Dating Spodoptera clades

Using fossil, secondary and ecological evidence

Mark Lammers

MScThesis
20122013



Systematics oBpodoptera MSc Thesis Mark Lamme2812-2013

Mark Lammers
Registration number: 890206498090
e-mail: mark.lammers@wur.nl

MSc Thesis Biosystematics
BIS30436

1st Supervisor: Dr. Freek T. Bakker, Biosystematics Group (BIS), Wageningen University (WUR)

e-mail: freek.bakker@wur.nl
2nd Supervisor: Drs. Marja J. van der Straten, Plant Protection Service (PPS), Netherlands Food and Consumer
Product Safety Authority (NVWA)

e-mail: m.j.van.der.straten@mininv.nl

Date:Wednesday, 03 July 2013

All rights reserved. This work may not be copied in whole or in parts without the written permission of the first
supervisor.



mailto:mark.lammers@wur.nl
mailto:freek.bakker@wur.nl
mailto:m.j.van.der.straten@minlnv.nl

Systematics oBpodoptera MSc Thesis Mark Lamme2812-2013

Preface

The beauty of insects fascinated me since | was 13 years old. At first | was happy with catching some and
releasing all of them. But later | learned that many species need to be collected for proper documentation of

the observation. At that time minsect collection was started. Out of this hobby came the first condition for

my MSc thesis subject: It must be insect related. Secondly, | wanted a subject which has a more or less direct
societal relevance. Doing fundamental research is satisfyind,dsb want to be able to explain why my

research benefits everyone. By working on a crop pest, everyone understands why someone (me) should spend
more thanhalf a year on it. Thirdly, | wanted a subject in which | can combine many novel analyses and lear
new skills. And lakt, it should have a realistic possibility of publishing my research, so that | improve my

chances of obtaining a PhD position. In ¥8gstematics oBpodopter® 6 & (KA a LINRaSOG 41 & A
found it all.

Although | cou not perform every part of the originally described proposal | still am very satisfied with the
results.l gaired experience in laboratory work, leaed to work with DNA sequence analyses and even my little

ten year old sister understands why this resdais beneficial for humangwas able to formulate new ideas

and testsomeofthem. ¢Sy (i (2 (GKS LYGSNYylFraAz2ylf [ SLAR2LIGSNENRBAA
summer of 2012 to present one of these ideas in front of a room with about 150 rexpscientists This was

an even better experience than expectéfipossible would like to test all other idealsdescribeas well, but

that would not fit intoan MSc thesigproject.

Unfortunately (for me) during my thesis Kergadtal (2012) was puidhed, whichforcedme to shift the focus

of my thesis. The contents of their study and the consequences for me are all described in this thesis. | start
with zooming out from the subject, giving a short overview of systematics. Thenbgtstep | zoomn on

Spodopteral hope that you (the reader) enjoys my work at least as much as | did doing mine!
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Summary

Spodopterds acosmopolitangenus of moths (Lepidoptera: Noctuidantaining 31 species of which many

are polyphagous. About half of these have been considered crop pest® 3pesies also have a high

fecundity and good dispersal ability and therefore pose a threat to agriculture.

Using DNA sequence data of 6 protein coding markers (total 4539 bp with gapsypb@dpteraspeciesand

76 other Noctwid species and outgrouggeconstructed the phylogeny of the Noctuid family in order to find

the position ofSpodopteran the family and investigate its monophyhtime-calibrated the resulting

phylogenetic reconstruction using primary and secondary calibration points and aavecept | call
WwSO02t23A01tQ RIFIGAY3Id ¢KAA A& o0lasSR 2y GKS ARSF GKFG
emergence of an organ in another clade; in this case the former are the tympanal organs in nocturnal
Lepidoptera which are assuméal be in response to the emergence of bat edhoation.Readers interested in

this topic might want to start reading at the end of the Material and Methods section (2.6.3 'Dating the clades’)
Spodopteravas recovered as monophyletic and it has clearly discerned clades which | named according to the
species in the clade. The sister genuSadgula but the position of thiswo-genuslineage remains unresolved.

The estimated crown age &podopterds betveen5 and 11 million years under all relevant calibration
combinations. Therefore | declared tkalibration pointsasinternally consistent

Simultaneous with my thesissudy by Kergoagt al. was publishedthis turned out to have a major overlap

with myobjectives Theresults of the molecular phylogenetic part of their study aimilar to my

reconstruction, but theesults from the dated phylogenetic reconstructions are incongrudhtdifferences

and similarities are described a separate chagt.

In this thesis | set a first step in shedding light on the evolutionary history of this economically important genus.
Hopefully this will lead to a better understanding of the functional genomics underlying the pest syndrome in
SpodopteraAnd we willgain insight in the host specificity and invasive potential of these crop pests in our
changing world where food for man is likely to become scarce.
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1. Introduction

The genuspodopterdas commonly known as a pest genus with many species havirgjor inpact on
agriculture andnternational trade(seesection1.4.1for more information and references on this subject
When | started this project there wam publishedproper molecularphylogenetic reonstruction of the genus,
nor didwe know where tgositionthe genus in a broader sense, meaning whergdsitionit in a Noctuoid
phylogenetic reconstructioriThis changed when we heard that Kergeaal (2012) were publishing a
molecular phylogenetic reconstructiamf SpodopteraDetails on tht study were released in June, whemy
study was already partly finishetherefore this thesis has teome extend overlap with their worlHowever, it
appearshat thereis major incongruence éween the results. In chapteriSeview the work of Kergoatt al.,
describe the differences and suggest possible causes.

In this thesis | investigatemany aspects of the systematics of the geSp®dopteraTherefore I'lin this
report first zoom outfrom the topic, evaluating the historical aspects of insect systi&raand then step by
step zooming in on the Lepidoptera and all the aio Spodopteraclades.

1.1. Historical scope on Systematics

1.1.1. Morphological and molecular systematics

Traditionally, the only characters available for sytematil taxonomistsvere morphological characters

leading tothe field ofcladistics idennig 186). Over the pastlecades molecular systematics has taken great

flight, powered by new DNA sequencing techniques, availability of public data (Gerdmsoret al. 2009

and increased computational power. Moreover, new evolutionary moaélsucleotide substitutior{e.g. the

General Tim&eversiblenodel, Tavaré 1986; amorgite heterogeneity, Yanet al 1996 were developednd

implemented in software packagésee section M ®n  W! y I f @G A Ot /2y OSLIGiaQ F2N Y21
These developments often led to new classificationsiany different levelg¢see below for examples)

1.1.2. Some dfferences between botanical en entomological molecular
phylogenetics
Unlike thealmost completely resolvethmily-level plant phylogenetic reconstruction by thengiosperm
Phylogeny GroupAPGII 2009 andthe 1kPproject (a phylogeneticgproject sequencinghe total RNA 0695
plant species so fajohnsoret al. 2012, there hasn't been a communal effort to investigate the Arthropod
phylogeny. There are numeropblylogenetigpaperson the arthropodge.g. Meusemanet al. 2010, Regieet
al. 2010, Letschkt al. 2012,Yeateset al. 2012) or a subset (e.g. Holometabdbutelet al. 2010) but most, if
not all, have a limited data setloreover,there does not seem to ba community consensus in which markers
should be usedwith the progressof the 1KITEproject (W m nlmsectTranscriptomeBvolutionQ  LINEIi&S6 O
2012 http://www.1kite.org/) thismight change.
There are other fundamental differences between plant and arthropod systemMist importantly, from
the phylogenetic perspectivén plantsis polyploidy a commomphenomenon(e.g.Otto and Whitton 2000) and
has many consequencés.g.problems inassessingrthology, Mayfield-Joneset al. 2013), while (to my
knowledge) there are no cases descritiecrthropodsother thanin somegeographically parthenogenetic
speces (Otto and Whitton 2000, Mable 2004)

1.1.3. Challenges in insect molecular phylogenetics

Insects are thédargest clade of all eukaryotic organisms on Eaotrer a million are described and many more
expected(May 1988, May 2010, Moret al. 2011) Thissheernumber of speciesesults in several problenfsr
taxonomists and systematis What is a species? How do you recognize them and what are the differences
with its related species? How certain are we that we sampled all the diversity in our dladerest? There

are no short answers to thespuestions;maybe these questions cannot be answered at/aild | will certainly

not be able to answer them her&pecies are often defined based on genital morphology: The genitalia fit like
a lock and key beteen the males and females of a species (e.g. Mikkola 2008). Therefore the morphology of
the genitalia determines with which individuals a certain individual can mate, thus also from which it is
reproductively isolated. This reproductive isolation is therefthe most used and most suitable species
concept in insect taxonomy (Schoonhowral. 2005)

Another important feature in the evolutionary history imiSectsis the occurrence of soalled ancient rapid
radiations. Insects diverged fast in the Perméam Jurassic, leading to short internal branches between crucial
nodes in phylogenetic reconstructions, generally resulting in low support for the produced tree (Whitfield and
Kjer 2008). Later rapid radiations occurred in the Lepidoptera, following trezgiiication of angiosperm
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plants in the Cretaceous (Schoonhowral. 2005, Whitfield and Kjer 2008). This is the likely cause of the
problems found irthe reconstructionof the phylogeny ofNoctuid moths (Mitchelkt al. 2006, Zahirét al.
2011, Zahiret al. 2012.

Bakker (2@7) describel several poblemsencounteredin a pilot study orDNA extraction from collection
materialolder than about ten yearsome storage methods commonly used for the resulting extracted DNA
quality were tested. PCR on isolated DNA from specimens older than 10 wpétars failsand is therefore
discouraged

The most important problem is DNA breakdown (Mandeolal. 2006). Thextenthereof depends on the
storageand preparationconditionsof the specimensStorage of specimens in acetone yields the best results
for later DNA extraction and is recommended for future collectigviandrioliet al. 2006) When the DNA is
RSANI RSRXI aK2NI FNIIAYSyida NBYIAYI ¢gKAOKode&sy aitAftf oS
(Hajibabaekt al. 2006, Shokralleet al. 2011) ForAngiosperm planherbarium material the extent of the
damagewasinvestigated and methods for overcoming thge®blemswere published (Staatst al. 2011).
Another project testing the qualitgf DNA of preserved insects walso carried out$taatset al. PLoSOne in
press). They found that material older than 5 year has DNA breakdown into fragroéatsout 200 bp. The
markersl isolatal are at leas640bp long, thus requid less oldmaterial.

With NextGeneration Sequencin@NGS) it is possible to extract a full mitochondrial genome fronojustieg

of an old museum specimeBfaatset al. PLoSOne 20)3However, the current costs of NGS meeoo high for
my project.

1.1.4. Analytical c oncepts

All the important concepts of phylogenetics are wadiscribed irthe textbook by Page and Holmes (1998),

Whe Phylogenetic HandboQk emeyet al.2009 andthe review by Yang and Rannala (2012). | will therefore
only summarise the most importacbncepts for my thesishere from these thregublications.

Thebasis of a molecular phylogenetic data set consi§tsequenced genetic markers for a number of taxa. The
selection of thee markers can be based on different criteria: being single copy in the genome, having low (or
high) sequence divergence between species, being of organelle origin (and therefore available in many copies).
Eachmarkertherefore has different properties, &&ling todifferent difficultiesin the sequencing or assembling
process and/or differences in the phylogenetic signal of the markéeseover, not all markers have an
independent evolutionary history. All mitochondrial markers are by definition dependemne another,

because of the sole maternal inheritance and a transmission bottleneck in oogdndsis.thesid report
examples of all these issues.

Molecular phylogenetists nowadays follow eitheior a combination gfthe Maximum Parsimony (MP),
Maximum Likelihood (ML) or Bayesian Inference (Bl). Support for nodes in thevéirst talculatedby
bootstrapping and in the latter it is expressed in posterior probability. These are conceptually different
measures of support and should not be confused only be compared with caution.

A phylogenetic reconstruction of a marker is called a gene tree. This is not the same as a spep@rsseee
Therefore most studies use more than one (the more the better) markers for phylogenetic reconstructions of
species, thereby hoping that the recovered consensus tree can be used as a proxy for the species tree.
Many research quesins in phylogenetics have an tianelated component. For tBipurpose phylogenetic
hypotheses can be timecalibrated by several methaafter ultrimatrisation A distinction is made between
primary and secondary calibrations, where the former means that evidence from the fossil record or dated
biogeographic events is directly included in the analysis.called a secondary calibratismen an estimation

of a node age iadopted from another timecalibrated study. A combination of these twypes of calibrations

can be applied.

Ultimately these methods ara tool in investigating@volutionary orecological hypotheses and (for nrapstly

not a goal in itself.




Systematics oBpodoptera MSc Thesis Mark Lammet8122013

1.2. Phylogenetics of Lepidoptera

Lepidopterarmolecularphylogenetics is a fairly new field with magaxonomicchanges being proposed often
(e.g. Wiegmanet al. 2002, Regieet al. 2009, Mutaneret al. 201Q Choand Zwiclet al. 2011, Regieret al.
2013). These changes led to a new official faridyel classification (Nieukerkest al. 2011) Some
superfamilies undergo revision, but the Noctuoidea remain stable at this level (when the Doidae are excluded)
(Mutanenet al. 201Q Regieret al. 2013. Oneorder-wide reconstruction by Mutanemt al. (2010) is shown in
figure 1 In these new phylogenetic reconstructi@the Noctuoidea areonsistentlyplaced in ehighlyderived
position.

Somepopularclades within the order are wellwtlied, for example the Nymphalighylogenetic relationships
arestudied by The Nymphalidae Systematics Group, led by Niklas Wahlberg (see
http://nymphalidae.utu.fi/index.htn).

non-tineoid Ditrysia

e
> b
Diysi 1 .

/ b VI | -
e o
v

e
oé

Obtectomera

Macrolepidoptera

I ron-Ditrysia Gelechioidea

- Tineoidea: Biccottidie - Bz;ildoc;iddcc;a + Calliduloidea + Papilionoidea + Hesperioidea +
Tineoidea: Psychidae, Arrhenophanidae - Hyblacoidea + Pyraloidea

Il Tincoidea: Tineidae, Acrolophidae [ Mimallonoidea

- Gracillarioidea (part.) + Yponomeutoidea - Axioidea + Drepanoidea (part.) + Noctuoidea (part.)

- Tortricoidea - Bombycoidea + Lasiocampoidea (part.)
Alucitoidea + Pterophoroidea + Copromorphoidea + Epermenioidea + »
Choreutoidea (part.) + Urodoidea + Schreckenstenoidea + Gracillarioidea (part.) - Geometroidea

[ Immoidea + Galacticoidea + Choreutoidea + Zygaenoidea (part.) + D idea (part)) + Lasic idea (part.) + No e Daidae

" Sesioidea (part.) E -3 E
- Cossoidea + Sesioidea + Zygaenoidea (part.) - Noctuoidea (part.)

- Zygaenoidea: Cyclotornidae
Figurel. One of thelatest orderwide Lepidoptera phylogenetic reconstructian
Analysis wadased on RAXML maximum likelihood analysis of 6157 bp sequence data (with gaps) for 350 taxa, rooted on
Micropterygidae. The Noctuoidea are tinted dapurple (fromMutanen et al. 2010.
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1.2.1. Lepidoptera -specific challenges

Moths have their bodies and wingsvered in scales, which easily detach. This has had a major influence for
the chances they have in getting trapped in clay or resin (amber) and thus the chance of becomingEhfessil
led to an overall lack in fossil Lepidoptera, leading to marolbiguity in classical systematic morphological
studies Kitchinget al. 1998 Kristenseret al. 2007).Sohnet al. (2012) published a catalogoé all known
Lepidopteran fossi|scontaining a total of 667 records dealing with at least 4,568 specimer&ldbssil

genera and 72 extant generahis lack of fossils also influences the number of available calibration points in
the dating of phylogenetic reconstructions.aflthallengedme to find new ways of calibtiag phylogenies,
leading to anewconcept IO f £ W Sli@iggf(abel@).f Q

1.2.2. Available markers

Severamarkersare used for phylogenetic reconstructions in Lepidoptera: cytochrome oxidase subunit | gene
(COland cytochrome B (CytBpm the mitochondrial genomésee figure Zor the locationof these genes on

the mitochondrial genomegnd several genes from the nuclear genome: Elongation Facafpha (Efm " 0 X
wingless (WG), Ribosomal protein S2 (RpS2), Ribosomal protein S5 (RpS5), Gatimspbgte synthase

domain protein (CAD), Cytosofiwlate dehydrogenase (MDH), Glyceraldehgdghosphate dehydrogenase
(GAPDH), Isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH) and dopa decarboxylase (DDC)
(Wahlberg and Wheat 2008Another set of 1%uitablemarkers was published by Regéadral. (2012).

9 C mdcursin two copiesn bees(Danforth and Ji 1998, Brady and Danforth 20@eetles(Jordal 2002)lies
(Hovemanret al. 1988) and some spiders (Hedin and Maddison 2001), but in Lepidoptera it is single copy
(Wahlberg and Wheat 2008ttp://nymphalidae.utu.fi/index.htn).

COl is the universal barcoding region used across all the different kingdoms of life (étedde2003, Heberet

al. 2010,www.ibol.org). Especially barcoding in Lepidoptera has taken great flight, facilitated by the AllLeps
barcoding programhttp://www.lepbarcoding.org/ COI is chosen because of its high phylogenetic signal on the
speciedevel, thus for an optimal number of autapomorphies for the terminal taxa (Hebieal. 2003).

In NCBIGenBank (Bensaet al. 2008) and BOLD (RatnasinghandHebert 2007) several of these genes are
available forSpodopterabut no clear overview hereof miblished These genes all provide a different
phylogenetic resolution at different taxonomic levels. Therefore not all are suitable for work on the species
level, as | will do in the majority of this study (Wahlberg and Wheat 2008, Wilson 2010).

DROSOPHILA

Figue 2. Overview of the insect mitochondrial genome.
The locatiors of COl and CytBre indicated with a red lineglmodified from Simonet al. 1994.
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1.3. Phylogenetics of Noctuoidea

The monophyletic superfamiljoctuoidea which currently holds 42,376 species in 3,771 genera (Nieukerken
et al. 2011) recently experienced major revisions as wiillthe published literaturdetween five and thirteen
familieswererecognised, based on morphologic (e.g. Poole 1995, Spatidel1996, Kitchingnd Rawlings
1998 and molecular characters (Mitchellal. 2006,Zahiriet al. 2011). The morphological studies wenainly
based on the wing venation artle shape of thei & Y LJ- y I £ 2 NiBdse/cHaradtébsSare Ndngenved, but
nonetheless show marked differences between major clades (e.g. superfamilies)

Mitchell et al. (2006)alreadyshowed that wing venation does not correspond well to the molecular evidence
of the phylogenetic relationships (using 2 nuclear protedaing gaees, total 2100 bp with gaps, maximum
likelihood analysis, GER) substitution model). Furthermoré¢hey concluded that the Noctuidags they

were defined thenjare paraphyletic as the morphological analyses already suggddtaghell et al. (2006)
ackrowledged the lack of supporbn many key nodesut expeced that improved taxon sampling will support
their groupings. Nonetheless, they concladbat the subfamilylevel within the Noctuidae is unresolved.
Choet al. (2008) investigated the moleculahylogenetics (using635 bpof 71 species, MP&ML) of the
heliothine moths Noctuidae: Heliothinag with Spodopteraas one of the outgrouppértly thesame data as in
Mitchell et al. 2006).

Recent molecular work by Zahéti al. (2011 20129 on this supefamily confirmed that theNoctuidaeare not
monophyletic andhat the Erebidaeshould be splibff (using one mitochondrial and 7 nuclear genes, total
6407 bp, maximum likelihood analySiBTR # mode). For an extended overview of thmorphological and
molecularstudies and the taxonomic history of the Noctuoidea, see Zahal (2012).

Lafontaine and Schmidt (2012) published a new classification of the Noctuoidea wherein they attempted to
assimilate all the recent progressthe understanding of the relationships within the Noctuoidea.

As far as | know,mother moleculastudies on the (sub)family level in the Noctuoidea are available. The
current consensus is@assificatiorof Noctuoidea in five familieNjeukerkenet al. 2011, Zahiriet al. 2011,

2012 Lafontaine and Schmidt 20)LZee figure8. Herein the NoctuidasensuZahiri has 11,741 species in
1,088 genera (Nieukerkest al. 2011).

Thepositionof Spodopteravas uncertain in the only molecular familgvel study which include8podoptera

(Mitchell et al. 2006). In all performed analysew#i Ay Of dZRSR Ay | WwLISad Of F RSQx
a part of the Noctuidae which includes many pest speciesriary others as well)Galgula a new world

genus comprising 4 species (Poole 198&) proposed to be the sister genusffodopterabased on the

maximum likelihood analysis (see above), but thid ha bootstrap support. In the same analygt$éaphriawas

proposed to be sister to these two genera, but again without bootstrap suppteiphriais a @smopolitan

genus comprising 128pecies (Poole 198®ogue and Sullivan 2008nfortunately tre studies by Zahigt al.

(2011, 2012yid not includeSpodaptera, thus werenot helping in elucidating the place 8podopteran the

Noctuidae NeverthelessSpodopterds firmly placed in the family Noctuidae, based on morphological

charactergPoole 1989, Pogue 200Rafontaine and Schmidt 20112

Tablel. Total number of described genera and species, according to Nieukeekexh (2011).

Noctuoidea Total

Notodontidae | Noctuidae Other Noctuoids

Spodopteral non-Spodoptera;

Genera 704 1 1087 1979 3771

Species 3800 31 11741 26835 42376
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Notodontidae

Oenosandridae
Euteliidae

Noctuidae

Nolidae

Erebidae

Figure3. Current consensus of thdassification of the Noctuoidegmodified from Zahiriet al. 2011)

13

——
| —



Systematics oBpodoptera MSc Thesis Mark Lamme2812-2013

1.4. Systematics of Spodoptera

1.4.1. Review of the non-phylogenetic literature

The genusSpodopteraconsists currently of 31 valid speci@ogue 2002, 201Bppendix 1and is of high

economic importance, because of its invasive potential and half of them being described as cropgiests.

such an economically important genus, one might expect thathmis known about itndeed, dot is known

about the control of the important pest species (e.g. Heppner 1998, Pogue 2002, Ellis 2004, Mgadher

2008), the species identification (e.g. Todd and Poole 1980, Passoa 1991, Heppner 1998, Pogue 2002) and their
host preference (e.g. Heppner 1998, Tejal. 2008).Here | review this part of the literature ddpodoptera

1.4.1.1. Spodoptera species

Published listef valid name®f Spodopteraspeciessary in length from 6 to 34 specieseg table 2

Unfortunately, the type specimens of many good species are lost. Pogue (2002) solved this taxonomic

incongruence in a major world revision of the genus, which stilids today as the monograph for the genus.

He also described the history of the species nomenclature and explained the modification and revision thereof.

He assigned many novel lectotypes and a neotype, increasinggetifability of his statements. He gued that

30 species names are valid and provided descriptions for all, some of which were adjusted in a later publication
(Pogue 2011)The phybgenetic part of the monograph wahowever, solely based on morphologic characters;

in contrast to all recenphylogenetic studies, which udat the least in part DNAequence data for

phylogenetic reconstruction. In a later publication Pogue (2011) added one species, resulting in the current
consensus of 38podopteraspecies.

S frugiperdahas two different hosstrains, which might need to be elevated to the species IRewellet al.
2004).Hebertetald 0 HnmMn0 RSAONAROGSR (KS &A (i Spodopieddyugipedtla F2f f 2 6aY
includes two barcode lineages with 1.3 per cent divergehcéBhisa LISOA Sa O2yairada 2F Geo2
not only have different primary hosts (rice versus corn), but show allozyme and mitochondrial DNA divergence

as well as reproductive isolation (Levy et al. 2002), justifying their recognition as distinct §p&lceshost

strains are, however, morphologically indistinguishable (Levy et al. 2BI@2¢over, these sacalled host

strains ceexist in the same populations in South America (Juétet 2012)and hybridize (Proweét al.

2004) Thiscasemight lead to the discussion of species concepts and taxonomic decision circles, evaluated by
DeSalleet al. (2005).

Table2. Published numbers of overviews of the number 8podopteraspecies.

Reference # species

Guenée 1852 7

Hampson 1906 6

Poole 1989 34
Pogle 2002 30
Pogue 2011 31

1.4.1.2. Spodoptera morphological identification

Identification of adults oSpodopteraspecies is fairly straightforward for experts. Some external characters are
useful (form of the antenna, length of the hairs on the prothoracic tibia, scaling of the spurs on the
mesothoracic tibia), but often the genital structures need to be examineddiable identification€.g. Todd

and Poole 1980, Passoa 1991, Heppner 18@8ue 200/an der Stratemnd GermainEPPO diagnostic

protocols, inpubD @ ¢ KA & NBIjdzA NE& OF NBTdzxZ RA&aasSOGA2ZYy 2F GKS &L
(Pogue2002). For less experienced lepidopterologists al these steps are time consuming and often verification
of the identification by an expert is necessary.

Species from the gen&podopterahave several lock-likes,either in the immature stage or the adudtage, in

other related generaExamples arbleogaleasuniaGuenée, 18527 richordestgrodeniformigSmith, 1888,
CopitarsiaHampson, 19068pp.,Antacharadiminuta(Guenée, 1852andElaphrianucicolora(Guené, 1852)

(pers. comm. van der Straten). Irder to investigate their relationship witBpdopteral also sampled as

many as possible of these in my project.
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Identification of the immature stages is however more difficult thathefadults. The fullygrown larvae of

several speciewere describedmostly from America (Pogue 2002). However, it needs quite a bit of experience
to understand the sometimes very subtle differences between species; experience that is rare amongst
entomologists. Further the coloration changes dramatically during developofahe larvae, and early instars

are hardly described at all. Information on the differences in eggs and pupae of the different species is lacking
completely. In the field and especially in international trade it is precisely the early stages whictoresed
identified. Molecular identification techniques can contribute to solving these problems (pers. comm. van der
Straten).

Earlier | stated that morphological identifications are thie@nsuming and tedious. So why do we bother? In
Lepidoptera taxonomyleciding onand describing gfa new species is traditionally based on the morphology

of the genitalia. External morphology differs betwe®podopteraspecies as well, but | think it is likely to be
constrained by camouflaging capabilities and flight performasfcadults Therefore | predict that we see

much less and less distinct variation in external morphology between species. For this rdasoot treat

many of those characters in my study. Nonetheless those characters are very important for scientists working
in the field, or when a quick analysis of the risk of an intercepted species is necessary.

All information concerning the morphology 8podopteraspecies is provided by Pogue (2002, 20iridluding

a matrix of 24 characteifer all speciesTable3 lists the characters recognized Bpgue 2002) Van der

Stratenand Germain (EPPO diagnostic protocols, in publ.) provided a large mamnixnyf characters for many
species, which is a modified version of the one created by Pogue (2002).

S exiguaand S hipparishave a slightly different genital morphology: The apex of the male valve misses an
indentation, which is present in all oth&podapteraspecies. This indentation splits the valve in the cucullus
(dorsoapical part) and valvula (ventrodistal part). Pogue (2002 p.7) recognised this character, but did not draw
conclusions on that. Therefore one might question the validity of callingettvo species re@podoptera

species (pers. comm. Van der Straten).

This studydid not go into the larval morphology, for several reasons. For ten offieeies the larvae wengot
describedyet (Heppner 1998Pogue 2002). Furthermore, the morphologytiodé larvae varies per stage of
development and not every form is available. Because of time constraints for this thegiseatheiscribed lack

of data, it wa not feasible to include larval morphology in this stulligo because of these time constraimis
validated analyses oadult morphological data were performed in this project. The main problem in these
analyses (cladistics) is character delimitation, which actually is an entire study on its own (H&@higPdyue
(2002) published a morphologicaladogram, with which | by visual inspection checked for the congruence with
my molecular phylogenetic reconstruction.
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Table3. List of morphological characters used by Pogue (2002).
*depending on interpretation of thecharacter
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Character External or Character name Data type
number genital
1 External Form of male flagellum (antenna) Multistate, nominal or ordinal*,
3 states
2 External Length of the lateral scale tufts on the Binary
prothoracic tibia
3 External Tibial spur scaling on mesothoracic tibia Multistate, nominal or ordinal*,
5 states
4 Male genital Width of the uncus Multistate, nominal or ordinal*,
5 states
5 Male genital Form and amount of sclerotization of Multistate, nominal or  ordinal*,
the scaphium 3 states
6 Male genital Lateral projections of the tegumen Multistate, nominal or ordinal*,
3 states
7 Male genital Shape of the costal process Multistate, nominal or ordinal*,
9 states
8 Male genital Location of the costal process on the Multistate, nominal or ordinal*,
costa 4 states
9 Male genital Form of the cucullus Multistate, nominal or ordinal*,
6 states
10 Male genital Form of the ampulla Multistate, nominal or ordinal*,
10 states
11 Male genital Form of the basal sclerite of the clasper Multistate, nominal or ordinal*,
8 states
12 Male genital Shape of the clavus Multistate, nominal or ordinal*,
6 states
13 Male genital Shape of the sacculus Multistate, nominal or ordinal*,
11 states
14 Male genital Shape of the ventral ~ margin of the Binary
valvula
15 Male genital Relative width of the valvula Binary
16 Male genital Presence of the valvular indentation Binary
17 Male genital Number of lobes on the coremata Multistate, nominal or ordinal*,
4 states
18 Male genital Shape of the juxta Multistate, nominal or ordinal*,
10 states
19 Male genital Dorsobasal sclerotized patch on the Multistate, nominal or ordinal*,
vesica 9 states
20 Male genital Distal cornutus on the vesica Multistate, nominal or ordinal*,
11 states
21 Male genital Presence of a dense cornutal patch on Binary
the vesica
22 Male genital Location of the dense cornutal patch on Multistate, nominal or ordinal*,
the vesica 4 states
23 Female genital Form of the distal margin on the ventral Multistate, nominal or ordinal*,
plate of the o stium bursa 9 states
24 Female genital Presence of the ventrolateral Binary

invaginated pocket of the 8 ™ sternite,
lateral to the ventral plate of the ostium
bursa
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1.4.1.3. Biogeography (species distribution) and host specificity/polyphagy,

Spodopterds a cosmopolitan genus. Data on the distribution of all species is available, but not complete

(Pogue 2002appendix L But, given all available data, no onadlever published a historic biogeographic

analysis on theenusat the start of my projectsothere was no theory on the origin and spread of this

agriculturally important genus. This can be important for, for instance, understanding the origin of pest species,

given that many crops have been shifted around thabg in the last centuries. It might be th&podoptera

ALSOASE AKAFTGSR GKSANI K2aid LINSBFSNBYyOS (2 I INROdzt G dzNJI
dated phylogenetic reconstructiotdluman gricultureemergedapproximately 40,000 years agothe Fertile

Crescentwhile speciatiorusuallyis a much slower evolutionary procg88ilson 2010).

SomeSpodopteraspecies are specialist on one or few host plants, for exagletafeeds only on
Amaryllidaceaend S pectinicorniss monophagous oRistiastratiotesL. (Water lettuce). All other species, of
which we know the host plant, are more or less polyphagbieppner 1998 for Nearctic and northern
Neotropical species; Pogue 2002 for all speclegjerences in haspreferences within a speciegre also
published €.g.Tojoet al. 2008for S. liturg. Of 10 species the host plants are unknown (Pogue 2002).

It is generally assumed that specialist herbivorous insects evolve from generalists (Schocethadv2@05). In
mostinsect clades the majority of species is specialized, not generalistgtJan2001). Generalists are
thought to be in a transient situation towards specialism or consisting of populations with different host
preferences (Nylin and Janz 2009). Speeidlimes are thought to differentiate faster (Nosil 2002, Fordyce
2010). InSpodopteranost species are polyphagous, which is one of the reasons why some of them are of
guarantine concern: the more host plants, the higher the chavfoestablishment in aew area From this
point of view this genus is an interesting case.

As in morphologic studies, character delimitation is also an issue Hest.preference can be coded by family,
but some polyphagous species have up to 80 recorded host families, whéesare poorly known (Pogue
2002). Host specificity can also be coded, for example as monopha@digephagous; polyphagous. But
then there is still the problem of missing data and the definisiaf these phenomenaue to time constraints
in this thesis | did not perform any validated host optimizations on my phylogenetic reconstructions.

1.4.1.4. Agriculture and monitoring

About half of theSpodopteraspecies have a high invasive potenialy judgement, based on this thes#)d
have been considered crop pest species (Pogue 28@2)e characteristics of these pest species are:
polyphagy(Pogue 2002)good dispersal capabiliti€s.g. Saito 2003nd a short generation tim@Vilson 1932,
Merhkhouet al. 2012) For exampleSpalopteraexiguacan have a very short generation time (20 days) and
high fecundity (up to 1200 eggs per femaMjilson 1932 andhasmany recorded host families (Pogue 2002).
When aninvasivespeciedhecomes established, drastic measures are taleeg. Elis 2004for the policy in
Floridgd and continuousmonitoring programs (e.g. with pheromone traps) are executed (Meaghatl 2008).

In the Netherlands the Plant Protection Service is responsible for the regulatiandinspection forEU
guarantinelist species. Fouspodopteraspeciesare listed on the European quarantine listtp://eur -
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L :2000:169:002tEN:PDf-and the EPPO
(http://www.eppo.orgd/) list, because of the threat they can pose to agriculture and greenhouse crops. These
are S littoralis from Africa and SoutherBurope S litura from Asia and Oceania, aigifrugiperdaand S
eridaniafrom America. From these specigdittoralis is being intercepted in the EU most frequently, followed
by S litura (van der Straten and Bakker 2011). More importantly: natimight place import bans upon
countries in whictihese species have been estabbs, damaging the export of the infesteduntry.

Many plant extracts are being tested for their toxicity and repellence to insects, especially on lab strains of
Spodopteraspp.One of the tested plants, among many eth, is theextractsfrom Pelargoniunx hortorum,
which is tested orSpodopterdittoralis (Faraget al. 2012).



http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2000:169:0001:0112:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2000:169:0001:0112:EN:PDF
http://www.eppo.org/
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1.4.2. Phylogenetics of Spodoptera

The first cladistic analysis 8podopteravaspublishedby Pogue (2002). He based his analysis on 24
morphological character&see section1.4.1.2 abovaid included the outgroupElaphriaand Galgula This
yielded 10equally parsimonious trees, whereafnlanuallymade astrict consensus treéfigure 4. Nagohi et

al. (2011) published a COI Didarcode neighboujoining (NJ) tree with bootstrap support values of only seven
SpodopteraspeciesPogue 2011) used a Célased phylogenetic reconstruction (MP and ML methadggn
Spodopteraspecies to support hisiorphologybased hypotheses, thateucochlaenhipparisshould be
included inSpodopteraHowever, neither of these publications discussed their phylogenetic hypeghes
detail, nor did they focus on withiBpodopterghylogenetic patterns. Also their alyses might be
compromised by thie limited taxon sampling

For the goal of developing a molecular identification test for the four EU quarantine Spodoptera species,
Bakker, van der Straten and van de Vossenberg (in prep.) produced a phylogecatistruction based on two
mitochondrial genes (COI & cytB).

Later during my project we learned that Kergeafal (2012) vas in the process of publishing a paper on the
phylogenetics oSpodopteraThe details and consequences of this publication udséaterin this report

So far everyone assumed that the ger@modopterds monophyletic. To our knowledge, no one doubted this,
but formal testing has not been published either. The placBpddopteran the Noctuidae and its monophyly
wastested inthis research.

Elaphria
Galgula
S.exigua
S.umbraculata
— S.pecten
S.depravata
S.cilium

S.pectinicornis
—E S.apertura
S.malagasy

S.exempta
S.mauritia

S triturata
S.albula
S.ochrea
S.eridania
S.compta

S .frugiperda

I: S.androgea

S.dolichos
S littoralis

_E S.litura
S.picta

S.latifascia
S.evanida

S.descoinsi
S.cosmioides
S.pulchella
S.roseae

S.marima
—E S.ornithogalli
S.praefica

Figure4. The dgrict consensudree created from10 equally parsimonioustrees from Pogue 2002
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1.5. Aim, research questions and hypotheses

In this study | aimed for a better understanding of the phylogenetic relationships v@ioptera Given all

the data which was available to me and the progress in phylogenetic modelling, this was fairly straightforward.
Since the current distributionfdhe Spodopteraspecies is relatively well known, a reconstruction of the

historical biogeography was possible. The morphology of adults in this genus is well described. | planned to use
this available data to identify morphological synapomorphies fadesavithinSpodoptera

| formulated several researajpalsat the start of this project(1) We wanted to know how a weluild species

level phylogertic reconstruction oSpodopterdooks like and what distinct clades there are within
SpodopteraFurthemore, (2) we wanted to knowthe position ofSpodopterawithin the NoctuidaeNext, (3)

we wanted to know the age of this important pest geraunl its clades

Each research question requiraddifferent dataset. | will describe these requirements in thetarial and

methods section.

| formulated te following hypotheses, which atested in this MSc thesis:

1) Galgulais sister toSpodoptera

2) S exiguaand S hipparisare notSpodopterabased on DNAequence divergenge
3) The otherSpodopteraspecies are monophyletic;

4) Spodopteraoriginated in Asia;

5) The ancestor oSpodopteravas polyphagous;

6) Speciation irSpodopteravas directed by host plant shifts.
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2. Material and methods

2.1. Data collection

2.1.1. Data set from FES Phytosanity

The previouwversion of theSpodopteralata set was generated for the FES Phytogaai? project (van der
Straten andBakker 2011lvan de Vosseberg and van der Straitemprep). It consisted of a total of 72
specimens from 2@ifferent Spodopteraspecies ana total of 190sequences for COI, cytB a@dC wske table

4. The phylogeneticeconstructionfrom Straten and Bakker (2011) is shown in figure 5

New nformation on the identityof the specimensas determinecby Marja van der Straten, persomm.) and
curating(new insights in data quality standards)the data set by Freek Bakk@g@ers. comm.) antby myself

led to a different overvew of this dataset. See tablefér the data set compositioas it was in retrospedt the
start of this project

Some of the squences still had their primer sequences attached to them, | removed those before analysis.

Not all31 describedSpodopteraspecies are in this data set3are missingThese species were the major part

of the original wish list as placéw the propos(see appendix)2

These species were not available or specimens w&eld in the Dutch collections and other collections

contacted abroadvan der Straten anBakker 2011). The issng species are listed in tableafth some extra

remarks on their a@ilability. The specimens listed as present in the MNHN are added based on Ketgbat

(2012), some of which are sequenced and uploaded to GenBank at the end of my project. These were therefore
unavailable for myalready finishedanalyses.

Table4. Detailsof the starting data set
(COl an® C nrébm van der Straten and Bakker 201CytB fromvan de Vosseberg and van der Stratenprep.).

Species Number of COisequences 9 C msé&quences oytB-
specimens generated GenBank | generated GenBank | sequences
S. albula 2 2 1 2
S. androgea 8
S. cilium 3 1
S. dolichos 2 2 10 1 5
S. eridania 3 2
S. exempta 1 4 1 1
S. exigua 10 5 6 1 5
S. frugiperda 3 3 27 1 4
S. latifascia 6 4 8 6
S. littoralis 12 8 2 1 12
S. litura 6 6 4 7
S. malagasy 1
S. mauritia 8 5 4
S. ochrea 2 2 1
S. ornithogalli 1 5 1
S. pecten 3 1 1 2
S. pectinicornis | 1
S. picta 2 1
S. pulchella 1 2 1
S. triturata 5 1
Total: 20 species| 72 51 81 4 4 54
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Figure5. Phylogenetic reconstruction of Straten and Bakker 2011.



































































































































































































































































