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1 Introduction

Mixed cropping systems generally support a higher diversity and abundance of both generalist
predators and more specialized parasitoids compared to monocrops, leading to lower pest
populations (Root et al. 1973; Letourneau et al. 2011). In push-pull systems parasitoids have received
a lot of attention, whereas less is known about generalist predators. It has been found that the
abundance of spiders and earwigs can increase in push-pull systems (Midega and Khan 2003) and that
the predation of stemborer eggs can increase (Midega et al. 2006). To date, however, we lack an
understanding of which predators feed on which pests in African maize crops. To explore this, we
sampled predators in push-pull and non push-pull maize fields in Rwanda and analysed their gut
content using metabarcoding (MGCA). We investigated the detection of Lepidopteran prey including
FAW and stemborers in predator guts but also other groups of maize pests, including termites, aphids
and plant bugs. We present results on detection frequencies for different groups of generalist
predators in Rwandan push-pull and non push-pull maize crops. We also present summarised results
of FAW and stemborer leaf damage in the same fields, as a means to help explain results of the MGCA.

2 Methods

2.1 Field site selection and invertebrate sampling

Invertebrate food webs were studied in 16 pairs of push-pull and non push pull fields in the Gatsibo
district of Rwanda during two cropping seasons, 2022-2023; the long rainy season (March-July) and
the short rainy season (September-January). Field selection procedures have been described in detail
in D2.1 and D2.2 and are therefore not described further. Eleven of the NPP control fields consisted
of sole-cropped maize, whereas two fields were intercropped with bananas, and one each with
cassava, beans, and potatoes, respectively. The average size of PP fields was 0.02 ha, and that of NPP
was 0.03 ha.

2.1.1 Dry pitfall traps

Three parallel transects were first established along the maize rows in each field. To minimise edge
effects, the first transect was placed 1m from the field edge, while the second and third transects were
positioned 2 to 4 m inward from the previous one, maintaining consistent spacing. On the third
transect, two pitfall traps were installed. Each trap was filled with clay balls to approximately one-
third of the cup's volume and was placed into the ground at a position corresponding to 25 % of the
transect distance from each end of the transect. The rim of each cup was level with the ground surface
to ensure unobstructed access for the arthropods. The traps were covered with a clear plexiglass
sheet, positioned 3 cm above the ground and left exposed for 24 hours. After the exposure period,
the dry pitfalls were removed. Using soft forceps, we carefully extracted the clay balls, gently collected
the specimens and placed them individually into an Eppendorf tube containing 0.8 ml of 95 % ethanol.
Tubes were labelled correctly with the plot ID, date, trap ID, sampling round, season and collector.
Forceps were sterilised in 70 % ethanol between specimens, and samples were stored in -80°C as soon
as possible.

Predatory and omnivorous taxonomic groups were extracted from the samples for further analysis.
Ants were omitted from MGCA because they usually contain PCR inhibitors.

2.1.1 Estimates of FAW and stemborer leaf damage

Leaf damage caused by fall armyworm (FAW) and stemborers was estimated twice per sampling
season in both push-pull and non push-pull fields. At the start of the sampling, twenty-one maize
plants per field were selected and tagged for repeated observation. Damage on each leaf was
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recorded, numbering leaves from the bottom upward (leaf number 1 being the lowest). Leaf damage
was rated on a 1 to 5 scale (Toepfer et al. 2021), where 1 indicated no visible damage and 5 indicated
severe damage.

2.2 Molecular gut content analysis

DNA was extracted by NARO, Uganda, while all other molecular analyses and bioinformatics were
carried out by Bioname, Finland.

2.2.1 DNA extraction

DNA of the guts of predatory and omnivorous invertebrates (excluding ants) was extracted using the
chelex 100 (Bio Rad Laboratories, Inc., United States) method (Walsh et al., 1991) as explained by Otim
et al. (2018). Each sample was washed in sterile distilled water and a new sterile surgical blade was
used to dissect each sample. The gut was placed in individual sterile 1.5 mL Eppendorf tube and 50 ul
of 10 % chelex 100 resin solution was added followed by 10 ul (20 mg/ml) of proteinase K solution
(bioline). Individual samples were incubated at 56°C for at least overnight. They were then heat
inactivated at 100°C for 15 min. The resulting mixture was centrifuged at 12800 rpm for 3 minutes and
then 40 pl supernatant collected into a new sterile 1.5ml Eppendorf tube and stored at -20°C.

2.2.2 Polymerase chain reaction

The DNA samples were amplified using one primer pair (Table 1). DNA was diluted 1:10 prior to PCR.
BSA (20 mg/ml) was added to the PCR reactions at a volume of 0.28 pl. A positive synthetic DNA control
(spike-in) was added to PCR reactions at a final concentration of 0.001 pg/uL. DNA purity and integrity
were assessed by PCR success rate.

All the primers included a linker-tag, to enable the subsequent attachment of NGS adapters. To
increase the amplicon library diversity, each primer was used as two different versions, so that they
included so called heterogeneity spacers between the linker-tag and the actual locus-specific oligo. A
blank PCR control was added to each PCR batch to measure the purity of reagents and the level of
cross-contamination. All PCR reactions were carried out as two technical replicates, and each replicate
contained two heterogeneity versions of each primer. The reaction setup followed Kankaanpaa et al.
(2020).

Table 1: Primers used in the analysis. Primers or adapters not included in the target length.

Locus Primer sequence Reference
Primer pair: ANML
Forward LCO1490 GGTCAACAAATCATAAAGATATTGG  Folmer et al. 1994
Reverse CO1-CFMRa GGWACTAATCAATTTCCAAATCC Jusino et al. 2019

Taxonomic target Animal CO1

Target length 181

2.2.3 NGS Library preparation
Library preparation followed Vesterinen et al. (2016) with minor modifications as follows.

We used a dual indexing strategy, where each reaction (including technical replicates) was prepared
with a unique combination of forward and reverse indices. All the indexed reactions were then pooled
and purified using Genelet Gel kit (Thermo Scientific, ref K0691) as instructed in the manual.
Sequencing was done on an lllumina NovaSeq X 10B Flowcell 2x150bp (lllumina Inc., San Diego,
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California, USA) run, including PhiX control library by the Turku Centre for Biotechnology, Turku,
Finland.

2.2.4 Bioinformatics

Our bioinformatics pipeline closely followed Kaunisto et al. (2020). The specific steps are explained
below.

Paired-end reads were merged and trimmed for quality using 64-bit VSEARCH version 2.22.1 (Rognes
et al. 2016) with the command ‘fastq_mergepairs’. The primers were removed from the merged reads
using software CUTADAPT version 3.5 (Martin 2011) with 20% rate for primer mismatches and primer-
specific minimum and maximum length (ANML: min=171, max=191). Quality filtering was applied on
the merged and trimmed reads using VSEARCH with one (1) maximum expected error. The reads were
then collapsed into unique sequences (singletons removed) using VSEARCH. These unique reads were
then denoised, filtered for chimeras, and collapsed into sequence variants (ZOTU, abbreviated from
Zero-radius Operational Taxonomic Unit) using USEARCH version 11 UNOISE3 algorithm with default
options (Edgar and Flyvbjerg 2015). According to Edgar and Flyvbjerg (2015), UNOISE algorithm
performs well in (i) removing chimeras, (ii) PhiX sequences and (iii) Illumina artefacts.

COI (ANML) sequence variants were assigned to taxa using BOLDSystems version 5 COIl database
(https://boldsystems.org/) with BOLDigger3 version 2.1.4 (Buchner and Leese 2020). SINTAX
algorithm (Edgar 2010) was applied to detect synthetic spike-in control sequences using our own
skipe-in sequences database.

We used the following similarity thresholds to assign ZOTUs to taxa:
species: probability >= 98%,

genus: probability >= 96%,

family: probability >= 90%,

order: probability >= 85%,

class: probability >= 80%,

phylum: probability >= 80%.

The majority of ZOTUs were assigned to species, genus, or family.

The read counts for each ZOTU were normalised within each sample and each PCR replicate using a
normalisation factor, which was calculated as proportion of synthetic DNA reads of the total number
of reads within the replicate.

Other non-target taxa (e.g. fungi, bacteria etc.) were filtered away. The data was then collapsed per
taxonomic assignations, so that all reads per taxon were summarised within a sample.

To estimate the robustness and stochasticity of the data, we calculated and plotted the reads in each
replicate per sample and reads assigned per taxa in each replicate.

After this, reads from both PCR replicates were summarised within each sample, if same taxa were
found from both replicates.

To estimate the proportion of reads that could have been misassigned during index demultiplexing
(known as ‘tag-jumping’ or ‘sample cross-talk’), we calculated the proportion of non-synthetic reads
(ANML: 105,416 reads) out of the total number of reads per synthetic control samples (ANML:
36,841,271 reads) following Morrill et al. (2021). The estimation of tag-jumping was made
independently for each primer pair. This revealed a tag-jumping rate per primer pair (0.285% for
ANML). Then, we removed any sequence variants with a proportion of reads less than the specified
tag-jump rate of the total read sum of the sample-specific read number.

For example, if summed reads (= total read count) for SampleX was 10,000, the ZOTU123 was removed
from that specific sample, if there were less than 50 reads (tag-jump rate=0.5%: 10000*0,005)
assigned for the ZOTU123 in SampleX.
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Most of the descriptive analyses in this report are carried out for 1) all taxa and 2) with refined target
taxa. Low abundance taxa (= read count less than 2) were removed from the data.

Along with absolute sequence read counts, relative read abundances, i.e. proportional summaries of
counts, (Deagle et al. 2019) were also calculated.

3 Results

3.1 Molecular gut content analysis

Guts of in total 1613 invertebrate predators and omnivores were processed, 707 of the predators
were caught in push-pull and 906 in non push-pull systems. The most common predatory groups
caught in the dry pitfall traps were spiders (Araneae), crickets (Orthoptera: Ensifera), ground beetles
(Coleoptera: Carabidae), rove beetles (Coleoptera: Staphylinidae) and plant bugs (Hemiptera: Miridae)
(Table 2).

Table 2: Number of predators screened for MGCA belonging to different taxonomic groups.

Predator Push-pull Non push-pull
Araneae 363 402

Ensifera 146 228

Carabidae 87 104
Staphylinidae 74 105

Miridae 35 65

Mantodea 0 2

Dermaptera 1 0

Chilopoda 1 0

Three hundred and thirty different non-predatory taxa (ZOTUS) were deteted in the predator guts,
but very had DNA from groups containing pests and the data was therefore not analysed statistically.
Qualitative results are presented in the following sections.

Only five of the 1613 predator individuals had Lepidopteran DNA in their guts; three crickets
(Othoptera: Ensifera) and two rove beetles (Coleoptera: Staphylinidae) (Table 3). The Lepidopteran
prey were identified to three families and in one case only to the order Lepidoptera. Spodoptera
frugiperda (FAW) and the stemborer Buseola fusca both belong to the family Noctuidae, whereas the
stem borer Chilo partellus belongs to Crambidae. One rove beetle was detected positive for Crambidae
whereas no detections of Noctuidae were found, although theoretically they could be included in the
unspecified Lepidoptera detections in two individuals of Ensifera (Table 3). One rove beetle and three
crickets had traces of the Lepidopteran families Erebidae and Geometridae, but these families do not
include any important pests of maize systems in Rwanda.

Four termite taxa (three Blattodea: Termitidae and one Blattodea: Kalotermitidae) were detected in
the guts of ten predator individuals. Of these, nine were crickets and one was a rove beetle (Table 4).

Five spiders had traces of DNA of the aphid Ericaphis fimbriata in their guts (Table 5). This species is a
pest of blueberries and it has been detected in the region. Two spiders had traces of DNA of the corn
planthopper, Pergegrinus maidis in their gut (Table 5). P. maidis is a pest on corn and a key vector of
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several virus diseases. Another two spiders had unspecified DNA of the plant hopper family
Delphacidae in their guts.

Detection rates of the above prey groups ranged between 0 - 5.5% for the main predatory groups
(Araneae, Staphylinidae, Carabidae, Miridae and Ensifera) (Fig. 1). Spiders was the only group
detecting DNA of aphids and plant hoppers in their guts, whereas crickets and rove beetles had DNA
of Lepidoptera and termites in their guts (Fig. 1).

Table 3: Number of detections of Lepidopteran prey in different predator individuals screened with MGCA.
Whether predators were captured in push-pull (PP) and non push-pull (NPP) plots is indicated in parenthesis.

Predator Prey
Crambidae Erebidae Geometridae Lepidoptera
ZotuCluster708  ZotuCluster770  ZotuCluster471  Family
BOLD:AFV4117
Staphylinidae 1286 (PP) 1
Staphylinidae 2164 (NPP) 1
Ensifera 759 (NPP) 1
Ensifera 2705 (PP) 1 1
Ensifera 4637 (NPP) 1 1

Table 4: Number of detections of termite prey in different predator individuals screened with MGCA. Whether
predators were captured in push-pull (PP) and non push-pull (NPP) plots is indicated in parenthesis.

Predator Prey
Kalotermitidae  Termitidae Termitidae Termitidae
ZotuCluster815 ZotuCluster114  ZotuCluster33 ZotuCluster701

Staphylinidae 1286 (PP) 1

Ensifera 137 (NPP) 1

Ensifera 1860 (PP) 1

Ensifera 2557 (PP) 1

Ensifera 3386 (PP) 1

Ensifera 3856 (PP) 1

Ensifera 4714 (PP) 1

Ensifera 4979 (PP) 1 1

Ensifera 5161 (NPP) 1

Ensifera 611 (PP) 1
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Table 5: Number of detections of selected hemipteran prey in different predator individuals screened with
MGCA. Whether predators were captured in push-pull (PP) and non push-pull (NPP) plots is indicated in
parenthesis.

Predator Prey
Ericaphis  Delphacidae Genus Peregrinus
fimbriata BOLD:ADU2318 maidis
Araneae 1459 (NPP) 1
Araneae 2615 (NPP) 1
Araneae 3590 (PP) 1
Araneae 4529 (PP) 1
Araneae 4541 (PP) 1
Araneae 4971 (PP) 1
Araneae 5027 (PP) 1
Araneae 5211 (PP) 1
Araneae 5280 (PP) 1
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0,01

Proportion of individuals with DNAin their gut
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Figure 1: Proportion of individuals in different predatory groups that had DNA of different prey groups with
pests in their guts.
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3.2 Leaf damage by FAW and stemborers

In both seasons crop damage by FAW and stemborers was low, with average damage levels per maize
leaf consistently ranging between no damage (0) and little damage (1) according to the scale by
Toepfer et al. (2021). During the long rainy season damage per leaf was on average 1.70 in push-pull
fields and 1.74 in non push-pull fields, whereas in the short rainy season it was 1.20 in push-pull fields
and 1.55 in non push-pull fields.

4 Discussion

Even though the diversity of prey in the guts of predators was large (330 non-predatory taxa (ZOTUS);
see D2.4, October 2025), only few of these detections included groups containing pests. Of the 1613
predators screened, only five individuals had any Lepidopteran DNA in their gut. Of these, one rove
beetle had DNA from the family Crambidae which includes the stemborer Chilo partellus. In addition,
two crickets also had undefined Lepidopteran DNA in their guts and this could theoretically include
DNA from pests. Thus, this study provided minimal evidence for stemborer and FAW predation by
generalist predators in push-pull and non push-pull fields of Rwanda. Overall the damage of FAW and
stemborers was low across both seasons which could have contributed to low predation rates.
Collections of predators were spread across the two cropping seasons, whereas presence of eggs and
small larvae of the Lepidopteran pests (which are most likely predated) are concentrated to earlier
maize crop stages. In our sampling we did not catch any lady beetles. These predators are less
effectively caught with pitfall traps as they mostly dwell in the vegetation. Ants are also very common
in these maize crops but were not studied due to methodological constraints (see methods). Both lady
beetles and ants have been found to feed on FAW in laboratory trials (Riaz et al. 2024) and their
omission may have reduced the likelihood of detecting FAW and stemborer predation.

Apart from stemborers, FAW and a few other species of Lepidoptera, maize is also attacked by a
number of usually less destructive pests in East Africa. These include the aphids Rhopalosiphum maidis
and Schizaphis graminum, the maize leafhopper Cicadulina mbila, the corn plant hopper Peregrinus
maidis and various termites. We found that nine crickets and one rove beetle had fed on termites and
two spiders had feed on Peregrinus maidis. In addition we detected another two spiders that had fed
on a unspecified plant hopper in the genus Delphacidae and five spiders feeding on the aphid Ericaphis
fimbriata. We do not have data on abundances of these different pests in the fields, so it is hard to
judge to what extent the low detection rates were due to low pest abundances.

Compared to other studies conducted in Europe (e.g., Staudacher et al. 2018) or North America (e.g.,
Peterson et al. 2018) we found surprisingly low feeding rates on any group containing pests in this
study. It is possible that abundances of pests were unusually low, but the high diversity of alternative
prey could also have diverted the predators from pest predation (e.g., Wise et al. 2006). Future work
is needed to explore how the availability of pests and alternative prey affects predation rates of
generalist predators in this system.

4.1 Implications

This study found very little evidence for predation on FAW, Stemborers and other pests in push-pull
and non push-pull maize fields of Rwanda. At the same time predation on a very large variety of
alternative non-pest prey was detected. Low predation on pests could partially be due to low
availability of pests (as evidenced for FAW and stemborers), but it also raises the question whether a
high diversity of alternative prey in this system diverts generalist predators from pest predation.
Perhaps the highly diverse agricultural landscapes of East Africa promote such a high diversity of prey
types that generalist predators rarely feed on pests. Further research is needed to explore how
availability of prey and pests shapes predation and pest control by these predators. This research
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should also include lady beetles and ants which are common in these systems, but not included in this
work.

These findings represent important input for further understanding the context-dependency of push-
pull impacts across East Africa as explored in WP2-4, as well as how to optimize and tailor push-pull
systems to environmental contexts. Differences in pest pressure between countries and regions along
with the diversity of prey in all regions may be important drivers of how strongly push-pull benefits
crop production in different systems notably through the action — or inaction — of natural enemies.
These findings point to the need for understanding the relation between pest population dynamics
and predation by generalist enemies across regions and are a key step forward in improving our
understanding of bottom-up vs. top-down mechanisms of pest control in East African smallholder
cereal systems.
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