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The theories for the predominance of sexual reproduction predict that parthenogens
should have no long-term evolutionary potential due to the lack of genetic recombi-
nation, despite short term advantages. Although parthenogenesis is rare among high
order animals, true parthenogens can be found in various taxa. The intriguing question
of the proliferation and persistence of parthenogenetic species needs investigation.
An ideal species for such research is a parthenogenetic moth Dahlica fennicella that
appears to be as equally successful as other coexisting sexual species. We investigated
whether high ploidy level of D. fennicella is due to hybridization between closely
related sexual species. The results from flow cytometry measurements confirmed that
D. fennicella is exclusively tetraploid whereas all sexual species of the genera Dahlica
and Siederia are diploid. Our phylogenetic results showed the non-hybrid origin of the
parthenogenetic D. fennicella in this group of Lepidoptera. Most likely, the partheno-
genetic D. fennicella originated by autopolyploidization of D. lazuri, which is one of
its closely related sexual species. We suggest that the apparent evolutionary success
of D. fennicella might be due to polyploidy that could mask deleterious mutations and
provide greater levels of genetic variation.

Introduction

Sexual reproduction is usually regarded as the
primary mechanism underlying an organism’s
ability to adapt and evolve. Sex purportedly
carries many advantages, such as genetic vari-
ability through recombination and helps to elimi-
nate deleterious mutations (Muller 1964, Birky

1999, Rice & Friberg 2009). Despite its benefits,
sexual reproduction carries costs that include the
effort to find a suitable mate, exposure to preda-
tors during mating, disease transmission and the
production of males (Crow 1999). Consider-
ing the advantages of sexual reproduction, the
absence of sex in parthenogenetic species makes
them appear to be evolutionary dead-ends (White
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1973, Bell 1982). Nonetheless, parthenogenetic
reproduction could be regarded as beneficial
because there are no apparent costs, and females
transmit their entire genome (Fournier & Aron
2009). Moreover, a wide variety of cytologi-
cal mechanisms are involved in parthenogenetic
reproduction. For instance, automictic partheno-
genesis promotes genetic variation by retaining
meiosis (e.g. stick insects Bacillus withei and B.
lynceorum) (Scali 2009). Alternative reproduc-
ing mechanisms might be an underlying reason
for the apparent success of some parthenogenetic
species that proliferate nowadays, such as bdel-
loid rotifers (Mark Welch & Meselson 1998),
aphids (Blackman et al. 2000), and stick insects
(Schwander & Crespi 2009).

In insects, parthenogenetic lineages can orig-
inate by several mechanisms, such as muta-
tions in genes that regulate sexual reproduction
(Simon et al. 2003), or transmission of asexual
genes (e.g. by parthenogenetically produced
males in Daphnia pulex) (Innes & Hebert 1988).
Bacterial infections by Wolbachia (Weeks et al.
2001) and Cardinium (Provencher et al. 2005)
can also induce parthenogenesis. However, the
most common route to parthenogenesis is by
hybridization, which often leads to allopoly-
ploidy (Foighil & Smith 1995, Delmotte et al.
2003, Johnson 2006, Shinohara et al. 2010).

Polyploidy and parthenogenetic reproduction
are usually correlated (Suomalainen et al. 1987,
Asker & Jerling 1992). A polyploid state can also
be generated by autopolyploidization as a conse-
quence of mitotic or meiotic failure of cell divi-
sion (Otto & Whitton 2000). High ploidy levels
can be beneficial, especially for parthenogenetic
species because polyploidy can allow genetic
variation. Polyploids can be more vigorous than
their diploid parents (heterosis) and can mask
the deleterious effects of mutations due to gene
redundancy. Some other advantages of poly-
ploidy include adaptations to extreme habitats
and new environments (Seiler 1961, Stenberg &
Lundmark 2004, Schurko et al. 2009) and a way
to promote evolutionary novelty (Otto & Whit-
ton 2000, Mable 2004). However, polyploidy
includes some disadvantages such as disrupting
effects of cell and nuclear enlargement, produc-
tion of aneuploid cells and epigenetic instability
(Comai 2005).

Despite the apparent link between partheno-
genesis and polyploidy, few systems are suitable
to examine different hypotheses about the role
of polyploidy in the absence of sex. We focus on
Finnish bagworm moths from the tribe Dahlicini
(Lepidoptera: Psychidae), which occur in forest
habitats. The tribe Dahlicini includes the genera
Dahlica and Siederia (Bengtsson et al. 2008).
According to Sobczyk (2011) the genus Dahlica
comprises 46 described species with a Palaeartic
distribution. On the other hand, the genus Sie-
deria is distributed in Palaearctic and Nearctic
with 17 described species. In Finland, the genus
Dabhlica is represented by D. charlottae, D. fen-
nicella, D. lazuri, D. lichenella and D. triquet-
rella. In contrast, the genus Siederia includes
S. listerella, S. rupicolella and S. cembrella.
Bagworm moths are an interesting system to
study alternative reproductive strategies because
parthenogenetic moths appear to be as successful
as coexisting sexual species.

In our study, we evaluated possible proc-
esses that might have contributed to the origin of
parthenogenesis within the Naryciinae in central
Finland. We included five sexual species (Dahl-
ica charlottae, D. lazuri, D. lichenella, Sideria
listerella and S. rupicolella), and two parthe-
nogenetic species (D. fennicella and D. triquet-
rella) all occurring in central Finland.

Here, we focus on the origin of parthenogen-
esis and the implications of high ploidy levels
in D. fennicella, a parthenogenetic bagworm
moth. Recent evidence shows unexpected signs
of genetic variability occurring in some of the
parthenogenetic species of moths (Chevasco et
al. 2012). Previous studies suggested that par-
thenogenesis evolved several times: for example,
it was suggested that parthenogenetic species
evolved independently from different sexual
ancestors (Grapputo et al. 2005), although this
evidence was not conclusive as it was based
only on mitochondrial DNA. The processes and
causes that generate and maintain parthenoge-
netic reproduction in bagworm moths currently
remain unclear. Conclusive evidence about a
hybrid or autopolyploid origin of parthenogen-
esis is still lacking for the group due to lim-
ited knowledge about ploidy levels and genome
sizes in both parthenogenetic and sexual species.
Specifically, we ask whether parthenogenetic
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reproduction has originated by (i) hybridiza-
tion events between two sexual species, or (ii)
through whole genome duplication (autopoly-
ploidization) of a related sexual species. To find
the answer, we employ an approach consisting of
the analysis of ploidy levels and genome sizes of
parthenogenetic and sexual species and phylo-
genetic reconstruction using mitochondrial and
nuclear genes.

Material and methods
Bagworm moth species and sampling

Bagworm moths (Lepidoptera: Psychidae)
comprise a taxonomically diverse group with a
worldwide distribution (Rhainds et al. 2009). In
Finland, the species of the subfamily Naryciinae
occur in forest habitats where both sexual and
parthenogenetic species coexist (Kumpulainen
et al. 2004, Elzinga et al. 2011). Their common
name makes reference to the fact that the larvae
live and complete their development in a self-
enclosing case made of forest debris (Rhainds et
al.2009).

Last instar larvae were collected in early
March of the years 2007 to 2011 by setting tape
traps around tree trunks in areas around the
city of Jyviskyld (for details refer to Elzinga
et al. 2011). We also included some D. fenni-
cella individuals from Estonia to compare them
with the Finnish specimens. Larvae were kept
in individual containers simulating field condi-
tions (10-20 °C with 85% humidity) until adults
hatched.

We initially divided emerged adults based on
reproductive strategy. Adults were kept at 4 °C
for a maximum of two-three days prior to flow-
cytometry analysis.

Flow cytometry

Flow cytometry measurements were conducted
in order to determine ploidy levels and genome
sizes of parthenogenetic and sexual bagworm
moths. Only young living specimens were suit-
able for this technique. Each individual was
cut in half, so that the head and a part of the
thorax could be immediately processed for flow
cytometry. Preliminary measurements conducted
in 2008 showed that the head and a part of the
thorax gave clearer flow-cytometry results than
other tissue. The remaining body along with
individuals not used in the flow-cytometry meas-
urements were preserved in 99% ethanol at 4 °C
until DNA was extracted.

The individuals collected in 2008 were ana-
lyzed at the Swiss Federal Institute of Aquatic
Science and Technology (EAWAG). Specimens
collected in 2009, 2010 and 2011 were tested
at the University of Jyviskyld, in Finland. We
included five sexual and two parthenogenetic
species (Table 1). Sample size variation was due
to the difficulty of accurate species identification
based on morphology, as the only way to dis-
criminate the species is based on DNA barcod-
ing (V. Chevasco unpubl. data). Consequently,
specimens had to be analyzed prior to knowing
their species — i.e. before the DNA analyses —
because we needed fresh tissue.

Table 1. Genome size (C values; mean + SE) for different species of bagworm moths. The values of “relative DNA”
were obtained without taking into account the value of the genome size of D. melanogaster.

Species n Relative DNA* Genome size (pg) Genome size (Mb)
Sexual

D. charlottae 151 1.77 £0.012 0.32 +0.001 309.51 £1.23

D. lichenella 62 2.21 £0.01° 0.40 +0.002 386.29 +2.26

S. listerella 31 2.10 £0.01° 0.38 +0.002 366.55 +2.62

S. rupicolella 45 1.87 +£0.01¢ 0.34 +0.002 326.54 +1.69

D. lazuri 43 2.10 £0.02° 0.38 +0.003 366.81 + 3.81
Parthenogenetic

D. fennicella 60 4.03 +0.03¢ 0.73 +0.005 706.12 + 4.53

D. triquetrella 12 4.00 +0.06° 0.72 +£0.01 701.13 +10.85

* values marked with the same letters do not differ statistically (Dunnett’s post-hoc test or an independent t-test).
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Tissues were stained with the CyStain PI
absolute T kit from Partec (Muenster, Germany)
according to the manufacturer’s instructions. We
used heads of Drosophila melanogaster (Oregon-
R strain) females as the size standard of known
genome size. We first placed the head and a part
of the abdomen of each moth in 200 u1 of CyStain
extraction buffer. Next, we added a head of D.
melanogaster and ground the tissues with a tissue
grinder. This solution was incubated at room tem-
perature for 10 minutes. In Jyviskylid, the stand-
ard of known genome size was prepared sepa-
rately: the head of a D. melanogaster female was
placed in 200 p1 of CyStain extraction buffer, and
the tissue was homogenized with a tissue grinder.
We then added 40 pl of the D. melanogaster
solution to each moth sample. The samples were
incubated at room temperature for 10 minutes. In
order to reduce clumps in the solution, we placed
each individual sample in a sonicator (ultrasonic
cleaner Branson 200) for 2 minutes.

In both Finland and Switzerland, the result-
ing solution was filtered through 30 uym Partec
CellTrics filters. At EAWAG, we added 800 pl
of CyStain staining buffer that contained RNAse.
Samples were incubated in the dark for at least
40 minutes prior to each measurement. We used
the FL3 channel to asses PI fluorescence (DNA
content) in a Partec Ploidy Analyzer PA-II. For
all the runs, the machine was calibrated using a
few ul of the solution that contained a head of
D. melanogaster, prepared in the same way as
the moth samples. The gain of the FL3 laser was
adjusted so that the D. melanogaster peak was
always located at a 150 units. Each sample was
run until it reached a count of 10 000 events. In
Jyviskyld, we added 400 pl of CyStain staining
buffer with RNAse to each sample. Subsequently,
each sample was incubated in the dark for 40-60
minutes before each measurement. We used the
FL2-H channel to asses PI fluorescence (DNA
content) in a FACSCalibur Flow Cytometer. We
adjusted the gain so that the standard peak was
always centered at 100 FL2-H units. Each sample
was run until it reached a count of 30 000 events.

Data analysis

The output files from the flow cytometry meas-

urements (FCS files) were exported as text
using WinMDI ver. 2.9 (Joseph Trotter, The
Scripps Institute, La Jolla, CA) and pasted to an
MSE-xcel (ver. 14) sheet. We then calculated the
mean fluorescence from the standard (D. mela-
nogaster) and the moth-sample 2C (diploid) or
4C (tetraploid) peak (in FL3 units for 2008 and
FL2H units for 2009, 2010 and 2011). In order
to combine the two sets of the data, we increased
the number of channels in the spreadsheet for the
samples that were analyzed at the EAWAG. The
sample (moth) and standard D. melanogaster
peaks were confined by establishing their range,
cutoff range and cutoff point. The mean of the
peaks of interest was calculated by avoiding cell
clumps and debris.

The DNA content for each moth species was
calculated according to Tsutsui et al. (2008) as
the ratio between the mean fluorescence 2C or
4C peak of the moth and the overall average
(97.21 units) mean fluorescence 2C peak of
D. melanogaster. We call this ratio a “relative
DNA” because we did not multiply the result
by the value of the genome size of D. mela-
nogaster, as there is some variation in its estima-
tion (Bennett et al. 2003, Gregory & Johnston
2008). Next, we used the “relative DNA” ratio
in ANOVA and Dunnett’s post-hoc test to deter-
mine possible differences in the genome sizes
between the sexual species, and in an independ-
ent z-test to assess possible differences between
parthenogenetic species (Table 1). Finally, to
express the genome size in Mb and pg we mul-
tiplied the “relative DNA” by the estimated
genome size of D. melanogaster (175 Mb and
0.18 pg) (Bennett et al. 2003). All the statistical
analyses were conducted in PASW Statistics ver.
18.00.

Amplification of mitochondrial and
nuclear genes

DNA was extracted from sexual and partheno-
genetic individuals using the QIAGEN DNeasy
Blood & Tissue kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s protocol and by
eluting DNA in 100 pl of buffer AE. Fragments
of four genes were amplified and sequenced:
both subunits of the mitochondrial cytochrome
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oxidase (COI and COII), the nuclear carbamoyl-
phosphate synthetase 2 (CAD), and the malate
dehydrogenase gene (MHD) (GenBank acces-
sion numbers COI: JX307864-JX307990;
COII: JX308108-JX308217; CAD: JX308044-
JX308107; MDH: JX307991-JX308043). We
used four primer pairs (Table 2).

All PCR reactions were performed using
the FailSafe PCR System (Epicentre Biotech-
nologies, Madison, Wisconsin) in a total reac-
tion volume of 20 yl, which included 20-50 ng
of DNA, 0.5 uM each of forward and reverse
primer, 10 pl of Buffer B 2X and 2.5 U ul™! of
Taq DNA polymerase. The reaction conditions
were as follows: an initial denaturation step of
30 s at 95 °C, 30 cycles consisting of 30 s at
95 °C, 30 s at 49-50 °C annealing tempera-
ture (depending on the primer combinations, see
Table 2, Ta) and 1.5 min at 72 °C followed by
one cycle of 5 min at 72 °C. The PCR products
were verified by electrophoresis in a 1% agarose
gel. If there was a single band, the products were
purified using Exonuclease I-Shrimp Alkaline
Phosphatase (Amersham Biosciences). If more
bands were visualized, the expected product was
cut from the gel and purified with the QIAquick
gel extraction kit from QIAGEN according to the
manufacturer’s instructions. All the sequencing
reactions were conducted with the BigDye® Ter-
minator ver. 3.1, Cycle Sequencing Kit (Applied
Biosystems) using M13 primers (0.2 xM) and
run on an ABI 3130xI Genetic Analyzer (Applied
Biosystems). The PCR products were sequenced
on both strands, the sequences were edited for
ambiguities in Seqscape ver. 2.6 (Applied Bio-

systems). Subsequently, the sequences were
aligned with ClustalW in MEGA ver. 5 (Tamura
et al. 2011) using the default settings.

We identified the individuals to species based
on a DNA barcoding approach by amplifying the
cytochrome oxidase subunit II gene (COII). For
details see the Appendix (Fig. AS).

Genetic distance

We calculated the pairwise sequence divergence
among the haplotypes based on the K2P model.
Intraspecific and interspecific genetic distances
were obtained for each of the mitochondrial and
nuclear gene fragments.

Phylogenetic reconstruction

This analysis was conducted to determine the
origin and phylogenetic relationships of the
parthenogenetic moth D. fennicella. We also
included another parthenogenetic species, D. tri-
quetrella.

The best-fit models for nucleotide substitu-
tion were obtained with jModelTest ver. 2.1.1
(Darriba et al. 2012) using Akaike’s information
criterion (AIC) (Posada & Crandall 1998). For
the mitochondrial genes, we obtained the general
time reversible model (GTR; Lanave et al. 1984)
with a proportion of invariable sites for COI
(GTR + I). For COIlI, we used the Kishino and
Yano model (HKY; Hasegawa et al. 1985) with
gamma-distributed rate variation and a propor-

Table 2. Primer pairs details for the amplification of mitochondrial and nuclear DNA. All primer pairs had an M13
“tail” either forward 5-TTGTAAAACGACGGCCAGT-3" or reverse 5'-CAGGAAACAGCTATGACC-3".

Gene Primer Size Annealing Sequence Source
(bp) temp. (°C)
COIl  LCO(fwd) 657 50 G GTC AAC AAA TCA TAA AGA TAT TGG Wahlberg &
HCO(rev) T AAA CTT CAG GGT GAC CAA AAA ATC A Wheat 2008
Coll COll-M1F(fwd) 331 50 TT GGA TTT AAA CCC CAT YTA*
C2-N-3389(rev) TCA TAA GTT CAR TAT CAT TG Simon et al. 1994
CAD psyCADF(fwd) 604 49 TGG TAA AAA TTC CAA GAT GG N. Wahlberg
psyCADR(rev) ATC AAA TTC GAC AGA ACT GC pers. comm.
MDH MDHF(fwd) 730 50 G AYA TNG CNC CNA TGA TGG GNG T Wahlberg &
MDHr(rev) AGN CCY TCN ACD ATY TTC CAY TT Wheat 2008

* Naryciinae-specific forward primer.
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tion of invariable sites (HKY + I + I'). The most
suitable model for the CAD gene was the general
time reversible model (Lanave et al. 1984) with
a proportion of invariable sites (GTR + I). The
best model for MDH was the symmetrical model
(SYM; Zharkikh 1994) with a proportion of invar-
iable sites and gamma-distributed rate variation
across sites (SYM + 1 + I'). The sequences of
Diplodoma laichartingella (Mutanen et al. 2010)
(GenBank accession numbers COI: GU828726
CAD: GUS828212 and MDH: GU830429) and
Narycia duplicella were included as outgroups.
We did not obtain a PCR amplification product for
MDH in N. duplicella and the COII fragment was
not available for D. laichartingella. Therefore,
these sequences were coded as missing data.

Bayesian phylogenetic trees were obtained
with MrBayes ver. 3.2 (Ronquist et al. 2012).
Separate trees were obtained for CAD and MDH.
Concatenated gene trees included mitochondrial
gene fragments (COI-COII) and four gene sec-
tions (COI-COII-CAD-MDH). Concatenated
phylogenetic trees were analyzed with unlinked
models. Two simultaneous independent runs with
three heated chains and one ‘“cold” chain were
run for 1-5 million generations with a sample fre-
quency of 1000 and a burnin of 25% of the total
number of samples. We always used the contype
= allcompat option. The default of a random
starting tree was used at all times. The standard
deviation of split frequencies (< 0.01) and the
potential scale reduction factor (near 1.00) were
used as the parameters for convergence (Hall
2011). The support of each cluster was evaluated
following the criteria of Hillis and Bull (1993)
where a Bayesian posterior probability (BI) of
> 0.95 is considered to significantly support taxo-
nomic relationships. For the nuclear genes, the
heterozygous sites were left with the nucleotide
ambiguity code (unphased). Ambiguous charac-
ters are treated as uncertain in MrBayes as they
do not carry any phylogenetic information. Phy-
logenetic relationships were also reconstructed
using Maximum Likelihood. Separate and con-
catenated gene trees were estimated with PhyML
(Guindon et al. 2009) (for details see the Appen-
dix). All the phylogenetic trees were edited using
MEGA ver. 5 (Tamura et al. 2011).

Concatenated gene trees were built in an
attempt to get a more robust phylogenetic infer-

ence. However, this approach might violate the
different evolutionary histories for each gene
(Satler et al. 2011).

Results
Flow cytometry

Our ploidy determination showed that all sexual
species (D. charlottae, D. lazuri, D. lichenella,
S. listerella and S. rupicolella) were diploid,
whereas the parthenogenetic species D. fenni-
cella and D. triquetrella were tetraploids. The
ploidy levels of bagworm moths showed differ-
ent patterns (Fig. 1).

We determined the parthenogenetic species
to be tetraploid because they had approximately
twice the amount of DNA as compared with
the sexual species. For instance, D. lazuri had
a mean genome size value of 0.38 pg, while the
parthenogenetic D. fennicella had a mean value
of 0.73 pg.

Genome size for sexual species differed
among D. charlottae, D. lazuri, D. lichenella,
Sideria listerella and S. rupicolella (F,,,, =
297.95, p <0.05). The post-hoc Dunnett test indi-
cated that the genome size of D. charlottae (M =
1.77, SD = 0.09) was significantly smaller than
that of D. lichenella (M = 2.21, SD = 0.01) and
that of S. rupicolella (M =1.87,SD =0.06). Dahl-
ica lichenella had the largest genome of all sexual
species (Table 1). The genome sizes of S. listerella
(M = 2.10, SD = 0.08) and D. lazuri (M = 2.1,
SD = 0.14) did not differ significantly. In addi-
tion, an independent samples #-test indicated that
there was no significant difference in genome size
between the two parthenogenetic species D. fenni-
cella (M =4.03,SD =0.20) and D. triguetrella (M
=4.00,SD=0.21) (t,,= 045, p =0.66; Table 1).

Genetic distances

The intraspecific pairwise sequence diver-
gence calculated for each of the mitochondrial
and nuclear gene fragments was less than 1%
(Table 3). Interestingly, the lowest interspecific
distance was between the parthenogenetic D.
fennicella and the sexual D. lazuri. Mitochon-
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drial gene fragments showed a 0.9% divergence
for COI and 1.5% for COII, whereas nuclear
genes had no divergence for CAD and 1.6% for
MDH. Among the species, the range of diver-
gence for each of the mitochondrial genes was
2%—-6.7%, whereas divergence for each of the
nuclear genes was 1%—7%.

Phylogenetic analysis

We sequenced a fragment (657 bp) of the subu-
nit I of the cytochrome oxidase gene (COI') and
found 89 sites to be variable (13.55%), but only
78 (11.87%) were parsimony informative. On
the partial sequence of the COII gene (331 bp),
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42 sites were variable (12.69%) while 40 sites
(12.1%) were parsimony informative. Addition-
ally, we included the partial sequence (604 bp)
of the carbamoyl-phosphate synthetase 2 (CAD)
nuclear gene, in which 60 sites were variable
(9.93%) and 51 (8.44%) sites were parsimony
informative. Finally, the nuclear malate-dehy-
drogenase gene fragment (MDH ) was 730 bp, of
which 121 sites were variable (16.57%) and 111
(15.21%) sites were parsimony informative.

The different genes and methods of phyloge-
netic reconstruction assigned all the individuals
to a species-specific group. The phylogenetic
tree topologies were not fundamentally differ-
ent according to the different genes and methods
of phylogenetic reconstruction. Therefore, we
describe the results from Bayesian Inference and
included the Maximum Likelihood trees in the
Appendix (see Figs. A1-A4).

Carbamoyl-phosphate synthetase 2 (CAD)

The parthenogenetic D. triquetrella occupied a
basal position in reference to the not supported
group comprising the genera Dahlica and Sied-
eria (BI = 0.38, Fig. 2). The parthenogenetic D.
fennicella and the sexual D. lazuri did not form

separate clusters (BI = 0.99). The weakly sup-
ported monophyletic group of D. lichenella, D.
fennicella and D. lazuri (BI = 0.78) was recov-
ered as the sister species of D. charlottae with no
support (BI =0.39).

Malate dehydrogenase gene (MDH)

We were unable to obtain a PCR product of
the MDH gene for N. duplicella, therefore, we
included a sequence of D. laichartingella as the
outgroup (Fig. 3).

According to the phylogenetic reconstruc-
tion, D. fennicella, D. lichenella and D. lazuri
formed a weakly supported monophyletic group
(BI = 0.54). Within this cluster the parthenoge-
netic D. fennicella and the sexual D. lazuri were
paraphyletic. The Finnish D. fennicella formed
a separate cluster (BI = 0.96) from the Estonian
D. fennicella (08-EST-2-L and 08-EST-5-L) (BI
= 0.94) and both clustered with D. lazuri speci-
mens (07-POT-5-M and 08-MM-18-F).

Concatenated mtDNA

The sister-species status of the sexual D. lazuri

Table 3. Intraspecific (Intra) and interspecific pairwise sequence divergence (K2P model, pairwise deletion) among
the species of the genera Dahlica and Siederia for two mitochondrial (COI, COIl) and two nuclear genes (CAD and
MDH). Dchar = D. charlottae, Dfen = D. fennicella, Dlaz = D. lazuri, Dlich = D. lichenella, Slist = S. listerella, Srupi

= S. rupicolella.

COIl 657 bp CAD 604 bp
Intra Dchar Dfen Dlaz Dlich Slist Srupi Intra Dchar Dfen Dlaz Dlich Slist Srupi
Dchar 0 0.001
Dfen 0 0.041 0 0.029
Dlaz 0 0.038 0.009 0 0.027 0
Dich 0.006 0.048 0.031 0.031 0.002 0.029 0.013 0.012
Slist 0.001 0.048 0.052 0.052 0.063 0 0.03 0.034 0.032 0.032
Srupi  0.004 0.043 0.046 0.039 0.047 0.051 0.01 0.087 0.087 0.036 0.042 0.03
Dtriq 0 0.044 0.056 0.053 0.057 0.062 0.056 0 0.082 0.035 0.033 0.03 0.032 0.042
COIll 331 bp MDH 730 bp
Intra Dchar Dfen Dlaz Dlich Slist Srupi Intra Dchar Dfen Dlaz Dlich Slist Srupi
Dchar  0.004 0.018
Dfen 0.001 0.05 0.007 0.067
Dlaz 0 0.051 0.015 0.016 0.06 0.016
Dich 0.006 0.058 0.031 0.023 0.009 0.068 0.034 0.034
Slist 0.005 0.06 0.065 0.062 0.067 0.003 0.077 0.077 0.069 0.077
Srupi  0.001 0.052 0.047 0.047 0.054 0.052 0.005 0.052 0.049 0.045 0.049 0.057
Dtriq 0 0.082 0.037 0.037 0.042 0.046 0.038 0.001 0.059 0.051 0.046 0.053 0.061 0.048
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and parthenogenetic D. fennicella was well sup-
ported (BI = 1, Fig. 4). Additionally, we found
strong support (BI = 1) for the monophyletic
status of the cluster formed by D. fennicella, D.
lazuri and D. lichenella. The other parthenoge-
netic species D. triquetrella was found to be the
sister species of D. chalottae but with weak sup-
port (BI =0.62).

Concatenated mtDNA and nDNA

The phylogenetic tree from the concatenated
mitochondrial and nuclear sequences (Fig. 5)
was similar to that obtained with MDH alone,
showing the paraphyly of D. fennicella. The
cluster formed by the parthenogenetic D. fen-
nicella and sexual D. lazuri species was well
supported (BI = 1), and was the sister group of
D. lichenella (BI = 1). We found no support for

Diplod.

D. fennicella D. lazuri

Fig. 2. Phylogeny of the genera Dahlica and Sied-
eria based on a partial sequence of the nuclear gene
CAD estimated by Bayesian Inference according to the
GTR + | model of nucleotide substitution. The Bayesian
posterior probabilities are shown at the nodes of the
tree. The outgroups are sequences of N. duplicella
(09-NARy-1-L) and D. laichartingella (Diplod.). The
parthenogenetic species are set in boldface, with the
exception of the parthenogenetic D. fennicella (black
squares) that shares the same cluster with the sexual
D. lazuri. Some of the clusters (D. triquetrella, D.
lichenella, D. charlottae, S. rupicolella and S. listerella)
have been compressed in order to save space. The
scale bar at the bottom of each tree indicates the per-
centage of bp differences.

the sister-species status of D. charlottae (Bl =
0.52) with the monophyletic group of D. fen-
nicella, D. lazuri and D. lichenella. Partheno-
genetic D. triquetrella was basal to the rest of
the Dahlica species with no support (BI = 0.60).
The sister-species status of S. rupicolella and S.
listerella was weakly supported (BI = 0.82). The
monophyly of Dahlica (BI = 0.60) and Siederia
(BI = 0.82) was not well supported according
to the concatenated sequences of the four gene
fragments.

Discussion

Overall, we confirmed the correlation between
parthenogenesis and high-ploidy levels in bag-
worm moths. Moreover, our results suggest that
parthenogenetic D. fennicella might have origi-
nated from a closely related sexual form.
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Ploidy level and genome size of
Naryciinae

We verified that parthenogenetic D. fennicella
and D. triquetrella are tetraploids, while all
the sexual species are diploids. This result has
important implications in the apparent suc-
cess and evolution of parthenogenetic species.
According to Horandl (2009) polyploidy helps
parthenogenetic species to violate the basic
assumptions that higher mutational load or lower
genotypic variation would be disadvantageous.
Therefore, a polyploid organism has unique gene
combinations due to a double set of chromo-
somes, high levels of heterozygosity and altered
expression patterns (Parker & Niklasson 2000).
Our results also revealed that the genome
sizes of the bagworm moths are in the range
of those of other insects (0.2-1.9 pg) (Gre-
gory 2002). Based on reported values using
FCM, sexual bagworm moths have values close
to those of Heliconius erato petiverana (0.41
pg) (Tobler et al. 2004), Heliconius melpomene

07 POT5M. TD. lazuri
08 MM 18 F. T D. lazuri

—D. iichenella
84
93
34

—99< D. triquetrella

parthenogenetic  spe-
cies are set in boldface.
Some of the clusters (D.
triquetrella, D. lichenella,
D. charlottae, S. rupi-
colella and S. listerella)
have been compressed in
order to save space. The
scale bar at the bottom
of each tree indicates the
percentage of bp differ-
ences.

D. charlottae

S. rupicolella

P S. listerella

(0.30 pg) (Jiggins et al. 2005) and Heliothis
virescens (0.41 pg) (Taylor et al. 1993). Accord-
ing to reported estimates of genome size based
on Feulgen image analysis densitometry of sper-
matozoa (Gregory & Hebert 2003), sexual bag-
worm moths values are close to that of the mon-
arch butterfly Danaus plexippus (0.29 pg). In
contrast, the tetraploid parthenogenetic species
D. triquetrella and D. fennicella have smaller
genomes when compared with the geometrid
moth Euchlaena irraria (1.9 pg). It has been
suggested that Feulgen image analysis densitom-
etry of spermatozoa overestimates genome size
(Rees et al. 2007). However, this overestimation
is likely not true, since the reported value for the
sequenced genomes of Danaus plexippus (Zhan
et al. 2011) and Heliconius melpomene mel-
pomene (Dasmahapatra et al. 2012) is 0.28 pg.
In some cases, the genome size values were
congruent with phylogenetically defined line-
ages, as it was reported in the polyploid plants
of the genus Orobanche (Weiss-Schneeweiss et
al. 2005). However in this study, the pattern of
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genome size in bagworm moths did not match
the species-specific clusters. For instance, there
were no significant differences in genome size
for D. triquetrella and D. fennicella, although
these two parthenogenetic species formed dif-
ferent clusters in the phylogenetic trees. Only
the species of the genus Orobanche might have
highly congruent genome sizes and phylogeneti-
cally defined lineages based on ITS sequences.

Origin of parthenogenesis in D. fennicella

Our results suggest one evolutionary transition
for the origin of parthenogenesis in D. fenni-
cella. When we examined the CAD gene, we
found that parthenogenetic D. fennicella clus-
tered in the same group with sexual D. lazuri. In
the analysis of mitochondrial genes, we found
a single D. fennicella cluster, which implies a
single origin for parthenogenetic reproduction
in this lineage. Conversely, analysis of MDH
and the fully concatenated gene tree showed

15[ 08 MM 18 F
— <D lichenelia

0
0

07 POT5 M.

:|D. lazuri

0

D. triquetrella
D. charlottae

S. rupicolella

100
# S. listerella

two groups of D. fennicella (one from Finland
and another from Estonia mixed with D. lazuri).
One possible explanation for two distinct geo-
graphical groups in D. fennnicella is based on
the effects of incomplete lineage sorting of spe-
cies with recent evolutionary history. In case
of incomplete lineage sorting, different gene
sequences or genomes will not always group the
species in equivalent clusters due to different
alleles. In theory, the ancestor of D. fennicella
was diploid and had two different alleles for the
MDH gene. Once the genome was duplicated,
each one of the alleles was fixed in a specific
population. As a result, each population (Finnish
and Estonian) has a distinctive haplotype.

The second possible explanation is dissimi-
lar evolutionary histories of the gene fragments
used. We only report statistical reconstructions
(Boussau & Daubin 2010) based on partial
sequences of two mitochondrial and two nuclear
genes. An alternative, but less likely scenario
to clarify our results is two possible geographi-
cal transitions to parthenogenesis. However, the
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only two Estonian samples were dead larvae,
making it impossible to confirm their reproduc-
tive strategy as adults. Nonetheless, those indi-
viduals were classified as D. fennicella accord-
ing to our DNA barcoding approach, and for
that reason we speculate about a possible second
transition to parthenogenetic reproduction.

In any case, we believe that conclusive evi-
dence for the multiple geographical transitions
to parthenogenesis would need an extensive
number of individuals from Estonian and Finn-
ish D. lazuri and D. fennicella. In addition,
increasing the number of genes might not always
be a good strategy (Hedtke et al. 2006) to clarify
phylogenetic relationships and the evolution of
parthenogenesis.

Although a single transition within D. fen-
nicella to parthenogenesis might represent the
simplest evolutionary history for bagworm
moths, multiple transitions to parthenogenesis
are quite common in parthenogenetic species.
For instance, multiple transitions have been
reported in mitochondrial genes for Timena stick
insects (Schwander & Crespi 2009), the brine
shrimp Artemia sp. (Maniatsi et al. 2010) and the
ostracod Eucypris virens (Adolfsson et al. 2010,
Bode et al. 2010). Multiple origins of asexuality
were also suggested based on analysis of nuclear
genes in Bryobia mites (Ros et al. 2008).

Possible multiple transitions to parthenogen-
esis in D. fennicella could explain our previous

Diplod.

Fig. 5. Phylogeny of the genera Dahlica and Siederia
based on concatenated mtDNA and nDNA estimated by
Bayesian Inference according to the following models
of nucleotide substitution: GTR + | (COl); HKY + | + T
(COIl); GTR + | (CAD); SYM + | + T (MDH). The Baye-
sian posterior probabilities are shown at the nodes of
the tree. The outgroups are sequences of N. duplicella
(09-NARy-1-L) and D. laichartingella (Diplod.). The
parthenogenetic species are set in boldface. Some of
the clusters (D. triquetrella, D. lichenella, D. charlottae,
S. rupicolella and S. listerella) have been compressed
in order to save space. The scale bar at the bottom of
each tree indicates the percentage of bp differences.

findings of high genetic diversity in this species
(Chevasco et al. 2012). Increased genetic diver-
sity resulting from multiple transitions to asexu-
ality was also reported in the geometrid moth
Alsophila pometaria (Harshman & Futuyma
1985) and in the ostracod Cypris pubera (Little
2005). However, genetic diversity in D. fenni-
cella might be the result of mutational processes,
unlikely alterations to the process of achiasmate
oogenesis (Stenberg & Saura 2009), or rare
asexual reproduction allowing recombination.
However, no records of males exist (Suoma-
lainen 1980) and we are confident that based on
their reproductive strategy the individuals we
analyzed are true parthenogens.

Hybridization might also originate patterns
of genetic diversity due to allopolyploidy (The-
isen et al. 1995, Delmotte et al. 2003). As a
result, the confirmed tetraploid status of D. fen-
nicella might indicate a hybrid origin. In case
of allopolyploidy, the nuclear gene trees would
have showed the clustering of D. fennicella with
its sexual parental species. Therefore, the recon-
structed phylogenies of this study revealed that
the parthenogenetic D. fennicella does not have
a hybrid origin. According to the phylogenetic
reconstruction of concatenated mitochondrial
and nuclear genes we suggest that D. fennicella
might have evolved from the closely related
sexual D. lazuri. Although introgression might
not occur in the wild, we found that some sexual
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species (D. lazuri, D. lichenella and S. rupi-
colella) are capable of hybridization under labo-
ratory conditions (J. A. Elzinga pers. obs.). If D.
fennicella were the result of hybridization, the
presumable genetically variable parent species
might be either extinct or unknown. A limitation
of sampling sites does not constitute a feasible
explanation, since D. fennicella has a limited
geographical distribution restricted to Finland
and Estonia (Bengtsson et al. 2008).

To summarize, we cannot confirm the para-
phyletic status of the tetraploid parthenogenetic
D. fennicella. However, the paraphyletic status
of parthenogenetic species has been reported in
other asexuals that tend to evolve from sexual
forms, such as the mite species of the genus Bry-
obia (Ros et al. 2008). In contrast, other asexuals
show a polyphyletic status such as in Daphnia
pulex (Crease et al. 1989) the ostracod Cyprino-
tus incongruens (Chaplin & Hebert 1997) aphids
(Delmotte et al. 2001) and the brine shrimp
Artemia sp. (Maniatsi et al. 2010).

Whole genome duplication in D.
fennicella

We suggest that the parthenogenetic D. fenni-
cella possibly originated by means of autopoly-
ploidization of sexual D. lazuri. Sexual D. tri-
quetrella that purportedly exists in Switzerland
(Lokki et al. 1975) produces automictic diploids
that may originate tetraploid parthenogenetic
females through autopolyploidization (Seiler
1964). We speculate that automictic diploids
may have originated from D. lazuri, producing
tetraploid D. fennicella. However, no record of
automictic diploids in D. lazuri exist. Additional
support for an autopolyploid origin of D. fen-
nicella could be that we found D. fennicella to
be tetraploid, with approximately twice as much
relative DNA when compared with sexual D.
lazuri. Although double amount of DNA might
indicate a hybrid origin, we did not find any
evidence for hybridization in D. fennicella. Our
results might also suggest a recent origin of par-
thenogenetic D. fennicella by autolyploidization
because D. fennicella clustered within the same
group with D. lazuri according to the nuclear
CAD gene. Alternatively, D. fennicella and D.

lazuri could have diverged recently due to the
low pairwise distances found in COI, COII and
MDH. Nonetheless, our findings suggest that D.
fennicella and D. triquetrella are true partheno-
genetic species.

Two specific aspects of our results support the
conclusion that D. fennicella and D. triquetrella
are two separate species. Firstly, the pairwise
sequence divergence value within each cluster
of parthenogenetic and sexual species was less
than 1%, which reflects a low nucleotide diver-
sity within these species for four genes (two
mitochondrial and two nuclear). Furthermore,
the sequence divergence between parthenoge-
netic and sexual groups were at least four times
greater than the mean pairwise difference within
the parthenogenetic clusters, which follows the
4x rule for asexual speciation. The 4x rule for
asexual speciation states that parthenogenetic
species constitute independent entities for selec-
tion, random drift and mutation (Birky et al.
2005, Birky & Barraclough 2009). The fact that
parthenogenetic moths can be considered true
species, might be due to the increased rates of
divergence and speciation that are caused by
whole-genome duplications, as previously shown
in plants and fish (Van de Peer et al. 2009). Regu-
lation of duplicate genes also provides means for
diversification and the evolution of adaptive traits
in polyploids (Jackson & Chen 2010).

Our findings suggest an autopolyploid origin
in D. fennicella. Nevertheless, a final conclusion
favoring either an allopolyploid or autopolyploid
origin would require cytogenetic studies or chro-
mosome mapping (Maniatsi et al. 2010). Future
investigations could also test the Chenuil et al.
(1999) hypothesis, which states that in case of
autopolyploidy, any genetic marker in the first
tetraploid ancestor is represented by two copies
(haploid state), whereas in case of allopolyploidy
some markers could be absent or display only
one copy. The model requires knowledge of
the phylogeny of a species descending from the
same tetraploidization event, together with the
number of homogeneous copies present in each
species for a set of neutral markers.

A whole genome duplication event in D. fen-
nicella would have helped to reduce extinction
risks by creating mutational robustness, func-
tional redundancy, and increased rates of evolu-
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tion and adaptation (Crow & Wagner 2006). A
polyploid state event might explain the abun-
dance of parthenogenetic species in this group of
moths (Kumpulainen et al. 2004, Elzinga et al.
2011). Whole genome duplication, though, is not
the only factor that may contribute to the main-
tenance of parthenogenesis in bagworm moths.
Multiple-male copulations might lead to sperm
limitation that could act as a selective force and
may have also facilitated the spread of parthe-
nogenesis. However, Elzinga et al. (2011) did
not find any support for this hypothesis. Another
possibility could be the presence of endocellular
bacteria (such as Wolbachia), but this option was
discarded by Kumpulainen ef al. (2004).

Conclusion

Overall, our study provides greater insight into
the apparent success of parthenogenetic species.
Our phylogenetic reconstruction indicates that
hybridization did not lead to parthenogenesis in
D. fennicella. We suggest that the most prob-
able origin of parthenogenesis in tetraploid D.
fennicella is an autopolyploidization event in a
closely related sexual species, such as D. lazuri.
Our findings support the hypothesis that poly-
ploidy benefits parthenogenetic species by pre-
venting the effects of deleterious mutations and
generating greater levels of genetic variation.
However, a polyploid state in parthenogenetic
species might only be a short-term evolutionary-
stable strategy favoring the prevalence of sex.
Future research could include additional species
(e.g. Luffia sp. and Apterona sp.) to broaden our
understanding of the origin and the evolution of
parthenogenesis.
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Appendix
Phylogenetic Inference

Phylogenetic relationships were also reconstructed using Maximum Likelihood. The separate gene
trees were estimated based on the same models that were used for Bayesian inference. However, due
to the limitation of the program to specify different substitution models for each gene in concatenated
trees, we used the same model for the mitochondrial (GTR + I') and for the four gene fragments (GTR
+ I+ I'). The phylogenetic tree topology was based on a SPR approach (subtree pruning and regraft-
ing), while the branch support had a bootstrap test of 100 replicates. According to the default settings,
the starting trees were based on BIONIJ. A bootstrap value above 70% was considered to significantly
support taxonomic relationships (Hillis & Bull 1993). As in Bayesian inference, the heterozygous
sites of the nuclear genes were left unphased. Ambiguous characters are ignored in PhyML due to the
lack of phylogenetic information.
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Species Identification based on DNA barcoding

We identified the individuals to species based on the partial sequence of the cytochrome oxidase
subunit I gene (COIT). We used the Kimura 2 parameter (K2P) as a model of nucleotide substitution
(Kimura 1980) based on the barcoding protocol (Ratnasingham & Hebert 2007). A neighbour-joining
(NJ) tree was obtained using MEGA ver. 5.0 (Tamura et al. 2011). We identified the individuals
according to their position in different clusters that contained sequences from a reference collection
available in the GenBank (Grapputo et al. 2005). The reliability of the tree was evaluated with a
bootstrap test with 500 replicates. A sequence from Narycia duplicella was included as the out group.

Some D. lazuri individuals collected in 2011 were identified based on the COI gene. We deter-
mined, though, that identification based on either one of the subunits of the cytochrome-oxidase gene
was equivalent for DNA barcoding purposes. Thus, we obtained the same species-specific clusters for
COII and COI. Genetic distances among the species were calculated as the K2P pairwise sequence
divergence (Table 3). The intraspecific distances for COII were less than 1%. The interspecific dis-
tances grouped the species of the genus Dahlica in a single but weakly supported cluster (42%).
Within the genus Dahlica, D. fennicella, D. lazuri and D. lichenella formed a well-supported group
(91%). The group of D. lichenella was also well supported (76%). Within this cluster, sexual D. lazuri
and parthenogenetic D. fennicella had the lowest interspecific pairwise distance (1.5%). On the other
hand, parthenogenetic D. triquetrella (bootstrap: 30% weak cluster support) showed the lowest diver-
gence with sexual D. charlottae (3.2%). The highest level of divergence in the genus Dahlica was
found between D. charlottae and D. lichenella (5.8%). The species of the genus Siederia (S. listerella
and S. rupicolella) did not form a single group. The cluster of S. listerella was better supported (boot-
strap: 99%) when compared with the one of S. rupicolella (bootstrap: 64%). When comparing the
genus Siederia with Dahlica the highest level of divergence was found between S. listerella and D.
lichenella (6.7%). In contrast, D. fennicella and D. lazuri showed the lowest pairwise distance (4.7%)
when compared with S. rupicolella.
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Fig. A5. Neighbour-joining phy-
logenetic tree based on K2P, pair-
wise deletion and boostrap test of
500 replications for the COIl (331 bp)
for the seven species of bagworm
moths. Bootstrap values are indicated
next to each node. The phylogenetic
tree includes a reference sequence
of Narycia duplicella as an outgroup
(black circles). Each sample name
indicates the moth species: (Dlich =
D. lichenella, Dlaz = D. lazuri, Dfenni
= D. fennicella, Dtriq = D. triquet-
rella, Dchar = D. charlottae, Slist =
S. listerella, Srupi = S. rupicolella).
The reference sequences (Grapputo
et al. 2005) are indicated with black
squares. The tree also includes indi-
viduals that were used for flow cytom-
etry measurements (black triangles).
The scale bar at the bottom of each
tree indicates the percentage of bp
differences.
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