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Abstract

Fall armyworm (FAW; Spodoptera frugiperda), an exotic moth which recently invaded
Africa, is a highly destructive pest of cereals especially maize a highly valued staple crop in
Nigeria. The use of natural enemies such as predators or parasitoids for FAW control is
more economically viable and environmentally safer than currently recommended synthetic
insecticides. Natural enemies to combat the pest have not yet been reported in Nigeria. An
exploration for the pests’ natural enemies was undertaken by collecting FAW eggs and lar-
vae from maize fields. These were reared in the laboratory for emergence, identification and
efficacy as natural enemies. This yielded Euplectrus laphygmae (Hymenoptera: Eulophi-
dae); Telenomus remus (Hymenoptera: Platygastridae) and Trombidium sp. (Acari.: Trom-
bidiidae). Cotesia or Apanteles spp. were inferred to occur since Stictopisthus sp. (Hym.:
Ichneumonidae), a secondary parasitoid, that attacks cocoons of Microgasterinae (e.qg.
Cotesia, Apanteles etc.) also emerged. Species of yet-to-be identified predators were also
observed in various niches of maize plants. A positive relationship was found between FAW
instar and the number of E. laphygmae eggs/instar ranging, on average, from 1.5 on second
instar to 5.5 on fourth instars hosts. Parasitism rate of T. remus on FAW eggs was 100%.
Parasitic mite infestation resulted in increasing paleness, reduced feeding, growth and
movement as well as death of FAW 1%tinstars. Thus, the occurrence of FAW natural ene-
mies in Nigeria calls for advocacy campaign to incorporate their use into integrated pest
management strategies that attract and allow natural enemies to thrive for FAW
management.
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1. Introduction

The fall armyworm (FAW) (Spodoptera frugiperda JE Smith (Lepidoptera: Noctuidae) is a pest
of more than 80 different crops that was previously confined to native regions in North and
South America and was recorded in Nigeria for the first time in 2016 [1]. It has also been
reported in several other sub-Saharan African countries [2, 3]. In the absence of proper control
measures of FAW, maize yield loss is estimated to be about US$13 billion per annum through-
out sub-Saharan Africa [4].

Since its first detection in Nigeria in 2016 [1], several efforts have been devoted to creating
awareness of the pest problem and implementing control measures, with emphasis on the use
of synthetic insecticides hitherto not used in maize cultivation. These efforts have lessened the
yield impact of FAW compared to the level of damage during the early period of its introduc-
tion into Nigeria (Ogunfunmilayo et al. unpublished data). Unlike the intensively farmed com-
mercial scale fields, maize farms owned by subsistence farmers have little or no input of
synthetic insecticide due to affordability. Hence, we hypothesize that some other agents, such
as natural enemies, may be contributing to the reduced FAW damage observed in these subsis-
tence farms.

The use of natural enemies for biological control of insect pests has not been fully
explored. Natural enemies of key agricultural pests offer an economically sustainable and
environmentally safer alternative to synthetic insecticides, if they can be identified and
incorporated into an integrated pest management (IPM) system. A wide array of natural
enemies such as entomopathogens, parasitoids and predators have been reported for bio-
logical control of FAW in its native region and several other host countries [2-11]. Aug-
mentative release of native species or introduction of imported exotic species of
parasitoids and predators are environmentally safe management options for introduced
exogenous insect pests. Parasitoids spend at least one stage of their life in an intimate asso-
ciation with specific life stages of the host pest. They attack either the eggs (egg parasit-
oids) or larvae (larval parasitoids) of the host. The development of larvae stage of the
parasitoids results in death of the insect host [2, 4]. Predators can kill all insect life stages
but they do not live on the host [2].

Different species of parasitoid and predator are known to attack FAW [2, 5, 9] in the
Americas and the Caribbean islands [5]. In Africa, parasitoids such as Cotesia icipe Fernan-
dez-Triana & Fiobe (Hymenoptera: Braconidae), Palexorista zonata (Curran) (Diptera:
Tachinidae), Charops ater Szepligeti (Hymenoptera: Ichneumonidae), Chelonus curvimacu-
latus Cameron (Hymenoptera: Braconidae) and Coccygidium luteum (Brulle) (Hymenop-
tera: Braconidae), Trichogramma spp. (Hymenoptera: Trichogrammatidae) and Telenomus
spp. attack FAW [2-4, 11-13]. Prasanna et al. [2] also listed Coleomegilla maculata De Geer
(Coleoptera: Coccinellidae); Hippodamia convergens Guerin-Meneville (Coleoptera: Cocci-
nellidae); Cycloneda sanguinea Linneaus (Coleoptera: Coccinellidae); Zelus spp. Fabricius
(Hymenoptera: Reduviidae); Euborellia annulipes Lucas (Dermaptera: Anisolabididae);
Doru luteipes Scudder (Dermaptera: Forficulidae); Podisus maculiventris Say (Hemiptera:
Pentatomidae); Calosoma granulatum Perty (Coleoptera: Carabidae); Geocoris punctipes
Say (Hemiptera: Geocoridae) and Orius insidiosus Say (Hemiptera: Anthocoridae) as preda-
tors of FAW.

Since FAW is a relatively new insect pest in Nigeria, there is a dearth of information on its
natural enemies in the country. The goal of this study is to determine the occurrence of FAW
natural enemies in Nigerian maize fields and assess their effectiveness under laboratory condi-
tions for the purpose of designing biological control and IPM options.
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Table 1. Locations of maize farms visited.

2. Materials and methods
2.1. Insect collection and rearing

Maize fields intercropped with one or more combinations of cassava (Manihot esculenta),
cocoyam (Colocasia esculentus), African spinach (Celosia argentea) and jute mallow (Corch-
orus olitorius) were visited at three-day intervals in different randomly selected locations in
Ibadan, Oyo State, Nigeria (Table 1). An average of three farms per location were visited dur-
ing the late rainy season after the initial detection of FAW parasitoids in the Gada location
(Table 1). Fall armyworm (FAW) larvae and egg masses were sampled from 7 to 21 days old
maize plants, with or without FAW damage signs, at 2-6 leaves (early whorl) stage. On each
visit to the farms, less than 3 egg masses of approximately 75-185 eggs were observed and col-
lected by cutting the part of the leaf on which the respective egg mass was laid, without dislodg-
ing the eggs. The eggs in the mass were counted using 10x electrical magnifying lens. Also an
average of 100-150 larvae at different instar stages were randomly removed from the maize
plants at the respective farms during each visit.

The FAW individuals were also inspected for apparent signs of natural enemy attacks (Fig
1) and subsequently collected in separate containers.

The sampled egg masses were reared directly on the leaves on which they were laid in 170
mL plastic containers covered with meshed (< 0.1mm) lid at the Entomology laboratory of the
Nigeria Agricultural Quarantine Service. The rearing conditions consisted of a mean tempera-
ture and relative humidity of 30+2°C and 82+2%, respectively under 12 hr ambient light con-
ditions. The collected larvae were also reared individually in 250 mL glass containers with
meshed lid and fed daily with 5-10 pieces of 2-3 cm maize leaves (depending on the life stage)
until pupation. The eggs and larvae were observed daily for mortality and the emergence of
natural enemies. The emerged FAW adults were visually identified and fed daily with 10% glu-
cose solution in cotton wool and used for mass production of eggs and larvae. The egg parasit-
oids that emerges from FAW were fed with small droplets of honey placed at the side of the
container while larval parasitoids were fed with a combination of 10% (w/v) glucose and 0.01%
(w/v) ascorbic solution [2] in cotton wool. Some of the emerged egg and larval parasitoids
were sampled and preserved in 70% (v/v) ethanol at room temperature for identification
purpose.

2.2 Efficacy of parasitoids and predators on FAW

The parasitoids that emerged from FAW eggs and larvae were sampled, then introduced to the
corresponding non-infested FAW eggs and larvae of FAW 24 hr after emergence. Ten unsexed

Locations Coordinates Collection staring date Host Plants

Gada 7.3839°N 15" 28th October, 2019 Maize
3.84556°E

NCRI field 1 7.38674°'N 274 23" Nov., 2019 Maize
3.84514°E

NAQS hostel 7.38369°N 1°-19 Nov., 2019 Maize
3.83895°E

IART 7.38652°N 29™ Oct.- 20" Nov., 2019 Maize
3.84608°E

Omi-Adio 7.3900° N 29" Oct. - 21 Nov., 2019 Maize
3.7537°E

https://doi.org/10.1371/journal.pone.0254328.t001
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Fig 1. Natural enemies of Fall Armyworm (FAW) observed on FAW eggs and larvae. (a) Euplectrus laphygmae Adult and larva (Green colour) on FAW and
(b) Telenomus remus Adults on FAW eggs and blackened parasitized FAW eggs and (c) Trombidium sp. (orange colour) on FAW larva.

https://doi.org/10.1371/journal.pone.0254328.9001

adults of egg-parasitoid were exposed for 24 hr to 1 to 2 days old eggs of FAW obtained from
laboratory reared adults. The FAW eggs (100) in four replicates were mounted on a2 x 2 cm
white cardboard painted with 20% (v/v) gum arabic (20:80 gum:water) to prevent them from
falling-off. This process was repeated daily for 5 days with newly emerged parasitoids and 24-
48 hr FAW eggs. After exposure, cards containing the eggs were placed in 170 ml containers
under laboratory conditions until adult parasitoid or FAW larvae emerge as observed with a
10x magnifying lens. Developmental time from egg to adult parasitoid, number of dark (black)
FAW eggs and emerged individuals relative to the number of eggs mounted on the cardboard
was used to estimate the level of parasitism. Numbers of dark (i.e. parasitized) FAW eggs were
counted by placing the card from the 4™ day after exposure under a stereomicroscope. The
numbers of either emerged FAW larvae or adults parasitoids weredetermined by first killing
them in the freezer (0-2°C).

Ten unsexed adult larval-parasitoids were introduced to ten (10) 1% instar, 3-4 days old
FAW larvae. After 24 hr post-introduction, the FAW larvae were removed into another 250 ml
container. This was repeated with another set of 10 FAW larvae and an equal number of para-
sitoids for 48 hr. The parasitized FAW larvae were kept singly in containers and fed with fresh
maize leaves daily until their mortality. The dead parasitized FAW larvae were kept in these
same containers under laboratory conditions until adult parasitoid emergence. The parasitoids
were also exposed to the different instars of FAW larvae as described above but because of can-
nibalistic behaviour of the pest, the 3™ - 6™ FAW instars were placed singly in containers.
Developmental time of the parasitoids from eggs to adults, number of parasitoids larvae on
FAW larvae (used to estimate number of eggs laid by the parasitoid), and time of death of para-
sitized FAW larvae were recorded. The eggs and larvae from the same batches as the parasit-
ized life stages that were not introduced to parasitoids were used as controls. Mites were
introduced to 1% -2 FAW larvae instars to determine the rate of parasitism or predation.

_2nd

2.3 Identification of FAW natural enemies

2.3.1 Morphological identification of parasitoids and mite. Morphological identifica-
tion of the parasitoids and parasitic mite was conducted by Dr. G. Goergen at the Biodiversity
Resource Center, International Institute of Tropical Agriculture (II'TA), Cotonou, Benin.
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Voucher specimens of egg- parasitoids, larval-parasitoids, and parasitic mites were archived in
the Nigeria Agricultural Quarantine Service and Biodiversity Resource Center, International
Institute of Tropical Agriculture (II'TA), Cotonou, Benin.

2.3.2. Sequence and phylogenetic analyses of parasitoids. Due to inadequate mite sam-
ples and the need to further assess their role as natural enemies of FAW, only the parasitoids
were sent for molecular analysis. Molecular identifications were carried out at CABI, UK on
the parasitoids using cytochrome c oxidase subunit I (COI) DNA barcoding. A proprietary
formulation [microLYSIS®)- PLUS (MLP), Microzone, UK] was subjected to the rapid heating
and cooling of a thermal cycler (An initial step of 65°C for 45 minutes, was followed by heating
further to 96°C / 2 min; cooling to 65°C / 4 minutes; 96°C / 1 min; 65°C /2 min; 96°C/ 30's
and a final holding step at 20°C), to lyse cells and release ‘total’ cellular deoxyribonucleic acid
(DNA). Following DNA release, Polymerase Chain Reaction (PCR) was employed to amplify
copies of the COI barcode from the mitochondrial DNA (mtDNA) using standard primers
LCO1490 and HCO2198 (5'-GGTCAACAAATCATAAAGATATTGG-3" and 5'-TAAACTT
CAGGGTGACCAAAAAATCA-3, respectively; [14]. Amplifications were undertaken in 0.5 ml
microcentrifuge tubes in 20 ul reactions containing: 1 Wl MLP DNA extract; primers each at
150 nM; and 10 pl of mastermix solution (MegaMix-Royal [Microzone Ltd, UK], containing
optimised mixture of Taq polymerase in 2 x Buffer (6 mM MgCl,), with 400 uM dNTPs and
blue MiZN loading dye. Reactions were made up to a final volume of 20 pl sterile molecular
grade H,O. PCR reactions were preincubated for 5 min at 95°C followed by 39 cycles of: 30 s
at94°C; 30 s at 51°C; 75 s at 72°C. This was followed immediately by a final extension step of
10 min at 72°C and then cooled to 10°C. The quality of the PCR product was assessed by
undertaking gel electrophoresis. PCR purification step was carried out using microCLEAN
purification solution (Microzone Ltd., UK) in accordance with the manufacturer’s instructions
to remove unutilised dNTPs, primers, polymerase and other PCR mixture compounds and
obtain a highly purified DNA template for sequencing. Purified PCR products were resus-
pended in 15 pl sterile molecular grade H,O. This procedure also allows concentration of low
yield amplicons. Sequencing reactions were undertaken using BigDye® Terminator v3.1 kit
from Applied Biosystems (Life Technologies, UK) and contained the following, in 0.5 ml
microcentrifuge tubes: 2.68 pl of template DNA prepared as above; Primer HCO2198 at 320
nM; 5x BigDye® Terminator Sequencing Buffer; BigDye® Terminator. The sequencing reac-
tions were preincubated for 1 min at 96°C followed by 25 cycles of: 20s at 96°C; 10s at 50°C; 4
min at 60°C. Samples were finally chilled at 10°C. Removal of excess unincorporated dye ter-
minators was carried out using DyeEx™ 2.0 (Qiagen, UK). Dye removal was followed by sus-
pension of the purified products in 16ml of highly deionised formamide Hi-Di™ (Life
Technologies, UK) to prevent rapid sample evaporation and secondary structure formation
[15]. Samples were loaded onto an AB 3130 Genetic Analyzer (Life Technologies, UK) and
sequencing undertaken. Sequence trace files were assessed for quality using Sequencing Analy-
sis Software v5.4 (Life Technologies, UK) and exported as text files.

After sequencing, identifications were undertaken by comparing the reverse complement
of the sequence obtained, with those available from the Barcode of Life Data System (BOLD)
(http://www.boldsystems.org/index.php/databases). Sequences were submitted to NCBI Gen-
Bank (https://submit.ncbi.nlm.nih.gov/subs/genbank/) and numbers assigned.

2.4 Data analysis

Data collected were analysed using the general linear model procedure of Statistical Analysis
System [16]. Means of treatments and replicates were compared using Student-Neuman-Keuls
and Least Significant differences (LSD) at 5%.
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3. Results
3.1. Parasitoids identification and generation

Based on morphological characteristics, Euplectrus laphygmae (Hymenoptera.: Eulophidae)—
a larval parasitoid, Telenomus remus, Nixon (Hymenoptera: Platygastridae)—an egg parasit-
oid, and Trombidium sp. (Acari.: Trombidiidae)—a parasitic mite, were each identified from
infested field-collected FAW life stages (Fig 1). Cotesia or Apanteles spp. were also inferred to
occur since Stictopisthus sp. (Hym.: Ichneumonidae), a secondary parasitoid, that attacks
cocoons of Microgasterinae (e.g. Cotesia, Apanteles etc.) emerged from cocoon of larvae col-
lected from the field (data not included). Numerous species of yet to be identified predators
such as ladybird beetles, ants, earwigs, praying mantis were also observed occupying whorl
and leaves of FAW damaged and undamaged maize plants (data not included).

A complete generation of T. remus from egg to adult emergence took 9-10 days after intro-
duction to FAW eggs as recorded for five generations under laboratory conditions. In the labo-
ratory, 100% parasitism by the introduced 10 unsexed egg-parasitoid occurred on the 100
FAW eggs with the emergence of Telenomus adults irrespective of the duration of exposure
and parasitoid generation used. FAW larvae did not emerge from any of the already parasit-
ized eggs collected from the field or those newly exposed to the parasitoid in the laboratory.

A 7-8 days developmental cycle (egg to adult emergence) was recorded for E. laphygmae
after the parasitoid was introduced to FAW larvae. Euplectrus laphygmae adults typically ovi-
posit on FAW larvae cuticles, depositing its non-apparently visible eggs in the process (Goer-
gen Georg. IITA, personal communication). Based on the number of gregarious E. laphygmae
larvae that emerged from the parasitized FAW, it was found that the larger the FAW instars,
the greater the number of E. laphygmae larvae. At 1 day post-introduction (1DPI), only the
number of eggs laid by E. laphygmae per instar increased, though not significantly compared
to 2 days post-introduction (Table 2). The mean number of E. laphygmae eggs ranged from
1.50 on 2" instar to 5.00 on 4™ instar FAW larvae which was significantly different (P<0.05)
at 1DPL At 2DPI, number of eggs laid per instar was significantly higher at the 3™ and 4™
instar than 1%, 2™, 5™ and 6™ instar stages. At 1, 5™ and 6™ instars stages, parasitism did not
occur and was low at 1DPI and 2DPI respectively (Table 2). The hatched eggs of E. laphygmae
developed into gregarious green-yellowish green parasitoids larvae between 1-2 days post-
introduction, killing the FAW host within 3 days. Brown pupae with loosely woven silken cells

Table 2. Mean number of emerged larvae of Euplectrus laphygmae per fall armyworm (FAW) instar after 1- and
2- days post-introduction (DPI).

FAW instar Number of parasitoid larvae LSD
1 DPI 2 DPI
1 0.00d 0.25¢* 0.61
2 1.50c 2.00b* 1.22
3 4.50b 4.75a* 0.93
4 5.00a 5.50a* 0.71
5 0.00d 0.25c* 0.61
6 0.00d 0.00c* 0.00

DPI: days post introduction

Means followed by the same letter in the column are not significantly different (P<0.05) according to Student-
Neuman-Keuls

Means along the rows are not significant (*) according to Fisher’s Least Significant differences (LSD) at (P<0.05)

https://doi.org/10.1371/journal.pone.0254328.t1002
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(cocoons) were observed at the 4™ days post-introduction and these emerged into adults by
7-8 days post-introduction.

Individuals of Trombidium sp., a parasitic mite, were observed to infest 1-3" instar of FAW
larvae in the field. In the laboratory, the mites were initially found to be ectoparasitic on their
FAW host but they were later observed to drop off the host after 4-8 days and were mobile.
The ectoparasitic stages reduced the feeding, development and movement of FAW larvae,
resulting in increasing paleness of the FAW larvae host. The mobile stage of the mites appears
to be predatory resulting in the death of FAW 1% instars within 24 hours of introduction.

3.2 Sequence analysis

Sequences of the parasitoids submitted in NCBI GenBank were assigned accession Nos.
MT949366 (Telenomus remus) and MT949366 (Eulophidae). After manually correcting the
sequences obtained in the present study, each was compared with authenticated sequences
obtained from the Barcoding of Life Datasystem (BOLD; http://www.boldsystems.org/ [17]).
This database includes publicly available and ‘private’ sequences that are not available for
download.

3.2.1. Identification and phylogenetic analysis of DAS-006-20-1 (MT949366). Follow-
ing initial screening via BOLD which gave all matches >99% to be Telenomus remus (includ-
ing top matches of 99.65% identity), phylogenetic analysis was undertaken to compare this
sequence against selected voucher specimen-derived sequences of T. remus and related taxa
and were downloaded from BOLD. The evolutionary history was inferred by using the Maxi-
mum Likelihood method based on the Tamura-Nei model [18]. The tree with the highest log
likelihood (-1893.59) is shown (Fig 2). The percentage of trees in which the associated taxa
clustered together is shown next to the branches. Initial tree(s) for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pair-
wise distances estimated using the Maximum Composite Likelihood (MCL) approach, and
then selecting the topology with superior log likelihood value. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. The analysis involved 33
nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All positions
containing gaps and missing data were eliminated. There were a total of 379 positions in the
final dataset. Evolutionary analyses were conducted in MEGA?7 [19]. This showed that T.
remus from Nigeria is closely related to those from Nigeria’s neighbour (Benin and Niger) as
well as South Africa, amongst other locations (Fig 2).

3.2.2 Identification of DAS-006-20-2 (MT949367). Screening against the contents of
BOLD did not result in a species-level identification for this specimen. Indeed, there was a sin-
gle match at 99.33% to a sequence from a private sequence from the family Eulophidae. There
were no other matches >95%. All matches >93% were to other sequences from the Eulophi-
dae. As all the top matches were ‘private’ and are not present in GenBanlk, it is not possible to
undertake a sensible phylogenetic analysis. Instead, the results of the BOLD identification are
shown below (Table 3). However, the larva parasitoids are most likely to belong to the family
Eulophidae as recorded by the high similarity with the private sequence from BOLD.

4. Discussion

Responses to the invasion of FAW in Nigeria and other countries in Africa have been focussed
largely on advising farmers to deploy synthetic insecticides [13, 20-23] hitherto not used in
maize cultivation. Unfortunately, synthetic insecticides are cost-prohibitive for the largely sub-
sistent farmers, hence most have adopted different local practices to curtail the pest. Some
farmers have also observed anecdotally that stoppage of insecticide application may promote
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T. remus GBMNA46127-19 MK533750 Benin
T. remus GBMNA46128-19 MK533751 Benin
T. remus GBMNA46126-19 MK533747 S. Africa
T. remus GBMNA46125-19 MK533746 S. Africa
T. remus GBMNA39022-19 MH681663 S. Africa
T. remus GBMNA39021-19 MH681662 S. Africa
T. remus GBMNA39020-19 MH681661 S. Africa
T. remus GBMNA39019-19 MH681660 S. Africa
T. remus DAS006-20-1 MT949366 Nigeria
T. remus BIOUG15396-B 12 KY835081 Pakistan
62| T. remus 160-f33 GBAH9861-15 KM485690 USA
T. remus 160-f01 GBAH9862-15 KM485691 Ecuador
T. remus GBMNB64522-20 MN900732 Benin
T. remus GBMNB64521-20 MN900731 Benin
T. remus GBMNB64520-20 MK533756 Benin
T. remus GBMNB64518-20 MK533749 S. Africa
T. remus GBMNB64517-20 MK533748 S. Africa
T. remus GBMNA46133-19 MK533758 Kenya
T. remus GBMNA46132-19 MK533757 Ivory Coast
T. remus GBMNA46131-19 MK533754 Niger
50 T. remus GBMNA46130-19 MK533753 Niger
T. remus GBMNA46129-19 MK533752 Niger
[ T. remus 160-f07 GBAH9863-15 KM485691 Honduras
80 — T. remus CUTR 01-A1 KP994550 India
[ T. goniopis OSUC 248188 KC778477 USA
100 L T. goniopis OSUC 248189 KC778478 USA
T. dalmanni OSUC 173871 KC778450
78 T. dolichocerus OSUC 248192 KC778465
T. sechellensis OSUC 266783 KC778461
99 { T. busseolae M133 DQ888418
T. turesis BIOUG02434-A11 KY840564

96

98

Gryon cultratum OSUC 176020 KC778428
97 Gryon largi OSUC 176056 KC778431

A
0.020

Fig 2. Molecular phylogenetic analysis of DAS-006-20-1 and related taxa by Maximum Likelihood method.
https://doi.org/10.1371/journal.pone.0254328.9002

the build-up of natural enemies to take over the management of FAW [20-24]. Since FAW is
new to Nigeria and other African countries, identifying parasitoids and predators of S. frugi-
perda occurring in Nigeria, and documenting their life cycle and direct impacts will provide
bases for actions required to ensure effective, sustainable, safe and easily adoptable FAW inte-
grated pest management.

Of the over 150 parasitoids and predators reportedly used for biological control of FAW in
its native tropical and subtropical regions of the Americas [5, 8], this study was able to provide
evidence for the first time of the occurrence of two parasitoids and a parasitic/predatory mite
in Nigeria. Telenomus remus, an egg parasitoid; Euplectrus laphygmae, a larval parasitoid and
Trombidium sp. (tentative identification), a parasitic/predatory mite were observed suppress-
ing the population of Spodoptera frugiperda in the field, as similarly reported in other African
countries [2, 3, 11-13].
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Table 3. BOLD identification of DAS-006-20-2 (MT949367) showing family and percent similarity to private sequences in the BOLD database.

Phylum

Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda
Arthropoda

Class

Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta
Insecta

Insecta

Order Family Genus Species Subspecies Similarity (%) Status

Hymenoptera Eulophidae 99.33 Private
Hymenoptera Eulophidae 94.3 Private
Hymenoptera Eulophidae 94.13 Private
Hymenoptera 94 Private
Hymenoptera Eulophidae 93.97 Private
Hymenoptera Eulophidae 93.8 Private
Hymenoptera Eulophidae 93.74 Private
Hymenoptera Eulophidae 93.17 Private
Hymenoptera Eulophidae 93 Private
Hymenoptera Eulophidae 92.96 Private
Hymenoptera Eulophidae 92.83 Private
Hymenoptera Eulophidae 92.8 Private
Hymenoptera Eulophidae 92.8 Private
Hymenoptera Eulophidae 92.8 Private
Hymenoptera Eulophidae 92.8 Private
Hymenoptera Eulophidae 92.8 Private
Hymenoptera Eulophidae 92.8 Private
Hymenoptera Eulophidae 92.8 Private
Hymenoptera Eulophidae 92.8 Private
Hymenoptera Eulophidae 92.8 Private

https://doi.org/10.1371/journal.pone.0254328.t003

Kenis et al. [13] recommended that the present distribution of T. remus on the Africa conti-
nent should be assessed and the parasitoid could be introduced/imported into countries where
it is absent. The results of this study showed the natural occurrence of T. remus in Nigerian
maize fields and a demonstration of their parasitism efficacy, thus rendering a new introduc-
tion of the egg-parasitoid into the country unnecessary. The efficacy of T. remus was previously
demonstrated by Queiroz et al. [25] with 5 females to 100+20 FAW eggs with nearly 100% par-
asitism irrespective of age of the parasitoid and FAW eggs, and duration of exposure. A similar
conclusion was reached from the present study despite using 10 unsexed egg-parasitoids but
similar number of FAW eggs: that T. remus can maintain their parasitism and efficiency irre-
spective of their age and number. This phenomenon is due to the ability of T. remus to adjust
egg production based on host availability [25].

Despite knowledge of, and access to, information from the organization regulating the
importation of bio-control agents for Nigeria, there is no record of Telenomus sp. introduction
through importation. Thus, we can only hypothesize that it might have arrived in Nigeria
either through neighboring countries from the sequence analysis in this study and as recorded
by [13] or that it might have been present in the country prior to the FAW introduction. The
fact that T. remus also attacks other Spodoptera species present in Nigeria support the latter
hypothesis. The findings from this study therefore agrees with the suggestion of Kenis et al.
[13] on investigating the host range of Telenomus spp. because this will assist in the under-
standing of potential deployment strategies for the parasitoid against FAW.

The larval parasitoid observed in this study will be referred to as Euplectrus laphygmae
(Eulophidae) based on the morphological identification, since the information provided by the
molecular analysis could only identify it only to the family level mainly due to inaccessibility of
the private sequence in the GenBank. This also demonstrates the need for further taxonomic
research and DNA barcoding of authenticated material to increase the coverage of definitive
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barcodes for arthropod species in the global databases. Euplectrus laphygmae, another FAW
parasitoid detected in this study, has been recorded previously as existing naturally in Nigeria,
Benin, Kenya, Congo, Cameroon, Cote d’voire, Uganda, Senegal, Sudan, Malawi, Zimbabwe
and Tanzania, [26-29]. The genus Euplectrus are found all over the world with 209 species
described so far [26, 30]. The larvae of Euplectrus species develop as gregarious ectoparasitoids
on the lepidopterans Arctiidae, Erebidae, Geometriidae, Hesperiidae, Lasiocampidae, Limaco-
didae, Noctuidae, Papilionidae, Pyralidae and Tortricidae [28, 29]. Euplectrus laphygmae is
also associated with several noctuid moths e.g. Spodoptera littoralis [31], S. exigua, S. exempta,
Helicoverpa sp and Chrysodeixis acuta [27, 29, 31, 32], all common insect pests of vegetable
crops in Nigeria. However, E. laphygmae had not yet been described in association with larvae
of S. frugiperda globally. Previous studies reported E. plathypenae [33] and E. ronnai [34] on
maize and E. furnius on rice [35] and maize [8], causing mortality of S. frugiperda larvae. This
is the first report of E. laphygmae parasitizing S. frugiperda larvae on maize in Nigeria.

In addition to the FAW parasitoids, mites of the family Trombidiidae and Erythraeidae
(Acari: Prostigmata) are ectoparasitic in their larval stage and predatory in their deutonymphal
and adult stages on insects [36-38]. There are no records of larvae of Trombidiidae parasitising
thrips, although several species of Trombidium Fabricius were collected on Coleoptera,
Orthoptera, Diptera, Lepidoptera, Hemiptera, Homoptera, Hymenoptera, Opilionides, Pseu-
doscorpionides and Araneae [37, 39] such as Beetles, Aphids, Housefly, Grasshopper, Cricket
etc. [36, 38] and arachnids [38]. This mite, Trombidium sp. (Acari.: Trombidiidae), to the best
of our knowledge has never been recorded on S. frugiperda anywhere in the world until now.
Molecular characterization will commence as soon as we fully understand its biology and
mode of parasitism which will require us to obtain additional samples.

The development cycle of Telenomus remus. and Euplectrus laphygmae resulted in mortality
of the FAW eggs and larvae respectively within the 1** three days. In contrast, the mites mainly
caused paleness, reduced feeding and growth (parasitic stage) and death (predatory stage) of
the FAW larvae as previously documented [36, 37]. Even though the data presented herein
were obtained under laboratory conditions, our results indicate the potential importance of
these natural control agents in reducing the population density of S. frugiperda, which could
be exploited in the field under appropriate conditions.

Appropriate conducive conditions provided in the field such as farm practices, biodiversity
of the natural flora, shelter, food source, no or limited use of synthetic pesticides, etc. are
important for the survival of diverse natural enemies and their attraction to and colonization
of the host habitat location [6, 40, 41]. The above-mentioned conditions might constitute a
“Push-Pull” strategy that led to the ecological niche occupation of the natural enemies found
in this study. Also, the majority of the parasitoids were collected in maize plants with signs of
FAW damage relative to the undamaged and slightly damaged plants. Interestingly, the heavily
damaged plants were often occupied by larvae in the 5-6™ instar, which are stages not pre-
ferred by the parasitoid. Herbivore-induced plant volatiles emitted by caterpillar-damaged
maize have been suggested to function as indirect defence signals that attract natural enemies
to the microhabitat of herbivores [42-44]. This odour (volatiles) production could be further
exploited in future studies as lures in attracting parasitoids especially using suitable maize vari-
eties, frass and other wastes resulting from FAW consumption of the maize plant in providing
simple adoptable techniques for farmers in order to discourage the use of synthetic
insecticides.

In conclusion, this study has confirmed the existence in Nigeria of two parasitoids (Euplec-
trus laphygmae and Telenomus remus) and a parasitic/predatory mite (Trombidium sp.) attack-
ing FAW which makes them candidates for inclusion in IPM tactics for the sustainable
management of FAW. Field trials to validate the laboratory results along with mass production
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and release of these biological control agents should be considered to keep the FAW pest
below economically damaging population levels. The use of these natural enemies would also
help limit the use of synthetic insecticides that are hazardous to human health and the
environment.
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