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A B S T R A C T   

The noctuid genus Spodoptera currently consists of 31 species with varied host plant breadths, ranging from 
monophagous and oligophagous non-pest species to polyphagous pests of economic importance. Several of these 
pest species have become major invaders, colonizing multiple continents outside their native range. Such is the 
case of the infamous fall armyworm, Spodoptera frugiperda (J.E. Smith), which includes two recognized host 
strains that have not been treated as separate species. Following its accidental introduction to Africa in 2016, it 
quickly spread through Africa and Asia to Australia. Given that half the described Spodoptera species cause major 
crop losses, comparative genomics studies of several Spodoptera species have highlighted major adaptive changes 
in genetic architecture, possibly relating to their pest status. Several recent population genomics studies con-
ducted on two species enable a more refined understanding of their population structures, migration patterns and 
invasion processes. Despite growing interest in the genus, the taxonomic status of several Spodoptera species 
remains unstable and evolutionary studies suffer from the absence of a robust and comprehensive dated 
phylogenetic framework. We generated mitogenomic data for 14 Spodoptera taxa, which are combined with data 
from 15 noctuoid outgroups to generate a resolved mitogenomic backbone phylogeny using both concatenation 
and multi-species coalescent approaches. We combine this backbone with additional mitochondrial and nuclear 
data to improve our understanding of the evolutionary history of the genus. We also carry out comprehensive 
dating analyses, which implement three distinct calibration strategies based on either primary or secondary fossil 
calibrations. Our results provide an updated phylogenetic framework for 28 Spodoptera species, identifying two 
well-supported ecologically diverse clades that are recovered for the first time. Well-studied larvae in each of 
these clades are characterized by differences in mandibular shape, with one clade’s being more specialized on 
silica-rich C4 grasses. Interestingly, the inferred timeframe for the genus suggests an earlier origin than previ-
ously thought for the genus: about 17-18 million years ago.   
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1. Introduction 

With over 42,407 described species and 3,772 genera distributed 
among six families (Goldstein 2017), the Noctuoidea are the most 
diverse superfamily of Lepidoptera, accounting for more than a quarter 
of the known diversity of Lepidoptera. The group is known for encom-
passing more than one thousand agricultural species of economic 
importance (Goldstein 2017) that are mostly found in a large clade of 
Noctuidae, coined the ‘pest clade’ (Mitchell et al. 2006). Bollworms in 
the genus Helicoverpa Hardwick have long been considered the most 
widespread and problematic of these pests, but are now rivalled by 
Spodoptera armyworms. Specifically, the recent invasion of the polyph-
agous fall armyworm (FAW), Spodoptera frugiperda, through Africa, Asia 
and Australia has put the genus and its role as a group of major crop 
pests in the spotlight. The FAW comprises two recognized ecological 
strains (‘corn strain’ and ‘rice strain’: Pashley 1986; Prowell et al. 2004; 
Meagher et al. 2004; Nagoshi et al. 2020; also referred to as ‘corn form’ 
and ‘rice form’ by Juárez et al. 2014), which may correspond to sibling 
species as evidenced by a high level of genetic differentiation (Dumas 
et al. 2015a; Gouin et al. 2017; Le Ru et al. 2018) and both pre-zygotic 
(Pashley and Martin 1987; Pashley et al. 1992; Schöfl et al. 2011) and 
post-zygotic (Quisenberry 1991; Velásquez-Vélez et al. 2011; Dumas 
et al. 2015b) reproductive isolation mechanisms (see also the review of 
Groot et al. 2010 and the detailed thesis of Hänniger 2015). However, 
they have proven difficult to differentiate sufficiently, whether 
morphologically or by other means, to warrant nomenclatural change. 
In its native range in the Western hemisphere the FAW is well-known for 
its migratory habits (Nagoshi et al. 2012a, 2012b) and occasional out-
breaks (Sparks 1979). Since their accidental introduction in West Africa 
in early 2016 (Goergen et al. 2016), the two FAW strains quickly spread 
from Africa to Asia, becoming established in India in 2018 and China in 
2019, and in Australia in February 2020 (Nagoshi et al. 2017, 2019; Tay 
et al. 2020; Yainna et al. 2020; Zhang et al. 2020), causing billions of 
dollars in damage (Abrahams et al. 2017; FAO 2020). With more than 
353 known host plants belonging to 76 plant families (Montezano et al. 
2018), the FAW is likely one of the most polyphagous species of Spo-
doptera. The comprehensive revision of the genus by Pogue (2002) lists 
30 species, of which half are polyphagous pests of economic importance 
(see also van der Gaag and van der Straten 2017). In addition to the 
FAW, pest species of note include the southern armyworm S. eridania 
(Stoll), the African armyworm S. exempta (Walker), the beet armyworm 
S. exigua (Hübner), the African cotton leafworm S. littoralis (Boisduval), 
the tobacco cutworm S. litura (Fabricius) and the lawn armyworm 
S. mauritia (Boisduval). There is also evidence that some of these are 
expanding their natural range due to the ongoing global climate change; 
such is the case of the grasslawn armyworm S. cilium Guenée, which in 
Europe was previously known only from Mediterranean countries and 
which has increased in abundance in more northern and temperate 
areas, with recent records reported as far north as the English coast 
(Sparks et al. 2007). Non-pest Spodoptera species are considered 
monophagous or oligophagous (Pogue 2002), but this may simply 
reflect our limited understanding of the ecology of species without 
obvious economic importance. Spodoptera species are referred to as ar-
myworms because of the well-known gregarious behavior of larvae of 
several outbreak species, which sometimes aggregate in high densities as 
they travel from one feeding source to another. Not all Spodoptera spe-
cies exhibit this behavior, and similar behaviors are also found in un-
related noctuid genera (Brown and Dewhurst 1975) also referred to as 
armyworms, particularly within Mythimnini (sensu Hacker et al. 2002). 
Spodoptera species typically present disjunct geographic distributions 
associated exclusively with either the Western or the Eastern Hemi-
sphere (Brown and Dewhurst 1975; Todd and Poole 1980; Pogue 2002). 
In addition to the FAW, at least two species have expanded their ranges 
across multiple continents and hemispheres. One of these is the beet 
armyworm S. exigua, which colonized the Western Hemisphere as a 
result of an accidental introduction in North America in 1876 (Wilson 

1932). More recently, in 2016 the southern armyworm S. eridania, 
which is native to the Americas, was discovered in four countries of West 
and Central Africa (Goergen 2018), where it now appears to be well- 
established as evidenced by recurring outbreaks. 

The taxonomic position of Spodoptera within the Noctuidae has long 
been unstable. The genus was first assigned to the subfamily Acro-
nictinae by Hampson (1909), and over the years assigned either to the 
subfamily Amphipyrinae (in tribe Amphipyrini) or to the former sub-
family Xyleninae (now tribe Xylenini of the Noctuinae). Not only has the 
tribal/subfamily placement of Spodoptera shifted, but also the positions 
of the tribes themselves. In the most recent taxonomic treatments the 
genus assigned to the tribe Prodeniini of the Noctuinae (e.g., see the 
catalogue of Lafontaine and Schmidt 2010), a placement supported by 
molecular phylogenetics studies (e.g., Mitchell et al. 2006; Kawahara 
et al. 2019). Since Pogue’s (2002) revision, one species, Leucochlaena 
hipparis (Druce), was transferred back to Spodoptera (Pogue 2011; see 
also Todd and Poole 1980; Pogue 2002) after having been removed, and 
another (S. teferii Laporte in Rougeot) resurrected from synonymy (Le Ru 
et al. 2018) on the basis of both morphological and molecular evidence. 
In addition, S. marima (Schaus) was recently synonymized with 
S. ornithogalli (Guenée) by Brito et al. (2019), also based on a combi-
nation of morphological and molecular data. This puts the number of 
valid Spodoptera species at 31 (Table 1), a number that will likely in-
crease given the results of several recent molecular studies (Kergoat 
et al. 2012; Dumas et al. 2015a; Le Ru et al. 2018) which suggest the 
existence of at least three potential new Spodoptera species. In the case of 
the FAW, morphological evidence remains lacking (Nagoshi et al. 2020) 
and the occurrence of hybrids in the field indicates that both strains may 
represent incipient stages of ecological speciation (Groot et al. 2010). 
Additional uncertainty surrounds the status of Australasian S. exigua 
populations (also known as S. exigua antipodea (Warren)) and the sub-
species S. mauritia acronyctoides Guenée. 

Our understanding of the evolution and diversification of the genus 
has benefited from a wealth of recent comparative genomic studies. 
Among the more significant findings are suggestions that major expan-
sions of several gene families may account for the polyphagous nature of 
S. frugiperda, S. litura, and S. exigua (see Gouin et al. 2017; Cheng et al. 
2017; Zhang et al. 2019, respectively). Population genomic studies 
pinpointed adaptive changes and migratory ability in S. litura (Cheng 

Table 1 
Checklist of currently recognized Spodoptera species. Species native to the 
Western hemisphere are listed in the left column while species native to the 
Eastern hemisphere are listed in the right column. Pest species are highlighted 
using asterisks.  

Western hemisphere species Eastern hemisphere species 

Spodoptera albula (Walker, 1857)* Spodoptera apertura (Walker, 1865) 
Spodoptera androgea (Stoll in Cramer, 1782) Spodoptera cilium Guenée, 1852* 
Spodoptera compta (Walker, 1869) Spodoptera depravata (Butler, 1879)* 
Spodoptera cosmioides (Walker, 1858)* Spodoptera exempta (Walker, 1857)* 
Spodoptera descoinsi Lalanne-Cassou & 

Silvain, 1994 
Spodoptera exigua (Hübner, 1808)* 

Spodoptera dolichos (Fabricius, 1794) Spodoptera littoralis (Boisduval, 
1833)* 

Spodoptera eridania (Stoll in Cramer, 1782)* Spodoptera litura (Fabricius, 1775)* 
Spodoptera evanida Schaus, 1914 Spodoptera malagasy Viette, 1967 
Spodoptera frugiperda (J.E. Smith, 1797)* Spodoptera mauritia (Boisduval, 

1833)* 
Spodoptera hipparis (Druce, 1889)* Spodoptera pecten Guenée, 1852* 
Spodoptera latifascia (Walker, 1856)* Spodoptera pectinicornis (Hampson, 

1895) 
Spodoptera ochrea (Hampson, 1909)* Spodoptera picta (Guérin-Méneville, 

1838) 
Spodoptera ornithogalli (Guenée, 1852)* Spodoptera teferii Laporte in Rougeot, 

1984 
Spodoptera praefica (Grote, 1875)* Spodoptera triturata (Walker, 1857) 
Spodoptera pulchella (Herrich-Schäffer, 

1868) 
Spodoptera umbraculata (Walker, 
1858) 

Spodoptera roseae (Schaus, 1923)   
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et al. 2017), and characterized multiple introductions and genomic 
features unique to invasive populations of the FAW (Tay et al. 2020; 
Yainna et al. 2020; Zhang et al. 2020). The increased interest in Spo-
doptera highlights the importance of comprehensive and robust phylo-
genetic frameworks to contextualize changes in genomic architecture. 
As underlined by Gloss et al. (2019) comparative genomics of diet shifts 
should focus on densely-sampled and phylogenetically-resolved clades 
(e.g., see Yassin et al. 2016 for a study on a clade of drosophilid flies). 
The latter is particularly important to assess whether specific genomic 
signatures (e.g., the expansion of gene families) are associated with 
resource shifts and changes in host-breadth, or simply reflect lineage- 
specific evolutionary change. 

Phylogenetic analyses of Spodoptera were first attempted by Pogue 
(2002), who analyzed a morphological dataset of 24 parsimony- 
informative (PI) characters for 30 Spodoptera species and two out-
groups. The resulting phylogenetic hypotheses were neither well- 
supported nor fully resolved but they did recover relevant groupings. 
The first molecular phylogenetic study of the genus was that of Kergoat 
et al. (2012), who analyzed a molecular dataset of six genes (four 
mitochondrial and two nuclear gene fragments; 5,080 aligned nucleo-
tide characters, of which 832 were PI) from 135 individuals representing 
24 Spodoptera species and six outgroup species. The resulting topologies 
were fairly well-supported, highlighting the existence of several major 
lineages, each distributed in either the Western or the Eastern hemi-
sphere. The inferred phylogenetic framework also enabled the investi-
gation of the evolution of host-use in the genus, providing support for 
the existence of a clade of specialist grass-feeders (Poales) with chisel- 
like mandibles in larvae. Additional analyses made by Gouin et al. 
(2017) also highlighted a dynamic pattern in terms of host-breadth 
evolution, with distinct lineages independently experiencing drastic 
contractions or expansions of host-range. Molecular dating analyses 
carried out by Kergoat et al. (2012) recovered mean age estimates for the 
most recent common ancestor (MRCA) of Spodoptera between 22 to 30.7 
Million years ago (Ma), and age estimates ranging from 14.7 to 23.2 Ma 
for the clade of species that feed preferentially on Poales. Further 
phylogenetic analyses were also performed by Le Ru et al. (2018), who 
analyzed a molecular dataset of eight genes (four mitochondrial and four 
nuclear gene fragments; 6,580 aligned nucleotide characters) encom-
passing 28 Spodoptera species and eight outgroup taxa. Interestingly, 
Bayesian inference analyses in this study suggested for the first time a 
more derived placement of S. exigua which had previously and consis-
tently been recovered as sister to all other Spodoptera species (Pogue 
2002; Kergoat et al. 2012; Dumas et al. 2015a). 

To improve our understanding of the diversification dynamics of 
Spodoptera, a more robust, comprehensive, and resolved dated phylo-
genetic framework is needed. One way to achieve this objective is to 
capitalize on extant collections and to sequence old material (up to 150 
years old) using modern museomics approaches such as genome skim-
ming (Cameron 2014; Dodsworth 2015), which allows the recovery of 
mitogenomes from specimens older than one hundred years (e.g., see the 
study of Jin et al. 2020); such approaches are also more cost-effective 
than other high throughput sequencing methods (Matos-Maraví et al. 
2019; Young and Gillung 2020). In this study, we implemented a 
genome skimming approach to generate mitogenome data to further our 
understanding of Spodoptera evolution, akin to recent studies of various 
insect groups, e.g., Timmermans et al. (2014) on Lepidoptera, Timmer-
mans et al. (2016) on Coleoptera, Wang et al. (2017) on Neuropterida, 
Condamine et al. (2018) on Papilionoidea, Song et al. (2019) on 
Palaeopteran insects, and Nie et al. (2020) on Chrysomelidae. Our aim 
here is to infer a robust mitogenomic backbone that can be used in 
further analyses, using an extended dataset with more taxa but reduced 
gene coverage. To infer this backbone we used both concatenation and 
multiple species coalescent (MSC) approaches. MSC approaches are 
commonly used in nuclear phylogenomics and have recently been 
shown to be powerful inference methods that complement concatena-
tion approaches when analyzing insect mitogenomic data (Kim et al. 

2020). In addition we expanded on recent reviews of the insect fossil 
record (Sohn et al. 2012; Sohn and Lamas 2013; Sohn et al. 2015) and on 
the results of two comprehensive molecular dating studies on Lepidop-
tera (Wahlberg et al. 2013; Kawahara et al. 2019) to reassess the timing 
of diversification of the genus Spodoptera. 

2. Material and Methods 

2.1. Taxon sampling 

For this study we generated mitogenomic data for the following 13 
Spodoptera species (14 if one consider the FAW strains as distinct): 
S. depravata (Butler), S. dolichos (Fabricius), S. exempta (Walker), 
S. exigua (Hübner), S. frugiperda (J.E. Smith) (corn strain and rice strain), 
S. latifascia (Walker), S. littoralis (Boisduval), S. litura (Fabricius), 
S. mauritia (Boisduval), S. ochrea (Hampson), S. ornithogalli (Guenée), 
S. pectinicornis (Hampson) and S. picta (Guérin-Méneville). To complete 
this mitogenomic sampling we drew on GenBank data, for 15 noctuoid 
outgroups with available mitogenome data (see online supplementary 
Table S1). The rationale was to favor either closely related taxa (from 
the same subfamily) and species that could be used to implement both 
primary and secondary calibrations. Three Erebidae species, including a 
representative of the Arctiinae subfamily (Hyphantria cunea (Drury)), 
were selected in order to further enforce a primary fossil calibration 
based on the oldest known arctiine fossil (see below the corresponding 
section on molecular dating for further information). For secondary 
calibrations, outgroup selection was guided by the results of the two 
most comprehensive studies on Lepidoptera diversification: (i) that of 
Wahlberg et al. (2013), which reanalyzed a dataset of 350 representative 
lepidopteran taxa sequenced for one mitochondrial and seven nuclear 
genes (see Mutanen et al. 2010 for the original dataset), and (ii) the 
phylogenomic study of Kawahara et al. (2019), in which 186 represen-
tative lepidopteran taxa were sequenced for 2,098 nuclear genes. 

In addition to the sampling of specimens with mitogenomic data, we 
included species for which more limited mitochondrial data were 
available (between one and four genes) (see online supplementary 
Table S2). This allowed us to include 15 additional Spodoptera species 
and another outgroup, Galgula partita Guenée (Noctuinae: Elaphriini), 
believed to be closely related to Spodoptera based on morphological and 
molecular analyses (Pogue 2002; Mitchell et al. 2006, respectively). We 
also included a representative of the subspecies S. mauritia acronyctoides 
and a representative of the Australian subspecies of S. exigua (S. exigua 
antipodea; hereby referred to as S. sp. nr. exigua), each of which could 
represent distinct biological species (Dumas et al. 2015a). Following Le 
Ru et al. (2018), whenever possible we also added sequence data for the 
following three nuclear genes: 28S ribosomal DNA (28S), elongation 
factor-1a (Ef1a) and dopa decarboxylase (ddc). These additional se-
quences were downloaded from GenBank, and most correspond to se-
quences previously generated by our research group. 

2.2. DNA extraction, sequencing of new mitogenome data 

For most specimens we relied on old DNA extracts from experiments 
we conducted between 1998 and 2010 (with most specimens collected 
between 1990 and 2000), where total DNA was extracted from hind legs 
and thoracic muscles following the phenol–chloroform protocol of 
Kocher et al. (1989). DNA from recently collected specimens of 
S. littoralis and S. frugiperda (both strains) was extracted using Bio Basic 
DNA Miniprep kits (BioBasic Inc., Ontario, Canada). All DNA extracts 
were further quantified using a Qubit fluorometer (Thermo Fisher Sci-
entific, Renfrew, UK). Libraries for whole genome sequencing were 
constructed from 1.0μg DNA per sample using NEBNext DNA Library 
Prep kits (New England Biolabs, Ipswich, USA). The Illumina NovaSeq 
6000 system was then used to perform whole genome sequencing for 
one individual of each species (with c. 20X coverage) with 150bp read 
length and 300bp insert size. Adapter sequences were removed using 
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AdapterRemoval v2 (Schubert et al. 2016). Bam files were generated by 
mapping the reads against a publicly available mitochondrial genome of 
S. frugiperda (NCBI_ID: KM362176) using Bowtie 2 (Langmead and 
Salzberg 2012) with the ‘-very-sensitive-local’ preset. Mitochondrial reads 
were further extracted from the .bam files using SAMtools v1.3 (Li et al. 
2009). Mitochondrial genomes were assembled, and gene annotation 
was performed on these mitochondrial reads using MitoZ (Meng et al. 
2019) with default options. In a complementary way we also used 
NOVOPlasty v2.7.0 (Dierckxsens et al. 2017) for mitochondrial genome 
assembling with a k-mer size of 33 and S. exigua mitochondrial genome 
as a guide (NCBI_ID: JX316220); gene annotation was then performed 
using MEGA4 (Tamura et al. 2007) by aligning each mitochondrial gene 
from the S. exigua mitochondrial genome with genes from the newly 
assembled mitochondrial genomes. For the purpose of this study, we 
used sequences from all 13 mitochondrial protein coding genes (PCGs): 
NADH dehydrogenase subunit 2 (nd2), cytochrome oxidase c subunit 
(cox1), cytochrome oxidase c subunit 2 (cox2), ATP synthase subunit 8 
(atp8), ATP synthase subunit 6 (atp6), cytochrome oxidase c subunit 3 
(cox3), NADH dehydrogenase subunit 3 (nd3), NADH dehydrogenase 
subunit 5 (nd5), NADH dehydrogenase subunit 4 (nd4), NADH dehy-
drogenase subunit 4L (nd4L), NADH dehydrogenase subunit 6 (nd6), 
cytochrome oxidase b (cob), and NADH dehydrogenase subunit 1 (nd1) 
(in that order). All corresponding sequences were deposited on GenBank 
(under accession numbers MW665864-MW666021). 

2.3. Concatenated molecular datasets 

For the specimens from which we had complete mitogenomic data 
(14 Spodoptera and 15 outgroups), we designed three distinct sets of 
molecular concatenated datasets. 

The first concatenated dataset consists of the 13 PCGs plus the large 
and small mitochondrial ribosomal RNA (rRNA) genes (rrnL and rrnS). 
For the two rRNA sequences we relied on data already available on 
GenBank. The sequences of the two rRNA and of several PCGs varied in 
length; these were aligned using MAFFT v7 (Katoh and Standley 2013) 
with default option settings. For all protein-coding genes, we used 
Mesquite v3.61 (Maddison and Maddison 2019) to check the reading 
frame for possible errors and stop codons. We also used DAMBE v7 (Xia 
2018) to conduct two-tailed tests of substitution saturation (Xia et al. 
2003) for each codon position of the 13 PCGs; the proportion of 
invariant sites was taken into account following Xia and Lemey (2009). 
According to the observed index of substitution saturation (ISS), third 
codon positions show little saturation (ISS < ISScSym. and ISS < ISScA-
sym.; see online supplementary Table S3). Nucleotide saturation for 
each codon position of the 13 PCGs was also visually assessed with 
DAMBE by plotting transitions and transversions against K2P (Kimura 
1980) distances; again, little saturation was found for third codon po-
sitions as indicated by the nonlinear growth of the best-fit lines of the 
plot (see online supplementary Fig. S1). 

The combination of the 15 genes resulted in a concatenated dataset 
(referred to as the 13PCGs_rRNAs_nt dataset) of 29 specimens and 13,729 
aligned nucleotide characters. To build the second concatenated dataset, 
we used Mesquite to remove all third codon positions from the 
13PCGs_rRNAs_nt dataset. The resulting dataset (referred to as the 
13PCGs_rRNAs_pos1&2 dataset) consists of 9,967 aligned nucleotide 
characters for each of the 29 specimens. For the third concatenated 
dataset, we first used Mesquite to remove the two rRNA genes from the 
13PCGs_rRNAs_nt dataset. We then used MEGA X (Kumar et al. 2018) to 
translate nucleotides to amino-acids on the basis of the invertebrate 
mitochondrial DNA genetic code. The resulting dataset (referred to as 
the 13PCGs_AA dataset) is composed of 3,762 aligned amino-acid 
characters for each of the 29 specimens. 

A fourth molecular concatenated dataset was assembled using 
Mesquite. This dataset includes 18 additional taxa (17 of which belong 
to Spodoptera), for which we only have mitochondrial data for as many 
as four gene fragments. As underlined in the Taxon sampling section 

above, this dataset also encompasses three nuclear gene fragments for 
two coding (Ef1a and ddc) and one non-coding (28S) genes (see online 
supplementary Table S2 for details). The resulting dataset (referred to as 
the extended dataset) is composed of 47 specimens and 17,046 aligned 
nucleotide characters. 

2.4. Phylogenetic analyses of concatenated mitogenomic datasets 

Phylogenetic analyses were conducted using both Bayesian inference 
(BI) and maximum likelihood (ML). For both analytical approaches, we 
carried out partitioned analyses to improve phylogenetic accuracy 
(Nylander et al. 2004); we also followed Timmermans et al. (2016), who 
advocate the use of complex partitioning schemes (partitioning by gene 
and codon) to analyze insect mitogenomes. The first mitogenomic 
dataset (13PCGs_rRNAs_nt dataset) was divided a priori into 41 parti-
tions: we used three partitions (one per codon position) for each of the 
13 PCGs and one partition for each of the rRNA genes (rrnL and rrnS). 
The second mitogenomic dataset (13PCGs_rRNAs_pos1&2 dataset) was 
divided a priori into 28 partitions: two partitions (one for first-codon 
positions and one for second-codon positions) were used for each of 
the 13 PCGs and one partition for each of the rRNA genes (rrnL and rrnS). 
The third mitogenomic dataset (13PCGs_AA dataset) was divided a priori 
into 13 partitions, one for each of the 13 PCGs. The best partitioning 
schemes and substitution models were further determined using Parti-
tionFinder v2.1.1 (Lanfear et al. 2017) using the default search algo-
rithm (‘greedy’ option) and the most complete set of models (‘model=all’ 
option); we also used the ‘linked branch lengths’ option, where each 
subset has its own ‘rate multiplier’ parameter but only one underlying 
set of branch lengths. For both partition and model selection we relied 
on the corrected Akaike information criterion (AICc; Hurvich and Tsai 
1989). 

Bayesian inference analyses were performed with MrBayes 3.2.6 
(Ronquist et al. 2012) and ML analyses were performed with RAxML 
8.2.8 (Stamatakis 2014). All analyses were performed on the online 
computer cluster CIPRES Science Gateway 3.3 (Miller et al. 2015; www. 
phylo.org). For ML partitioned analyses, the best-scoring tree from each 
dataset was obtained using a heuristic search implementing 100 
random-addition replicates. Clade support was assessed first using 
standard non-parametric bootstrap support (BS) values, with 1,000 
replicates; nodes supported by BV ≥ 70% were considered strongly 
supported following Hillis and Bull (1993). In addition, we implemented 
the transfer bootstrap expectation (TBE) method, which is intended to 
provide a better measure of branch repeatability, or robustness (sensu 
Lemoine et al. 2018); TBE is also less sensitive to individual misplaced 
taxa in replicate trees (Kozlov et al. 2019). For TBE values we also used a 
70% threshold, which is considered conservative by Lemoine et al. 
(2018). For BI partitioned analyses, instead of relying on a single sub-
stitution model per partition, we used the ‘mixed’ option of MrBayes to 
sample across substitution models with reversible-jump Markov Chains 
Monte Carlo (rj-MCMC; Huelsenbeck et al. 2004). Two independent runs 
with eight MCMC (one cold and seven incrementally heated chains) 
were conducted: they ran for 50 million generations, with trees sampled 
every 5,000 generations. A conservative 25% burn-in was applied after 
checking for stability on the log-likelihood curves and the split- 
frequencies of the runs in Tracer v.1.7 (Rambaut et al. 2018). Support 
of nodes for MrBayes analyses was provided by clade posterior proba-
bilities (PP) directly estimated from the majority-rule consensus topol-
ogy. Following Erixon et al. (2003), nodes supported by PP ≥ 0.95 were 
considered well-supported. 

2.5. Multi-species coalescent analyses 

In addition to analyses carried out on the concatenated mitogenomic 
datasets, we conducted multi-species coalescent (MSC) analyses with the 
most recent implementation (ASTRAL-III; Zhang et al. 2018) of the gene 
tree summary method ASTRAL (Mirarab et al. 2014; Mirarab and 
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Warnow 2015). ASTRAL allows the estimation of an unrooted species 
tree given a set of unrooted gene trees while accounting for gene tree 
heterogeneity. Gene trees were generated under ML for each of the 15 
genes from the 13PCGs_rRNAs_nt dataset. ML analyses were performed 
with RAxML 8.2.8 with general time-reversible (GTR; Tavaré 1986) 
models allowing for gamma-distributed rate variation across sites (+G; 
Yang 1994). For each gene the best-scoring ML tree was obtained using a 
heuristic search implementing 100 random-addition replicates, with 
clade support assessed using 200 BS replicates. The ASTRAL MSC 
analysis was further carried out with default parameters; the 200 BS 
replicates inferred for all gene trees were used as input, allowing the 
measure of local posterior probability support values (Sayyari and 
Mirarab 2016) for all nodes. 

2.6. Phylogenetic analyses with a backbone enforced 

A final set of phylogenetic analyses was conducted on the extended 
dataset, which included 18 additional taxa and three additional nuclear 
genes at the cost of a significant amount of missing data (ca. 40% of 
missing data). Although we consider it undesirable, such a high degree 
of missing data is not uncommon in concatenation phylogenetic ana-
lyses, and several studies have even suggested that adding even 
incomplete taxa may benefit phylogenetic accuracy if certain conditions 
are met (Wiens 2005; Cho et al. 2011; Crête-Lafrenière et al. 2012; 
Wiens and Tiu 2012; see also the review of Xi et al. 2016). In this study, 
we build upon the results of the mitogenomic analyses to constrain a 
mitogenomic backbone which we enforced in the phylogenetic analyses 
of extended dataset. Phylogenetic analyses were conducted using both 
Bayesian inference (BI) and maximum likelihood (ML). The extended 
dataset was divided a priori into 48 partitions: we used three partitions 
(one per codon position) for each of the 15 coding genes (13 PCGs and 
the two coding nuclear genes) and one partition for each of the rRNA 
genes (mitochondrial rrnL and rrnS, nuclear 28S). The best partitioning 
schemes and substitution models were determined using PartitionFinder 
v2.1.1 following the procedure described above. 

For ML analyses, we enforced a binary backbone constraint specifi-
cation (option -r in RAxML) based on the results of the analyses of the 
mitogenome data. The best-scoring tree was obtained using a heuristic 
search implementing 100 random-addition replicates. Clade support was 
assessed using standard BS (1,000 replicates) and TBE values. For BI 
analyses, we implemented the same backbone constraint with the ‘con-
straint=’ and ‘constraint partial=’ options. Two independent runs with 
eight rj-MCMC (one cold and seven incrementally heated chains) were 
conducted; they ran for 50 million generations, with trees sampled every 
5,000 generations. A standard 25% burn-in was applied after checking for 
stability on the log-likelihood curves and the split-frequencies of the runs 
in Tracer v.1.7. Support for nodes in MrBayes analyses was provided by 
PP as directly estimated from the majority-rule consensus topology. 

2.7. Dating analyses 

Divergence times were estimated using Bayesian relaxed clocks as 
implemented in BEAST v1.10.4 (Suchard et al. 2018). For this study, we 
implemented a node-dating approach with three calibration strategies. 
The first relied on primary fossil calibrations. The fossil record of Lepi-
doptera is poor, and biased in terms of preservation type, age, and 
taxonomic composition (Sohn et al. 2015). The Noctuidae are no 
exception, and only two fossils are considered verifiable noctuids (Sohn 
et al. 2012). But these fossils cannot be reliably assigned to any known 
subfamily, and more importantly they are too young (late Pleistocene) to 
be useful for calibrating molecular dating procedures. Within the Noc-
tuoidea, however, several reliable fossils are found in the Erebidae (Sohn 
et al. 2012). Out of the 14 known fossils reliably assigned to the su-
perfamily (Sohn et al. 2012) the oldest is an undescribed species of 

Arctiinae. This fossil (specimen UWBM 66000) is a relatively complete 
(whole body) compression fossil described in detail by Douglas (1991), 
and several morphological traits support its inclusion within the Arc-
tiinae (Douglas and Stockey 1996). This fossil was found embedded in 
Early Lutetian tuffs from the Klondike Mountain Formation (city of 
Republic, Ferry County, Washington State, USA, which were radiomet-
rically dated at approximately 48–49 Ma (Wolfe and Wehr 1987); this 
corresponds to the boundary between the Lutetian and Ypresian age, 
estimated at 47.8 Ma (Walker et al. 2018). For this study we used this 
fossil as a stem calibration for the Arctiinae. The prior for this fossil 
constraint was set with uniform statistical distributions, with a mini-
mum age of 47.8 Ma and a conservative maximum age of 78.79 Ma 
based on the upper bound (from the 95% highest posterior densities, 
HPD) of the estimated age of the MRCA of [Noctuidae+Erebidae] in the 
study of Kawahara et al. (2019) (see Fig. S12 of their study). 

The second calibration strategy relied on secondary calibrations 
derived from the study of Wahlberg et al. (2013). In this study six fossil 
calibrations and one secondary calibration were used to infer divergence 
time estimates within Lepidoptera based on the phylogenetic dataset 
developed by Mutanen et al. (2010). Based on the taxa shared between 
our dataset and theirs, we were able to constrain the MRCA’s of 
following five taxon pairs: (i) Sesamia Guenée (representing the Apa-
meini, which also contains Apamea Ochsenheimer) and Noctua L. 
(minimum age of 14.57 Ma and maximum age of 24.02 Ma); (ii) Acro-
nicta Ochsenheimer and Noctua (minimum age of 35.07 Ma and 
maximum age of 49.2 Ma); (iii) Catocala Schrank and Lymantria Hübner 
(minimum age of 48.01 Ma and maximum age of 63.0 Ma); (iv) Eutelia 
Hübner and Noctua (minimum age of 52.33 Ma and maximum age of 
70.73 Ma); and (v) Catocala and Noctua (minimum age of 59.51 Ma and 
maximum age of 76.27 Ma). 

The third calibration strategy relied on secondary calibrations 
derived from the study of Kawahara et al. (2019). In that study, the 
authors used 16 fossil calibrations to infer divergence time estimates 
within Lepidoptera. As a result of the taxa shared between our dataset 
and theirs, we were able to constrain MRCA’s of the following six taxon 
pairs: (i) Heliothis Ochsenheimer and Helicoverpa (minimum age of 5.34 
Ma and maximum age of 14.9 Ma); (ii) Spodoptera exigua and Spodoptera 
frugiperda (minimum age of 6.24 Ma and maximum age of 16.34 Ma); 
(iii) Noctua (representing the Noctuini, containing Agrotis Ochsen-
heimer) and Sesamia (minimum age of 16.2 Ma and maximum age of 
29.57 Ma); (iv) Noctua and Heliothis (minimum age of 30.28 Ma and 
maximum age of 46.77 Ma); (v) Hyphantria Harris (representing the 
Arctiinae, containing Arctia Schrank) and Lymantria (minimum age of 
45.38 Ma and maximum age of 64.85 Ma); and (vi) Lymantria and 
Noctua (minimum age of 58.57 Ma and maximum age of 78.79 Ma). 

Partitions, clocks and substitution models were selected under Par-
titionFinder v2.1.1 with the ‘beast’ set of models. To provide substitution 
rates for every gene, while limiting the number of potential parameters 
to estimate, the extended dataset was divided a priori into 18 partitions 
(one partition per gene). The Tree Model was set to a birth-death 
speciation process (Gernhard 2008) to account more accurately for 
extinct and missing lineages. To limit the risk of over-parameterization, 
we enforced a fixed topology corresponding to the tree with the greatest 
support, corresponding to the best-score tree obtained under ML (see the 
‘Results’ section). Further BEAST analyses were performed on the 
CIPRES Science Gateway. All analyses consisted of 50 million genera-
tions of MCMC with the parameters and trees sampled every 5,000 
generations. A burn-in of 25% was applied after checking the log- 
likelihood curves. The maximum credibility tree, median ages and 
their 95% highest posterior density (HPD) were generated with 
TreeAnnotator v1.10.4, which is part of the BEAST software package. 
Convergence of runs was assessed graphically and by examining the ESS 
of parameters under Tracer v.1.7, using the recommended threshold of 
200 (Drummond et al. 2006). 
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3. Results 

3.1. Mitogenomics analyses 

Best-fit partitioning schemes recovered by PartitionFinder2 analyses 
of the three concatenated datasets (13PCGs_rRNAs_nt, 
13PCGs_rRNAs_pos1&2, and 13PCGs_AA datasets) are reported in online 
Supplementary Table S4. All analyses provide the highest level of sup-
port (for all analyses, TBE and BS of 100%; PP of 1.0) for the monophyly 
of the genus Spodoptera (see Fig. 1A and online supplementary Figs. S2- 
S4). The family Noctuidae is also always recovered as monophyletic 
with the highest support and sister group to the only sampled repre-
sentative of the Euteliidae, Eutelia adulatricoides Mell. When considering 
the sampled Noctuidae, the placement of the five representatives of the 
Heliothinae (Heliothis and Helicoverpa species) varies. Heliothinae are 

always recovered as monophyletic; they are generally found in a derived 
position among Noctuinae representatives (BI and ML analyses of the 
13PCGs_rRNAs_nt dataset, BI analyses of the 13PCGs_AA dataset, ML 
analyses of the 13PCGs_rRNAs_pos1&2 dataset) or as sister group to them 
(BI analyses of the 13PCGs_rRNAs_pos1&2 dataset and ML analyses of the 
13PCGs_AA dataset). The support for a more derived placement of 
Heliothinae is lower (TBE of 72-76%, BS of 47-57%, PP of 0.56-0.66; to 
be compared with TBE of 90%, BS of 62%, PP of 1.0). 

Partitioned phylogenetic analyses of the 13PCGs_rRNAs_nt and 
13PCGs_AA datasets yield almost identical topologies under BI and ML 
(see online supplementary Figs. S2 and S3); the only exceptions are: (i) 
the position of Heliothinae, which is placed as sister to all sampled 
Noctuinae when analyzing the 13PCGs_AA dataset under ML (TBE of 
90% and BS of 62%; see online supplementary Fig. S2); and (ii) the 
placement of the outgroup Catocala sp. (Erebidae: Erebinae), which is 

Fig. 1. 1A. Results of the partitioned analyses of the mitogenomic dataset. The topology presented on the left corresponds to the tree resulting from the BI analyses of 
the 13PCGs_rRNAs_nt dataset. Support values for all partitioned analyses of the mitogenomic dataset are presented on nodes using nine colored boxes (see the 
corresponding legend on the bottom left); black squares indicate well-supported nodes, grey squares indicate values < 0.95 for the BI analyses or < 70% for ML 
analyses), and white squares indicate nodes not recovered by a specific analysis. 1B. Results of the MSC analyses. Support values (local posterior probabilities) are 
provided on nodes. 
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Fig. 2. Results of the ML analyses of the extended dataset. Support values are provided on nodes (TBE values in dark blue and BS values in dark; PP are also provided 
for nodes shared with the tree resulting from the BI analyses), asterisks are used to underline maximum support values. The two main Spodoptera clades (labelled I 
and II in the figure) are highlighted; on the left drawings showing the two distinct mandible type are presented (chisel-like mandibles for Clade I and serrate 
mandibles for Clade II). On the right pictures of adult Spodoptera species are also displayed for illustrative purpose (most pictures were taken by Gael J. Kergoat and 
Bruno Le Ru; pictures of S. hipparis (male syntype) and S. pectinicornis (male lectotype) were taken by Alberto Zilli, the picture of S. pulchella is courtesy of James T. 
Troubridge, the pictures of S. sp. nr. exigua and S. umbraculata are courtesy of the CSIRO/BIO photography group (Centre for Biodiversity Genomics, University of 
Guelph), and the picture of S. m. acronyctoides is courtesy of Hsu Hong Lin). 
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Fig. 3. Results of the molecular dating 
analysis relying on secondary calibra-
tions based on Kawahara et al. 2019 
[K2019]. Median ages are provided on 
nodes, along with coloured bars 
showing the 95% HPD of estimated 
ages (in blue). For comparison purpose 
we also added the coloured bars 
showing the 95% HPD of estimated 
ages for: (i) the analysis relying on 
secondary calibrations based on Wahl-
berg et al. 2013 [W2013] (orange 
bars), and (ii) the analysis relying on a 
primary fossil calibration [FOSS] 
(green bars).   
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sister to Lymantria dispar (L.) (Erebidae: Lymantriinae) under ML, but 
with weak support (TBE and BS of 21-45%; see online supplementary 
Figs. S2 and S3). Partitioned phylogenetic analyses of the 
13PCGs_rRNAs_pos1&2 dataset yield slightly different topologies (see 
online supplementary Fig. S3), mostly with respect to the placement of 
S. exigua and S. ochrea; otherwise, the relationships among species in 
both Spodoptera clades match, one comprising S. depravata, S. exempta 
and S. mauritia and the other S. dolichos, S. frugiperda corn strain, 
S. frugiperda rice strain, S. latifascia, S. littoralis, S. litura, S. ornithogalli, 
S. pectinicornis and S. picta. 

For all partitioned analyses, clade support is generally very high, 
with TBE values ≥ 70% for up to 96% of nodes, BS values ≥ 70% for up 
to 92% of nodes, and PP values ≥ 0.95 for up to 92% of nodes. All an-
alyses also unambiguously support a nested position of S. exigua, instead 
of its placement as sister to all remaining Spodoptera species. 

Bootstrapped gene trees generated for each of the 15 mitochondrial 
genes are presented using DensiTree v2.2.7 (Bouckaert and Heled, 2014) 
as supplementary material (online supplementary Figs. S5-S12). The 
tree resulting from the MSC ASTRAL analysis is almost identical to the 
results of the partitioned phylogenetic analyses of the 13PCGs_rRNAs_nt 
and 13PCGs_AA datasets (see Fig. 1B). Branch supports for the ASTRAL 
tree are maximal (local posterior probabilities of 1.0) for all nodes but 
one, which bears on the respective placement of S. exigua and S. ochrea. 
The MSC ASTRAL analysis also recovers the Heliothinae embedded 
within the Noctuinae. 

Comparing the results of the MSC ASTRAL analysis with the results 
from the partitioned phylogenetic analyses of the 13PCGs_rRNAs_nt and 
13PCGs_AA datasets allows for the generation of a consensus tree, which 
is used as the mitogenomic backbone in subsequent analyses (see online 
supplementary Fig. S13). 

3.2. Phylogenetic analyses with the backbone enforced 

The best-fitting partitioning scheme recovered by the Partition-
Finder2 analysis of the final dataset (‘extended’) is given in online sup-
plementary Table S5. The partitioned phylogenetic analyses of this 
dataset yield almost identical topologies under BI and ML (see Fig. 2 for 
the ML tree and online supplementary Fig. S14 for the BI tree). Overall, 
clade support is higher for the ML tree (91% of nodes with TBE ≥ 70%; 
68% of nodes with BS ≥ 70%; 66% of nodes are supported by PP ≥ 0.95 
in the BI analyses). The topologies differ only in the placement of 
S. teferii; under ML, this species is recovered as sister (with TBE of 93% 
and BS of 38%) to a clade of nine species from the Western hemisphere 
(S. androgea Stoll, S. cosmioides (Walker), S. descoinsi Lalanne-Cassou & 
Silvain, S. dolichos, S. evanida Schaus, S. latifascia, S. ornithogalli, 
S. praefica (Grote) and S. pulchella (Herrich-Schäffer)) whereas under BI 
it is placed as sister (with a PP of 0.52) to a clade of four species from the 
Eastern hemisphere (S. littoralis, S. litura, S. pectinicornis and S. picta). 
Two primary Spodoptera clades (hereafter referred to as Clade I and 
Clade II) are inferred with both analyses: (i) Clade I (supported by TBE of 
93%, BS of 57%, and PP of 0.92) is composed of seven species (S. cilium, 
S. depravata, S. exempta, S. mauritia, S. pecten, S. triturata and 
S. umbraculata) originally confined to the Eastern hemisphere (although 
S. exempta is invasive in Hawaii; Haggis 1986), all of which have larvae 
with chisel-like mandibles (see Fig. 2); (ii) Clade II (supported by TBE of 
98%, BS of 54%, and PP of 0.91) is composed of 21 species distributed in 
both hemispheres; all larvae with described morphology in clade II have 
serrate mandibles (see Fig. 2). 

3.3. Dating analyses 

The best-fit partitioning scheme recovered by PartitionFinder2 for 
the BEAST analyses is given in online supplementary Table S6. All pa-
rameters show ESS values ≥ 200 for all BEAST analyses. There is a high 
degree of overlap among the results of the three distinct dating analyses 
(see Fig. 3 for the analysis relying on secondary calibrations based on 

Kawahara et al. 2019 [K2019], online Fig. S15 for the analysis relying on 
secondary calibrations based on Wahlberg et al. 2013 [W2013], and 
online Fig. S16 for the analysis relying on a primary fossil calibration 
[FOSS]). The primary difference is the magnitudes of the confidence 
intervals, which are smaller for the two dating analyses relying on sec-
ondary calibrations ([K2019] and [W2013]). Based on the results of the 
BEAST analyses, we also provide estimates of substitution rates for each 
analysis (see online supplementary Table S7). 

Age estimates for the genus Spodoptera suggest an origin in the Early 
Miocene, ca. 17-18 Ma: median age 16.99 Ma, 95% HPD: 16.04-17.87 
Ma [K2019]; median age 17.8 Ma, 95% HPD: 15.42-21.46 Ma [FOSS]; 
median age 18.18 Ma, 95% HPD: 16.48-19.68 Ma [W2013]. Within 
Spodoptera, Clade II (larvae with serrate mandibles) diversified first, 
with an origin at the boundary of the Early and Middle Miocene about 
15-17 Ma (median age 15.89 Ma, 95% HPD: 15.08-16.34 Ma [K2019]; 
median age 15.94 Ma, 95% HPD: 14.39-20.08 Ma [FOSS], median age 
17 Ma; 95% HPD: 15.51-18.47 Ma [W2013]). Clade I (larvae with chisel- 
like mandibles) diversified more recently at the boundary of the Middle 
and Late Miocene, about 11-12 Ma (median age 11.49 Ma, 95% HPD: 
10.36-12.67 Ma [K2019]; median age 12.03 Ma, 95% HPD: 10.14-14.8 
Ma [FOSS]; median age 12.22 Ma, 95% HPD: 10.87-13.72 Ma 
[W2013]). Interestingly, age estimates for Spodoptera species pairs are 
almost always older than 2 million years (Myrs), including the two FAW 
strains and the species pairs [S. m. mauritia + S. m. acronyctoides] and 
[S. exigua + S. sp. nr. exigua]; only in the case of the species-pair 
[S. cosmioides + S. descoinsi] is a younger age recovered, at 0.56-0.57 
Ma. 

Outside the genus Spodoptera, the age of the MRCA of the Noctuoidea 
is estimated at ca. 56-61 Ma (median age 56.33 Ma, 95% HPD: 51.11- 
66.1 Ma [FOSS]; median age 59.02 Ma, 95% HPD: 58.57-60.41 Ma 
[K2019]; median age 61.03 Ma, 95% HPD: 59.51-63.93 Ma [W2013]). 
For the MRCA of the Noctuidae, dating estimates suggest an age of about 
37-40 Ma (median age 37.35 Ma, 95% HPD: 34.93-39.44 Ma [K2019]; 
median age 38.16 Ma, 95% HPD: 33.1-45.59 Ma [FOSS]; median age 
40.31 Ma, 95% HPD: 37.3-43.28 Ma [W2013]). 

4. Discussion 

4.1. Mitogenomics analyses 

Based on the results of partitioned analyses of the concatenated 
datasets (Fig. 1A), the choice of inference method had little effect on the 
phylogenetic reconstructions as conflicting branching orders were only 
recovered for three of the 28 nodes when comparing the results of BI and 
ML (see also Figs. S2-S4). For the ML analyses there were few discrep-
ancies between TBE and BS values; in only seven instances (out of 84 
possible combinations; see Fig. 1) was a node supported only by TBE. 
Topological incongruences were likewise trivial when comparing the 
results of analyses using all the nucleotides with results of analyses 
relying on AA. However, differences were more pronounced when 
comparing the former with the results of analyses where third codon 
positions were excluded (see Figs. S2-S4). Additional support for the 
topology associated with the partitioned analyses of all nucleotides and 
those relying on AA was provided by the MSC analysis, which yielded an 
almost identical phylogenetic tree (Fig. 1B). This consistency between 
concatenation analyses and the MSC approach echoes the conclusion of 
Kim et al. (2020) on the utility of using both methods in a comple-
mentary way. 

Within Spodoptera, the only topological incongruences attributable 
to differences in data handling were the alternate placements of S. exigua 
and S. ochrea, which changed when third codon positions are excluded. 
Several studies (Yang et al. 2013; Zahiri et al. 2013; Yang et al. 2015) 
have explored the phylogenetic impact of removing third codon posi-
tions on analyses of diverse insect groups and found that it could be 
detrimental, especially in cases of recent diversifications. This may be 
the case for our data as well. In our study, the resolution of Spodoptera 
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relationships is likely impacted by the loss of phylogenetically infor-
mative data associated with the removal of third codon positions, 
leading to the rearrangement of S. exigua and S. ochrea. Although third 
codon positions exhibit significant levels of saturation in our dataset (see 
Fig. S1), excluding them incurs an adverse trade-off associated with the 
loss of 2,145 PI characters (out of 3,155 in total for the 13 PCGs); this 
suggests that the additional homoplasy incurred by the inclusion of third 
codon positions is outweighed by their information content (see 
Källersjö et al. 1999). One of the six distinct partitioned analyses (ML 
analyses of the 13PCGs_AA dataset) also recovered an alternative 
placement for S. dolichos as sister to S. ornithogalli; however this place-
ment is weakly supported (TBE and BS of 52%) and likely artifactual. 

Regarding outgroup relationships, we stress that our sampling was 
not designed to investigate the phylogenetic relationships of other 
noctuoid lineages, but to include a relevant set of benchmarks to 
investigate the evolutionary history of Spodoptera while providing pri-
mary and secondary calibrations for the dating analyses. With that in 
mind, we discuss only briefly two specific groupings within the two 
alternative topologies consistently recovered by our analyses. The first 
of these relates to the placement of Heliothinae within the Noctuinae 
(hence rendering the Noctuinae paraphyletic) that we recover in two 
analyses out of six (BI analyses of the 13PCGs_rRNAs_pos1&2 dataset and 
ML analyses of the 13PCGs_AA dataset). It is tempting to discard this 
result as artifactual, especially since several molecular studies have 
recovered Heliothinae sister to Noctuinae (Mitchell et al. 2006; Cho 
et al. 2008; Kawahara et al. 2019; Keegan et al. 2019). However, we note 
that a similar arrangement was recovered in the studies of Regier et al. 
(2017) and Keegan et al. (2021). All these studies are potentially sen-
sitive to sampling biases, and a proper test of the monophyly of both 
subfamilies requires much denser sampling of genera and type species as 
well as additional genomic data. Our interpretation of this result is also 
complicated by the fact that the composition of and relationships within 
the Noctuinae and among other noctuid subfamilies, including the 
Heliothinae (see Fibiger et al. 2009), are very much in flux (e.g., see 
Mitchell et al. 2006; Keegan et al. 2019). We do not purport to have 
brought any novel insight to bear on the placement of Heliothinae, 
which should be considered provisional. Another inconsistency inferred 
from the analyses of mitogenomic data is the placement of Hyphantria 
(representative of Arctiinae). An alternative placement of Hyphantria as 
sister to [Lymantria + Catocala] (loosely, the exemplars for Lymantriinae 
and Erebinae, respectively) was inferred only twice, and was always 
poorly supported (TBE and BS of 21% or 45% for the two ML analyses 
suggesting this relationship). We suspect that this result is artifactual, as 
a result of minimal sampling for the Erebidae (given that over 24,569 
erebid species are described; Goldstein 2017), and of the potential 
impact of the long branch leading to Lymantria dispar. 

4.2. New insights in the phylogenetic relationships of Spodoptera. 

In comparison to previous studies relying on fewer molecular 
markers (Kergoat et al. 2012; Dumas et al. 2015a; Le Ru et al. 2018), our 
analyses of the extended dataset with the mitogenomic backbone 
enforced yielded more consistent and better-supported phylogenetic 
reconstructions, with less incongruence between BI and ML analyses 
(with the position of only one species in conflict). Our results also pro-
vide for the first time strong support for the existence of two major 
Spodoptera clades, each with distinct larval morphologies (see Fig. 2) 
and ecology. Clade I comprises S. cilium, S. depravata, S. exempta, S. 
mauritia, S. pecten, S. triturata and S. umbraculata, of which the first four 
are pest species on grasses and one of which one (S. exempta) is known 
for its regular outbreaks (Haggis 1986; Cheke and Tucker 1995). This 
group was not recovered as monophyletic in previous studies based on 
the analysis of the cox1 gene alone (Dumas et al. 2015a; Le Ru et al. 
2018) but was found to be monophyletic when analyzing multilocus 
datasets (Kergoat et al. 2012; Le Ru et al. 2018). Clade II encompasses 
most of the known Spodoptera pest species and is composed of several 

species groups distributed in both hemispheres. This group was not 
recovered in previous studies (Kergoat et al. 2012; Dumas et al. 2015a; 
Le Ru et al. 2018), due to the placement of S. exigua and allied species 
S. hipparis and S. sp. nr. exigua, when they were included. It also likely 
includes the three species for which we do not have any molecular data: 
S. compta (Walker), S. malagasy Viette, and S. roseae (Schaus). According 
to Pogue and Passoa (2000), S. compta belongs to the morphologically 
homogeneous eridania-group comprising S. albula, S. compta, S. eridania 
and S. ochrea; in our study, these three sampled species form a triad, and 
we expect S. compta falls within it as well. Spodoptera malagasy was 
initially described as a subspecies of S. apertura (under S. leucophlebia 
malagasy; syn. S. apertura) before being elevated to species by Brown and 
Dewhurst (1975); it is morphologically similar to S. apertura (Pogue 
2002; Le Ru et al. 2018), and we can reasonably hypothesize that the 
two are sister species. Finally, although S. roseae is morphologically 
quite peculiar (Todd and Poole 1980), the morphological analyses of 
Pogue (2002) consistently associate it with a group of nine other species 
from the Western hemisphere. 

Overall, the branch support for relationships among Spodoptera 
species is high but there remains uncertainty in the placement of taxa for 
which we have few molecular data. This is especially so for S. apertura, 
for which only cox1 data was available. In our study its placement as 
sister to the two FAW strains is only weakly supported (TBE of 63%, BS 
of 26%, and PP of 0.61) and potentially artifactual; this grouping was 
not recovered in other studies based on the analysis of the cox1 gene 
alone (Dumas et al. 2015a; Le Ru et al. 2018) and it is not supported by 
morphological evidence (Pogue 2002; Le Ru et al. 2018). Spodoptera 
apertura is widely distributed in the Afrotropical, Oriental and Austral-
asian regions and is also morphologically quite variable (especially in 
the coloration of forewings; Brown and Dewhurst 1975). A re- 
examination of male and female genitalia of Asian and African 
S. apertura specimens (Le Ru et al. 2018) also revealed no uniquely 
shared features. Male genitalia of Asian specimens we examined have a 
straight aedeagus (versus curved), a cucullus broadly rounded apically 
(versus evenly rounded apically), and a shorter ampulla, longer valvula, 
and longer costal process than African specimens. The female genitalia 
of Asian specimens have a shorter signum, spatulate apophyses ante-
riores, and a longer corpus bursae than African specimens. Spodoptera 
apertura had been considered two distinct species, with S. leucophlebia 
(Hampson) in the Afrotropics (mostly in southern Africa and 
Madagascar) and S. apertura in the Oriental and Australasian regions; 
since the only specimens that have been sequenced originate from 
Australia, we cannot evaluate these taxa without additional sequences 
from Asia and Africa. In contrast, we obtained moderate (for S. hipparis 
sister to [S. exigua + S. sp. nr. exigua]) to strong support (for S. sp. nr. 
exigua sister to S. exigua and S. umbraculata sister to S. depravata) for the 
phylogenetic placement of three other taxa for which only cox1 data 
were available. The position of S. sp. nr. exigua was expected because it 
is generally treated as a subspecies, S. exigua antipodea, which was 
described by Warren on the basis of subtle differences in forewing 
coloration patterns. Interestingly, Warren (1914: 323) stated that ‘this 
form from N.S. Wales is probably a good species’. The position of 
S. umbraculata is also strongly supported by morphological evidence, 
including larval and male genitalic characters (Pogue 2002). Little 
morphological evidence supports the placement of S. hipparis as sister to 
S. exigua and S. sp. nr. exigua; it was thought that both the latter species 
share the absence of a large scale tuft associated with the 8th abdominal 
segment in the female (Todd and Poole 1980), but this character was 
actually overlooked, as pointed out by Pogue (2011). Our study also 
provides for the first time strong support (TBE of 97%, BS of 75%, and PP 
of 0.93) for the placement of S. pulchella (only sequenced for cob and 
cox1) as sister to a clade of eight species also originating from the 
Western hemisphere. Given its morphological similarity to S. ornithogalli 
(Todd and Poole 1980; Pogue 2002), this placement seems plausible. 
The placement of S. teferii is also still unclear despite the fact that it was 
successfully sequenced for six molecular markers (cob, cox1, rrnL, rrnS, 
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28S and Ef1a); the species is recovered under ML as sister to a clade of 
nine species from the Western hemisphere (placement supported by a 
TBE of 93% and BS of 38%) and under BI (placement supported by a PP 
of 0.52; see Fig. S14) as sister to a clade of four species from the Eastern 
hemisphere, an instance of lack of robustness to analysis. Interestingly, 
in the study of Le Ru et al. (2018), S. teferii was consistently recovered as 
sister to the same clade of four species, albeit with low support (ultrafast 
bootstrap value of 41% and PP of 0.53). Because S. teferii is only known 
from Ethiopia, its placement as sister to the Eastern hemisphere clade 
composed of S. littoralis, S. litura, S. pectinicornis and S. picta is plausible 
but it needs to be reassessed. The instability in the placement of a few 
taxa, most accounted for by the impact of missing data, can also be 
inferred from the higher level of discrepancy between TBE and BS 
values. In contrast to the results of the mitogenome-based datasets, in 
which there were only seven instances where a node was supported by 
TBE ≥ 70% and BS <70%, analyses of the extended dataset recovered 11 
instances (out of 46; see Fig. 2) where a node was only supported by 
TBE). This would seem to corroborate the utility of TBE in dealing with 
unstable taxa. 

4.3. Implications for the ecology and evolution of the genus 

We have provided a novel and robust dating framework for the genus 
Spodoptera than was previously available, reducing the estimated age of 
the genus by about 10 Ma from that of Kergoat et al. (2012). Our three 
calibration strategies consistently inferred similar median age estimates 
for the origin of Spodoptera with narrow confidence intervals (see Fig. 2). 
This more recent timeframe for the genus is consistent with the hy-
pothesis that long range dispersal events (instead of vicariance events or 
dispersal through old land bridges) took place during the diversification 
of the genus (Kergoat et al. 2012). With reference to the two main clades 
recovered in our study, the older one (Clade II) is more speciose and 
includes species that exhibit the more extreme range in diet breadths, 
including the nearly monophagous species (S. pectinicornis) to highly 
polyphagous species such as S. exigua, S. littoralis, S. litura and the two 
FAW host strains. In this group, species for which information on larval 
morphology is available (i.e., all sampled species except S. apertura, S. 
evanida and S. hipparis) possess the common noctuid serrate mandible 
type (Bernays 1981), and we postulate this to be the case for all the 
species belonging to this clade (including the three unsampled species 
S. compta, S. malagasy and S. roseae, whose larvae are unknown). 

The timeframe inferred for the diversification of Spodoptera also 
suggests a more recent origin - about 11-12 Ma - for the clade (Clade I) 
comprising species whose larvae have chisel-like mandibles. This stands 
in contrast to older estimates of between 17 and 24 Ma for this clade 
(Kergoat et al. 2012). This clade exhibits a higher level of specialization 
in that all its species feed almost exclusively on silica-rich C4 grasses 
(Poaceae) and sedges (Cyperaceae) (see Kergoat et al. 2012 for a 
compilation of host-records). On the basis of their shared and highly 
specialized mandible type (Brown and Dewhurst 1975; Pogue 2002), we 
suspect species in this group are adapted to the consumption of silica- 
rich grass leaves. The evolution of such a feature is common in multi-
ple lepidopteran groups that have become grass-specialists and may 
represent another example of what appears increasingly to be a classic 
case of adaptive convergence in insects (see the review of Bernays 
1981). Most interestingly, the younger age inferred in this study is more 
consistent with our understanding of the emergence and spread of C4 
grasslands during the Miocene and Pliocene (Keeley and Rundel 2005; 
Edwards et al. 2010; Strömberg 2011; Estep et al. 2014); it also parallels 
other known radiations of lepidopteran grass specialists in relation to 
the extension of C4 grasslands in the Eastern hemisphere (Toussaint et al. 
2012; Kergoat et al. 2018; Toussaint et al. 2019; Halali et al. 2020). 

5. Conclusion and perspectives 

In this study, we generated a novel mitogenomic backbone for 14 

Spodoptera species that we used to provide an updated phylogenetic 
framework for 28 of the 31 known species in the genus, identifying two 
ecologically-diverse clades that are recovered for the first time. Our 
divergence time estimates indicate a more recent origin than previously 
thought for Spodoptera. Even if the placement of a few taxa for which few 
molecular markers were available remain unresolved, this study repre-
sents a valuable step towards a comprehensive understanding of Spo-
doptera systematics and evolution. To further hone our understanding of 
the evolutionary history of the genus, additional sampling and infor-
mation on species’ ecology and morphology are required. The genome 
skimming approach implemented here may be the most cost-effective 
and relevant solution to completing the sampling of Spodoptera, espe-
cially when it comes to the sequencing of rare species that only known 
by a few old museum specimens (e.g., S. compta, only known by three 
specimens; Pogue 2002). Imperfect as it is, the evolutionary framework 
we present here will also be of use in guiding and prioritizing whole 
genome sequencing of new Spodoptera species for future comparative 
genomic studies. Finally, we generated detailed sets of substitution rates 
for the 18 genes used in our molecular dating analyses (Table S7). Due to 
the high degree of overlap among the results of our dating analyses, we 
conclude that these rate estimates will be of interest for researchers 
conducting molecular dating studies based on mitogenomic datasets for 
other lepidopteran groups. 
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Källersjö, M., Albert, V.A., Farris, J.S., 1999. Homoplasy increases phylogenetic 
structure. Cladistics 15, 91–93. https://doi.org/10.1111/j.1096-0031.1999. 
tb00400.x. 

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7: 
improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. https:// 
doi.org/10.1093/molbev/mst010. 

Kawahara, A.Y., Plotkin, D., Espeland, M., Meusemannd, K., Toussaint, E.F.A., 
Donathe, A., Gimniche, F., Frandsen, P.B., Zwick, A., dos Reis, M., Barber, J.R., 
Peters, R.S., Liu, S., Zhoum, X., Mayer, C., Podsiadlowski, L., Storer, C., Yack, J.E., 
Misof, B., Breinholt, J.W., 2019. Phylogenomics reveals the evolutionary timing and 
pattern of butterflies and moths. Proc. Natl. Acad. Sci. USA 116, 22657–22663. 
https://doi.org/10.1073/pnas.1907847116. 

Keegan, K.L., Lafontaine, J.D., Wahlberg, N., Wagner, D.L., 2019. Towards resolving and 
redefining Amphipyrinae (Lepidoptera, Noctuoidea, Noctuidae): a massively 

G.J. Kergoat et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.ympev.2021.107161
https://doi.org/10.1016/j.ympev.2021.107161
https://doi.org/10.1098/rstb.1991.0075
https://doi.org/10.1101/012401
https://doi.org/10.1007/s13744-018-0654-z
https://doi.org/10.1017/S0007485300005939
https://doi.org/10.1017/S0007485300005939
https://doi.org/10.1146/annurev-ento-011613-162007
https://doi.org/10.1146/annurev-ento-011613-162007
https://doi.org/10.1016/0261-2194(95)92862-H
https://doi.org/10.1111/j.1365-3113.2008.00427.x
https://doi.org/10.1111/syen.12284
https://doi.org/10.1371/journal.pone.0046662
https://doi.org/10.1093/nar/gkw955
https://doi.org/10.1093/nar/gkw955
https://doi.org/10.1016/j.tplants.2015.06.012
http://refhub.elsevier.com/S1055-7903(21)00094-4/h0075
http://refhub.elsevier.com/S1055-7903(21)00094-4/h0075
https://doi.org/10.1139/z96-126
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1371/journal.pone.0122407
https://doi.org/10.1007/s10709-015-9829-2
https://doi.org/10.1007/s10709-015-9829-2
https://doi.org/10.1080/10635150390235485
https://doi.org/10.1073/pnas.1404177111
https://doi.org/10.4060/ca9252en
https://doi.org/10.4060/ca9252en
https://doi.org/10.1016/j.jtbi.2008.04.005
http://refhub.elsevier.com/S1055-7903(21)00094-4/h0135
http://refhub.elsevier.com/S1055-7903(21)00094-4/h0135
https://doi.org/10.1371/journal.pone.0165632
https://doi.org/10.1038/s41598-017-10461-4
https://doi.org/10.1111/j.1365-2311.2009.01138.x
https://doi.org/10.1111/j.1365-2311.2009.01138.x
https://doi.org/10.1017/S0007485300015376
https://doi.org/10.1017/S0007485300015376
https://doi.org/10.1111/1365-2656.13178
https://doi.org/10.1111/1365-2656.13178
http://refhub.elsevier.com/S1055-7903(21)00094-4/h0175
http://refhub.elsevier.com/S1055-7903(21)00094-4/h0175
http://refhub.elsevier.com/S1055-7903(21)00094-4/h0180
http://refhub.elsevier.com/S1055-7903(21)00094-4/h0180
http://refhub.elsevier.com/S1055-7903(21)00094-4/h0180
https://doi.org/10.1093/sysbio/42.2.182
https://doi.org/10.1093/sysbio/42.2.182
https://doi.org/10.1093/molbev/msh123
https://doi.org/10.1093/biomet/76.2.297
https://doi.org/10.1111/syen.12424
https://doi.org/10.1111/syen.12424
https://doi.org/10.1111/eea.12215
https://doi.org/10.1111/j.1096-0031.1999.tb00400.x
https://doi.org/10.1111/j.1096-0031.1999.tb00400.x
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1073/pnas.1907847116


Molecular Phylogenetics and Evolution 161 (2021) 107161

13

polyphyletic taxon. Syst. Entomol. 44, 451–464. https://doi.org/10.1111/ 
syen.12336. 

Keegan, K.L., Rota, J., Zahiri, R., Zilli, A., Wahlberg, N., Schmidt, B.C., Lafontaine, J.D., 
Goldstein, P.Z., Wagner, D.L., 2021. Toward a stable global Noctuidae (Lepidoptera) 
taxonomy. Insect Syst. Divers. in press. doi: 10.1093/isd/ixab005. 

Keeley, J.E., Rundel, P.W., 2005. Fire and the Miocene expansion of C4 grasslands. Ecol. 
Lett. 8, 683–690. https://doi.org/10.1111/j.1461-0248.2005.00767.x. 

Kergoat, G.J., Condamine, F.L., Toussaint, E.F.A., Capdevielle-Dulac, C., Clamens, A.-L., 
Barbut, J., Goldstein, P.Z., Le Ru, B., 2018. Opposite macroevolutionary responses to 
environmental changes in grasses and insects during the Neogene grassland 
expansion. Nat. Commun. 9, 5089. https://doi.org/10.1038/s41467-018-07537-8. 

Kergoat, G.J., Prowell, D.P., Le Ru, B.P., Mitchell, A., Dumas, P., Clamens, A.-L., 
Condamine, F.L., Silvain, J.-F., 2012. Disentangling dispersal and vicariance patterns 
in armyworms: evolution and historical biogeography of the pest genus Spodoptera 
(Lepidoptera: Noctuidae). Mol. Phylogenet. Evol. 65, 855–870. https://doi.org/ 
10.1016/j.ympev.2012.08.006. 

Kim, M.J., Kim, I., Cameron, S.L., 2020. How well do multispecies coalescent methods 
perform with mitochondrial genomic data? A case study of butterflies and moths 
(Insecta: Lepidoptera). Syst. Entomol. 45, 857–873. https://doi.org/10.1111/ 
syen.12431. 

Kimura, M., 1980. A simple method for estimating evolutionary rate of base substitution 
through comparative studies of nucleotide sequences. J. Mol. Evol. 16, 111–120. 
https://doi.org/10.1007/BF01731581. 

Kocher, T.D., Thomas, W.K., Meyer, A., Edwards, S.V., Pääbo, S., Villablanca, F.X., 
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Velásquez-Vélez, M.I., Saldamando-Benjumea, C.I., Ríos-Diez, J.D., 2011. Reproductive 
isolation between two populations of Spodoptera frugiperda (Lepidoptera: Noctuidae) 
collected in corn and rice fields from Central Colombia. Ann Entomol. Soc. Am. 104, 
826–833. https://doi.org/10.1603/AN10164. 

Wahlberg, N., Wheat, C.W., Peña, C., 2013. Timing and patterns in the taxonomic 
diversification of Lepidoptera (butterflies and moths). PLoS One 8, e80875. https:// 
doi.org/10.1371/journal.pone.0080875. 

Walker, J.D., Geissman, J.W., Bowring, S.A., Babcock, L.E., 2018. Geologic Time Scale v. 
Geological Society of America. <https://www.geosociety.org/documents/gsa/ 
timescale/timescl.pdf>, 5.0.  

Wang, Y., Li, X., Garzon-Ordun, I.J., Winterton, S.L., Yan, Y., Aspöck, U., Aspöck, H., 
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