., 2022; Peter
et al., 2023). Therefore, it is plausible to attribute pest repellence and natural enemy attraction to the
constitutive VOCs emitted by D. intortum. It has been established that diversified cropping systems
enhance natural enemy populations, boost pest control, and reduce crop damage (Sobhy et al., 2022;
Guinet et al., 2023). Our findings offer insights into the plant—parasitoid interactions, further supporting
the use of D. intortum in habitat manipulation against cruciferous pests such as DBM and aphids in VIPP.
Such eco-friendly pest management practices enhance food and nutrition security, income, and ensure
efficient resource utilization per unit area of available arable lands for resource-poor smallholder farmers
(Chidawanyika et al., 2023; Ouya et al., 2023). Additionally, increased production of defensive metabolites
reinforces the effect of D. intortum, thus contributing to plant-herbivore resistance (Mutyambai et al.,
2019). These reported mechanisms could explain why VIPP technology demonstrates high resilience and
increased crop productivity (Chidawanyika et al., 2023). Future research should assess the genetic
mechanisms underpinning the synthesis and emission of the identified D. intortum VOCs and their specific
role in attracting other vegetable pest parasitoids. This could enhance the precision of pest management
within the VIPP framework, thus optimizing the benefits to farmers.
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The present study evaluated the potential of D. intortum infochemicals in attracting three key parasitoids
of vegetable pests namely C. vestalis, A. ervi, and A. colemani. The aphid parasitoids, A. colemani and A.
ervi were strongly attracted to D. intortum volatiles compared to the DBM parasitoid C. vestalis. This
provides evidence that D. intortum volatiles’ appeal to parasitoids is species-specific and not universal.
Additionally, EAG recordings from the three tested parasitoid demonstrated differential detection, with
all the parasitoids responding to (E)-B-Ocimene and hexanal. These differential antennal responses could
be attributed to the sensory modalities and subsequent neural processing, thus modifying the behavioral
responses. Further assays showed that (E)-B-ocimene and hexanal have a broad appeal to the tested
parasitoids, by eliciting attraction at varying concentrations. However, (E)-B-caryophyllene was selectively
attractive A. ervi, with no significant attraction observed in C. vestalis. Further studies may be required to
quantify the recruitment and assemblages of these parasitoids under VIPP field conditions.
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Kenya, Rwanda and Uganda” project (Grant number: 1175); the Swedish International Development
Cooperation Agency (Sida); the Swiss Agency for Development and Cooperation (SDC); the Australian
Centre for International Agricultural Research (ACIAR); the Norwegian Agency for Development
Cooperation (Norad); the German Federal Ministry for Economic Cooperation and Development (BMZ);
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3.2 Soil conditioning by push-pull cultivation

This section is modified and reproduced from parts of Opio et al. (In review). Some headings have been
changed and sections rearranged to fit the report narrative, references and contents have been updated
where necessary, and supplementary files are listed as appendices.

Plant-soil feedbacks (PSFs) are critical agroecological interactions in which plants alter soil properties,
subsequently influencing the growth, health, and resilience of future plant generations (Whitaker et al.,
2017; Jalloh et al., 2023; Mutyambai et al., 2024). Positive PSFs enhance plant tolerance to diseases and
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insect pests by enriching soil beneficial microbial diversity and enhancing nutrient availability (van der
Putten et al., 2013; Bai et al., 2017; Jalloh et al., 2024). In integrated pest management (IPM), altering the
soil microbiome through PSFs has shown potential in reducing aboveground insect pest population and
strengthening plant resistance mechanisms (Heinen et al., 2018; Mutyambai et al., 2019, 2024; Lang et
al., 2024). Given the rapid evolution of insecticide resistance in the diamondback moth (DBM), sustainable
alternatives such as PSF-based pest management strategies offer an environmentally benign solution. By
leveraging soil microbial communities and nutrient dynamics, PSFs enhance plant defenses while reducing
dependence on synthetic inputs (Dempsey & Klessig, 2017; Mutyambai et al., 2019). This aligns with
sustainable agriculture principles, ensuring long-term soil health and ecological viability for smallholder
farmers in SSA. Furthermore, PSFs stimulate the production of defense-related secondary metabolites
including volatile organic compounds (VOCs) in crops like kale plants (Dempsey & Klessig, 2017). Soils
enriched with organic matter or conditioned by diverse cropping systems, typically demonstrated
elevated microbial activity, resulting in enhanced nutrient availability and the activation of hormonal
signaling pathways that reinforce plant defenses (Berendsen et al., 2012; Whitaker et al., 2017; Jalloh et
al., 2024). Soil bacteria, especially those involved in rhizosphere, facilitate the synthesis of key plant
hormones such as jasmonic acid and salicylic acid, which regulate glucosinolate biosynthesis and VOC
production (Mithen et al., 1995; Bones & Rossiter, 2006). These hormones induce systemic acquired
resistance (SAR), priming plants for enhanced defense against herbivores. Moreover, soil legacy effects
from intercropping can suppress herbivores populations by modifying the chemical and microbiological
characteristics of plants (Fening et al., 2020).

Cruciferous plants such as kale have developed complex defense mechanisms against herbivorous pests,
largely mediated by synthesizing secondary metabolites that function in pest deterrence, host signaling,
and disease resistance (Sidhu, 2017). Glucosinolates, a group of sulfur-rich glycosides, are hydrolyzed by
the myrosinase enzymes into biologically active compounds such as isothiocyanates, nitriles, and
thiocyanates upon tissue damage (Chhajed et al., 2020). These compounds exhibit toxic, repellant, or
antifeedant properties against several herbivorous pests, including DBM (Mithen et al., 1995; Hopkins et
al., 2009). In addition to glucosinolates, kale emits VOCs such as terpenes and green leaf volatiles, which
play a key role in both direct and indirect defense mechanisms by deterring insect feeding or attracting
natural enemies of pests, such as parasitoids and predators (Degenhardt et al., 2003; Mutua et al., 2024).
These VOCs function as herbivore-induced plant volatiles (HIPVs), interfering with DBM host-finding
behavior by obscuring olfactory signals or directing the insect towards non-host plants (Féti et al., 2020).
The production and emission of these phytochemicals are affected by soil nutrient content and microbial
interactions, underscoring the significance of robust soil ecosystems in effective pest management
(Jeschke et al., 2015; Manivannan et al., 2021).

The primary objective of this study was to evaluate the direct resistance of two kale varieties: [1] Tausi,
and [2] Kanzira grown in soils conditioned by different cropping systems, specifically push-pull (old and
medium soil) and monoculture, against DBM. The study examined DBM larvae’s behavior, focusing on
their orientation, settlement preferences, and feeding patterns. It also assessed how soil conditioning by
these cropping systems affected larval mortality, survival, and developmental time. Additionally, the
research analyzed glucosinolate profiles in kale leaves and roots to determine their role in plant defense
and how they varied across different cropping systems and kale varieties.
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3.2.2.1 Study site and sample collections

The study was conducted at the Thomas Odhiambo Campus, Mbita Point, Kenya (0° 25'S, 34° 12'E, 1,200
m a. s. l.), a field station of the International Centre of Insect Physiology and Ecology (icipe). Soil samples
were collected from smallholder farms practicing push-pull and conventional maize monoculture cropping
systems (non-push-pull) that had been in place for 2 to 10 years (Mutyambai et al., 2019; Jalloh et al.,
2024). Farms implementing non-push-pull served as controls, following traditional maize monoculture
practices. Soil samples were collected from five regions in western Kenya: Homabay, Migori, Kisumu,
Vihiga, and Siaya counties (Appendix 6). All smallholder farms adhered to similar farming practices,
including the avoidance of synthetic chemical inputs and minimal tillage for weed control, maintaining
uniform ground cover across both push-pull and non-push-pull cropping systems. Farms were categorized
based on the duration of push-pull cropping system implementation: those with more than five years
were classified as “old”, while those with two to four years were designated as “medium.” Adjacent non-
push-pull farms growing maize alone served as control. From each farm, ten soil samples were randomly
collected to a depth of 15 cm using a soil augur during the late vegetative stage of maize when Desmodium
plants were fully matured and providing ground cover. The soil samples were thoroughly mixed in
separate hermetic bags to form a composite sample before being transported to the icipe laboratory and
greenhouse for further analysis and experiments. Most of the soil samples consisted of nitisols and
vertisols, which are found in tropical climates with long and short rainy seasons occurring from March to
May and October to December respectively (Mutyambai et al., 2019).

3.2.2.2 Source of kale varieties and experimental design

Two kale varieties were used in this experiment: [1] Tausi, “a tropical hybrid kale well-adapted to heat
and rainfall,” and [2] Kanzira (Brassica carinata), “a traditional Ethiopian mustard variety”. Both varieties
are commonly grown by smallholder farmers in western, central and Rift Valley regions of Kenya. Tausi
seeds were purchased from East Africa Seed Company Ltd., Nairobi, Kenya, while Kanzira seeds were
bought from smallholder farmers in western Kenya. Pre-germinated seedlings raised in nursery trays were
transplanted into 3 L pots containing soil collected from the different push-pull and non-push-pull farms.
A total of 27 plants per kale variety (54 plants in total) were grown under controlled greenhouse
conditions (25 °C+2,65% + 5 RH; 12L: 12D photoperiod) and watered daily with 200 mL of tap water. The
plants were arranged in completely randomized designs (CRD) with nine replicates for each soil
conditioned treatment. The first set of replicates included five plants each, while the second set had four
plants each. To avoid cross-contamination, gloves were used when handling soil from different farms
and/or cropping systems. After three weeks of plant growth, a period sufficient for root establishment
and soil adaptation and coinciding with the plant growth stage preferred for insect feeding, the plants
were divided into two sets for subsequent experiment. The first set (30 plants were used, with five
replicates per soil-conditioned treatment, each replicate consisting of one plant) was used for larval
feeding assays. The second set (24 plants were used, with four replicates consisting of one plant per soil-
conditioned treatment) was allocated for the secondary metabolite analysis.
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3.2.2.3 Source and rearing of insects

Diamondback moth larvae were obtained from the insect mass-rearing unit at icipe, Mbita Point. The
colony was initially established using field-collected larvae from smallholder farms in western Kenya and
maintained under laboratory conditions (25 +2 °C, 70 £ 5% RH, 12L:12D photoperiod). Larvae were reared
on a kale-based semi-synthetic diet following already established protocol (Ochieng et al., 1985; Jogappa,
2018). Adult moths were allowed to mate randomly for 24 hours post-emergence in mesh cages. Three
weeks old Kanzira and Tausi kale plants grown in the greenhouse were provided as oviposition substrate,
and larval development occurred in ventilated plastic containers (30 cm x 20 cm x 15 cm). Wet cotton
wool was provided daily as a water source to maintain humidity level (70 £ 5% RH, 12L:12D photoperiod)
until pupation. Pupae were then transferred to larger oviposition cages (60 cm x 45 cm x 45 cm) before
adult emergence. To maintain natural phenological and behavioral traits, the laboratory colony was
periodically supplemented with field collected insects every two to three months. Second-generation
insects were used for all the experiments, with first instar larvae selected for testing.

3.2.2.4 Larval behavioral and feeding assays

To evaluate the behavioral responses and feeding preferences of DBM larvae as indicators of kale’s direct
resistance, two set of experiments were conducted: [I] larval orientation, settlement and, no-choice
feeding assays, and [II] larval mortality and development assays.

3.2.2.4.1 Experiment I: Larval orientation, settlement and feeding assays

To assess the preference and feeding behavior of DBM first-instar larvae on kale plants grown in soils
conditioned by push-pull and non-push-pull cropping systems, a combined orientation and feeding
experiment was conducted, following methodologies described by (Khan et al., 2007) and (Mutyambai et
al., 2014). A 3 cm x 3 cm leaf section was cut from the second-youngest leaves of three-week-old kale
plants grown in each soil treatment. For the orientation and settlement assay, two leaf samples, one from
old and medium-push-pull-conditioned soil and the other from non-push-pull-conditioned soil were
placed on opposite sides of a 15 cm diameter Petri dish lined with moist 0.45 um pore size filter paper to
maintain humidity. The adaxial side of each leaf was placed facing up. Five DBM first-instar larvae were
placed at the center of each Petri dish, which was sealed with parafilm and kept under controlled
laboratory conditions as described above. Larval orientation and settlement were recorded after 1 and 24
hours. Each soil conditioned treatment was tested with five replicates.

For the feeding assay, no-choice test was used, with leaf samples (3 cm x 3 cm) placed in Petri dishes lined
with moist filter paper. Five DBM first-instar were placed on each leaf, and the Petri dishes were sealed
with parafilm and maintained under the same laboratory conditions. After 24 and 48 hours, the leaf area
consumed was photographed and analyzed using ImagelJ software (Schneider et al., 2012). Five replicates
were conducted for each kale variety and soil conditioning treatment.

3.2.2.4.2 Experiment lI: Larval mortality and development assay

The impact of soil conditioned treatments on DBM larval mortality and development was evaluated under
laboratory conditions (Khan et al., 2007). Leaf samples from 3-week-old kale plants, each with
standardized dimensions as described above, were placed in screw-top glass jars, each containing five
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newly hatched first-instar DBM larvae. The lids were punctured at the medium top and covered with mesh
to allow proper aeration and prevent larval escape. The jars lids were reinforced with paper towels to
prevent larval escape while maintaining ventilation. Fifty larvae were tested for both soil conditioned
treatments. The jars were stored at 26.5 °C (daytime), 23.5 °C (nighttime), and 65% RH to simulate semi-
natural conditions. Larval mortality and developmental progress were recorded at three-day interval up
to the ninth day, prior to the expected emergence of DBM adults.

3.2.2.5 Glucosinolate metabolites analyses

To analyze glucosinolates previously described methodologies by (Ishida et al., 2011; Doheny-Adams et
al., 2017) were used. Freshly harvested three-week-old kale leaves and roots ( 3g each) were collected
and immediately frozen in liquid nitrogen, and ground into a fine powder, and stored at -80 °C. For
extraction, 2 g of ground tissue was mixed with 9.95 mL of ice-cold methanol: water (80:20, v/v), vortexed
for 10 s, sonicated for 10 min, and allowed to stand at room temperature for 30 min, and gently mixed at
70 rpm on a platform rocker for an additional 30 min. The mixture was then centrifuged at 4200 rpm for
10 min, and the supernatant was filtered through a 0.22 um syringe filter (Millex GP Merck KGaA,
Darmstadt, Germany) into vials and analyzed (5 pL) using Liquid chromatography-mass spectrometry (LC-
MS). Chromatographic separation was formed on Agilent 1260 Infinity HPLC system (Agilent Technologies,
Palo Alto, CA) coupled to an Agilent 6120 mass detector MS with a single quadrupole analyzer (Agilent
Technologies, Palo Alto, CA) using ZORBAX SB-C18, 4.6x250 mm, 3.5 um column, operated at 40 °C. The
elution was conducted using a gradient system with 0.01 % formic acid in water (A) and acetonitrile (ACN)
(B), at a flow rate of 0.7 mL/min: 0 — 5 min ACN, 0 — 20 % ACN; 5 — 35 min, 20 — 95 % ACN (Sasaki et al.,
2012). The LC was interfaced to a quadruple mass spectrometer operated on ESI positive mode at a mass
scan range of m/z 100-2000. The dwell time for each ion was 50 ms. The mass spectrometer parameters
were as follows: capillary voltage, 3.0 kV; cone voltage, 30 V; extract voltage, 5 V; RF voltage, 0.5 V; source
temperature, 110 °C; nitrogen gas temperature for desolvation, 380 °C; and nitrogen gas flow for
desolvation, 400 L/h. The LC-MS data were processed using Chemstation software (Agilent Technologies)
and chromatograms were aligned using the R package ‘Alsace’ (Wehrens 2018). Metabolite compounds
were identified based on their mass spectra, [M+H]+ and characteristic adducts, confirmed with authentic
sample when available using sinigrin as an external standard. Quantification was performed based on
peak areas (Hooshmand & Fomsgaard, 2021).

3.2.2.6 Data analyses

The no-choice larval feeding data was analyzed using one-way ANOVA with a square root transformation
applied to the response variable (leaf area consumed by larvae). Soil conditioned by push-pull and non-
push-pull cropping systems, as well as their interaction were included as fixed factors, while individual
farm identity was treated as a random factor to account for the non-independence of the five replicates
per soil treatment. Model significance was evaluated using Type Ill Wald Chi-square tests, with pairwise
comparisons performed using Tukey’s HSD test. For glucosinolate analyses; total glucosinolate content
from kale leaves and roots was compared between treatments using a paired two-tailed t-test, conducted
separately for each cropping system and soil treatment. Generalized linear model (GLM) was used to
assess the impact of conditioning soil by different cropping systems on individual glucosinolate
quantifications. Tukey’s post-hoc tests were conducted to identify significant differences among
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treatments. Larval orientation and settlement data were analyzed using a chi-square test to compare
observed larval distribution against expected equal distribution across soil treatments, with further
confirmation provided by GLMs using a binomial error structure, where larval counts on each leaf type
served as the response variable and soil conditioned treatments and cropping systems were predictors.
For larval mortality and development assays, Kaplan-Meier survival analysis was conducted to estimate
survival rates. All statistical analyses were performed using R software (v 3.3.1), with significance set at P
< 0.05, and data visualization was completed using the R package ggplot2.

3.2.3.1 Orientation and settlement of diamondback moth larvae

A significantly greater proportion of DBM larvae oriented toward and settled on kale plants grown in soil
conditioned by non-push-pull monoculture (control) compared to those grown in medium and old-push-
pull-conditioned soil (Figure 17). This trend was consistent for both kale varieties, Kanzira and Tausi.
During the first hour of observation, there was no significant difference in larval settlement between
Kanzira plants grown in medium and old-push-pull-conditioned soils, with settlement percentages ranging
from 44 % to 52 %. However, after 24 hours, the settlement percentage of DBM larvae on both Kanzira
and Tausi plants grown in medium and old-push-pull-conditioned soils dropped significantly, ranging from
28 % to 32 %. In contrast, larvae settlement on kales grown in control soils remained consistently high,
ranging from 68 % to 72 %, indicating a clear preference for plants grown in control soil (Figure 17).
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Figure 17: Orientation and settlement (%) of diamondback moth larvae on Kanzira and Tausi kale varieties

planted in soil conditioned by old and medium push pull cropping systems (pp/test) compared to the
control.
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3.2.3.2 Diamondback moth larval feeding assay

Diamondback moth larvae consumed significantly higher leaf area on kale plants grown in soil conditioned
by non-push-pull monoculture cropping systems which served as controls (1.5 to 1.8 cm?) compared to
those grown in soils from push pull cropping system whether old (0.3 to 0.7 cm?) or medium (0.7 to 0.9
cm?) (Figure 2). For the Kanzira kale variety, a significant difference was observed in the leaf area
consumed between plants grown in medium and old-push-pull-conditioned soils compared to those
grown in non-push-pull-conditioned soils (P < 0.001). This was not the case for Tausi variety where there
was no significant difference in leaf area consumption between plants planted in medium and old-push-
pull-conditioned soils (0.7 cm?), but it was significantly different from the control (Figure 18).
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Figure 18: Mean (+ SE) leaf area consumed by diamondback moth larvae on two kale varieties (Kanzira
and Tausi) planted in soil conditioned by push pull (pp) and non-push-pull (control) cropping systems.
Different letters above the error bars indicate statistically significant differences across the different soil
conditioning treatments (P < 0.05).

3.2.3.3 Diamondback moth larval development and survival on Kanzira and Tausi kale
varieties

Both Kanzira and Tausi kale varieties grown in soils conditioned by push-pull (medium and old) exhibited
significantly higher larval mortality rates compared to those planted in non-push-pull control soils (P <
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0.001; Figure 19a). By the sixth day post-exposure, Kanzira kale planted on medium and old-push-pull-
conditioned soils showed a significantly higher larval mortality compared to Kanzira grown in control
conditioned soils (P < 0.001; Figure 19a). A similar trend was observed in Tausi kale, where larval mortality
was slightly low in control soils compared to Tausi grown in medium and old-push-pull-conditioned soils.
Both Kanzira and Tausi varieties grown in soil conditioned by medium and old-push-pull-conditioned soils
had lower DBM larvae survival rate compared to those grown in non-push-pull cropping systems
conditioned soils (control).
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Figure 19: Impact of soil conditioned by push-pull (pp) and non-push-pull monoculture (control) cropping
systems on diamondback moth larval development and survival kale varieties: (a) Larval mortality rates
compared between kale soil treatments in Kanzira, (b) Larval mortality rates compared between kale soil
treatments in Tausi.
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3.2.3.4 Impact of soil conditioning by push-pull cropping system on kale
glucosinolates

3.2.3.4.1 Glucosinolate levels in Kanzira kale leaves and roots

Kanzira kale leaves contained 11 glucosinolate compounds, classified into three main groups: aliphatic
glucosinolates (such as progoitrin, sinigrin, gluconapin, glucocheirolin, glucoiberin, and epiprogoitrin),
indole glucosinolates (like 4-hydroxyglucobrassicin, glucobrassicin, and 4-methoxyglucobrassicin), and
aromatic glucosinolates (including gluconastrurtiin and sinablin) (Table 4; Appendix 7). Push-pull soil
conditioning did not strongly affect the content of the individual glucosinolates detected. However,
epiprogoitrin was detected only in leaves from plants grown in control or medium-push-pull-conditioned
soils, while glucocheirolin was uniquely found in leaves from plants grown in old-push-pull-conditioned
soils (Table 4; Appendix 7).

The glucosinolates identified in Kanzira roots were the same as in the leaves, including the presence of
sinigrin, progoitrin, glucotropaeolin, gluconasturtiin, gluconapin, glucocheirolin, glucobrassicin,
glucotropaeolin, 4-methoxyglucobrassicin, 4-hydroxyglucobrassin, and 3-methylpentlyglucosinolates
(Table 5; Appendix 8). Among these compounds, many tended to be more concentrated in the roots of
Kanzira plants grown in push-pull soils. 4-hydroxyglucobrassicin was significantly higher in roots from
plants grown in old-push-pull-conditioned soil (mean 0.044 ng g?) compared to those in control soils
(mean 0.035 ng g). Similarly, sinigrin, 3-methylpently glucosinolate, and gluconasturtiin all tended to be
higher in roots from plants grown in push-pull-conditioned soils, while progoitrin and glucotropaeolin
were uniquely detected from roots of plants grown in old push-pull soils, and glucocheirolin was uniquely
detected in roots of plants grown in medium-push-pull conditioned soils (Table 5; Appendix 8).
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Table 4: Glucosinolate compounds (ng g™ in leaves of Kanzira kale grown in soil conditioned by push-pull and non-push pull cropping systems. RT =
retention time. Different letters within a row indicate significant differences across the different glucosinolate compounds and soil conditioning
treatments (P < 0.05) following Tukey’s honest significance test (HSD).

Number RT* Compounds Soil conditioning treatments X?-value P-value
Old push-pull Medium  push- Control
pull
1 5.69 Sinablin 0.009+0.002° 0.008+0.003° 0.009+0.002° 0.159 0.92
2 5.77 Glucoiberin 0.116+0.003° 0.02240.031° 0.01940.030° 211.59 0.62
3 6.14 Progoitrin 0.00910.005° 0.00410.001° 0.008+0.002° 1.788 0.49
4 6.23 Sinigrin 1.077+0.011° 0.691+0.012° 0.868+0.017° 17.72 0.39
5 6.49 Epiprogoitrin - 0.00410.002° 0.00810.023° 29.08 0.05
6 10.71 Gluconapin 0.01040.004° 0.00910.003° 0.01040.002° 0.005 1.00
7 16.26 4-hydroxyglucobrassicin 0.030+0.0132 0.013+0.0032 0.048+0.0042 2.638 0.27
8 18.53 Glucobrassicin 0.079%0.317° 0.063%0.118° 0.09310.076° 2.478 0.29
9 19.05 Gluconasturtiin 0.02310.002° 0.01940.002° 0.01940.002° 3.718 0.16
10 19.50 4-Methoxyglucobrassicin 0.157+0.029° 0.073£0.001° 0.169+0.002° 5.989 0.05
11 24.78 Glucocheirolin 0.026+0.025° - - 2.099 0.35
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Table 5: Glucosinolate compounds (ng g*) in roots of Kanzira kale plants grown in soil conditioned by push-pull and non-push pull cropping systems;
RT =retention time. Different letters within a row indicate significant differences across the different glucosinolate compounds and soil conditioning
treatments (P < 0.05) following Tukey’s honest significance test (HSD). Compounds in black bold letters are significantly higher in push-pull-
conditioned soils below the P<0.05 threshold.

Number RT* Compounds Soil conditioned treatments X ?-value P-value
Old push-pull Medium  push- Control
pull
1 6.14 Progoitrin 0.005+0.002° - - 3.42 0.05
2 6.23 Sinigrin 0.483+0.039° 0.416+0.011° 0.26610.044° 21.00 0.05
3 10.71 Gluconapin 0.01440.002° 0.01440.002° 0.012+0.001° 3.26 0.67
4 16.26 4-hydroxyglucobrassicin 0.04410.001° 0.047+0.012%° 0.035+0.009° 13.23 0.03
5 18.53 Glucobrassicin - 0.113+0.036° - 19.38 0.05
6 18.67 Glucotropaeolin 0.003+0.001° - - 22.45 0.05
3-Methylpently
7 19.01 glucosinolate 0.009+0.003%° 0.016+0.001° 0.00610.002° 11.95 0.05
8 19.05 Gluconasturtiin 0.177+0.198% 0.299+0.036° 0.09210.035° 22.34 0.05
9 19.5 4-Methoxyglucobrassicin ~~ 0.243+0.013? 0.166+0.014° 0.203£0.048° 3.31 0.19
10 24.78 Glucoalyssin 0.01240.002° 0.014+0.003° 0.00910.002° 2.60 0.27
11 24.78 Glucocheirolin - 0.018+ 0.005° - 32.98 0.05
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3.2.3.4.2 Glucisinolate levels in Tausi Kale leaves and roots

The glucosinolate composition in Tausi kale leaves and roots revealed distinct differences between plants
grown in soils conditioned by push-pull cropping systems (medium and old) and those grown in soils
conditioned by non-push-pull (Tables 6 and 7; Appendices 9 and 10). Tausi kale leaves contained eight
glucosinolate compounds classified into two groups: indole (including 4-methoxyglucobrassicin, 4-
hydroxylucobrassicin, and glucobrassicin), and aliphatic (like glucoiberin, sinigrin, gluconubrietin,
glucoraphanin and glucoiberin). Among these, glucoiberin and sinigrin concentrations were significantly
higher in leaves from plants grown in old-push-pull-conditioned soils compared to those in medium push-
pull and non-push-pull-conditioned soils (P = 0.040, P = 0.020, respectively). Progoitrin levels showed a
similar trend, with the highest concentration recorded in old-push-pull-conditioned soil (0.085 ng g?),
followed by medium push-pull soil (0.063 ng g*), and the lowest in non-push-pull-conditioned soil (0.039
ng g1). Glucobrassicin and 4-hydroxyglucobrassicin were detected in leaves from old push-pull soil
conditioned and non-push-pull soils but were absent in leaves from medium-push-pull-conditioned soil,
with 4-methoxylucobrassicin detectable at very low levels in medium push-pull soils (Table 6; Appendix
9). There was no clear tendency in gluconubrietin and glucoraphanin concentration across all the soil types
(Table 6; Appendix 9).

Tausi roots contained eleven glucosinolate compounds classified into two groups: indole (including, 4-
methoxyglucobrassicin, 4-hydroxylucobrassicin, and glucobrassicin), and aliphatic (such as glucoiberin,
sinigrin, glucoberteroin, glucoraphanin, sinablin, gluconatrurtiin, glucoerucin and gluconapin) (Table 7;
Appendix 10). Sinigrin and 4-hydroxyglucobrassicin were significantly higher in roots from plants grown in
old-push-pull-conditioned soil compared to those in medium-push-pull-conditioned soil and control soils
(P<0.05) while progoitrin was uniquely detected in the roots of plants grown in old-push-pull-conditioned
soils, and gluconapin was detected in roots from push-pull conditioned soils but not in roots from control
soils. Conversely, glucoerucin concentrations were highest in roots from kale plants grown in non-push-
pull-conditioned soils compared to those push-pull conditioned soils (P < 0.001) and glucoberteroin was
uniquely detected from the roots of plants grown in control soils (Table 7; Appendix 10).
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Table 6: Glucosinolate compounds (ng g™) in leaves of Tausi kale grown in soils conditioned by push-pull and non-push pull cropping systems. RT =
retention time. Different letters within a row indicate significant differences across the different glucosinolate compounds and soil conditioning
treatments (P < 0.05) following Tukey’s honest significance test (HSD). Compounds in black bold letters are significantly higher in push-pull-
conditioned soils below the P<0.05 threshold.

Number RT* Compounds Soil conditioned treatments X ?-value P-value
Old push-pull Medium  push- Control
pull
1 6.14 Progoitrin 0.085%0.021° 0.063£0.025° 0.039+0.013° 4.140 0.290
2 6.23 Sinigrin 0.135+0.031° 0.065+0.022° 0.041+0.013° 0.59 0.020
3 8.62 Glucoraphanin 0.17140.027° 0.199+0.035° 0.187+0.049° 0.56 0.870
4 12.43 Glucoiberin 0.356+0.061°¢ 0.255+0.037° 0.181+0.024° 6.14 0.040
5 16.02 Glucoaubrietin 0.028+0.005° 0.03310.006° 0.031+0.008° 0.67 0.840
6 16.26 4-hydroxyglucobrassicin 0.073+0.011° - 0.039+0.006? 52.53 <0.001
7 18.53 Glucobrassicin 0.193+0.035° - 0.151+0.034° 6.48 <0.001
8 19.5 4-Methoxyglucobrassicin ~ 0.035+0.002° 0.008+0.001° 0.040+0.003° 8.46 0.010
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Table 7: Glucosinolate compounds (ng g*) in roots of Tausi kale grown in soils conditioned by push-pull and non-push pull cropping systems. RT =
retention time. Different letters within a row indicate significant differences across the different glucosinolate compounds and soil conditioning
treatments (P < 0.05) following Tukey’s honest significance test (HSD). Compounds in black bold letters are significantly higher in push-pull-

conditioned soils and those in

are significantly lower in push-pull-conditioned soils below the P<0.05 threshold.

Number RT* Compounds Soil conditioned treatments X ?-value P-value
Old push-pull Medium  push- Control
pull
1 5.69 Sinalbin 0.014+0.003° 0.014+0.002° 0.017+0.001° 1.580 0.460
2 6.14 Progoitrin 0.078+0.011° - - 103.240 <0.001
3 6.23 Sinigrin 0.240+0.026° 0.148+0.017° 0.144+0.013° 22.600 0.010
4 8.62 Glucoraphanin 0.007+0.001° 0.010£0.002° 0.003+0.002° 1.720 0.420
5 10.71 Gluconapin 0.00410.001° 0.005%0.001° - 17.580 <0.001
6 16.02 - - 0.002+0.001° 17.590 <0.001
7 16.7 0.28040.019° 0.431+0.044° 0.487+0.021° 25.540 <0.001
8 16.26 4-hydroxyglucobrassicin 0.062+0.006° 0.040£0.007° 0.042+0.004° 9.480 0.010
9 18.53 Glucobrassicin 0.03940.005° 0.02410.003° 0.026+0.002° 23.330 0.190
10 19.05 Gluconasturtiin 0.10710.022° 0.114+0.006° 0.114+0.013° 4.190 0.340
11 19.5 4-Methoxyglucobrassicin ~ 0.199+0.016° 0.14210.006° 0.152+0.007° 29.210 0.065
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3.2.3.5 Principal component analysis of glucosinolates in Kanzira and Tausi kale
varieties

The PCA of the glucosinolate profiles of Kanzira and Tausi kale varieties showed clear patterns based
on soil conditioning treatments in most cases, associated with differences in glucosinolate
composition across the three treatments (Figure 20). In Kanzira leaves, the first two principal
components, Dim1 (28.6 %) and Dim2 (21.2 %), explained a cumulative variance of 49.8 % (Figure 20a).
Higher concentrations of gluconasturtiin, glucoiberin, glucocheirolin, and sinigrin were positively
associated with leaves from plants grown in old push-pull soils. In contrast, higher concentrations of
4-hydroxyglucobrassicin, sinalbin, and epiprogoitrin were associated with leaves from control soils
(Figure 20a). In Kanzira roots, Dim1 (38.2 %) and Dim2 (28.1 %) accounted for 66.3% of the total
variance (Figure 20b). Roots from medium and old push-pull soils were associated with higher
concentrations of glucocheirolin, glucobrassicin, 3-methylpentylglucosinolate and gluconasturtiin,
whereas roots from control soils were associated with higher concentrations of 4-
methoxyglucobrassicin, glucotropaeolin, gluconapin and sinigrin. Overall, the distributions in Kanzira
indicate a transition in glucosinolate composition between control and old-push-pull-conditioned
soils, with medium push-pull soils overlapping substantially with both control and old push-pull soils
(Figure 20a,b).

In Tausi leaves, Dim1 (32.8 %) and Dim2 (28.6 %) together accounted for 61.4 % of the total variance
and all three groups with different soil conditioning showed substantial overlap (Figure 20c).
Nevertheless, leaf samples from old-push-pull-conditioned soils were associated with higher
concentrations of 4-methoxyglucobrassicin, 4-hydroxyglucobrassicin, and glucobrassicin while leaf
samples from plants grown in medium push-pull and control soils were associated with higher
concentrations of glucoaubrietin and glucoraphanin (Figure 20c). Tausi root samples from differently
conditioned soils were better separated, with PCA Diml (51.4 %) and Dim2 (15.1 %) together
explaining 66.5% of the total variance (Figure 20d). Higher concentrations of 4-
methoxyglucobrassicin, 4-hydroxyglucobrassicin, glucobrassicin, progoitrin and gluconapin were
associated with roots from plants grown in old push-pull soils, while higher concentrations of
glucoerucin, glucoberiterion and sinablin were associated with roots from plants grown in control
soils, and roots from plants grown in medium push-pull soils intermediate.

Overall, cultivation in old push-pull-conditioned soils were consistently associated with higher
concentrations of glucocheirolin and gluconasturtiin in Kanzira leaves and roots and with higher
concentrations of glucobrassicin in Tausi leaves and roots, with no such clear patterns defining
glucosinolates more abundant in plants grown in control soils. This is consistent with the results of
ANOVAs on individual compounds that, however, highlight differences that were stronger or better
detected among plants grown in differently conditioned soils, and overall stronger differences in
glucosinolate concentrations for Tausi kale plants grown in push-pull-conditioned soils (Tables 4-7).

52



D6.4 Proof of principle
H2020-SFS-2019-2  (results of factorial experiments) for new push-pull crop systems including socioeconomic and market impact

(a) PCA-Biplot, total explained variance = 49.8% (h) PCA-Biplot, total explained variance = 66.3%
5 <\ 6- :
10 p /.:/ ‘
// =
/ | / 4-
/ |
5- / ' /
& Species Iy an Species
g (@] contro é [®] contra
o O- Meddium pp ~ Meddium pp
E E
= N | od S Oid
a E PP B 5 _x3.Methyipently glucesingiEie=S E "
5- (
2-
10+
' | 4= ' | '
5 3 0 3 4 0 4
Dim1 (28.6%) Dim1 (38.2%)
(©) PCA-Biplot, total explained variance = 61.4% (d) PCA-Biplot, total explained variance = 66.5%
. g~ .
H T o
TN !
// | / A
1 \ [
/ ' \ / |
. \ . y 1
/S e
/ Glucgnapln
= Species £ X4.Me/‘ﬂoxyglucobrassi in :f : Species
© - Ll
g‘; E Control g 06— _,L - - Pregoiin- 1 |E| Control
o Meddium pp o I t $ Meddium pp
E lE‘ o £ | Glucobtassicin ; E Oidep
o o o | X .hydroxyglucobrassfcin
/ /. Sinalpi
i | ANy
' [ /
- 4= !
| ‘ 7 :
. | I
H \ / H
27 i - | i :
-10 5 5 -4 4

0
Dim1 (51 4%)

']
Dim1 (32.8%)

Figure 20: Principal component biplots showing the distribution of glucosinolate compounds in (a)
Kanzira leaves, (b) Kanzira roots, (c) Tausi leaves, and (d) Tausi roots. Plants grown in old and medium-
push-pull-conditioned soils compared to control.

Plant communities can influence the defence of future plants via biochemical changes mediated by
soil feedback. In the present study, soil conditioned by push-pull cropping promoted changes in
composition of key sulfur-rich defense-related glucosinolates and often was associated with higher
concentrations of these compounds, which are known to play a critical role in plant defense against
herbivores in the mustard family (Halkier & Gershenzon, 2006; Hopkins et al., 2009; Robin et al., 2017).
Upon hydrolysis by the enzyme myrosinase, these compounds produce toxic degradation products
such as isothiocyanates and nitriles, which deter herbivorous pests (Halkier & Gershenzon, 2006;
Winde & Wittstock, 2011). In this study, the tendency for kale grown in push-pull-conditioned soils to
have higher glucosinolate concentrations likely contributed to reduced feeding, stunted development,
and increased mortality of DBM larvae. These compounds not only impair insect development but also
provide antimicrobial protection, further bolstering plant resilience (Hopkins et al., 2009; Mandrich &
Caputo, 2020). Sinigrin, which acts as a feeding stimulant at moderate levels, exhibits toxicity at higher
concentrations (Barve et al., 2025) and was consistently found in higher concentrations (though not
always statistically significant) in kale grown in push-pull conditioned soils. These findings align with
previous studies that demonstrated the effectiveness of soil conditioned by push-pull cropping
systems in managing stemborers and fall armyworm in maize plants when compared to non-push-pull
soil plants (Jalloh et al., 2023; Mutyambai et al., 2024). The consistency of these results across different
crops underscores the broad applicability of push-pull in integrated pest management (IPM). Beyond
pest deterrence, glucosinolates contribute to overall plant health. The "mustard oil bomb"
mechanism, triggered when plant tissues are damaged, releases volatile compounds that deter both

53



D6.4 Proof of principle
H2020-SFS-2019-2  (results of factorial experiments) for new push-pull crop systems including socioeconomic and market impact

herbivores and microbial pathogens (Mandrich & Caputo, 2020). This dual defensive function is
particularly beneficial in Brassica crops, enhancing both pest resistance and disease suppression.
Varietal differences in defense inducibility in response to push-pull soil legacies were observed
between the two kale varieties, especially in regard to larval feeding. The local variety Kanzira showed
more graded response to push-pull soil conditioning as well as a different detected glucosinolate
composition compared to the hybrid variety, Tausi. Such differences in induced plant defense have
been observed in different plant varieties and are often affected by domestication and breeding
processes (Mutyambai et al., 2014, 2015, 2016; Whitehead et al., 2017). Such findings suggest the
hypotheses that local or traditional varieties may retain more robust or varied defense mechanisms
due to reduced selection pressure for traits associated with commercial yield.

The findings of this study further emphasize the importance of plant-soil feedback (PSF) in push-pull
cropping systems, demonstrating their ability to bolster the defense mechanisms of kale plants. The
reduced DBM infestations and feeding damage observed on kale cultivated in push-pull-conditioned
soils may be associated with improved soil health and microbial diversity, which can support
accumulation of glucosinolate compounds and other plant defense metabolites (Berendsen et al.,
2012; Philippot et al., 2013; Siebers et al., 2018). This study supports the hypothesis that diversified
cropping systems, such as push-pull and other intercropping systems, positively influence plant
secondary metabolism and pest resistance through enhanced soil nutrients and microbial interactions
(Bakker et al., 2018; Zhang et al., 2025). By disrupting pest life cycles, reducing pest populations, and
fostering natural enemies, these systems amplify pest suppression, improve soil nutrient cycling and
microbial abundances as well as enhance positive PSF (Schroth et al., 2000; Altieri & Nicholls, 2004;
Ratnadass et al., 2012; Mutyambai et al., 2019, 2024; Kaur et al., 2020; Jalloh et al., 2024). In contrast,
monoculture cropping systems often lead to soil degradation, nutrient depletion, and increased pest
pressures, highlighting their unsustainability in the long team (Bommarco et al., 2013; Altieri et al.,
2015). These findings underscore the potential of push-pull to reduce pest pressures, enhance soil
health, and strengthen plant defense mechanisms, offering a robust and sustainable pathway for
agricultural resilience in pest-prone regions.

Beyond their role in pest resistance, the elevated glucosinolate levels in kale plants grown in push-pull
conditioned soils hold significant implications for human nutrition and health. Glucosinolates such as
sinigrin and gluconapin are known for their potent antioxidant properties, aiding in the detoxification
of reactive oxygen species and reducing oxidative stress (Maldonade et al., 2020; lwar et al., 2024).
Beyond their antioxidant properties, glucosinolates have demonstrated therapeutic potential,
particularly in cancer and cardiovascular diseases management (Melim et al., 2022; Choi et al., 2023).
Forinstance, benzyl glucosinolate and glucobrassicin have been reported as chemo-preventive agents,
capable to reducing tumor growth, especially when degraded by beneficial microbes like Lactobacillus
plantarum and Lactococcus lactis (Krul et al., 2002; Melim et al., 2022). These findings suggest that
kale grown in soils conditioned by push-pull cropping systems not only offers enhanced pest resistance
but also nutritional and therapeutic benefits, supporting both sustainable agriculture and human
health.

In addition to their nutritional value, push-pull cropping systems offer long-term benefits that
significantly contribute to soil health and agricultural sustainability. The intercropping of Desmodium,
cereal crops, and Brachiaria grass fosters rich soil legacies by enhancing soil fertility and promoting
beneficial microbial communities (Reiss & Drinkwater, 2018; Dang et al., 2020; Jalloh et al., 2024).
These improvements in soil quality support better plant health, leading to increased resistance against
herbivorous pests and disease-causing pathogens. Notably, the higher glucosinolate concentrations
observed in kale grown in old-push-pull-conditioned soils, compared to those in medium push-pull
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soils, and the tendency of plants grown in medium push-pull soils to be intermediate in their
glucosinolate composition between those grown in control or old-push-pull soils, indicate cumulative
effects of these soil legacies. These results suggest that prolonged implementation of push-pull
systems not only improves soil health but also enhances plant biochemical defenses, reinforcing their
suitability for sustainable pest management and resilient crop production.

Kale grown in push-pull conditioned soils exhibited a significant reduction in DBM infestations and
feeding activity in choice and no-choice tests, underscoring the pest-suppressive potential of this
sustainable agricultural approach. By improving soil health and promoting beneficial microbial
diversity, push-pull systems enhance plant-soil feedback mechanisms that bolster kale's natural
defense through increased glucosinolate production. This eco-friendly approach offers a promising
alternative to synthetic chemical pesticides, particularly in resource-constrained regions like East and
Central Africa, where synthetic chemical inputs pose significant environmental and health risks. The
increased glucosinolate levels in kale grown in push-pull conditioned soils highlight the dual
advantages of these systems, extending beyond pest management to include enhanced plant defense
and potential nutritional gains. To fully harness these benefits, future study should prioritize the
development of glucosinolate-rich plant cultivars aimed at improving both resistance to herbivores
and dietary value. Additionally, exploring crop diversification strategies and their impact on plant-
insect-microbiome interactions could further enhance the ecological and agronomic performance of
these systems. It is also essential to assess the human health benefits of glucosinolate-enriched kale,
particularly its antioxidant and therapeutic properties. Finally, determining the economic feasibility
and scalability of push-pull systems for smallholder farmers in SSA is crucial for widespread adoption.

We are grateful to all smallholder in Homabay, Migori, Kisumu, Vihiga and Siaya counties for allowing
us to collect soil samples from their farms. We thank Chrispin Odhiambo, Amos Mwangangi, and all
Mbita push-pull team for their assistance in the field work. Lavender Odhiambo, Adan Hassan, Bretor
Mutua, Shadrack Kibet, and Victor Odhiambo for their support in laboratory processing of samples
and Evanson Omuse for assistance in data analysis. The authors gratefully acknowledge the financial
support for this research by the following organizations and agencies: Biovision Foundation through
the project Intensification of push-pull technology for improved food security, nutrition and incomes
(Grant number: BVDPP-001/2020-22); European Union through the UPSCALE project (Grant number:
H2020-SFS-2019-2); The Ingvar Kamprad Elmtaryd Agunnaryd (IKEA) foundation through the “Scaling
regenerative black soldier fly farming along with vegetable push-pull cropping systems in rural Kenya,
Rwanda and Uganda” project (Grant number: 1175); the Swedish International Development
Cooperation Agency (Sida); the Swiss Agency for Development and Cooperation (SDC); the Australian
Centre for International Agricultural Research (ACIAR); the Norwegian Agency for Development
Cooperation (Norad); the German Federal Ministry for Economic Cooperation and Development
(BM2Z); and the Government of the Republic of Kenya. The views expressed herein do not necessarily
reflect the official opinion of the donors.

4 Socioeconomic considerations

A study was conducted to evaluate the economic and agronomic impacts of PPT adoption, production
and cost benefit in vegetable production among smallholder farmers in Western Kenya, specifically in
Migori, Siaya, and Kisumu counties.
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4.1 Motivation

Over the past two decades, push-pull technology (PPT) has been widely adopted across East Africa,
particularly in maize-based systems, where it has proven effective in boosting yields, managing pests,
and improving soil health. While its success in maize farming is well-documented, applying PPT to
vegetable production offers an added advantage by contributing both to household nutrition and food
security. Despite this potential, there has been limited research evaluating the economic feasibility of
PPT in vegetable systems. To bridge this gap, a study was undertaken in Western Kenya to examine
adoption patterns, production performance, and the economic returns of PPT in vegetable farming.
The core aim was to carry out a cost-benefit analysis (CBA) to determine its profitability, explore its
influence on production and marketing, and identify measures that could strengthen its uptake and
socioeconomic impact within vegetable value chains.

4.2 Materials and methods

The study adopts a mixed-methods design, combining both quantitative and descriptive approaches
to assess the use of PPT in vegetable farming. The quantitative analysis focuses on a cost-benefit
assessment, evaluating profitability using net present value (NPV), cost-benefit ratio (CBR), and return
on investment (ROI). On the other hand, descriptive statistics are applied to examine production
expenses, revenue streams, and land utilization patterns.

The study was conducted in Migori, Siaya, and Kisumu counties in Western Kenya, areas known for
vegetable production, smallholder farming, and prior use of PPT in cereals. A total of 348 smallholder
farmers adopting PPT for vegetables such as black nightshade, cowpeas, and spider plant were
surveyed across three cropping seasons (SR 2023, LR 2024, SR 2024). The counties’ diverse agro-
ecological and socioeconomic conditions, combined with challenges like pests, soil degradation, and
limited market access, provided a relevant context for evaluating PPT’s performance through
structured questionnaires on production patterns, costs, revenues, and adoption practices.

The study employed Cost Benefit Analysis (CBA) method to estimate the costs and benefits of
integrating PPT in vegetable value chain. The total production cost was calculated as the summation
of land preparation cost, cost of inputs such as seed, planting and crop management costs, while gross
revenue was calculated as the summation of all the produce for vegetables, Desmodium, Brachiaria
and maize, each quantity multiplied by the then unit market price to get the value of the total produce.
Sale revenue was then calculated by summing up all the total sales from overall produce for all the
products.

4.3 Results and discussion

Initial findings suggest that push-pull technology (PPT) significantly boosts both productivity and
profitability in vegetable production. The study indicates that PPT not only increased vegetable yields
but also promoted sustainable farming practices among smallholder farmers. Economic assessments
revealed strong performance across indicators such as gross revenue, net returns, cost—benefit ratio
(CBR: 10.18), and return on investment (ROI: 9.18) when evaluated using gross value. Nevertheless,
actual farmer earnings were often reduced due to poor market access and post-harvest losses,
resulting in a mismatch between production value and income from sales. Adoption patterns and
profitability also varied across counties, shaped by seasonal factors and input availability. These
insights underscore the importance of strengthening market infrastructure, enhancing farmer
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capacity, and developing supportive policies to fully realize the economic benefits of PPT in vegetable
value chains.

4.4 Conclusion

Vegetable production in Kisumu, Migori, and Siaya relies heavily on black nightshade and cowpeas,
with stable seasonal patterns but inconsistent profitability due to market access challenges and post-
harvest losses. While push-pull technology (PPT) enhances soil fertility and supports climate-smart
practices through companion crops like Desmodium and Brachiaria, its adoption varies, particularly in
Kisumu. Strengthening market infrastructure, farmer training, and value addition, alongside policy
interventions to stabilize prices and enhance fodder markets, are essential for unlocking PPT’s full
potential. Further research is needed on extension services, market dynamics, and long-term
socioeconomic impacts to support sustainable vegetable value chains.

5 Outlook

In sum, the integration of vegetables into PPT has potential to improve food security and increase
farmer income, and initial trials reported here indicate that cultivation in PPT is protective for two
such vegetables: kale and tomato. Protective effects are likely due to a combination of ecological
factors including conditioning of the soil, and the semiochemical environment into which the
vegetables are planted, as well as to the response of the vegetable crops to these environmental
factors that may improve endogenous defences. In the case of kale and other brassicaceous (mustard
family) crops, increase in typical endogenous defences, glucosinolates, can also translate into
increased human health value due to the antioxidant properties of these substances. Other vegetables
integrated by farmers into PPT were reported, but not yet investigated here in terms of chemical-
ecological mechanisms supporting yield and health value, and socioeconomic barriers remain,
impeding the ability of farmers to fully realize benefits. To the extent that benefits arise from soil
conditioning, they will be greater on fields that have been maintained for several (e.g., five or more)
years under push-pull cultivation.
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7 Appendices

Appendix 1: Statistical summary of generalized linear models fitted with pest incidences and damage
ratings observed on kales. The kales were planted in vegetable integrated push-pull (VIPP) and control
plots where experiments were repeated during long and short rain seasons.

Pest Parameter Pest incidences Damage ratings
Ch-value (x2) |p-value Ch-value (x2) |p-value
Aphids Season 3.84 0.047 0.62 0.42
Treatment 49.85 <0.001 51.52 <0.001
Season x Treatment [3.26 0.07 1.27 0.25
Cabbage looper [Season 0.20 0.65 3.39 0.06
Treatment 0.12 0.72 0.73 0.39
Season x Treatment [0.25 0.61 0.91 0.33
DBM Season 25.55 <0.001 25.83 <0.001
Treatment 15.33 <0.001 22.34 <0.001
Season x Treatment [0.001 0.99 2.33 0.12
Grasshopper Season 11.83 <0.001 9.10 0.002
Treatment 0.04 0.84 1.21 0.27
Season x Treatment [0.27 0.60 2.23 0.13

Appendix 2: Statistical summary of generalized linear models fitted with pest incidence and damage
ratings observed on tomatoes. The tomatoes were planted in vegetable integrated push-pull (VIPP)
and control plots where experiments were repeated during long and short rain seasons.

Pest Parameter Pest incidences Damage ratings
Ch-value (x2) |p-value Ch-value (x2) |p-value
Leafminer Season 0.08 0.26 0.65 0.42
Treatment 3.05 0.04 5.25 0.021
Season x Treatment 0.71 0.40 1.47 0.22
Thrips Season 12.11 <0.001 10.95 <0.001
Treatment 1.43 0.23 1.42 0.23
Season x Treatment 0.63 0.42 0.63 0.43
Bollworm Season 4.19 0.04 4.50 0.034
Treatment 0.92 0.33 1.54 0.21
Season x Treatment 0.02 0.87 0.17 0.67
Whiteflies Season 9.22 0.026 9.23 0.026
Treatment 5.94 0.014 5.94 0.015
Season x Treatment 9.01 0.029 9.03 0.029
Fruit flies Season 12.22 <0.001 11.23 <0.001
Treatment 9.94 0.023 9.98 0.015
Season x Treatment 8.11 0.018 8.09 0.021

Appendix 3: Pairwise comparison of C. vestalis, A. ervi and A. colemani responses to Kale and
Desmodium volatiles

Experiment Treatment pairing
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A

Desmodium + kale vs. kale

Desmodium + kale vs. Empty bag

Desmodium vs. kale

Desmodium vs. empty bag

Desmodium volatiles vs. DCM

Kale plant vs. empty bag

Empty bag vs. empty bag

T O|MmMmMmoOonO|®

DCM vs. DCM

Appendix 4: Results of the Chi-square test for the different treatment combinations

Parasitoid species Treatment pairing X2 (df=1) P value
Cotesia vestalis Desmodium + kale vs. | 1.20 0.27
kale
Desmodium + kale vs. | 1.20 0.27
Empty bag
Desmodium vs. kale 0.53 0.47
Desmodium vs. empty | 1.20 0.27
bag
Desmodium  volatiles | 3.33 0.07
vs. DCM
Kale plant vs. empty | 1.2 0.27
bag
Empty bag vs. empty | 0.13 0.72
bag
DCM vs. DCM 3.33 0.07
Aphidius ervi Desmodium + kale vs. | 3.33 0.07
kale
Desmodium + kale vs. | 4.80 0.03
Empty bag
Desmodium vs. kale 2.13 0.14
Desmodium vs. empty | 1.20 0.27
bag
Desmodium  volatiles | 0.53 0.47
vs. DCM
Kale plant vs. empty | 6.53 0.01
bag
Empty bag vs. empty | 0.00 1.00
bag
DCM vs. DCM 0.13 0.71
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Aphidius colemani Desmodium + kale vs. | 1.2 0.27
kale
Desmodium + kale vs. | 2.13 0.14
Empty bag
Desmodium vs. kale 5.33 0.47
Desmodium vs. empty | 6.53 0.01
bag
Desmodium  volatiles | 6.53 0.01
vs. DCM
Kale plant vs. empty | 0.53 0.47
bag
Empty bag vs. empty | 0.13 0.72
bag
DCM vs. DCM 0.13 0.72

Appendix 5: Results of the Chi-square test for the behavioral responses to different synthetic compound
concentrations.

Parasitoid species Treatment pairing X2 (df=1) P value

Cotesia vestalis Hexanal half | 1.20 0.27
concentration vs. DCM

Hexanal natural | 4.80 0.03
concentration vs. DCM

Hexanal double | 0.53 0.47
concentration vs. DCM
(E)-B-ocimene half | 3.33 0.07

concentration vs DCM

(E)-B-ocimene natural | 4.80 0.03
concentration vs DCM

(E)-B-ocimene double | 6.53 0.01
concentration vs DCM

(E)-B-caryophyllene 0.13 0.72
half concentration vs.
DCM

(E)-B-caryophyllene 0.53 0.47
natural concentration
vs. DCM

(E)-B-caryophyllene 3.33 0.07
double concentration
vs. DCM

Aphidius ervi Hexanal half | 1.20 0.27
concentration vs. DCM

Hexanal natural | 4.80 0.02
concentration vs. DCM
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Hexanal double | 10.80 0.001
concentration vs. DCM

(E)-B-ocimene half | 4.80 0.03
concentration vs DCM

(E)-B-ocimene natural | 3.33 0.07
concentration vs DCM

(E)-B-ocimene double | 1.20 0.27
concentration vs DCM

(E)-B-caryophyllene 2.13 0.14
half concentration vs.
DCM

(E)-B-caryophyllene 8.53
natural concentration
vs. DCM

0.003

(E)-B-caryophyllene 6.53 0.01
double concentration
vs. DCM

Hexanal half | 6.53 0.01
concentration vs. DCM

Aphidius colemani

Hexanal natural | 4.80 0.03
concentration vs. DCM

Hexanal double | 3.33 0.06
concentration vs. DCM

(E)-B-ocimene half | 3.33 0.06
concentration vs DCM

(E)-B-ocimene natural | 6.53 0.01
concentration vs DCM

(E)-B-ocimene double | 6.53 0.01
concentration vs DCM

Appendix 6: Coordinates of regions where push-pull soil samples were collected.

Geolocation coordinates (WGS84)
Homabay Migori Kisumu Vihiga Siaya
S 00°33.686’ S00°25.964 | S00°47.163" |S00°01.261° | NO0O°11.456
E 34°18.702 E 34°12.418 E 34° 34.137’ E 34° 37.079’ E 34° 21.625’
S00°33.675 | S00°47.151" |S00°02.994" | N00°02.526" | N0O°11.473’
E34°18.803° | E34°34.124' | E34°38.020° | E34°34.314' | E34°21.636
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Appendix 7: Box plots showing the concentrations of glucosinolates compounds in leaves of Kanzira
kale plants grown in old and medium push-pull-conditioned soils and non-push-pull-conditioned soils
(control); ns indicates no significant difference, while asterisk (*) indicates significant differences
across the cropping systems and soil treatments (P < 0.05).
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Appendix 8: Box plots showing the concentrations of glucosinolates compounds in roots of Kanzira
kale plants grown in old and medium push-pull-conditioned soils and non-push-pull-conditioned soils
(control); ns indicates no significant difference, while asterisk (*) indicates significant differences
across the cropping systems and soil treatments (P < 0.05).
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Appendix 9: Box plots showing the concentrations of glucosinolates compounds in leaves of Tausi kale
plants grown in old and medium push-pull-conditioned soils and non-push-pull-conditioned soils
(control); ns indicates no significant difference, while asterisk (*) indicates significant differences

across the cropping systems and soil treatments (P < 0.05).
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Appendix 10: Box plots showing the concentrations of glucosinolates compounds in roots of Tausi kale

plants grown in old and medium push-pull-conditioned soils and non-push-pull-conditioned soils

(control); ns indicates no significant difference, while asterisk (*) indicates significant differences

across the cropping systems and soil treatments (P < 0.05).
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