Final report of the project 116694 —
Taxonomy, Phylogeny and Biogeography of the SubtrdoPoliina (Lepidoptera, Noctuidae)

Aims of the project

Our surveys constituted the continuation of outie@Noctuidae projects between 2004-2043005 2004-
2007;73597 2008-2010110122book, 2013), focused, however, on taxonomic refetj biogeographic and
phylogenetic connections of the surveyed group.

We hypothesised the following main regularities:

(i) The phylogenetically basal groups have the origmiakerally symmetrical form of the male genital
capsula.

(i) The core area of the species diversity overlaph tié range of the phylogenetically most ancient
groups which are forming the basal splits morphiolalty and according to the sequences of the
barcoding gene (CO1).

(i) Originating from the bilaterally symmetrical sttues there are two main divergent trends of change
(a) the enhanced complexity of external genitalia emted with secondary asymmetrisation of the
functionally active parts (clasping, stimulatiorensual function), combined with less complexe
structures of inner genitalia, i.e. there is aaraff in the complexity of external vs. internaingalia
(p) the simplification of genital capsula is combiveith sophistication of the internal genitalia intho
sexes: i.e. there is an other trade-off in the derity of external vs. internal genitalia.

(iv) The two most diverse and widely distributed ger{@alia vs. Ctenoceratodpshow this basic two
types of trade-offs, the first in Holarctic arbdreanobiomes, the latter in Central Palearctic mwotes
+ eremic habitats.

(v) The speciation in these genera proceeded baskmabylopatric segregation, after expansion crossing
some barriers. Therefore the mostly derived forfrib@diverse genera should occur at the peripberie
of the genus’ range of distribution.

As we explain in th&®esultsandDiscussionwe could fully confirm these main expectations.
Our working hypotheses required to answer the maestions as follows.

» Which are the main phylogenetic trends of morphiglmigchange in external genitalia? Which
characters can be qualified as plesiomorphic vemapphic in Poliina genera?

» Which are the core areas of species divel$jtpf the genera which share the most plesiomorphic
characters andii) of the species of the genera which have consetlredmost plesiomorphic
characters?

» Can we uncover some connections between morphalogibaracter changes, geographical
expansivity and species diversity?

» Which are the infrageneric, monophyletic speciesigs within the mostly diverse gendétalia and
Ctenoceratoda

» Which species groups Bblia have a Holarctic or wide Trans-Palaearctic distrdn? Which patterns
of geographical variation exist in such species?

» Which are the vicariant sister species within thaarttic species groups &folia? Which level of
molecular differentiation exists in such species?

All these questions were answered inResultsandConclusions

Materials and Methods

The method of our surveys was basically classaabriomic, using all modern facilities from elecfion
databases and large collection of digitalised nsicopic genitalia slides to molecular surveys (C@degof
mtDNA), since we mostly worked with conserved musemnaterial. We also used light and scanning
electronic microscopy to uncover the finer struatdetails of antennae in closely related spe&i@smorpho-
taxonomic studies, we collected and evaluated thatggraphic documentation of comprehensive type
materials and other important voucher specimeniBatifna species from several internationally impatt
European collections (Berlin, Bonn, Budapest, Landdunich, Vienna and St. Petersburg).

We established the biogeographical character étalina species based on the information harboured in an
electronic database of the distribution data. Fedhspecies we prepared series of standard geslithds
(more than two thousand) with special consideratiothe type specimens. We designated severatypets
recognised and stated synonymies and composed@haiogical matrix of genital characters (see: Vaga
al. 2017, 2020).



Using the genital morphological data matrices, wedpced trees based on these characters (Treesd-2
Supplement in Varga et al. 2020). Two independent rwere allowed on data for females and males,
separately, iterating for 10,000,000 generatiorggilog every 1000. The Mkv model (Lewis 2001) for
morphological data available in BEAST v2.4.7. (Beaert et al. 2014) was applied in all sets. Maximum
clade credibility trees were created from 10,0@@drafter removing 10% (50% for combined) burnsimg
TreeAnnotator v2.4.7.(Bouckaert et al. 2014) fodesaonly (1), for females only (2), and for malesla
females combined (3).

For our molecular taxonomic investigations, we exid the sequence data of all accessible Pojiecies
from published barcoding results of the North Aroan, Central andNorthern European species, and the
known gene bank sequences (Treed). Sequenceygttarthrome ¢ oxidase subunit{(@O1) were gathered
from GenBank (http://ncbi.nim.nih.gov/). The averalgngth of DNA sequences was 649.2 base pairs.
MAFFT (Katoh et al. 2005) was applied for alignigene sequences. Then the alignments were cleatied wi
Gblocks (Castresana 2000). The ‘ape’ (Paradis @0@4) and ‘seqinr’ (Charif & Lobry 2007) package®
v3.4.1 (R Development Core Team 2017) were uséakititate these steps (Varga et al. 2020).

A maximum likelihood approach (RAXML, StamatakisOB) was applied to find the starting tree for the
Bayesian MCMC analyses conducted in BEAST v1.8.8uf@nond & Rambaut 2007). The best fitted
substitution model (GTR+G+l) according to the madst available in the ‘phangorn’ package (Schk@epl)
was set, and a birth-death model of speciationapatied in the analyses (Gernhard 2008). Two indeeet
BEAST runs were allowed iterating for 50,000,00eyations logging every 5000. A maximum clade
credibility tree was created from 20,000 treesrafeamoving 10% burn-in using TreeAnnotator v1.8.3.
(Rambaut & Drummond 2016). Effective samples siwexe checked in Tracer v1.7.6. (Rambaut et al. 018
for the analyses based on morphological and alggenatic data, which allowed evaluating the ingietitings

for the MCMC runs.

Results (1)

Taxonomical results with phylogenetic consideratios

We presented a revised checklist of the subtrib@Bdlampson, 1902. In this publication (Vargak®017)
we described one new genldultisigna gen. n.), three new subgenerdrppolia, Leuconephropoliaand
Protopolia subgen. n.) and a new specisl{a (Atropolia) posterodilutasp. n.). In an other publication
(Varga et al. 2018) we described one more new sulmy§/etallopolid) andits taxonomic position was
discussed. The subtribe Pachetrina Beck, 1996 ymasmigmised with Poliina; two genetddllariana Hacker,
1996 andSpiramaterMcCabe, 1980) were transferred to the subtribe Btirma Hampson, 1902. A number
of lectotype designations and new combinations w&ren; the newly designated lectotypes and th&ajen

of the disputed taxa were illustrated.

We provided a re-description of the subtribe Paliamd confirmed that the typical leg spining ddxsatiby
McCabe (1980) represents a synapomorphy with gtersubtribus Mamestrina, and this trait sepathiss
clade from other Hadenini. According to our morgmgital analysis Poliina moths proved to be monogtiy!
based on shared characteristic “ground plan” oftgkestructures (including some lock-and-key mecdsias,
earlier hypothesised by Varga and Ronkay 2013) setreral synapomorphies. We considered as such ones
(a) in males, (i) the identical structure of ampuiiarpe complex, (ii) the clavus fused to the diladedsal
costa of sacculus, (iii) the elongate and reguléfgderonia, Polid asymmetrical saccular processes with
tufts of specialised brushes (Fig. 1), (iv) thedptubular endophallus (vesica) without subbasartculum
and cornutus but (v) with long medio-subterminaldiof fasciculate cornutig) in females, (vi) the globular
corpus bursae and (vii) the tubular appendix bursae

As plesiomorphic structure, the distal part of @&vs usually ended in spatulate cucullus with arand
anal spine. The paired trifine brush orgaBQ, Zilli & Di Giulio 1996) is regularly present omé¢ second
abdominal segment (Fig. 2), often showing spe@especies group-specific differences. The lasbabdal
segments often show specific strongly sclerotisbékld-shaped structures. On the shield-shapeshgir
sclerotised male eight sternite, the posterior abdal brushPAB, Zilli 1997) is strongly reduced, substituted
by easily removable hairs only, and the sacRABIs substituted by a weakly sclerotized, dotte@stet the
proximal part of the abdominal segment. In femaeilia, ovipositor is usually soft, densely caatxvith
fine hairs, ductus bursae is elongate, strongiyoderately sclerotised, bursa is saccate with uamumber
and pattern of signa; the shape and sclerotisafi@ppendix bursae shows co-adapted traits toltapesof
the male vesica.



Fig. 1. Asymmetrical male genital capsulaPaflia tiefi Fig. 2. Pairettifine brush organ with pockets oP. tiefi

All Poliina genera share these basic morphologibaracters but they also have some external diftiate
traits. The species of the moderately diverse geétageroniahave relatively simple, usually bilaterally
symmetrical genital capsula (Figs. 4-5.). It walsdBuided into two species groups from which thecsge of
the smaller ones are rather similar externally gltile five larger ones can be easily separated &ach
other. All Tricheuroisspecies only show a very slight external differa&indn, sharing a nearly unicolourous
blackish-brown colouration with typical bronze ghifCtenoceratodaspecies have very long, in males
typically pectinate antennae (name!) and elongatigte shape of forewings, and colourful pattermsesehat
like to Cucullia speciesPolia is the most diverse and heterogenous genus dadubeibe. However, it is
taxonomically strongly subdivided, and all of tHegotypic subgenera, such Asropolia Varga, Ronkay &
Ronkay, 2017MetallopoliaVarga, Ronkay & Ronkay, 2017 aRdotopoliaVarga, Ronkay & Ronkay, 2017
display a very special look. All genera but alse sibgenera d?olia show very typical, recognisable genital
characters. These have been described and chaedter detail in four publications (References) anthe
monographic book (Noctuinae Ill. — Poliina. Taxonortlas of the Eurasian and North African Noctuead
Volume 11.).

Based on the categorical absence of the T-shapdavie Poliina, typifying numerous Mamestrina gane
(see also: Varga & Ronkay 1991), and also on terade of the subbasal diverticulum with cornutegain
genera and species formerly associated with Pohisne been excluded from this subtribe. The genus
Kollarianaincludes three large, externally confusinBlylia-like species, the genitalia of which demonstrate,
however, their close relationship with tBederidisclade of the subtribe Mamestrina Hampson, 1902s Thi
genus is transferred, therefore, into this lattgaraspecific unit. It is worth to mention that theare some
additional large-sizedolia-like species occurring in the mountains of thef®atier of the Tibetan plateau
(e.g. the taxa of the genlrene, the two members of the newly described geéviukiisigna (“Polia” costirufa
Draudt, 1950 andP.” hofer Saldaitis, Benedek & Behounek, 2016), and the ls8k investigatedHyssid
hadulinaDraudt, 1950, etc.) which all belong to Mamestrina.

Results (II)

Differential characters and re-definitions of genea

Beside of these general characters, the speciessmé Poliina genera can be easily recognised by som
external traits. According the original descriptidgtampson 1905)richeuroisis characterised by upturned
palpi, obliquely rounded frons, large and hairysyeead and thorax with simple hairing without arssts,
and with spined middle and hind tibiae. The genas @also characterised by the veins of the forehamd
wings (3 and 5 near to the angle of the cell, éftbe upper angle of the cell, 9 from 10 anastongpsiith

8 to form an areole; and 3, 4 from angle of thé, €el7 shortly stalked, respectively). Thus, thénus was
diagnosed in the original desciption as “Agrotinded’sed on the tibial spining, resulting in the quni
synonymyAcanthopoliaBoursin, 1943 who later recognised it as Haden{Baersin 1965) based on several
external and genital characters and placed betiaeleroniaandSideridis He correctly characterised the
male genital capsule as a modification of the gémapparatus dfladeronia



Fig. 3. Symmetrical genital capsulaTaicheurois cuprinavith modified cuculli

Male genitalia are characterised by the very stsmigrotisation of the clasping apparatus, theazttaristic
modification of the spatulate cucullus with reduocedona but with strong anal spine and with longuate
“neck”, the tiny, weakly sclerotised ampulla, stgort and symmetric saccular processes, the Sclation

of the rugulose scaphium, the elongate and ardubate of aedeagus with only slightly stronger sdlseal
carina and elongate, helicoidally tubular vesicthwai long medio-terminal stripe of fasciculate adirn

Female genitalia show the general “Poliina-typethwveakly sclerotised anal papillae, and tubulamewhat
rugulose appendix bursae. Seventh abdominal stasngtrongly sclerotised, shield-shaped.

The original description of the gendsaderonia Staudinger, 1896 was completely merged with tisemigtion

of the type specield. subarschanicaSome traits are similar fbricheurois such as the the hairy, upwards
directed palpi, the hairy eyes and the fully depebb proboscis. The long, pectinated antennae, the
mesothoracic and abdominal hair crests were mesdias differential characters. The genital capsiudevs
the configuration being typical for the subtribusliiha characterised by a relatively simple, nearly
symmetrical form of valvae with well-developed spate cucullus and developed corona with anal spine
Clavus is fused to the inflated dorsal costa otskrs. Saccular processes are short or moderdteigae,
symmetrical in shape but with differentiation oymsnetrical reduction of hair brushes. Harpe anddlap
are weakly sclerotised, short or reduced. Uncuecige, strongly or moderately sclerotised; teguiaueth
saccus broad triangular. The trifine brush orga®dYis well developed. In female genitalia, paglEnales
are weakly sclerotised, densely covered with |ding, hairs. Antrum broad U-shaped or infundibuthrgctus
bursae is elongate, dorso-ventrally flattened, meteéy or strongly sclerotised. Corpus bursae &,
without signa; appendix bursae tubular, moderagdbyngate. We separated two species groups based on
external morphology and the male genital capsukdniy on the specific, partly secondarily asymnuetri
modifications of the cucullus and sacculus (Figs) 4-

Fig. 4. Genital capsule dfaderonia persimilis Fig. 5. Genital capsule éfaderonia lasiofallaxsp.n.

The genusCtenoceratoda Varga, 1992 was separated frddaderonia Staudinger, 1896 (type species:
Haderonia subarschanicataudinger, 1895 by monotypy) based on signifidéfgrences in genitalia of both
sexes, different external look and very long, idarigpically strongly bipectinate antennae (seedi@vatio
nominig. The very sophisticated lock-and-key apparatughef vesica and the corpus/appendix bursae
complex occurring in all species, in combinationhwgdertain simplifications of the completely symnl



genital capsule were considered as main geneiis, twehich allow a clear differentiation both frahe closest
related genera;laderoniaandPolia. Based on these characters, eleMadleroniaspecies (sensu Boursin
1964) were transferred to the newly erected gexasg@ 1992) and additional four new species haesn be
described. We (Varga et al. 2018) defined ten basaracters of the genus, partly shared Wwithia and
Haderoniaas tentative synapomorphies, and considered thessrayas forming a larger monophyletic unit
together withCtenoceratoda The species content of the genus has been rebharkecreased with the
descriptions of seven new species.

Taxonomic subdivision of Polia, phylogenetic consetations

According to the genital morphology of both sexeslia (s.l.) was primarily subdivided (Varga et al. 2D20
with full support into two main branche@) the nebulosaclade vs(ii) all other species groups. Within the
latter, more heterogenous group the monophyly @Ptchetra-Metallopoliawin clade is mostly supported
which share (i) the symmetrical shape of claspipgeasatus and (ii) the elongate,Rachetraalso spiralised
vesica, without diverticula and covered by extrgnmeimerous, nearly evenly dispersed tiny spinutaseuti
(Figs. 6-7.).

The subgenuMletallopolia(Varga et al. 2018) contains seven species repiagehree major lineages, the
culta-, thesubviolacea and thekalikotetlineages. From taxonomic point of view, thdta-line is the most
diverse, displaying sympatric differentiation artb@atric speciation, as well, in the western andtkern
Himalaya (from Kashmir to eastern Nepal and Sikkws) south-western and western China (Sichuan,
Yunnan, Gansu). These taxa are characterised Ipattly sympatric occurrence of a “small” and adiel
species. The western Himalay@n(M.) cultaandP. (M.) kiscultaand the Chinesk. (M.) dysgnorimandP.
(M.) metagnorimawin species show this remarkable duality, withatcly recognisable differences in the
genitalia of both sexes, too. The two Chinese ggem@mained undescribed until yet due to theirreate
similarity toP. (M.) ignorataandP. (M.) subviolaceaThe allopatric differentiation in the populatiooisthe
kalikotetr and thesubviolacedineages resulted in a smaller morphological djeece which was considered
here as subspeciation (Varga et al. 2018).

The closest related lineage bfetallopolia is the praecipua-sublimis-minaspecies-group, described as
Protopolia subgen. n. (Varga et al. 2017). The differentiadreloters are as follows: 1) male antenna of
Metallopoliais broadly bipectinated, even the pectination efkalikotetline is remarkably longer than in
Protopolia 2) in Metallopolia the saccular processes are much longer and mgeranerical, with
differentiated setose areas whildProtopoliathe saccular processes are shorter and symmettbatimple,
unspecialised setose areas; 3) the ampulla is alosdythe basal plate of the harpe (clasperjesent, while

in Protopolia (and in other lineages &folia) a variably shaped ampulla is present; 4Mietallopoliathe
vesica is longer, tubular and basally curved, vatige subbasal diverticulum and with long, mordesis
twisted cornuti field while the vesica Bfotopoliais similar toPolia s.str, shorter and broader tubular, shortly
recurved, with short and weak spinulose field;ig) ductus bursae and the antrum are fused inte@gsed
and flattened tube; 6) the appendix bursae is noicger than in the main groups Bblia (except the
subcontigua and themortualineages), long, sausage-shaped or coiled andllydsasted, with long
sclerotised basal-subbasal crests, while it idaauical or semiglobular structure in the subgdtnagopolia
The widely distributed Holarctic subgeni®lia Ochsenheimer, 1816 s. str. is most strongly diffeated
from all other subgenera Bblia, characterised by the asymmetrical male genifadwaa, combined with the
co-evolved simplification of vesica and appendixdae, respectively, and by the presence of allapatr
Nearctic-Palaearctic species pairs (Varga et dl920020).

The coherence of the externally rather divétgepolia mortua—Polia hepatica—P. griseifusa—Pbsantigua
complex is morphologically strongly supported (Figs7). These species are also characterised by the
plesiomorphic, symmetrical character state of walwathout differentiation of saccular bristles, iasthe
widespreadP. hepaticaandP. subcontiguaor the reduction of saccular bristles in the W&sihese endemic
P. griseifusaFurthermoreP. hepaticaalso shows a helicoidal configuration of the lotdpular vesica, and,
in female, the co-adapted sausage-shaped appamdixeh These traits are present in somewhat siforar
also in some other genera of Poliina ldaderonia, Ctenoceratodarricheurois which share also the
plesiomorphic symmetrical shape of the genital gbgpslt is worth to note that an extreme form o th
helicoidal configuration of vesica is present ie thther widespread speci®s,subcontiguacombined with
the reduction of the subterminal fascia of corasta unical derived character.

The saccular processes are relatively short antbwuiitwell differentiated tufts of bristles in thgternally
distinct specie®. subcontigua, P. hepati@ndP. griseifusaFig. 8, left columne)in all other species, there



are some trends in the asymmetrisation of the @glerapsule and — as a trade-off — in the simplifoceof the
vesica. The saccular processes are more elongat@afearing a brush of stronger bristles onlyheneft
side in the arctic-boreal species groBplamuta, P. richardsorandP. rogenhoferi{Fig. 8, right columne)
This “triplet” of species is also strongly suppakrtan the genital morphological trees (Figs. 6-7).
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Fig. 6. Consensus tree of Poliina based on discreteacters of the male genitalia

% P. cherrug
Tree scale: 0.1 +—————f P. sagittigera
0.4950 0.4175 M. culta
0.6014 M. subviolacea
0.2749 M: M. kalikotei
M. metagnorima
0.2292 A. mortua
0.3433 —1 P. hepatica
0.2369 P. griseifusa
{ P. subcontigua
0.0851 P. atrax
0.0640 0.4087 P. tiefi
0.4735 P. propodea
0.2742 { P. vesperugo
0.3150 P. bombycina
0.7347 P. purpurissata
0.3860 M‘——‘—‘: P. nugatis
P. malchani
0.6229 P. lamuta
0.2378 0-7905’—: P. richardsoni
— | P. rogenhoferi
0.8965—— P. praecipua
L P sublimis
02736 P. discalis
% P. nimbosa
0.4432 P. piniae
0.1942 P. goliath
0.6034 01385]—: P nebulosa
0.3318 | Fiama
P. imbrifera
P. serratilinea

Fig. 7. Consensus tree of Poliina based on discheteacters of male and female genitalia



The diverse “Siberian” species group seems to dseb} allied to the former species since they hbee a
bundle of strong bristles only on the left saccplarcess and the bristles on the left side ardlifferentiated
into two tufts (Fig. 8, right column). The processee, however, more differentiated in the specfahis
group, i.e. these are often more or less spat(fatéefi, P. vespertilipor obtuse R. malchanj on the left
side, and the terminal part of the right processsha moderate trend of bifurcatidd. vesperugo, P. tigfi
This character is also present in the North AmerRapropodeavhich appears as a strongly supported sister
species oP. vesperugd@Figs. 6-7). The bifurcation of the terminal paftloe right process is manifested in
extreme form in the externally dissimilar serratilinea characterised also by a subdivision of bristieshe

left process.

Fig. 8. Symmetrical (left columne) vs. secondaaidymmetrical (right columne) genital capsuldofia species
(from Varga et al. 2020)
Figs 5-10. Male genital capsula of Polia species: 5 = Polia subcontigua (Eversmann, 1852),
slide no. VZ9175, Kirghisia, 6 = P. hepatica (Clerck, 1759), slide no. RL12396, Mongolia, 7 =
P. griseifusa (Draudt, 1950), slide no. VZ9523, China, Sichuan, 8 = P. lamuta (Herz, 1903),
slide no. VZ8266, Sweden, 9 = P. richardsoni (Curtis, 1835), slide no. RL.12012, Greenland, 10
= P. rogenhoferi (Mdschler, 1870), slide no. VZ8970, North America

The former boreo-montane group is closely alliethwine Holarctid®. bombycindtriplet” of species. The
monophyly of the Trans-Palaearctic, polytygtc bombycinaand its Nearctic sister species-péi,
purpurissataand P. nugatisis also strongly supported (Figs. 6-7). These ggeshow certain trends of
subdivision of bristles into two tufts on the |sticcular process and also the appearance of soomgest
bristles on the right side, mostly B. purpurissata less inP. nugatis,and rather variably in different
subspecies dP. bombycina

The trifid brush organ (TBO) is generally presdfig( 2.), both in the morphologically “basal” graugs in
all Metallopolia species but also in certaifolia s. str. taxa aP. hepatica, P. subcontigud@hey are also
present in the species of the other species grouis,some exceptions, e.B. malchaniin the Siberian
group, in the Eurasiatic mountain steppicserratilinea and also in three not closely related specigbef
nebulosagroup, i.e in the Central Asiatie. lamaand in the North AmericaR. nimbosandP. imbrifera.



The configuration of the female genitalia is ratbharform. Papillae anales are usually weakly stised,
rounded or obtuse, never acute. The whole antruntasllbursae—corpus bursae+appendix bursae apparatus
is co-adapted to the elongated aedeagus and edohgadiular vesica. Ductus bursae is the shortesten
arctic-boreal specieB. richardsoni, P. lamutandP. rogenhoferi and the longest, with mostly extended,
funnel shaped antrum is present in the supposedistiynderivedP. nebulosagroup. Unfortunately, in
presence vs. absence of signa we could find nagkyletic trend since the presence vs. reductitimsfrait

was rather eclectic in the different species graaps in closely related species, as well. Certaigree of
variations was also observed even within one sisgkcies, in accordance with the previous findiofys

McCabe (1980).

Concerning the genital structures of both sexesthaP. nebulosagroup proved to be the most homogenous
group (Figs. 6-7) in which all species show a peréeparation of bristles on the left process amsubbasal
and terminal group, and the appearance of a subbesap of bristles on the right side. The vesisa i
characterised in this group by the presence ofbdasal and a medial diverticula. The distinctndsthis
group was already indicated by CO1 data (Zahial.€2014; Varga et al. 2020; Fig. 9.).
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Fig. 9. Consensus tree constructed from the puddidtorth American, Central and North European Cata d
and the known gene bank sequenéasr{Bank, http://ncbi.nim.nih.gov/

According to the survey of the CO1 gene our resmdtsbe summarised as follows. SiReehetra sagittigera
andPolia mortuaappear as outgroup Bblia s.str., the subgenit®lia can be considered as a monophyletic
taxonomic unit (Fig. 9.). WithirPolia the basal split was observed betweennisleulosaspecies group and
the rest ofPolia s.str, in full agreement with our morphological anatysind with the earlier traditional
taxonomic and molecular works (Heydemann 1944; MbeCED80; Zahiri et al. 2014). In thebulosagroup
the Eurasiati®. nebulosaeems to be the sister group of all Nearctic gganiwhichP. imbriferais separated
from the other three species with a high support.
In the other group of specielB, hepaticahas shown the basal split which is plausible atsm@ling the
plesiomorphic characters of the genital capsulethadchelicoidal configuration of the long, tubulaesica
(see also Figs. 6-7. and 9.). The other speciesudndivided into two main groups: the mostly bo(&aberian)
and Arctic species as opposed to the speciesttopkae temperate Holarctle. bombycinagroup which is
also well founded both on the morphological chamacand geographical distribution of species. imghoup

P. purpurissataand P. nugatisare well differentiated sister species as oppdseithe widely distributed
EurasiaticP. bombycinaIn the Boreo-Arctic group the species tripket lamuta+ (P. richardsoni+ P.
rogenhofer) is clearly separated from th& propodea-P. vesperugspecies pair. However, the Siberian
species which are close to the latter grdrtiefi, P. vespertilio, P. malchgnmiemained unconsidered due to
lack of the available barcode sequences.

Discussion and Answers

Based on the genital morphological characters fiogtr statement was th#&tolia s.str., other subgenera as
Metallopolia, AtropoliaandProtopolia but alsoPachetratogether are forming a higher monophyletic unit
(Figs. 6-7). This result was also supported byGkH tree in some extent. According to CO1 data,dvan
PachetraandAtropoliaappear as outgroup Bbolia s. str. which latter proved to be monophyleticughour
first question whethdpolia s.str. should be considered as a monophyletic taranunit was answered.
Within this group we have found a basal split betwéheP. nebulosaspecies group as opposed to all other
species groups dPolia s.str. Although the monophyly of tHe nebulosagroup was fully supported, the
subdivision of the other species groups appeabe tmore complicated. While the basal spliPohepatica



was shown with a rather low support due to its sphesiomorphic traits (symmetry of saccular proesss
long tubular and helicoidal vesica), some othercssegroups seem to be strictly monophyletic. Thostm
closely relationship was found in the — possiblystmecently differentiated — Holarctic Arcto-alpispecies
“triplet” P. richardsoni— P. rogenhoferi — P. lamutan concordance with the published traditional piar-
taxonomic (Heydemann 1944, McCabe 1980) and COHir(£= al. 2014) results. We also could confirra th
monophyly of the Holarctic-tempera®e bombycinagroup with high support, in which the polytypicahs-
Palearctid®. bombycinaan be opposed to the Nearctic sibling paipurpurissata — P. nugatis

The genital morphological trees have shown the saemgls with the basic difference, however, that th
strictly monophyletid®. nebulosegroup appears to be the counterpart of all oftwdia subgenera andolia
s.str. species groups. Although we did not weigbtdharacters, some seemingly autapomorphic cleasact
of thenebulosagroup aqi) the into two groups differentiated tufts of brestlon the left saccular procegs,
the reduction of the right saccular process @iidthe elongate ductus bursae with funnel-shapedimantr
could cause some imbalance in the trees. In addiBome former taxonomic statements were strongly
confirmed as(i) the taxonomic position ofPolia” cherrug as Pachetra as member of the “western”
phylogenetic group, sensu Heydemann (1944)(anthe monophyly of the Sino-Himalay&netallopolia
The morphological analysis also strongly suppottedclose relationship of the West Chinese repeicges
P. atraxwith the southern Siberian mountain speegiefi andP. vespertiliobut also with the Holarctic
boreal sibling paiP. vesperuge-P. propodeaThis diverse group of species is closely reldetth to theP.
bombycinagroup, but also to the Arctic-Boreal “triplet” speciesk. rogenhoferi, P. richardsoni, P. lamyta
which already was predicted by Heydem#&h®44). All these species groups show the sams,deseme
type of asymmetry of saccular processes with desioigish of bristles on the left side.

The bilateral symmetry of the male genital capsds considered as a plesiomorphic but also ratimaplex
trait. It includes the symmetry vs. asymmetry desatised parts, e.g. of the dilated clavus butttydke
shape of the saccular processes, on the one sgith@symmetry vs. asymmetry of bundles of bigsbie the
saccular processes, on the other side. While ffexeltiation of the brushes of fixed bristles egesrtypically
on the left side, the dilatation or bifurcation daa@iso the reduction) of the distal part of saacplacesses
usually appears on the right side (see Varga & Bgr#013). Both trends of asymmetry were observed in
different groups of species, however, mostly exggdsn theP. nebulosagroup. This group proved to be
monophyletic based on the genital morphologicatattars of both sexes (Figs. 6-7.) but stronglypsuigd
also according to the CO1 sequence (Fig. 9.). Gluap was already predicted (McCabe 1980) and tcen
shown (Zahiri et al. 2014) as the sister grouplladther North AmericarPolia.

We could confirm the hypothesized trade-off betwé®ss genital capsule and the vesica. In genera with
relatively simple, symmetrical genital capsuléafleronia, Tricheurois, Ctenoceratodee regularly have
observed more complicated, helicoidal structuresesica, combined with co-evolved “lock” structuis
female genitalia (sclerotised subgenital plateerstised long ductus burse and tubular appendisda)r
Oppositely, the sophisticated, asymmetrical capsutegularly combined with some simplificationstbé
vesica, e.g. in the arctic-boreal species groupadif, or the loss of the fasciculate cornutHnsubcontigua
(combined with the autapomorphic helicoid shapeesica), or the reduction of the medio-lateral dicala

in P. serratilinea.A widespread plesiomorphic character is the presefidche abdominal brush organ of
males which can be reduced in several indepen@esetsdn not closely related species and speciepgas
homoplasy. Completely similar situation was alreddgcribed in the closely related geritenoceratoda
(Varga et al. 2017) but also in the phylogenetycdistantApamea zetgroup (Noctuinae, Apameini; see:
Zilli et al. 2009).

Phylogenetic biogeographical considerations

The genera of Poliina are either HolarctiRolja Ochsenheimer, 1816) or only Eurasiatic with cewtre
diversity in the monsoonic mountainous areas otls&astern Asia (Himalayan — Sino-Tibetan faunpk)y
The genudolia (and the subgenu®olia) obviously had an Eurasiatic origin since all elgsrelated genera
sharing the plesiomorphic, nearly symmetrical gdraapsule (Varga et al. 2017) are South-East Riiea
(HaderoniaStaudinger, 1896TricheuroisHampson, 1905) or Central AsiatiCtenoceratodd/arga, 1992).
The great majority oPolia taxa are also East Palearctic, including the mesntfethe recently separated and
described subgene#fdropolia, MetallopoliaandProtopolia(Varga et al. 2017). Twenty-six speciesPalia
are present in Eurasia and thirteen species irhNarierica; from them only one is a Holarctic, cimguolar
speciesP. richardson). Further genera of the subtribe are exclusivela®arctic, the most diverse genus is
Ctenoceratodavith more than thirty, mostly Central Asiatic spesi



The next step is the analysis of the biogeograpbaanections of the outlined phylogenetic subdonsOne

of the main questions was, which are the exclugi?elaearctic species and species groups, and \ahéch
those species groups in which Palaearctic-Neaotimections can be observed. We concluded that the
highest species diversity Bblia is typical for the boreo-temperate zone of eadkenasia, and most species
are typical for the montane taiga belt of southeitreria (mostly Altai and Sayan mountain syster8sme

of these species, however,Rssubcontigua, P. malchani, P. vespertilbiacur also in the Southern Urals.
There are three species connected with arctic aafpime habitats. Only one polytypic speciestichardsoni
has a more or less disrupted Holarctic rangeidtersspecieP. lamutaalso shows a long-distance disjunction,
it has an arctic-subarctic range in Northern Eur@felamuta rangnowiand mountain tundral (“goltsy”)
occurrences from Buryatia to Yakuti. (amuta lamuta The Nearctid. rogenhoferoccurs from the Rocky
Mountains to Labrador with a seemingly huge hiatube boreal coniferous forest zone (see: McCa89)1L
The disjunctions of these ranges are obviously ltesof a late-glacial, postglacial regression and
fragmentation due to the expansion of the Holatetiga belt.

A Trans-Beringian disjunction was observed alsthim possibly sister species pRiolia propodeaandP.
vesperugoWhile the former species is relatively rare aadognised relatively late (described by McCabe,
1980), its Palaearctic counterpart has a huge toligply scattered range from Northern Fennoscandize
Russian Far East and is subdivided to at leaseé tlarger population groups described as subspésees
Appendix 1). However, the bulk of the mountain gafgunal complexR. tiefi, P. vespertilio, P. malchgni
and also the mountain stepjic serratilineadid not reach Beringia. It means that they coutlre allied to
the so-called mammoth steppe faunal assemblagep&aorg the distribution of the boreal forest arepgic,

vs. the arctic-subarctic tundral species of songhlizidiverse genera, agestias.l. (includingPachnobia,
Anomogyna, Schoeyenia, Estimata, RajideaAnarta s.I. (including Coranarta, Hadula, Calocestra,
Cardiestra, Aglossestjawe can conclude that the faunal complexes astatwith taiga, boreo-montane
forests and steppe (prairie) habitats show onlgceodata of occurrence in Beringia, which refeoraerning
this biogeographical group — only on a limited exagpe during the Upper Pleistocene between the Nearc
and Palaearctic. In tundral habitats, in contithstie are abundant data on Trans-Beringian fawthlamges
(Lafontaine & Wood 1988; Mikkola et al. 1991).

Two other species groupsBblia have Holarctic distribution and show more ancggiits. The three species
of theP. bombycinagroup are clearly differentiated with high suppooth from the former species groups
and from each other, as well, and also have siegatrhspecific variation within their fairly widgkextended
ranges. All these fact suggest that the ancestbedflearctic sister species had crossed Beringiaelatively
early temperate phase of the Upper Tertiary andeaxurently should have had enough time for divergenc
and geographical differentiation.

The CO1 dendrogram shows that the oldest Transi§ian wave was most probably connected with the
ancestor of the Nearctic species of thenebulosagroup, however. We have multiple evidence for this
postulate as follows:

First: there is a considerable differentiation among\aitdin the Eurasiatic specieRolia goliath,described
originally as ‘Dichonid’, and its sister specidd. giganteasp.n. strikingly differ externally from all other
known Polia species. The major geographical population gr¢ipgoliath Russian Far East + Japan and
Korea, P. gigantea mountains of West China: Sichuan, Shaanxi, anvd@ are clearly differentiated,
especially the nominotypie. giganteagiganteaoccurring in Taiwan. AlthougR. nebulosandP. lamaare
externally rather similar, both species have autagphies, like the dentate crest on the left sarquiocess

in P. nebuloseaor the reduction of the abdominal brush orgaf.ifama Furthermore, both species show
mentionable intraspecific geographical differembiat(Varga et al. 2019).

Secondthere is a highly supported deep split betwieenebulosand all North American species despite the
external similarity with some Nearctic speciesRasdiscalisand P. piniae. These species represent an
obviously monophyletic lineage shown already byidagt al. (2014).

Third: there is a considerable differentiation amongfthe Nearctic species, with highest support betwee
P. imbriferaand the other three species. The most recentatjmecstep was shown between the allopatric
sister specieB. discalisandP. piniae.However, all these specific splits have very plbpare-glacial origin
due to the strong differentiation of the COl1gene.

All these evidence support our hypothesis that 4B@ringian migrations should have occurred at likaise
times in the zoogeographical historyRiflia.



Conclusions

At first we had to answer some questions omptindogenetic evaluation of morphological traits

» Itis a common sense that the original form ofgh@ed male external genital appendages (modified
gonopodia) is a bilaterally symmetrical one. Thas he reference to Poliina noctuid moths, as well.
We have found that the supposedly ancestral bédyesymmetrical form of genital capsule is
preservedi) in oligotypic genera/subgenera gnilin taxonomically isolated species of highly diverse
genera. Both are geographically restricted to the-Elimalayan area which is known as one of the
main core areas of biodiversity not only in Eurdsidalso globally (e.g. Myers et al. 2000; Boudfor
2014).

» Therefore, we consider the secondary asymmetrgwoitgl capsule represents an evolutionary trend,
expressed in different traits, as the dyssymmeimisaf the shape of the clavus and of the saccular
processes, and as the asymmetrical modificatiafsl{gision vs. reduction) of the specialised brisshe
on the saccular processes. Since these parts idelpdtinction — mechanically or sensory — in the
copulation, thus we have accepted that the tremdyhmetrisation was subjected to sexual selection.

» We also observed that some, mostly reductive clsaoge independently occur in species or species
groups of different genera. Since the paired &ifanush organl(BO, Zilli & Di Giulio 1996) is known
as plesiomorphy in noctuid moths, we surveyeddtsiorence and phylogenetic significance in Poliina
genera. We have found that this trait is nearlyhout exception (*one pair of species) present in
genera/subgenera which are restricted to the Simaldyan core areal(icheurois, Haderonia*,
Polia subg.Metallopolia, Atropolig but occur also in the most diverse genétanoceratodaand
Polia. In Ctenoceratodave characterised the species groups (details:fianic Atlas Noctuinae 111.)
by presence vs reduction of this trait; whiléPiolia the picture is more fuzzy, from presence-absence
in Palaearctic and Nearctic species pairs oPtheebulosaroup (details: Taxonomic Atlas Noctuinae
lll.) to the trend of reduction in the western suéxsges of the Trans-Palaearctic speBiebombycina
Some other morphological reductions do not showaegr phylogenetic pattern, as the reduction of
diverticula of vesica in males (it occurs indeparttjein different species groups €fblia), or the
reduction or the change in shape and number ofsigfemale genitalia (nearly in all genera).

We also answered some questions on the phylogehgeoygraphical history of Poliina aRalia s.str. using
the combination of traditional morphological andlewnlar phylogenetic methods.

» The analysis of genital morphological traits anel @01 sequence data have shown that ther@)are
well defined species groups afijl sister species relations in the most widely disted and diverse
genusPolia and subgPolia. The CO1 sequences have confirmed that sBbta is monophyletic,
although it was already shown by Zahiri et al. @0fbr the Nearctic species only.

» Moreover, a basic split was shown betweerRtheebulosagroup and all other species group®ofia
s.str. The latter diverse complex of species consisthree isolated species without any close
relationship; while the others were subdiviggdnto a morphologically isolated (extreme asymmetry
in male genitalia) polytypic steppic speci€s Eerratilineg, (ii) into a Holarctic species tripleP(
bombycinagroup) in which the Nearctic sibling species psiforming the sister group of the trans-
Palaearctic polytypic species, and (iii) a Boreatfr species complex, subdivided) {nto a trans-
Palaearctic boreo-temperate, mostly East Palaedf&8iberian”) group of speciesj)( into a boreo-
montane PalaearctiP(vesperugpvs NearcticlP. propodeaspecies pair, ang)(into a circum-Arctic
Holarctic triplet of species.

» Our last conclusion concern the geographical hystbPolia. Multiple evidence, but mostly the CO1
tree, supports that the Trans-Beringian migratisimsuld have occurred at least three times in the
zoogeographical history d?olia, at first in theP. nebulosagroup (according to CO1 the common
ancestor oP. nebulosand the North American species), later the comaraestor oP. bombycina
and the North American species pair, and most tBgeaturing the allopatric speciation procesgof
vesperugo/P. propodea.

According to our resultare could confirm all these regularities which wereriginally hypothesised

% The biogeographically most restricted, moderatelyerde Sino-Himalayan generblgderoniaand
Tricheuroig are proved to represent the phylogenetically ranstent groups which have the original
bilaterally symmetrical form of the male genitapsale but also with autapomorphic traits at generic
and species group levels (in terminal parts of aaland in variations of the tubular vesica with
fasciculate cornuti).



% We could show that the core area of the genericsprdies (i.e. phylogenetic) diversity overlapshwit
the range of the phylogenetically relict-like SiHomalyan groupsHaderonia, Tricheuroisand the
Polia subgenerd:euconephropolia, Metallopolia, Atropoli@and Protopolia) which are forming the
basal splits morphologically and according to teguences of the barcode gene (COL1).

% In the two most diverse genePRwolia vs Ctenoceratodave could demonstrate that there are two
divergent trends of change originating from thexteifally symmetrical structuregt) the enhanced
complexity of external genitalia connected with@®tary asymmetrisation of the functionally active
parts (clasping, stimulation, sensual function)inbmed with less complexe structures of inner
genitalia, i.e. there is a trade-off in the compleaf external vs. internal genital{f) the simplification
of genital capsula is combined with sophisticatidrihe internal genitalia in both sexes: i.e. thisre
an other trade-off in the complexity of external wgernal genitalia.

+ Additionally it was shown that these widely distribd gener&olia vs. Ctenoceratodanot only have
this basic two types of trade-offs, but they alswéhantagonistic biogeographic trends. The first is
mostly distributed in Holarctic arboreal zonobiomekile the latter in Central and Inner Asiaticdari
orobiomes and eremic habitats.

+ The most diverse gener@tenoceratodpand subgeneraflia s.str.) were subdivided into strictly
monophyletic species groups (see the congruenceée afenital morphological and CO1 trees, Figs.
6-7. and 9.). Within these species groups or palgs, the speciation proceeded basically by altapa
segregation, after the expansion crossing someb&(see e.g. the. bombycinand theP. nebulosa
Holarctic species groups). Therefore the mostlwedrforms of these diverse genera/subgenera occur
at the peripheries of the genus’ range of distrdout

As we explain in th&®esultsandDiscussionwe could fully confirm these main expectations.

Last not least: we produced a monographic bookesuibtribe Polia in frames of the book serfesxonomic
Atlas of Eurasiatic and North African Noctuoidea, \Vol. 11., Noctuinae Ill. ISBN 978-615-5279-09-6

Present survey was financially supported by thel&6D4 grant of the National Foundation of Research,
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Programme DE-TAF-6708 (Z. Varga); GB-TAF-2644, DEF3514 and AT-TAF-5609 (G. Ronkay); GB-
TAF-2656, FR-TAF-562 and SE-TAF-6919 (Stockholm) Ronkay).
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