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Genetic variation associated with
increased lambda-cyhalothrin
resistance in Spodoptera frugiperda
(Lepidoptera: Noctuidae) in West
Africa
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The fall armyworm Spodoptera frugiperda (J.E. Smith) is a new serious destructive and widespread

pest of corn which recently invaded subtropical regions worldwide. As this invasive species is spreading
across the continent, it is vital to assess its susceptibility to currently used insecticides and establish
the potential underlying resistance mechanism to better inform control programmes. In this study,

we characterized the strains from eighteen fall armyworm populations from different countries in
West Africa, established their susceptibility profiles to the main insecticides and genotyped the

target site resistance alleles. The RFLP-PCR method showed that the majority of the population

tested was a corn strain (72.5-100%) compared to the probable rice strain (0-27.5%). Tpi sequencing
of the suspected rice strains revealed that almost all the samples analysed were from corn (>97%).
Additionally, the three insecticides tested, A-cyhalothrin, chlorpyrifos and emamectin benzoate
induced susceptible to moderate toxicity against this pest. Synergism tests performed to investigate
the biochemical mechanism used by fall armyworm to breakdown A-cyhalothrin indicated that
metabolic enzymes (oxydases, esterase and the glutathion-S-transferase) play moderate roles in

the resistance of A-cyhalothrin observed in western Africa. Target mutation tests (qQPCR) combined
with previous synergetic tests showed that resistance to organophosphates and pyrethroids could

be due to a biochemical mechanism + amino acid mutations (presence of the F290V mutation) or a
biochemical mechanism (absence of the T9291 mutation), respectively. The results of this study provide
valuable information for supporting decisions related to sustainable fall armyworm control and applied
resistance management.
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Since 2016, the fall armyworm Spodoptera frugiperda(].E. Smith) (Lepidoptera: Noctuidae) has become the
world’s most important new invasive insect due to its rapid migration and the number of countries invaded in
short time, raising socio-economic concerns about its impact on agricultural production'. Gorgen et al.? and
Otim et al.3were the first to report the migration of this species in Africa. Later, it spread throughout Africa
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and reached Asia, New Caledonia and Oceania’®. This pest is also important because of its high reproductive
capacity and large number of host plants, 353 species in 76 plant families, which include several economically
important crops, such as corn, rice, sorghum, sugar cane, cotton and soybean®’=°.

Based on the preferred host plants, two sympatric fall armyworm strains were reported: the corn strain
(C-strain), which feeds on large grasses such as corn, sorghum (Sorghum bicolor) and cotton, and the rice strain
(R-strain), which prefers small grasses such as rice, alfalfa, sugar cane and Johnson grass (Sorghum halepense)!®!1.
The taxonomic and genetic status of the two fall armyworm host strains remain uncertain and controversial.
Genomic studies have been similarly inconclusive with reports for both the presence!®and absence!?of significant
nuclear genomic differences between strains. However, strain-specific genetic markers, including segments of
the mitochondrial cytochrome oxidase subunit I (COI) gene and the Z-chromosome Tpi gene, which codes
for the domestic enzyme triosephosphate isomerase, have demonstrated strong correlations between genetic
polymorphisms and host plants in fall armyworm in several locations in the Western Hemisphere!'>~'°. According
to the Lepidoptera ZW/ZZ sex determination system, fall armyworm males carry two copies of the Tpi gene,
making it possible to obtain TpiC/TpiR heterozygotes, which are indicative of potential interstrain hybrids'>1.
However, some laboratory studies on strain identification using the Tpi gene revealed partial intermating and
consequently, significant barriers to interstrain hybridization'”!%, proving that Tpi is an accurate marker of strain
identity'®?°. It should also be noted that physiology, sensitivity to insecticides and detoxification genes were
other models (criteria) that differed between the two strains'®21-22,

According to Eschen et al.?3, the potential economic losses caused by uncontrolled fall armyworm infection
(insecticide resistance) are estimated to reach up to US$9.4 billion annually in Africa, corresponding to losses
ranging from 11-58%>-%. Faced with the rapid invasion of the armyworm and the slowness of suggested
management strategies, chemical control is the main method of pest management in Africa. However, treatment
failures are observed by smallholders. To identify the best integrated pest management strategy for armyworms,
chemical pesticides, which include more than 57 active ingredients with nine modes of action have been used.
Among which, 34 active ingredients were found in fall armyworm-invading regions in Africa’?°. The genetic
plasticity, high fecundity and in particular the intensive selection pressure of this pest leads to fall armyworm
exhibiting resistance to main insecticide classes such as; organophosphates (chlorpyriphos)*’~%°, carbamates
(carbaryl)?®3°, pyrethroids (\-cyhalothrin)?”3!, spinosyns (spinosad)®?, diamides (chlorantraniliprole)’*3
and genetically engineered crops expressing Bacillus thuringiensis(Bt) toxins?”*>. In addition to the intrinsic
variation in insecticide susceptibility associated with fall armyworm strains, insecticide resistance will depend
on the preexistence of resistant alleles in the starting population and selection pressure on the newly invaded
areas and spread!®*. Pyrethroids and organophosphates constitute the main insecticides used worldwide by
smallholders because of their low application cost and low toxicity to humans and the environment. This is
justified by the high number of compounds registered for decades and their frequent application”*. However,
farmers have reported treatment failures for pyrethroids and organophosphates in the field*?’, thereby leading
to the overuse of pyrethroids by increasing concentrations, application frequencies or even the use of prohibited
or unregistered compounds®**. In contrast, the efficacy of emamectin benzoate, which acts on glutamate-gated
chloride channel allosteric modulators has been proven in recent studies for lepidopteran pest control in West
Africa and within different agronomic settings”2%3L,

Therefore, screening the resistance pattern of this pest is crucial for enhanced integrated pest management
(IPM) strategies. Previous studies have highlighted target site mutations and biochemical mechanisms as the
main resistance mechanisms against insecticides*!. Observations by Carvalho et al.** and Boaventura et al.*’have
underscored the target-site insensitivity to organophosphate (chlorpyrifos) and pyrethrinoid (A-cyhalothrin).
Three amino acid substitutions, A201S, G227 A, F290 V and T9291, 1932 F, L1014 F, were detected in the genes
encoding acetylcholinesterase (AChE) and voltage-gated sodium channel (VGSC) respectively**#%. In addition
to the lack of information on the mapping of resistance mechanisms, no research has attempted to provide
information on the genetic diversity and phenotypic profiles of resistance observed in several cropping systems
across West Africa. In the present research, the susceptibility profiles of three insecticides were determined in
fall armyworm populations after genotyping. Enzyme inhibitor synergy tests highlighting possible mechanisms
of metabolic resistance and amino acid mutation frequencies of genes encoding AChE, VGSC, the target site
of organophosphates (OPs), carbamates and pyrethroids were studied. The information generated will help to
assess the risk to corn and rice strains in Africa and improve decision-making on the type of insecticides used
for fall armyworm control across West Africa.

Results

Molecular characterization of the S. frugiperda strain

RFLP-PCR was performed with the mitochondrial primers 891 F-COI/C1303R-COI and JM76/JM77 digested
with the EcoRV and Mspl enzymes respectively, to identify sympatric strains of the C-strain and R-strain of
the fall armyworm according to the protocol of Bonaventura et al.”’. The PCR product obtained with the COI
was 450 bp for both strains and contained the EcoRV restriction site for the R-strain (150 and 300 bp), while
the C-strain fragment remained uncut. Similarly, when the JM76/JM77 primer was used to amplify the same
DNA samples, the resulting PCR product was approximately 569 bp in length for both strains. The C-strain
contained an Mspl restriction site (approx. 487 and 72 bp) and the R-strain was uncut (Fig. 1). Using this
method, 12.7%, 18.9%, 50.0%, 17.4% and 00.0% of the R-strains were obtained from fall armyworms collected
from maize, sorghum, rice, onion and cabbage respectively in Benin. For the fall armyworms collected from
maize in Niger, Togo and Mali 17.2%, 27.5% and 00.0% of the R-strains were obtained respectively. Altogether,
86.4%, 82.8%, 72.5% and 100% of the C-strains were obtained for all the samples tested in Benin, Togo, Niger
and Mali respectively (Table S1).
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Fig. 1. Agarose gel electrophoresis showing PCR products (891 F-COI/C1303R-COI and JM76/JM77) digested
with the restriction enzymes EcoRV and Mspl, respectively, used for the identification of Spodoptera frugiperda
host plant strains in field samples collected from Benin, Togo, Niger and Mali. M: molecular weight markers.
[1-7] The PCR products amplified with the primers 891 F_COI and c1303R_COI (Table S3) did not contain
an EcoRV-specific site, and the PCR products amplified with the JM76 and JM77 primers (Table S3) contained
the FastDigest MsplI-specific site. The C-strain was uncut with EcoRV and cut with Mspl using the following
primers (891 F_COI and c1303R_COI and JM76 and JM77). [8-18] The above PCR product after digestion
contained a specific EcoRV site that was amplified using the 891 F_COI and ¢1303R_COI primers (Table S3)
and was below the products obtained after digestion with FastDigest MspI (no specific site). The R-strain was
cut with EcoRV and uncut with MspI using the following primers (891 F_COI and c1303R_COI and JM76
and JM77). 1 = FOuiMaD2; 2 = FAthMaD3; 3= FGamMaD5; 4= FMadMaA9; 5= FAveMaAl; 6 = FAdkMaA®6;
7=FMalMaA2; 8 = FGpOiD7; 9= FAgbMaD2; 10 =FAgaMaD17; 11 =FAthSoD15; 12 = FKouRiD1; 13
=FGpoOiD18; 14 =FAdkMaD?9; 15 =FAmoMaD14; 16 =FDjiMaA11; 17 =FDjiMaD7; 18 =FMadMaA 6.

Sequencing of Tpi for confirmation of molecular identification and genetic diversity
analysis

Correlation between RFLP-PCR and sanger sequencing

In total, 75 samples found as R-strains after PCR RFLP were successfully sequenced and analysed. Of the 75
samples, only 01 (1.33%) was confirmed to belong to the R-strain, whereas the remaining were C-strain (97.33%)
(Fig. 2e). These findings indicate that the PCR RFLP method is not suitable for differentiating between corn and
rice strains.

Genetic diversity

A 303 bp fragment spanning the third and fourth exons (TpiE3; E4) of the coding region in the full-length nuclear
and sex-linked Tpi gene was successfully amplified and sent for sequencing in 88 Fall armyworms from Benin
(n=44), Togo (n=21) and Niger (n=23), 75 of which were successfully analysed (2n= 150). The genetic diversity
parameters of the full fragments of the tpi sequences are given in Table 1 according to the different countries, the
strains and host plants on which the pests were collected. Overall, 19 polymorphic sites defining 12 haplotypes
were detected. A lower number of polymorphic sites (S=3) and a reduced haplotype diversity (H=3 haplotypes;
hd= 0.3) were detected in the pests from Benin than in the other locations. Pests collected from maize were
more polymorphic (H=12 haplotypes; hd= 0.5) than those collected from other host plants. Accordingly, the
C-strain was more polymorphic than the R-strain, probably due to the very low number of R-strains. The overall
haplotypes and nucleotides diversity were 0.542 and 0.006 respectively, with no significant differences between
the sequences examined (p > 0.1) (Table 1). Assessment of the demographic expansion of populations based on
neutrality tests gave a negative value for Tajima’s D (- 1.223), indicating that the populations under study were
expanding (abundant rare alleles).

Distribution of haplotypes and phylogeny

The analysis involved 150 nucleotide sequences of 303 bp plus three reference nucleotide sequences, two for S.
frugiperda(TpiCal and TpiCa2) from India*® and one for S. frugiperda(TpiRal) from China®. A clear segregation
of the two Spodoptera sub-species (bootstrap 1000) was observed. One cluster included S. frugiperda (TpiCal
and TpiCa2) from Benin, Togo and Niger on different host plants (maize, sorghum, rice and onion), and the
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Fig. 2. Genetic diversity parameters of Tpi in S. frugiperda collected in West Africa in relation to the host
plant strain. (a) Phylogenetic tree and (b) haplotype network (using a maximum likelihood method with
phase sequences) according to localities; (c) phylogenetic tree and (d) haplotype network (using a maximum
likelihood method with phase sequences) according to host plants; (e) phylogenetic tree (using a maximum
likelihood method with unphase sequences) according to strains; (f) haplotype network (using a maximum
likelihood method with phase sequences) according to strains.

‘ Species ‘ Gene ‘ 2n ‘ S ‘ H ‘ Hd ‘ g ‘ TajimaD ‘ FuLiD* ‘ FuLiF*
Localities
Benin S.frugiperda | Tpi 74 |3 |3 |0.302 |0.00187 | -0.15124 | 0.85342 | 0.60598
Niger S.frugiperda | Tpi 36 |6 |5 |0.59 |0.00755 | 0.99505 | 1.12661 | 1.23654
Togo S.frugiperda | Tpi 40 |16 |9 |0.732 | 0.01167 | —0.19406 | 1.58415 | 1.10159
Host plants
Maize S.frugiperda | Tpi 116 | 19 | 12 | 0.596 | 0.00775 | —1.07131 | 1.68489 | 0.69988
Rice S.frugiperda | Tpi 6 2 |2 |0.533{0.00352 | 1.03194 | 1.27971 | 1.23101
Onion S.frugiperda | Tpi 8 2 |2 |0.571 |0.00377 | 1.79366 | 1.11117 | 1.28346
Sorghum | S.frugiperda | Tpi 20 [0 |1 |nd |O n.d. n.d. n.d.
Strains
C-strain | S.frugiperda | Tpi 146 |8 |8 |0.516 | 0.00493 | —0.19066 | 1.16473 | 0.83338
R-strain | S.frugiperda | Tpi |2 141 |1 0.0462 | n.d. 0 0
H-strain | S.frugiperda | Tpi |2 8 (2 |1 0.0264 | n.d. 0 0
Total 150 {19 | 12 | 0.542 | 0.0066 | —-1.22319 | 1.68554 | 0.62668

Table 1. Genetic diversity parameters of TPi sequences according to the locality, host plant and fall armyworm
strain. Abbreviations: 2n, number of sequences; TajimaD, Tajima’s index; D*, F¥, Fu and Li’s statistics; h,
number of haplotypes; hd, haplotype diversity; ns, not significant; 7, nucleotide diversity; S, number of
polymorphic sites; n.d., not detected.

other cluster included S. frugiperda (TpiRal) from only Togo (Fig. 2). Analysis of the haplotype network of
the TPi gene based on locality, host plant and strain showed that there were 12 major haplotypes (Fig. 2) and
mutations (21) between the haplotypes (Table 2) in these field populations. In general, the haplotypes of each
C-strain (TpiCal and TpiCa2) were strongly related to a maximum of 1-7 mutational steps. The H10, H11 and
H12 haplotypes were found only in Togo (TpiRal) and were different from the C-strain reference sequence with
14 mutational steps (Table 2). When comparing the haplotypes of the two sub-species, 21 mutational steps were
recorded, confirming the segregation of these species (Table 2; Fig. 2).
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Haplotype Mutational step :’Zzlﬁ:m:

11 2 2 2 2 2 2 2 2 2 3

4 4 5 5 7 7 9 0 2 1 3 5 6 7 7 8 8 9 0

4 7 1 2 1 2 3 4 5 9 3 6 1 5 7 0 9 3 5 1 0

MW493663.1Corn| A |G| T|A|T|A|JA|T|A|]G|C|C|G|T|C|[C|[C|A|C|G]|A
NIG59F MC G|A]|. T T 7
TOG90F MC . 41
BEN1F MC Y| . |Y 9
BEN29F MC C 1
BEN34F OC . T .| T 4
NIG52F MC . . R|W Y Y 5
NIG60F MC C . R|R|G . 1
NIG64F MC . . w Y Y 2
TOG71F MR G C|T|[C|T|R]A A|T|T|A|C|G]|T 1
TOG73F MH YWY |[T|G|A R YIRIY|G[Y ]| .|.]. 1
TOG78F MC . |R]A . . . ] .| T T 1
TOG80F MC . |R|W R | . . ] .lY|l.]lY 1
TOG84F MC Rl . [ . [ .1.1]. .Yl .lY 1

Table 2. Different mutational steps for the haplotypes obtained and accession numbers of the corresponding
sequences in GenBank. The MW493663 reference Tpi accession of S. frugiperda (C-Strain).

Among the five major haplotypes, the ancestor haplotype (H1) which had the highest frequency (41),
belonged to the C-strain and was shared between all the countries and all the host plants. H7, the second major
haplotype was specific to the C-strain and was specific to Niger and Togo, whereas the third (H5), which was
also specific to corn, was present in Togo and Benin only (Fig. 2a, b). The phylogenetic tree constructed with
TpiE3;E4 sequences clearly segregated the individuals of the two species, thus confirming their divergence;
however, within each species, the main related branches of the tree of several different profiles were obtained
and are indicative of intraspecific variation. The analysis of the maximum likelihood phylogenetic tree between
the identified haplotypes did not reveal any haplotype clustering associated with localities or host plants but only
between the rice and corn stains (Fig. 2).

Bioassays

The susceptibility profiles of fall armyworms in the study countries were performed with the main insecticides
used by farmers (A-cyhalothrin, chlorpyrifos and emamectin benzoate). The results of the susceptibility test
performed with A-cyhalothrin showed that the LD, values (44. 54-482.7 ug-ml™') varied moderately with
Benin population and slight variation was observed with Niger population (1394.61-1039.83 pg-ml™!) and
Togo population (146.32-344.96 pg-ml™'). The LD, value obtained for the Mali population was 339.03
pg-ml~! (Table 3). Low to moderate variation of RRs was observed with chlorpyrifos bioassay in the three tested
populations. The most RRs variation was observed in Togo population ranging from 1.46 to 51.16 fold. However,
in Benin and Niger, the susceptibility profile to chlorpyrifos varied respectively between 3.56 to 12.07 fold and
5.33 to 12.97 fold respectevely (Table 3). According to the results of the emamectin benzoate bioassay, the least
DL, variation (3.55-6.30 ug-ml~!) was observed between the three tested populations in Benin. Contrary to the
benin population, a significante variation was observed in Togo (0.8-16.65) and Niger (0.52-12.68) for Togo and
Niger populations respectively (Table 3).

Synergist assessment

The synergistic effects of PBO, DEF and DEM on the toxicity of A-cyhalothrin were evaluated in several field
populations in four countries (Table 4). In Benin, after combining the PBO +A-cyhalothrin, the synergist ratio
was around 1 fold in the four localities (Sagon, Agbangnizoun, Ouidah and Agatha) but the SRs were 5.47
and 6.07 in Zinvié and Athiéme respectively. Accoording to DEM + \-cyhalothrin, the SRs were 2.38; 1.37
and 1.20 in Agbangnizoun, Agatha and Zinvié respectively. However, the DEF +A-cyhalothrin was not taken
account because of the samples size. In Togo, the combinaision of PBO and A-cyhalothrin showed that the SRs
varied slightly from 1.14 to 1.47 in the tested localities. Concerning DEF +A-cyhalothrin, the SRs varied also
slightly from 1.09 to 2.09. According to DEM + \-cyhalothrin, highly variation (1.07 to 3.18) was observed in
all prospeted localities (Table 4). In Niger, when we associate PBO and A-cyhalothrin, we observed that the
SRs varied between 1.17 and 5.56. About DEF +A-cyhalothrin and DEM + A-cyhalothrin combinaisons, the
SRs varied from 1.16 to 4.84, and 1.08 to 3.77 respectively (Table 4). The combinaision of PBO, DEF and DEM
with A-cyhalothrin in Mali showed that the SRs were 4.59; 2.01 and 1.75 respectively. The observed synergistic
activity suggested that metabolic enzymes (cytochrome P450 s, esterases and GSTs) are moderately involved in
the resistance of armyworms to A-cyhalothrin in West Africa.
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Countries | Populations | Insecticides Host plants | n* | Slope +SE® | LD, (ug-ml™") | 95%FL X*(df) RR50¢
FZouMa Maize 239 | 1.96 £0.38 47.54 6.30-113.85 6.44 (5) | 1.00
FKetMa Maize 245 | 1.39+0.28 50.92 3.51-147.48 6.43 (5) | 1.07
FSagSo Sorghum 216 | 2.24+0.48 100.09 28.16-122.63 7.24(4) | 211
FAgbMa Maize 238 | 2.40+0.44 151.77 66.89-264.27 323(5) | 3.19
BENIN FAthCa Cabbage 237 | 2.59+0.71 166.51 29.43-340.40 4.29(5) | 3.50
FAthMa Maize 241 | 1.78 £0.33 187.36 69.67-363.86 2.14(5) | 3.94
FOuiMa Maize 239 | 2.45+0.43 250.95 31.61-644.89 11.23(5) | 5.28
FAgaMa Maize 233 | 2.31+0.47 251.5 27.47-635.98 6.93(5) | 529
FZinMa Maize 240 | 293 +1.58 482.7 226.27-556.82 8.86 (5) | 10.15
FAveMa A-cyhalothrin Maize 193 | 1.16 £0.23 146.32 48.81-287.41 1.83(5) | 1.00
FAmoMa Maize 203 | 1.07 £0.20 212.51 9.94-667.40 10.10(5) | 1.45
TOGO FHlaMa Maize 206 | 1.71 £0.40 213.79 3.69-1828.68 7.20(5) | 1.46
FAdkMa Maize 214 | 1.15£0.19 314.63 146.31- 556.52 3.55(5) | 2.15
FMitMa Maize 204 | 1.28 £0.29 344.96 132.92-623.13 3.42(4) | 236
FDjiMa Maize 246 | 0.83 £0.15 394.61 160.90-457.95 17.56 (5) | 1.00
NIGER FGamMa Maize 244 1092+0.19 438.81 55.99-1271.07 5.67 (5) 111
FMadMa Maize 242 | 476 £2.12 1039.83 347.78-1152.37 436 (4) | 2.64
MALI FMalMa Maize 147 10.50 £0.10 339.03 107.99-1257.64 0.51(3) | 1.00
FZouMa Maize 244 | 0.65+0.17 248.07 38.19-593.27 0.38(5) | 1.00
FZinMa Maize 238 | 1.43+0.45 1071.62 875.55-1347.51 6.24 (5) | 4.32
FAgaMa Maize 237 | 0.50 £0.26 1166.47 365.40-2459.58 0.81(4) | 4.70
FAthCa Cabbage 239 | 0.53+0.19 1356.4 821.80-1807.92 0.65(5) | 5.47
BENIN FAthSo Sorghum 179 | 0.99 £0.31 1547.55 628.63-6089.43 1.02 (4) | 6.24
FAthMa Maize 150 | 1.22 +£0.32 1711.6 965.67-7234.00 1.38(3) | 6.90
FOuiMa Maize 228 | 1.00 £0.31 2029.93 1777.63-2855.55 5.14(5) | 8.18
FAgbMa Maize 245 | 1.10 £0.52 2574.4 2080.21-2940.57 3.78 (5) | 10.38
FSagSo Chlorpyrifos Sorghum 203 | 1.03+£0.28 2993.8 1306.60-7866.30 1.05 (5) | 12.07
FAveMa Maize 162 | 1.20 £0.24 206.7 16.58-543.48 8.43(5) | 1.00
FAdkMa Maize 189 | 1.32£0.24 301.6 134.62-515.87 4.45 (5) 1.46
TOGO FAmoMa Maize 73 1 0.60 £0.44 1608.14 1023.46-2533.49 0.28(5) | 7.78
FHlaMa Maize 173 | 6.60 £5.03 5763.58 219.02-31992.86 2.23(5) | 27.88
FMitMa Maize 178 | 0.45+0.27 | 10575.38 4601.33-1606.07 0.68 (4) | 51.16
FMadMa Maize 240 | 0.84 £0.26 3031.3 1336.4-21691.00 0.92(4) | 1.00
NIGER FGamMa Maize 201 | 0.47 £0.21 | 16156.83 407.60-201843.31 | 0.31(5) | 5.33
FDjiMa Maize 245 | 0.46 £0.23 | 39311.02 7933.33-65933.89 | 0.62(5) | 12.97
FAthCa Cabbage 115 | 1.89 £0.51 3.55 1.35-6.01 0.90 (3) | 1.00
BENIN FAgbMa Maize 246 | 1.79 £0.47 4.21 1.30-7.80 1.68 (5) | 1.19
FAgaMa Maize 120 | 1.64 £0.65 4.68 2.49-7.95 6.23(3) | 1.32
FAveMa Maize 200 | 1.08 £0.26 0.8 0.12-2.04 2.74(5) | 1.00
FAdkMa Maize 197 | 0.86 £0.24 3.07 0.27-5.08 593(5) | 3.84
TOGO FAmoMa Emamectin Benzoate | Maize 202 | 1.12+0.26 11.74 0.57-34.95 6.38 (5) | 14.68
FMitMa Maize 200 | 297 +1.21 14.64 0.58-53.71 7.05 (4) | 18.30
FHlaMa Maize 194 | 2.09 £0.76 16.65 0.24-168.58 3.14 (5) | 20.81
FGamMa Maize 207 | 0.63 £0.11 0.52 0.11-1.46 3.07(5) | 1.00
NIGER FMadMa Maize 202 | 0.70£0.16 1.49 0.66-2.04 6.92(4) | 2.87
FDjiMa Maize 224 | 1.54 +£0.50 12.68 7.91-12.22 5.52(5) | 24.38

Table 3. Resistance levels of the field-collected populations of S. frugiperda to several insecticides in the topical
bioassay method in Benin, Togo, Niger and Mali.

Fluorescence-based allelic discrimination assays for target-site mutation detection

PCR-based allelic discrimination assays using fluorescent probes were used to detect the mutations associated
with the observed resistance in the collected population. In total, 626 individuals from twenty-one populations
across four countries (Benin, Togo, Niger and Mali) were tested for voltage-gated sodium channel (VGSC)
and acetylcholinesterase (AChE) mutations in the invasive fall armyworm population in West Africa. Separate
TagMan assays were performed for each of the two mutations. As the target site, the F290 V mutation in AChE
was the most frequent mutation found in all the populations tested. In Benin, twelve populations were tested
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Countries | Populations | Host plants | Treatments | n Slope +SE | LD50 (ug:ml™) | 95%FL X*(df) SR
A-cyhalothrin | 216 | 2.24 £0.48 | 100.09 28.16-122.63 7.24 (4)
PBO 128 | 0.99 £0.24 | 86.43 31.07-158.15 0.09 (3) 1.16
FSagSo Sorghum
DEF na |- - - - -
DEM na |- - - - -
A-cyhalothrin | 238 | 2.40 £0.44 | 151.77 66.89-264.27 3.23 (5)
PBO 146 | 1.08 £0.22 | 130.71 15.38-373.53 5.30 (4) 1.16
FAgbMa Maize
DEF na |- - - - -
DEM 147 | 1.29 £0.30 | 63.23 15.73-131.90 3.64 (4) |2.38
A-cyhalothrin | 241 | 1.78 £0.33 | 187.35 69.67-363.86 2.14 (5)
PBO 236 | 1.10 £0.26 | 30.89 0.26-102.87 6.80 (5) |6.07
FAthMa Maize
DEF na |- - - - -
DEM na |- - - - -
Benin
)\—cyhalothrin 239 | 2.45+0.43 | 250.95 31.61-644.89 11.23 (5)
PBO 172 | 1.43 £0.34 | 235.68 63.42-461.90 1.62 (5) 1.06
FOuiMa Maize
DEF na |- - - - -
DEM na |- - - - -
A-cyhalothrin | 233 | 2.31 £0.47 | 251.5 27.47-635.98 6.93 (5)
PBO 239 10.99+0.19 | 165.6 13.21-500.60 6.99 (5) 1.52
FAgaMa Maize
DEF na |- - - - -
DEM 147 | 2.42 £0.54 | 185.45 75.33-334.02 1.47 (4) 1.37
A-cyhalothrin | 240 | 2.93 £1.58 | 482.7 226.27-556.82 | 8.86 (5)
PBO 236 | 1.68 £0.31 | 88.31 42.32-142.51 2.75(5) |5.47
FZinMa Maize
DEF na |- - - - -
DEM 215 [ 0.74 £0.17 | 402.73 383.61-620.90 | 9.33 (5) 1.20
A-cyhalothrin | 193 | 1.16 £0.23 | 146.32 48.81-287.41 1.83(5) |-
PBO 198 | 1.13+£0.21 | 102.78 32.67-209.43 1.80 (5) 1.4
FAvetMa Maize
DEF 178 | 1.35+£0.24 | 126.8 54.76-222.68 1.58 (5) 1.15
DEM 48 | 1.33+0.51 | 136.7 118.61-350.50 | 0.79 (5) | 1.07
)\—cyhalothrin 203 | 1.07 £0.20 | 212.51 9.94-667.40 10.10 (5) | -
PBO 208 | 1.38+0.23 | 186.89 88.23-317.93 1.83 (5) 1.14
FAmoMa Maize
DEF 177 | 0.64 £0.17 | 194.24 23.22-587.23 0.27 (5) 1.09
DEM 101 | 0.88 £0.29 | 68.89 2.59-225.13 2.50 (5) 3.08
A-cyhalothrin | 206 | 1.71 £0.40 | 213.79 3.69-1828.68 720 (5) |-
PBO 191 | 1.02£0.17 | 184.79 72.56-353.74 2.70 (5) 1.16
Togo FHlaMa Maize
DEF 132 | 1.13+£0.25 | 124.02 37.83-256.25 0.59 (5) 1.72
DEM 141 | 1.04 £0.26 | 157.08 28.09-381.16 1.73 (5) 1.36
A-cyhalothrin | 214 | 1.15+0.19 | 314.63 146.31- 556.52 | 3.55(5) | -
PBO 222 [ 1.30+0.19 | 212.8 115.92-342.59 | 2.67(5) | 1.48
FAdkMa Maize
DEF 210 | 1.34 £ 0.27 | 150.46 49.01-284.03 3.13(5) |2.09
DEM 227 | 1.1 +£0.18 98.82 42.26-178.03 2.72(5) |3.18
A-cyhalothrin | 204 | 1.28 £0.29 | 344.96 132.92-623.13 | 3.42(4) |-
PBO 188 | 1.00 £ 0.24 | 257.14 87.41-544.11 0.54 (4) 1.34
FMitMa Maize
DEF 178 | 1.17 £ 0.28 | 266.92 76.37-545.62 1.48 (4) 1.29
DEM 179 | 1.24£0.24 | 254.3 106.45-458.20 |3.48 (4) |1.36
\-cyhalothrin | 246 | 0.83 £0.15 | 394.61 160.90-457.95 17.56 (5) | -
PBO 242 | 0.86+0.23 | 336.87 33.81-1001.41 | 3.79 (5) 1.17
FDjiMa Maize
DEF 196 | 1.36 £0.26 | 338.5 138.47-603.20 | 1.29 (5) 1.17
DEM 201 | 1.11 £0.15 | 366.3 226.54-571.80 1.95(5) 1.08
A-cyhalothrin | 244 | 0.92 +£0.19 | 438.81 55.99-1271.07 | 5.67 (5) |-
PBO 205 | 2.08 £0.44 | 154.6 71.01-255.27 2.15(5) |2.84
Niger FGamMa Maize
DEF 199 | 0.97 £0.18 | 110.52 33.23-231.23 3.70 (5) 1.40
DEM 169 | 1.02 £0.23 | 64.31 13.87-144.75 2.81(5) |6.82
A-cyhalothrin | 242 | 4.76 £2.12 | 1039.83 347.78-1152.37 | 4.36 (4) | -
PBO 200 | 1.34+0.22 | 182.98 40.20-467.69 7.52(4) |5.68
FMadMa Maize
DEF 203 | 1.25+0.25 | 215.02 101.36-444.43 7.04 (4) 4.84
DEM 156 | 0.87 £0.19 | 275.99 103.93-466.76 | 5.61 (4) |3.77
Continued
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Countries | Populations | Host plants | Treatments | n Slope +SE | LD50 (ug:ml™) | 95%FL X*(df) SR
A-cyhalothrin | 147 | 0.50 £0.10 | 339.03 107.99-1257.64 | 0.51 (3)
PBO 125 | 0.41+0.13 | 73.83 19.59-328.24 8.11(3) |4.59
Mali FMalMa Maize
DEF 138 | 0.80 +0.27 | 168.32 2.46-635.30 2.03(3) |2.01
DEM 130 | 0.57 +0.17 | 193.9 26.21-1171.07 | 0.28(2) | 1.75

Table 4. Concentration-mortality response of S. frugiperda strains exposed to A-cyhalothrin and synergists.
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Fig. 3. Histogram showing the discrimination of different acetylcholinesterase alleles in Spodoptera frugiperda
samples by an allele-specific real-time PCR fluorescent.

on different host plants, and on average, 86.5%, 96.5%, 90%, 72% and 84.9% of the tested larvae were resistant
(R/R and R/S) to maize, cabbage, rice, onion and sorghum, respectively (Figs. 3 and 4a). These resulted in
allelic frequencies (F290 V) of 0.65 to 0.97 and 0.56 to 1 for susceptible (dead) and resistant (alive) populations,
respectively (Table S2). Thus, we noted no significant difference in the frequency of the F290 V mutation
between the susceptible (SS) and resistant (R/R and R/S) samples; consequently, the correlation was also not
significant (P= 0.947). Similarly, for the Benin population, non-significant variations in resistance (R/R and
R/S) were observed in the other countries (Togo, Niger and Mali) included in the study; 69.5%, 91.8% and 89.5%
respectively (P= 0.537) (Figs. 3 & 4bc). The allelic frequencies varied between 0.4 and 0.67; 0.67 and 0.94 for
the susceptible population (dead); and between 0.31 and 1 and between 0.53 and 1 and 0.76 for the resistant
population (alive) for the Togo, Niger and Mali population respectively. Interestingly, there was no significant
difference in the frequency of the F290 V mutation between the susceptible and resistant samples; consequently,
the correlation was also not significant (Table S2).

The T9291-kdr mutation was also screened in the four countries. The resistant allele was not present in any of
the samples analyzed. In Benin, Togo, Niger and Mali, 100% of the tested larvae were susceptible to the different
host plants (S/S) (Fig. 4d).

Discussion

Since the fall armyworm invasion in Africa in 2016, significant shifts in the production system have occurred
for maize and some alternative host plants (onion, sorghum, cabbage, etc.). Smallholder farmers and national
program transitioned to new production schemes to cope with the damage caused by this pest. Despite the many
IPM programs funded and developed, synthetic insecticides are still the main option adopted by farmers because
of their perception on its efficacity and rapid action in the native area?®and the invasive area®. Nevertheless,
farmers have claimed the ineffectiveness of certain classes of insecticides (pyrethroids, organophosphates).
This could be due to the lack of information on the genetic characteristics (strain and pesticide resistance
profile) developed by the pest or the distribution of sub-species. While two sympatric host plant strains of S.
frugiperdahave been previously described the C-strain and the R-strain'®*, recent studies have reported that S.
frugiperdapopulations present in Africa are interstrain hybrids, with the genetic background mostly from the
corn strain®., In this study, the RFLP-PCR technique was used to examine the host-plant strain composition of
each population. Among the 530 fall armyworm larvae analyzed, 84.8% and 15.2% were genotyped as C-strain

and R-strain, respectively. This study is in contrast with the findings of Boaventura et al.°, in which more R
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Fig. 4. Real-time detection of the F290 V and T9291 mutations in Spodoptera frugiperda by an allele-

specific real-time PCR fluorescent probe in West Africa. Bivariate plot showing the discrimination of the
acetylcholinesterase (F290 V) allele in Benin (a), Togo (b) and Niger and Mali (c). Bivariate plot showing the
discrimination of the voltage-gated sodium channel (VGSC) (T929I) allele in Benin, Togo, Niger and Mali (d).
Each dot represents a single larva. The blue circle represents susceptible SS homozygotes (F290; allele 2), the
red lozenge mutant RR homozygotes (V290; allele 1) and the green square RS heterozygotes (F290/V290).

strains (61% and 91.7%) were found in Kenya and Indonesia respectively. However, most related studies align
with our results in Brazil and Puerto Rico*, China®, Togo and Ghana*’and several african countries'>>0. A
portion of the Tpi gene was sequenced in this study to confirm the R-strain obtained via RFLP-PCR method.
The Tpi haplotypes (H =12) are still accurate markers of strain identity in Africa, and the relative frequencies
of TpiC (H =8), TpiR (H =3), and TpiH (H =1) should reveal evidence of differential mating similar to that
observed in the Western Hemisphere?”4%0, The low number of haplotypes obtained in Benin (H = 3) suggested
that after the first report of fall armyworm in Benin?, several mutations (haplotypes) could be developed during
the species’ migration to other countries. Furthermore, this could also mean that IPM strategies do not allow
other haplotypes to establish in Benin. In fact, the suspected R-strain of fall armyworm (RFLP analysis) was
almost exclusively TpiC after sequencing, accounting for less than 3% (2/75) of the TpiR/TpiH obtained from
the analyzed samples. The low percentages of TpiRs and TpiHs could be explained by the small number of males
homozygous for TpiRs. Compared to the previous studies, another haplotype (TpiCa3) was established in Africa
(Fig. 5). The presence of few R-strain fall armyworms in Africa could have significant consequences on the
potential crops and constitute a risk for sustainable agriculture.

The high capacity of this species to evolve resistance to several chemical components requires a better
understanding of the resistance mechanisms to chemical insecticides and the implementation of resistance
management program. The susceptibility profile against A-cyhalothrin, chlorpyrifos and emamectin benzoate
showed a high variation of LD = 47.54 to 1039.82; LD, = 206.7 to 39311.02 and LD, = 0.52 to 16.65 respectively
in the survey countries. These results could explain the strong resistance variation across the countries and
justified the several IPM strategies approach from a country to other. These phenotipic resistances observed
were often supported by the genotypic resistance. Then, organophosphates target AChE and resistance is often
associated with mutations in the ace-1 gene, leading to amino acid substitutions at the enzyme’s active site*2.
Our genotyping results shed more light on the presence of the amino acid substitution F290 V in 21 populations
collected in Benin, Togo, Niger and Mali, as described by Carvalho et al.*> and Boaventura et al.”’. Point
mutations linked to organophosphate resistance have been described for Tuta absoluta (Meyrick) (Lepidoptera,
Gelechiidae) and Plutella xylostella(L.) (Lepidoptera: Plutellidae), which have supported a reduction in AChE
sensitivity toward carbamate and organophosphate insecticides®"*2. A high frequency of the F290 V mutation
in AChE (R/S and R/R) was found in all populations tested in the four countries (Fig. 3), suggesting that the
AChE mutation was present in the pest from the native country. Moreover, the comparison between the dead
and alive populations (P= 0.537) showed no significant difference and SRs values obtained suggesting that F290
V mutation are not only involved in the observed resistance. Otherwise, the L1014 F and T9291 mutations
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Fig. 5. Diagrams of the relevant Tpi gene segments, with descriptions of the polymorphisms used to identify
different haplotypes. Vertical lines in gene segments indicate sites of single-base polymorphism, with thicker
bands indicating polymorphism diagnostic of strain identity. (a) Diagram of the Tpi sequence used for PCR
amplification of the TpiE3; E4 exon segment. Site gTpil83 is diagnostic of Tpi-based strain identity at all
locations. The gTpil65 and gTpil68 sites are also strain specific in the Western Hemisphere. The gTpil68 and
gTpil80 sites are also strain specific in Africa. The gTpil92 and gTpil98 sites are polymorphic but not strain
specific at all locations. (b) Tpi gene sequences.

are the most commonly reported kdr-type mutations in a range of arthropod species where resistance to
pyrethroids is typically conferred*>*. In this study, only the T9291 mutation was successfully screened for the
involvement of the voltage-gated sodium channel (VGSC) in pyrethroid resistance. No mutations were found
in the tested samples in any of the tested populations. This result suggested that the amino acid substitution
T929I was not involved in the pyrethroid resistance observed after susceptibility testing with A-cyhalothrin, as
described by Zhang et al.*. The metabolic way is the main mechanism used by the fall armyworm populations
tested. As mentioned in previous publications, our study results confirmed that pyrethroid resistance was
involved mainly in metabolic processes™. Regarding fall armyworm susceptibility to emamectin benzoate
in the different countries of our study, low concentrations of emamectin benzoate were needed compared to
those of A-cyhalothrin and chlorpyrifos. The resistance ratio considering the least susceptible population of
fall armyworm to emamectin benzoate in Benin was constant (around 1.5) and varied between 1 and 24.38 in
Niger and from 1 to 20.81 in Togo. These results are consistent with previous reports in Brazil**and China®® on
resistance to emamectin benzoate. Nonetheless, the resistance level observed in West Africa was greater than
the preceding reports. To investigate the role of metabolic resistance, synergist bioassays were performed with
A-cyhalothrin and a slight to high variation of SRs were observed. So that, the PBO, DEF and DEM synergist
ration varied from 1.06 to 6.07; from 1.09 to 4.83; and from 1.07 to 6.82 respectively explaining the involvement
of metabolic resistance. In a lot of cases, a low-grade insecticide was used to control 50% (LD,;) of the fall
armyworm population when A-cyhalothrin is combined with synergists. This study correlates with previous
studies demonstrating that metabolic patterns constitute the main route used by fall armyworms to thwart
insecticide action in several countries®>>. Given the limited options for effective chemical classes for the control
of S. frugiperda and the current reliance on the use of organophosphates, pyrethroids and avermectin in Africa,
there is a need for ongoing monitoring of resistance development for more information on the rational choice of
insecticides or biological strategies to be used to control pest damage. In summary, the informations provided
by this study are a prerequisite for designing, implementation and monitoring of the resistance management
strategies against this pest.

Conclusion

Based on our results, two (corn and rice) strains of fall armyworm are present in West Africa. The field
ineffectiveness of organophosphates is likely compromised by the presence of the AChE F290 V allele in
heterozygous and homozygous strains in West Africa, unlike pyrethroids, for which the kdr mutation does
not appear at the genetic level. For the best IPM strategies to control fall armyworm, screening for insecticide
resistance levels and diagnostic tools for detecting and monitoring the early presence of resistance alleles in the
field are necessary to avoid multiple types of damage caused by this new invasive pest.

Material and Methods

Insect strains

The fall armyworm larvae were collected from private property with the consent of the owners. Larvae were
collected from different host plants and localities in Benin and from maize plants only in Niger, Togo and Mali
(Fig. 6; Table 5). In total, four regions were prospected in Southern of Benin: Atlantic, Mono-Couffo, Ouemé-
Plateau and Zou; three regions in Niger: Niamey, Balleyarra and Maradi; two regions in Togo: Maritime and
Plateau regions; and one region in Mali: Bamako. Approximately 200 larvae of all instars were collected from
each location after reports of control failures of organophosphates or pyrethroids insecticides mainly used in
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Fig. 6. Surveyed localities map of Spodoptera frugiperda in West Africa.

Countries | Strains | Collection sites | Regions Collection dates | Host plants | Latitudes | Longitudes
FAthMa | Athiéme South, Benin | August, 2020 Maize 06°35.446° | 01°41.124
FKetMa | Kétou South, Benin | August, 2020 Maize 07°25.170° | 002.43.010°
FZinMa | Zinvié South, Benin | May, 2020 Maize 06°36.481° | 02°21.244
FOuiMa | Ouidah South, Benin | August, 2020 Maize 06°35.508" | 001°43.508’
FAgaMa | Adjarra South, Benin | August, 2020 Maize 06°30.335’ | 002°38.731
FZouMa | Zougbonou, South, Benin | August, 2020 Maize 06°33.546" | 001°49.031°
BENIN FAgbMa | Agbangnizoun South, Benin | August, 2020 Maize 07°04.501’ | 001°57.855’
FAthSo Athiéme South, Benin | August, 2020 Sorghum 06°35.433’ | 01°43.305
FSagSo Sagon South, Benin | August, 2020 Sorghum 07°10.342° | 002.27.400°
FAthCa Athiéme South, Benin | August, 2020 Cabbage 06°35.446’ | 01°41.124’
FKouRi Koussin-1élé South, Benin | July, 2021 Rice 07°13.103” | 002°20.239
FGpoOi | Grand-Popo South, Benin | July, 2021 Onion 06°16.349° | 01°48.241
FGamMa | Gamkalé South, Niger | January, 2021 Maize 13°28.919 | 002°08.006
NIGER FDjiMa | Djiratawa South, Niger | January, 2021 Maize 13°24.384 | 007°08.000
FMadMa | Madarounfa South, Niger | January, 2021 Maize 13°18.249 | 007°09.475
FHlaMa | Hlancope South, Mali | April, 2021 Maize 06°16.094 | 001°15.132
FAveMa | Avétonou South, Mali | April, 2021 Maize 06°48.194 | 000°47.345
TOGO FAdkMa | Adamou-Kondji | South, Mali | April, 2021 Maize 06°49.689 | 000°53.012
FAmoMa | Amoutchou South, Mali | April, 2021 Maize 07°21.399 | 001°10.194
FMitMa | Mitohoué South, Mali | April, 2021 Maize 06°57.040 | 001°16.824
MALI FMalMa | Ouezzindougou | South, Mali | July, 2019 Maize 12°32.720 08°08.360

Table 5. Fall armyworm population collected in different countries, host plants and localities.

maize crop production. Late-instar larvae and adults were examined to confirm that all individuals were fall
armyworms based on diagnostic taxonomic characters®. After susceptibility testing with the F, population, dead
and alive larvae were stored at —20 °C and — 80 °C, respectively until DNA extraction and used for molecular
analysis.

Insect rearing

Larvae were maintained on a natural diet (sprouted maize) at 25 + 1 °C and 70-80% relative humidity (RH) with
a photoperiod of 12:12 light: darkness (L: D) in the insectary. Briefly, larvae were reared on sprouted maize (corn
soaked in water for 48 h, spread on paper towels and watered daily for 3 to 4 days until seedlings were obtained)
in the insectary. The natural diet was changed every 3 days until the pupae stage. Pupae were collected and
disinfected in 5% bleach. Emerging adult males and females from F larvae were pooled for mating. In separate
mating cages (10 cm high and 10 cm diameter cylindrical plastic), 4-5 <24 h female adults and 7-8 <24 h male
adults were introduced. The plastic was covered with a compress (Gauss) to allow for resting and eggs laying for
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Active ingredients

Chlorpyrifos

A-cyhalothrin

Emamectin benzoate

Mode of action

Acetylcholinesterase (AChE) inibitor

Sodium channel modulator

Glutamate-gated chloride channel (GLUCL) allosteric modulator

Formula C9H11 CI3 NO3PS C23H19 CIF3 NO3 C56H81 NO15
IRAC group 1B 3 6

Purity (%) >98% >98% >98%

CAS Number 2921-88-2 91465-08-6 155569-91-8

Chemical formula

Table 6. Insecticide characteristics used in the susceptibility assay.

females. Adults were fed with honey-soaked cotton (10%), which was subsequently renewed every 48 h. Eggs
from this mating were incubated, and the emerging larvae (F,) from the hatched eggs were placed on a natural
diet to obtain the L, stage for susceptibility test.

Insecticides and chemicals

Insecticide characteristics (A-cyhalothrin, chlorpyrifos and emamectin benzoate) used in this study were
technical grade (purity >98%) and were purchased as analytical standards from Sigma-Aldrich (Taufkirchen,
Germany) (Table 6). These insecticides were dissolved in acetone as stock solutions. Desired concentrations
for bioassays were prepared from the stock solutions by serial dilution with acetone. The synergists, piperonyl
butoxide (PBO), S,S, S-tributyl phosphorotrithioate (DEF) and diethyl maleate (DEM) were also obtained from
Sigma-Aldrich (Taufkirchen, Germany).

Molecular identification and analysis of the COI, JM76/77 and Tpi genes

DNA extraction

Genomic DNA was extracted from individual fall armyworm larvae (abdominal fragments of third/fourth or
fifth instar larvae) using Livak protocols®” and stored at —20 °C for further analysis. Dead and alive populations
from each insecticide susceptibility test (diagnostic dose) were selected for allelic discrimination assays and the
same population was used for genetic speciation analysis, as shown in Tables S1 and 2. The quality and DNA
concentration were determined with a microplate spectrophotometer (Multiskan SkyHigh, Thermo Scientific,
Singapore).Characterization of S. frugiperda strains using PCR-RFLP. Two primers and two specific
restriction enzymes were synthesized by Inqaba biotec (Pretoria, South Africa) for genotyping corn and rice
strains of the fall armyworm population in West Africa following levy et al.5® and Boaventura et al.”’ protocols.
RFLP-PCR reactions were performed using the specific primers JM76 and JM77 (Table $3), and 10 pL of PCR
product was digested in 1.0 uL of FastDigest Mspl (BioLabs, New England) at 37 °C for 1 h. To validate the
results, a second PCR spanning another restriction site was performed using designed forward (891 F_COI)
and reverse (C1303R_COI) primers (Table S3). After amplification, the digestion step was performed by adding
EcoRV (BioLabs, New England) according to the manufacturer’s instructions. Polymerase chain reaction (PCR)
amplification was carried out in a 50 L reaction mixture containing 9.2 uL of PCR Master Mix, 2 uL of primers
(forward and reverse), 5 uL of DNA template and 31.8 uL of sterile H,O. The thermocycling program was an
initial denaturation at 95 °C for 3 min, followed by 40 cycles of denaturation for 30 s at 95 °C, annealing at the
appropriate temperature according to Table S3 for 30 s, and extension for 1 min at 72 °C, with a final elongation
step of 5 min at 72 °C. The reaction was carried out in a Gene Pro Thermal Cycler (TC-E-48D; Hangzhou
Bioer Technology Co., China). Negative controls without DNA were included in each experiment. At the end
of the PCR, the amplification products were separated via electrophoresis in 1.5% agarose gels and stained with
MIDORI Green Advance DNA stain (MGO04, Nippon Genetics Europe GmbH, Germany). Molecular weights
were estimated using 100 bp PCR markers from Promega.

Sequencing and species identification by characterization of Tpi Haplotypes

All individuals suspected to belong to the R-strain of fall armyworm after RFLP-PCR analysis were sequenced
to confirm the molecular identification. According to Nagoshi et al.!%, the portion of the Tpi gene between
intron 2 and intron 4 was successfully used for genomic DNA extraction. After sequencing and cleaning, a 303
bp portion was maintained for genetic diversity. In addition, total genomic DNA was extracted and amplified
using the forward (Tpi282 F) and reverse (Tpi850R) primers, as described in Table S3. The target region was
amplified, purified and sequenced to screen for mutations associated with genetic differentiation. Briefly, a 12.5
pl PCR mixture containing OneTaq” Quick-Load2X Master Mix with standard buffer (M0486, New England
Biolabs, USA), 0.25 pl of each primer, 3.75 ul of nuclease water and 2 pl of the genomic DNA template was
used. The thermocycling program consisted of an initial denaturation at 94 °C for 5 min, followed by 35 cycles
of denaturation for 30 s at 94 °C; the respective annealing temperature according to Table S3 for 1 min, and
extension for 90 s at 68 °C, with a final extension step of 10 min at 68 °C. The PCR products were visualized on
an automated gel electrophoresis system according to the manufacturer’ instructions (E-BOX, Vilber Lourmat,
Italy), purified using an enzymatic method (ExoSAP; Thermo Fisher Scientific, USA) and directly sequenced on
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both strands. The fragments were sequenced using the Nimagen Brilliant Dye™ Terminator Cycle Sequencing Kit
V3.1 and BRD3-100/1000 according to the manufacturer’s instructions. The labeled products were then cleaned
with the ZR-96 DNA Sequencing Clean-up Kit (D4053, Zymo Research Co., USA). The obtained sequences
were aligned and corrected using BioEdit v7.2.5 software®®. Alignment was performed using ClustalW multiple
alignment integrated in BioEdit®*and the genetic diversity parameters were assessed using DnaSP v6.12.03%'and
MEGA v7.0% softwares.

Bioassays

Bioassays were performed with third instar larvae (5-7 mg) of fall armyworm using a natural diet (sprouted
maize) as described above. Topical application was performed for toxicity test with a hand microapplicator
(Burkard Manufacturing, England), which was validated in several recent studies®. Dose-response bioassays
were carried out with seven concentrations, including the control (no insecticide) and each insecticide, and
mortality was recorded at concentrations ranging from 0-100%. Approximately 100 to 250 larvae were exposed
to each insecticide, and at least twenty-one larvae were treated with each concentration. One microliter of each
dilution was applied topically on the pro-thoraxic dorsum of each insect. Larvae were tested individually in
plastic cups (2.5 cm diameter; 3.5 cm height) containing 4 g of sprouted maize and punched at the top. The
control mortality rate was less than 10%.

To evaluate the possible impact of metabolic resistance on the observed insecticide resistance, synergistic tests
were performed with the three main synergists, PBO, DEF and DEM, to clarify the involvement of the oxydases,
esterarses and the glutathion-S-transferase, respectively. Then, 20 pg-ml~'of PBO (piperonyl butoxide), DEF
(S, S,S-tributyl phosphorotrithioate) or DEM (diethyl maleate) was added for 1 h prior to insecticide exposure.
No mortality was observed in the fall armyworm after exposure to synergists alone. After treatment, the larvae
were kept under the rearing conditions described above. Mortality was assessed every 24 h for 72 h for both
test and control samples. Larvae were considered dead when unable to move if prodded with a blunt probe or
brush®. Probit analysis was conducted using Polo-Plus v1.0% software to calculate lethal concentration values
(LD,,), 95% fiducial limits (E.L.),slopes and chi-square (X?). Prior to the Polo-Plus analysis, the Abbot®*formula
was used to correct the mortality. RRs were calculated using the most susceptible population as the reference
baseline. The resistance levels for insecticides were classified as susceptible (RR < 5.0), low level of resistance (5.0
<RR “10.0), moderate level of resistance (10.0 <RR 100.0), and high level of resistance (RR >100.0)° (Lu et
al,, 2017; Zhang et al., 2017).

Fluorescence-Based Allelic Discrimination Assays.

Total larvae (dead and alive) resulting from first dilution greater than the DL, from susceptibility test for
each location was used for Allelic Discrimination Assays. The genomic DNA of individual fall armyworm was
amplified using a primer pair designed with the Custom TagMan Assay Design Tool (Inqaba biotec, Pretoria,
South Africa). The primers Sf_taq F290_F & Sf taq_F290_R and TAT9291_F & TAT929I_R were used for the
detection of the F290 V and T9291 mutations in Acel and VGSC, respectively (Table S3). The probes Sf_F290_
FAM and Sf_F290_mut_HEX and TAT929I-VIC and TAT929I-FAM were used in the F290 V and T929I assays,
respectively (Table $3). The PCR reactions set up at a final volume of 10 uL and contained 5 uL of Universal
Probes qPCR Master Mix (Luna, BioLabs, New England), 700 nM forward and reverse primers, 200 nM probes,
20-50 ng of gDNA and nuclease-free water. The PCR conditions were as follows: 1 cycle at 95 °C for 5 min;
40 cycles at 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 1 min; and a final extension at 72 °C for 10 min.
Real-time PCR was conducted with an Mx3000PQPCR System (Aligent Technologies, USA), and the end-point
fluorescence values, taking cycle 35 as a threshold, were plotted as a Catter plot using MxPro-MX3000P analysis
software (Roche Molecular Systems, Agilent Technologies, USA).

Data availability
All data generated or analyzed during this study are included in this published article. The sequences used for the
phylogenetic analysis are deposited into GenBank and included in (PP457652 - PP457726).
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