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ABSTRACT

Chevasco, Veronica

Evolution and ecological aspects of parthenogenetic and sexual bagworm
moths (Lepidoptera: Psychidae: Naryciinae)

Jyvéaskyld: University of Jyvaskyld, 2012, 50 p.

(Jyvéaskyla Studies in Biological and Environmental Science

ISSN 1456-9701, 242)

ISBN 978-951-39-4808-5 (nid.)

ISBN 978-951-39-4809-2 (PDEF)

Yhteenveto: Nakokulmia partenogeneettisten ja seksuaalisesti lisdéntyvien pus-
sikehrédjien (Lepidoptera: Psychidae: Naryciinae) ekologiaan ja evoluutioon
Diss.

The prevalence of sex could be explained by the benefits of recombination. Due
to the inherent advantages of sex, parthenogens are considered as an evolution-
ary dead-end. However, the apparent success of some parthenogenetic species
constitutes one of the most intriguing questions in evolutionary biology and de-
serves investigation. In this dissertation I investigated the origin of partheno-
genesis and examined factors contributing to its maintenance in bagworm
moths. A DNA barcoding approach was conducted as an accurate way to iden-
tify species. The identification of sexual species was vital to test the hypothesis
of a possible hybrid origin leading to allopolyploidy in parthenogenetic species.
Nonetheless, the phylogenetic results rejected the possibility of hybridization.
An alternative scenario for the origin of parthenogenetic D. fennicella is the pos-
sibility of autopolyploidization of a closely related sexual species, such as D.
lazuri. Parthenogenesis may be favored if the sexual wingless females face a
high risk of remaining unfertilized. The results showed that male sperm limita-
tion may not have a significant role as a selective force to promote the spread of
parthenogenesis, because females tend to re-mate if the first mating fails. Con-
tinuing to investigate potential reasons for the success of parthenogenetic spe-
cies, D. fennicella was found to be less vulnerable to parasitoid attacks than sex-
ual species, which contradicted one prediction of the parasite hypothesis of sex.
Parthenogens could be avoiding parasitoid attacks due to differences in phe-
nology between sexual and parthenogenetic species. An alternative explanation
might be the unexpected genetic variability that was found in parthenogenetic
D. fennicella. In conclusion, a plausible explanation for the occurrence of the par-
thenogenetic D. fennicella could be that its polyploid status might provide
enough advantages to overcome a higher mutational load, lower genotypic var-
iation, and parasitoid attacks in the absence of sexual reproduction.

Keywords: Barcoding, genetic diversity, parthenogenesis, polyploidy, sex.

Veronica Chevasco, University of Jyviskyld, Department of Biological and Environ-
mental Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland
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1 INTRODUCTION

1.1 The widespread occurrence of sex

The prevalence of sexual reproduction among eukaryotes has generated a high
degree of interest and is often called the “queen of problems in evolutionary bi-
ology” (Bell 1982). Plausible explanations to explain the dominance of sexual
reproduction have been proposed since Darwin. As early as 1837, Darwin pro-
posed that sex was advantageous because of variation and the unification of
species. Nevertheless, later on he suggested that sex exists to generate vigorous
offspring (Darwin 1859). The idea of variation and the origin of new chromo-
somal combinations was not suggested until 1893 by Weismann.

Currently, the most widely accepted hypothesis for the prevalence of sex-
ual reproduction is that sex generates genetic variability through recombina-
tion, which allows an adaptive response to environmental changes (Fisher 1958,
Burt 2000). Recombination also eliminates deleterious mutations (Muller 1964,
Kondrashov 1988, Birky 1999, Rice & Friberg 2009) and fixes rare beneficial
modifications (Kondrashov & Kondrashov 2001). Additionally, sex is consid-
ered a repair mechanism for double-strand breaks in DNA (Bernstein 1998) and
a tool to restore DNA methylation (Holliday 1988). Other theories (Bell 1982),
Kondrashov 1993, Barton & Charlesworth 1998) state that natural selection
works better with sexual reproduction because recombination breaks up nega-
tive gene combinations. Sex also produces genetically diverse offspring that can
exploit a broad range of resources, as stated by the Tangled Bank hypothesis
(Maynard Smith 1978, Bell 1982). Additionally, genetically diverse offspring can
dominate in complex environments (Song et al. 2012). While many theories con-
sider sexual reproduction as beneficial, Margulis & Sagan (1986) do not consid-
er sexual reproduction to be advantageous per se but simply as an inherited fea-
ture from eukaryotic ancestry.

One of the most widely accepted hypotheses to explain the maintenance of
sex and recombination is a specific case of the Red Queen hypothesis (RQH)
known as the parasite hypothesis of sex (Van Valen 1973). It states that asexuals
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are more susceptible to parasitoid attacks due to their limited ability to generate
new genotypes because they lack recombination. According to (Lively 2010),
parasitoids are under selection to infect the most common genotypes. Conse-
quently, if an asexual clone is the most common genotype in mixed populations
the parasites would be expected to evolve to infect the most common clone.
However, the main assumption of the parasite hypothesis of sex is only appli-
cable if: (a) the sexual and asexual species have similar ecological and behav-
ioural traits, (b) sexuals are more genetically diverse than the asexuals and (c)
within-species individual diversity is similar in sexuals and asexuals (Tobler &
Schlupp 2010).

Regardless of the wide range of theories, conclusive evidence for the pre-
dominance of sex is still unresolved. For instance, a definitive verdict for the
application of the RQH for the predominance of sexual reproduction requires
more empirical (Peters & Lively 2007) and theoretical work (Gandon & Otto
2007).

1.2 The costs of sex

Despite many advantages, sex involves several costs. Based on its apparent
costs, the occurrence of sex is a paradox. It is interesting to consider why asexu-
ality has a low occurrence 0.1% (Suomalainen et al. 1987) since no apparent
costs are involved. There are two costs traditionally attributed to sexual repro-
duction. Firstly, asexual females avoid the “two-fold cost of sex” as they have
twice the reproductive rate if compared with sexuals because males can not
give birth to any offspring (Maynard Smith 1978). Second, the cost of sex is also
attributed to genome dilution because only half of the parental genome is
transmitted to the offspring (Williams 1975). Nevertheless, the cost of sex is con-
text dependent (Lehtonen et al. 2011). For instance, the cost of males is rarely
two fold since twofoldness assumes that males do not assist or hinder females
in offspring production. Additionally, only genes that determine the mode of
reproduction are important, and the dilution of other genes is irrelevant.

Some other costs involve the localization of potential mates, an elaborate
courtship/ mating behaviour, courtship and competition with rival suitors. The-
se costs fall mainly upon males while females might share the costs in a lesser
extent (Daly 1978). Nevertheless, females might face the risk of injury when ag-
gressive courtship elements are involved (Daly 1978). Furthermore, the transfer
of seminal toxins and the evolution of genital barbs and spines serve as means
by which males can induce females to delay or avoid remating (Johnstone &
Keller 2000). Additional costs include exposure to predators while mating, and
the spread of disease (Crow 1999).

In summary, the paradoxical dominance of sex is not well understood.
Therefore, in order to gain more insights into its prevalence, the study of asexu-
ality might contribute to solve its extensive incidence.



1.3 Is asexuality an evolutionary dead-end?

In spite of its overwhelming costs, a sexual reproductive strategy confers a wide
range of benefits. Considering the advantages of sex, an asexual reproductive
strategy might seem disadvantageous since asexual species are subjected to the
accumulation of deleterious mutations or Muller’s ratchet (Muller 1964) and are
more susceptible to parasite attacks (Van Valen 1973). Moreover, asexuals
would not be able to fix advantageous mutations to adapt to different habitats,
producing a high rate of extinction and a low rate of speciation (Birky et al.
2005). As a result, asexual lineages could be considered an evolutionary dead
end based on a traditional point of view (White 1973, Bell 1982). Alternatively,
Silvertown (2008) suggested that the existence of asexual reproduction is linked
to the failure of sex, prolonging the time to extinction.

In spite of the generalized idea that considers parthenogenesis as a dead-
end, there are several aspects that need to be considered. First of all, the repro-
duction of parthenogenetic species is not constrained by cytoplasmic, chromo-
somal or genomic incompatibilities between two individuals (Horandl 2009).
Another advantage is that in low density populations an asexual female does
not face the risk of remaining unmated (Schwander et al. 2010, Rhainds 2010).
In many species, this risk can be considerable high, underlying serious evolu-
tionary consequences (Kokko & Mappes 2005).

Parthenogenesis is often thought to automatically preclude organisms
from being genetically variable, but this is not the case. Therefore, it is a mis-
conception to think that parthenogens and other asexual organisms completely
lack variation at the genetic level. Although some parthenogens can produce
virtually identical offspring (via apomictic parthenogenesis) as in rotifers (Si-
mon et al. 2003), some inherent cytological mechanisms (automictic partheno-
genesis) can even maintain meiosis as in the parthenogenetic bagworm moth
Dahlica triquetrella (Stenberg & Saura 2009) and produce variable offspring as in
stick insects (Scali 2009) and parasitoids (Beukeboom & Pijnacker 2000) (Fig. 1).

Apomictic parthenogenesis

Generation 1 Generation 2
! Gametic ! Gametic g
phase phase
CLONES!

Automictic parthenogenesis
2 25% @ 2 37.5%

g . ? W@+ @m

VARIATION! @ ® @

FIGURE1 Parthenogenetic modes of reproduction (modified from Simon et al. 2003).
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Given some genetic variation, reproducing without the genetic contribu-
tion of male gametes might partly explain the apparent success of some parthe-
nogenetic species that proliferate nowadays, such as bdelloid rotifers (Mark
Welch & Meselson 1998) aphids (Blackman et al. 2000) and stick insects
(Schwander & Crespi 2009). Moreover, the existence of ancient parthenogens
such as the ostracods Vestalenula matildae and V. marmonieri (Schon et al. 2010),
the mite Archegozetes longisetosus (Heethoff et al. 2009) and bdelloid rotifers
(Mark Welch & Meselson 2000) supports the idea that sexual reproduction
might not be essential for the abundance of certain species.

Other than a variety of cytological mechanisms, the proliferation of par-
thenogens could also be explained by two hypotheses for the evolution of niche
breath: the “general purpose genotype” (GPG) (Vandel 1928) and the “frozen
niche-variation” (FNV) models (Vrijenhoek 1979, Vrijenhoek 1984). The GPG
model suggests that clones show broader tolerance to a variety of environmen-
tal conditions, making them able to exploit more niches compared to sexual
species (Van Doninck et al. 2002, Vorburger et al. 2003). In contrast, the FNV
model proposes that efficient specialist clones coexisting with a sexual ancestor
could exclude sexuals (Harshman & Futuyma 1985, Tagg et al. 2005). Eventual-
ly, the clones from a parthenogenetic female could replace a sexual population
(Lively 1996). However, this condition will be reached if “all else is equal” when
comparing reproduction between parthenogenetic species and sexuals (Jokela et
al. 1997).

According to all reported evidence, parthenogenetic species are character-
ized by alternative mechanisms that enable them to overcome all the possible
disadvantages predicted by the traditional theories for the absence of sex.

1.4 Origin of asexual reproduction

Even though sex is considered as essential for the long persistence of a lineage,
asexual reproduction is common among protists, plants, fungi and animals
(Schurko et al. 2009). Among eukaryotes, sex appears to be ancestral (Malik et
al. 2008). Therefore, all asexual lineages have sexual ancestors. The mechanisms
by which asexuals originate is variable. In insects, a mutation could arise in
genes that regulate sexual reproduction (Simon et al. 2003). A second possibility
includes the transmission of asexual genes (i.e. by parthenogenetically pro-
duced males in Daphnia pulex (Innes & Hebert 1988). Other causes that induce
parthenogenesis include bacterial infections such as Wolbachia (i.e. apomictic
parthenogenesis in mites (Weeks et al. 2001) or Cardinium (i.e. parthenogenetic
reproduction in the oleander scale (Provencher et al. 2005).

The most common route to asexuality is by hybridization, which has im-
portant implications as a main factor to increase adaptive potential (Horandl
2009). Hybridization is often linked to the origin of apomictic plants (Grimanelli
et al. 2001, Bicknell & Koltunow 2004, Carman 2007). In contrast, hybridization
is usually rare among animals, especially when compared with plants (Horandl
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2009). Nevertheless, hybridization does occur in animals and it is mostly known
from fish (Choleva et al. 2012) birds and butterflies (Mavarez & Linares 2008).
Although hybridization might not be widespread in animals, the correlation be-
tween hybridization and parthenogenesis was considered to have two direc-
tions. According to Kearney et al. (2009) “there are two very different ways to
view the link between hybridization and parthenogenesis, either parthenogene-
sis provides a mean to the end of an advantageous hybrid state, or the hybrid
state itself provides a means to become parthenogenetic”.

Hybridization between two different species or individuals from genet-
ically distinct populations has profound effects in the ploidy levels of the de-
scendants. Hybrid offspring is characterized by the occurrence of chromosome
sets from both progenitors. For instance, if each of the parental species is dip-
loid (2n) the resulting offspring will be tetraploid (4n). The occurrence of multi-
ple sets of chromosomes as a result of interspecific hybridization is denominat-
ed allopolyploidy (Foighil & Smith 1995, Delmotte et al. 2003, Johnson 2006,
Shinohara et al. 2010). Increased ploidy level can also be generated by autopol-
yploidization. Autopolyploidization results from a mutation in chromosome
number (Comai 2005) or as a consequence of mitotic or meiotic failure of cell
division (Otto & Whitton 2000). Alternatively, as suggested for the parthenoge-
netic tetraploid moth Dahlica triquetrella (Seiler 1961), autopolyploids can also
be generated by the production of diploid unstable parthenogens followed by
stabilized parthenogenesis (Stenberg & Saura 2009).

The multiple routes for the origin of parthenogenesis might constitute a
feasible explanation for the occurrence of some species without the benefits of
sex (Simon et al. 2003).

1.5 Polyploidy and parthenogenetic reproduction

Polyploidy and parthenogenetic reproductions are often found to be correlated
(Suomalainen et al. 1987, Asker & Jerling 1992) mainly due to the advantages of
duplicated genes. Polyploidy confers a wide range of benefits that might help
parthenogens to cope with the lack of sex. Polyploidy is recognized as the pri-
mary cause of long term diversification, novelty and evolutionary success (Otto
& Whitton 2000). Due to its multiple origins, which include allo and auto-
polyploids (Mable 2004) polyploidy does not constitute a difficult evolutionary
transition (Otto & Whitton 2000). Polyploid species are usually fit and well
adapted, by being efficient competitors of their diploid relatives. Moreover,
polyploids can be more vigorous than their diploid parents (heterosis) and they
can mask the deleterious effects of mutations due to gene redundancy (Comai
2005).

Polyploid parthenogens show adaptations to extreme habitats and new
environments. For instance, an example of geographic parthenogenesis includes
the polyploid weevil Otiorhynchus scaber, which is a superior colonizer if com-
pared to diploids (Stenberg & Lundmark 2004). Additionally, the higher ploidy
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level in Dahlica triquetrella is linked to a wider distribution (Seiler 1961). Addi-
tionally, polyploids show greater levels of genetic variation than mutation and
recombination alone may confer (Schurko et al. 2009). Due to the fact that poly-
ploid parthenogens carry more alleles, each individual has a greater chance of
having new beneficial mutations (Paquin & Adams 1983) and more opportuni-
ties to avoid parasites (Stenberg & Saura 2009). Lastly, parthenogens and the
ones with apomictic parthenogenesis lack the obstacles of polyploidy, such as
chromosomal sex determination (Stenberg & Saura 2009).

In spite of all the benefits of polyploidy, it has not always been considered
as beneficial. White (1973) had a negative opinion about the evolutionary poten-
tial of polyploid parthenogens, and considered them as blind alleys of evolution
due to their supposedly inability to respond to environmental changes. Some
other negative views of polyploids includes the disrupting effects of cell and
nuclear enlargement, production of aneuploid cells and epigenetic instability
(Comai 2005).

In summary, the numerous benefits of polyploidy might counterbalance
any possible disadvantages of multiple sets of chromosomes. Polyploidy might
have long-term benefits by increasing rates of adaptive evolution for the appar-
ent prevalence of certain parthenogens.

1.6 Aims

In this dissertation I investigated the origin of parthenogenesis and factors con-
tributing to its maintenance in the bagworm moth Dahlica fennicella (Lepidop-
tera: Psychidae: Naryciinae). Bagworm moths constitute one of the few systems
to study alternative reproductive strategies because parthenogenetic species
appear to be as successful as the coexisting closely related sexual species.

Parthenogenetic reproduction is extremely rare in Lepidoptera (Rhainds et
al. 2009). The parthenogenetic D. fennicella appears abundant in several popula-
tions (Kumpulainen et al. 2004, Elzinga et al. 2011b) contradicting theories for
the predominance of sex (Muller 1964, Birky 1999, Rice & Friberg 2009). There is
an additional interest in bagworm moths because parthenogenetic species
evolved independently from different sexual ancestors (Grapputo et al. 2005a)
and showed unexpected genetic diversity (Grapputo et al. 2005b).

For some species of bagworm moths (Narycinae) the task of species delim-
itation is extremely difficult when using traditional taxonomy, since most spe-
cies look remarkably alike and share similar ecological characteristics. The min-
imal morphological differentiation that is observed in bagworm moths makes
necessary the application of a DNA barcoding approach (Hebert et al. 2003).
Accurate species identification is essential to test several hypotheses for the
origin (paper II) and maintenance (paper IlI, paper V) of parthenogenetic re-
production. The first aim of this dissertation (paper I) was to implement the use
of the currently standardized mitochondrial COI for species delimitation. In or-
der to complement the goal of an accurate delimitation of species, the first pa-
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per also included the comparison between morphological identification and the
outcome from the DNA barcoding approach.

Currently, the processes and causes that generate and maintain partheno-
genetic reproduction in bagworm moths remain unclear. Conclusive evidence
concerning the hybrid or autopolyploid origin of D. fennicella is still lacking due
to limited knowledge about ploidy levels and genome size in both parthenoge-
netic and sexual species. The second aim (paper II) was to evaluate the process-
es that potentially contributed to the evolution of D. fennicella in central Finland.
Specifically, the second paper looked to determine whether parthenogenetic re-
production has originated either by i), hybridization events between two sexual
species or ii), through autopolyploidization of a related sexual species. For this
purpose, the second paper reports the ploidy level of bagworm species and de-
scribes an integrative approach consisting of phylogeny reconstruction of both
mitochondrial and nuclear DNA.

In order to investigate the factors that contributed to the maintenance of
parthenogenetic reproduction in D. fennicella, the third aim of this dissertation
(paper 1II) was to determine whether wingless sessile females faced the risks of
sperm limitation (Rhainds et al. 2009). This study examined the effects of male
mating history on female fitness among closely related sexual species. The
study of sperm limitation was of great importance, as it could have played a
significant role in the evolution of parthenogenesis in bagworm moths.

Continuing to investigate the factors that might contribute to the mainte-
nance of alternative reproductive strategies, the fourth aim (paper 1V) was to
test one of the predictions of the parasite hypothesis of sex. The parasitism lev-
els of the parthenogenetic and sexual species were compared through molecu-
lar identification of the parasitized hosts. The prediction of the parasite hypoth-
esis of sex states that parasitoids should preferentially attack parthenogenetic
species in sites where they coexist with sexuals. As a result, parthenogens
should be eliminated from a mixed population. However, previous ecological
studies showed no signs of decline in reproduction or population viability of
this species (Kumpulainen et al. 2004, Elzinga et al. 2011b). The fourth paper al-
so focused on investigating the important prerequisite that “all else is equal,”
for testing the parasite hypothesis. This assumption states that there are no dif-
ferences in life history between sexual and parthenogenetic forms (Schlupp &
Tobler 2008), which may affect parasitism levels or reproductive success.

The assessment of the level of genetic variation in parthenogenetic species
is essential to evaluate its evolutionary potential. Therefore, the isolation of mi-
crosatellites (paper V) was conducted in an attempt to elucidate alternative ex-
planations for the lack of decline or viability in the populations of D. fennicella.
Additionally, microsatellite markers were isolated to confirm the relatively high
levels of genetic variation reported in allozymes (Grapputo et al. 2005b).



2 MATERIALS AND METHODS

2.1 Study Species

Bagworm moths (Lepidoptera: Psychidae) comprise a taxonomically diverse
group with a worldwide distribution (Rhainds et al. 2009). Their common name
makes reference to the fact that the larvae live and complete their development
in a self-made case made of fragments of lichen, plants and other small parti-
cles (Rhainds et al. 2009). Females (Fig. 2) from the subfamily Naryciinae are
wingless with a maximum length of 5 mm and the males (Fig. 2) have a wing-
span of ca. 15 mm (Suomalainen 1980).

After overwintering, final instar larvae climb up trees to pupate. Larvae
(Fig. 2) develop and pupate inside their case. The larvae of Naryciinae are often
parasitized by eight species of hymenopteran parasitoids (Fig. 2) (Elzinga et al.
2011a). As other psychids, adults do not feed. Their lifespan is considerably
short, as adults tend to live for approximately five days. In Finland, these spe-
cies occur in boreal forest habitats where both sexual and parthenogenetic spe-
cies coexist (Kumpulainen et al. 2004, Elzinga et al. 2011b). Five sexual species
and two obligate parthenogenetic have been reported in central Finland (Elzin-
ga et al. 2011b). The parthenogenetic moths Dahlica fennicella and D. triquetrella
co-exist with closely related sexual species (Suomalainen 1980, Kumpulainen et
al. 2004, Elzinga et al. 2011b). Parthenogenetic species are quite abundant and
show no signs of decline or high parasitism (Fig. 3 & 4).

In early spring, last instar larvae climb up trees in order to pupate. Adults
emerge within 2-4 weeks after the beginning of their pupal stage. A broad spe-
cies classification can be made based on reproductive strategy. Parthenogenetic
females start to lay eggs immediately after emergence, while sexual females re-
lease pheromones in a typical calling position and males are clearly sexuals.
Sexual and parthenogenetic females lay their eggs inside their larval case, after
which the female drops and perishes. Immediately after hatching, the larvae
construct their own case. The larvae feed on lichen and moss. It seems that the
species of bagworm moths have one to two year life cycle. In this dissertation I
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focused to study the following species of Naryciinae occurring in Central Fin-
land: two parthenogenetic species Dahlica fennicella and D. triquetrella, and five
sexual species D. charlottae, D. lazuri, D. lichenella, Sideria listerella and S. rupi-
colella (Suomalainen 1980).

FIGURE2 Bagworm moths. Larvae and their self made case (A), sexual (on mating posi-
tion) (B), parthenogenetic bagworm moth (C) and a hymenopteran parasitoid

100 -
80
S
= 60 u 1999
-E 40 2000
20 2001
0 2008

Sympatric Sampling Sites

FIGURE3  Ocurrence of parthenogens (asex) and sexuals (sex) in sympatric sites.

WD. charlottac
WD. lichenella
WD. lnzuri
[S. listerella
[S. rupicolella
WD. fennicella

100.004

80.004

60.004

40.004

% of infected moths

20.009

Parthenogens Sexuals
Reproductive Strategy

FIGURE 4  Percentage of parasitism of the parthenogenetic D. fennicella versus sexual
species.
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2.2 Field Sampling

In early March during 2007 to 2011, last instar larvae were collected by setting
tape traps around tree trunks in a total of 70 forested sites. The sampling sites
were located around the city of Jyvadskyld, Central Finland and in nearby areas
of Evo, Southern Finland. In 2008, field sampling was also conducted in Aland
and Estonia (Fig. 5). At each site tape (TRENDtape, Miiroll, Franztanz, Austria)
was attached with the adhesive side outwards around tree trunks (Picea sp, Bet-
ula sp, Pinus, sp and Populus sp) approximately 1.5m above the ground. The
maximum distance among trees within a site was 100m.

All the Naryciinae larvae that were trapped by the tape were collected
(aprox 30.000). Each sampling site was visited once a week for two months.
Additionally, in 2007 early instar larvae were collected and reared until fall.
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2.3 Laboratory rearing

At the beginning of the field season, all larval cases were kept in individual con-
tainers simulating field conditions at 10/20°C (16/8 h cycle) and 85% humidity.
A minority were kept at 5°C for up to three weeks due to time and space con-
straints. From the beginning of July to early September, the temperature was set
at 15/25°C (16/8 h cycle) to simulate summer conditions. In early October the
temperature was constant at 4°C for five months to simulate winter conditions.
The dark/light cycle in the growth cabinet was adjusted regularly to field con-
ditions throughout the year.

All containers were checked on a daily basis for the emergence of moths or
parasitoids. In case of pupal parasitoids, the gender of the moth pupa was de-
termined based on the presence or absence of wing plates. Adult moths were
placed in 99% ETOH for DNA barcoding (paper 1), phylogenetic analysis (paper
IT) and microsatellite isolation (paper V). If a parasitoid emerged the remains of
the host larva were collected and preserved in 99% ETOH for the identification
of the host. DNA was extracted from the available larval remains collected in
2008 from sites where at least one parthenogenetic adult had emerged (‘sym-
patric” sites). A DNA barcoding approach was used to determine the species of
the larvae that were killed by parasitoids (paper IV). All parasitoids were iden-
tified based on morphology, for details refer to (Elzinga et al. 2011a). To check
for a potential identification bias of DNA barcoding, the 209 larval remains
from sites with over 75% of parthenogenetic adults were compared with 255
larval remains from sites with 100% of sexual adults. No parasitoids or moths
emerged after the winter conditions. A subsample (n=42) of the cases from
which nothing emerged was dissected in order to collect dead larvae or pupae.

2.4 Morphological Analyses

2.4.1 Males

Traditionally, morphological identification in bagworm moths was based on the
genital index and on the shape of wing scales (Sauter 1956, Dierl 1966, Suoma-
lainen 1980, Pro Natura 1997, Hauser 2004, Bengtsson et al. 2008). Paper I in-
cludes an analysis of the length of aedeagus, the valve, the traditional genital
index and wing scale measurements in an attempt to discriminate the different
species of bagworm moths with DNA barcoding.

Each right forewing was mounted dry on a microscope slide. The meas-
urements were manually performed on a photograph that was taken of the dis-
tal % of each wing, between the R2 and R3 veins, with a Zeiss Axioskop micro-
scope with 10x magnification using the program SPOT v 4.0.1 (Diagnostic In-
struments, Sterling Heights, MI). Several parameters were measured from each
of the scales (Fig. 6): number of peaks, total length, partial length (a) that was
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obtained by subtracting the total size of the scale from the peak length (b),
width below peaks (c), and the width at 2/3 of total length (d). Six ratios were
calculated from the measurements: a/b, a/c, a/d, b/c, b/d and c¢/d. The num-
ber of scales that were measured was variable (5-10) due to the fact that the
scales frequently overlapped, which prevented some measurements.

In order to prepare microscope slides of the genitalia, the distal part of the
abdomen was left overnight in a solution of 10% KOH to soften the surround-
ing tissues. On the next day, the genitalia were dissected and mounted in eu-
pharal (ANSCO Laboratories, Manchester, England). Two measurements were
manually taken: length of the aedeagus and the length of the two valve (Fig. 3).
Subsequently, the average length of the two valve and the traditional genital
index (ratio between the aedeagus length and the longest valve) was calculated
(Suomalainen 1980). The measurements were obtained from a photograph tak-
en with a Zeiss Axioskop microscope with 40x magnification using the program
SPOT v 4.0.1 (Diagnostic Instruments, Sterling Heights, MI).

2.4.2 Females

Morphological identification of females has typically considered the shape of
the capito-prosternal plate (Fig. 6) of the female pupa (Suomalainen 1980, Hat-
tenschwiler 1985, Pro Natura 1997). Hauser (2004) also suggested an index be-
tween the length of the pupal antennal sheath and the length of the capito-
prosternal plate. Several parameters were measured and calculated to deter-
mine whether the capito-prosternal plate of the pupa was useful for species de-
limitation of barcoded moths (paper I).

First, the capito-prosternal plate of the female pupa was mounted dry on
a microscope slide. A photograph was taken using a stereomicroscope Olympus
SZX9 with 12.5x magnification using the program Image Pro Plus v7.0 (Media-
Cybernetics, Silver Springs, MD). Five measurements were manually performed
on each photograph (Fig. 6): a-b (1), a-c (2), a-d (3), a-e (4) and the length of the
pupal antennal sheath (f) (5). Next, the following ratios were calcutaed: 5/1,
5/2,5/3,5/4,4/1,4/2,4/3,3/1,3/2 and 2/1. The 5/4 ratio corresponds to the
index calculated by Hauser (2004).

FIGURE 6  Morphological characters that were analyzed for seven species of Naryciinae
(1) Wing scale measurements and ratios for males (2) Male genitalia meas-
urements (3) Measurements of the capito-prosternal plate of the female pupa.
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2.5 Molecular Analyses

2.5.1 Genome size and ploidy level

Flow cytometry measurements allowed us to determine ploidy level and ge-
nome size of parthenogenetic and sexual bagworm moths (paper II). Specimen
tissue was taken and stained using 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.

The output files from the flow cytometry measurements (FCS files) were
exported as text using WinMDI v 2.9 (Joseph Trotter, The Scripps Institute, La
Jolla, CA) and pasted on an Excel (v. 14) sheet. Then, the mean fluorescence
from the standard (D. melanogaster) and moth sample 2C (diploid) or 4C (tetra-
ploid) peak was calculated. The mean of the peaks of interest was estimated
avoiding cell clumps and debris. The moth sample and standard D. melanogaster
peaks were confined by establishing their range, cut off range and cut off point.

DNA content for each moth species was calculated according to Tsutsui et
al. (2008) as the ratio between the mean fluorescence 2C peak or 4C of the moth
and the overall average (97.21 units) mean fluorescence 2C peak of D. melano-
gaster. This ratio was denominated “relative DNA” as it was not multiplied by
the value of the genome size of D. melanogaster, as there is some variation on its
estimation (Bennett et al. 2003, Gregory & Johnston 2008).

2.5.2 Amplification of mitochondrial and nuclear genes

DNA was extracted from sexual and parthenogenetic individuals using the
QIAGEN DNeasy Blood & Tissue kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s protocol and by eluting the DNA in 100ul of buffer AE.

The amplification of the partial sequence of the COI gene (657bp) was per-
formed using the primer pair reported in (Wahlberg & Wheat 2008): LCO (fwd)
G GTC AAC AAA TCA TAA AGA TAT TGG and HCO (rev) T AAA CTT CAG
GGT GAC CAA AAA ATC A. The COII fragment (331bp) was amplified using
the primer pair: COII-M1F (fwd) TT GGA TTT AAA CCC CAT YTA and C2-
N-3389(rev) TCA TAA GTT CAR TAT CAT TG (Simon et al. 1994).

The partial sequence of the CAD gene (604 bp) was obtained with a Naryci-
inae specific primer pair: psyCADF(fwd) TGGTAAAAATTCCAAGATGG and
psyCADR(rev) ATCAAATTCGACAGAACTGC. The amplification of the frag-
ment of the nuclear MDH (730 bp) was conducted using the primer pair reported
in (Wahlberg & Wheat 2008): MDHF(fwd) G AYA TNG CNC CNA TGA TGG
GNG T and MDHr(rev) AGN CCY TCN ACD ATY TTC CAY TT.

All PCR reactions were performed using the FailSafe PCR System (Epi-
centre Biotechnologies, Madison, Wisconsin) in a total reaction volume of 20 pl,
that included 20-50 ng of DNA, 0.5 pM of forward and reverse primer, 10 pl of
Buffer B 2X and 2.5 U/ul of Taq DNA Polymerase. Reaction conditions were as
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follows: an initial denaturation step of 30s at 95°C, 30 cycles consisting of 30s at
95°C, 30s at 49-50°C annealing temperature (depending on primer combina-
tions) 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 agarose gel (1%). If there was a
single band, the products were purified using Exonuclease I-Shrimp Alkaline
Phosphatase (Amersham Biosciences). If more bands were visualized, the ex-
pected product was cut from the gel and purified with the QIAquick gel extrac-
tion kit from QIAGEN according to the manufacturer’s instructions.

All the sequencing reactions were conducted with the BigDye® Termina-
tor v3.1, Cycle Sequencing Kit (Applied Biosystems) using the M13 primers
(0.2uM) and run on an ABI 3130x] Genetic Analyzer (Applied Biosystems). The
primer pairs for the four genes had an M13 “tail” either forward 5'-
TTGTAAAACGACGGCCAGT-3" or reverse 5-CAGGAAACAGCTATGACC-
3.

The PCR products were sequenced on both strands, the sequences were
edited for ambiguities in Seqscape v2.6 (Applied Biosystems). Subsequently, the
sequences were aligned with ClustalW in MEGA v. 5 (Tamura et al. 2011) with
default settings.

2.5.3 DNA barcoding

DNA barcoding initiative was initially developed by (Hebert et al. 2003). Now-
adays, it is considered a rapid and cost effective molecular tool for species iden-
tification (Hausmann et al. 2011) based on genetic distances (Hebert et al. 2003,
Pons 2006) and in the availability of reference sequences.

This popular technique is based on the amplification of a specific region of
the DNA. Due to its high flexibility, the genetic material can be extracted from
any type of tissue including all live stages of the organism that is being exam-
ined. The genomic region to be amplified varies according to the species. In in-
sects, mitochondrial genes predominate for DNA barcoding (Roe & Sperling
2007, Rach et al. 2008, Yassin et al. 2010, Strutzenberger et al. 2011, Hausmann et
al. 2011, Heethoff et al. 2011) due to their rapid evolution, maternal inheritance,
robustness against degradation and limited recombination (Avise et al. 1987).
The identification of the species (papers II, III, IV and V) was only based on a
barcoding approach using the partial sequence of the mitochondrial cyto-
chrome II (COII). The reference sequences used were those reported in Grap-
puto et al. (2005a) and available in GenBank. The delimitation of the different
species of bagworm moths was determined according to their clustering posi-
tion in several groups that contained reference sequences. The NJ trees were
based on the Kimura 2 parameter (K2P) model of nucleotide substitution (Ki-
mura 1980) as recommended in the barcoding protocol (Ratnasingham &
Hebert 2007). The trees were obtained using MEGA v. 5 (Tamura et al. 2011).
The first paper also reports the use of the partial sequence of the COI as the
standardized barcode (Fig. 7). Additionally, we used an identification approach
based on direct sequence comparison to complement our results with those of
the NJ trees using TaxonDNA /Speciesldentifier 1.7.7-dev3 (Meier et al. 2006).
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The COI and COII sequences were evaluated according to the following criteria:
“Best Close Match” and “All species barcodes.” “Best Close Match” identifies
the best barcode match of a sequence and assigns a species name to a query on-
ly if the barcode is sufficiently similar. In contrast, “All species barcodes” is
more rigorous than the best close match criteria by using information from all
conspecific barcodes in the data instead of focusing on the barcode that is simi-
lar to the query. Subsequently, we tested whether proposed distance thresholds
for DNA barcoding, such as 1% (Ratnasingham & Hebert 2007) and 3%
(Hebert et al. 2003) grouped the species of moths in the same clusters that were
obtained in NJ trees.
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D. charlottae D. lazuri S. rupicolella | D. triquetrella
D. lichenella S. listerella D. fennicella

Bagworm moths

FIGURE7  Identified bagworm moth species (n=1109) based on DNA barcoding of the
COII (papers 11, 111, IV and V) and COI (paper I).

2.5.4 Phylogenetic Reconstruction

This analysis was conducted to determine the origin and phylogenetic relation-
ships of the parthenogenetic moth D. fennicella (paper II). The phylogenetic re-
construction included the following species occurring in Central Finland (7 spe-
cies): two parthenogenetic species Dahlica fennicella and D. triquetrella, and five
sexual species D. charlottae, D. lazuri, D. lichenella, Sideria listerella and S. rupi-
colella.

Phylogenetic relationships were evaluated based on Bayesian inference
(BI) (using MrBayes) and Maximum likelihood (ML) (using PhyML). Separate
and concatenated gene trees were obtained for both methods. Concatenated
gene trees were built in an attempt to get a more robust phylogenetic inference
from mitochondrial and nuclear genes. However, this approach might violate
the different evolutionary histories for each gene (Satler et al. 2011). For the nu-
clear genes, the heterozygous sites were left with the nucleotide ambiguity code
(unphased). Ambiguous characters are treated as uncertain in MrBayes and ig-
nored in PhyML as they do not carry any phylogenetic information.

The best-fit models for nucleotide substitution were obtained using
jModelTest v 0.1.1 (Posada 2008). The models were based on the Akaike infor-
mation criterion (AIC) (Posada & Crandall 1998). For the mitochondrial genes
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we obtained the Kishino and Yano model (Hasegawa et al. 1985) with a propor-
tion of invariable sites for COI (HKY + I) and with gamma rate variation for
COIl (HKY + I). The most suitable model for the CAD gene was the General
time reversible model (Lanave et al. 1984) with gamma distributed rate varia-
tion across sites (GTR + T'). The best model for the MDH was the symmetrical
model (Zharkikh 1994) with a proportion of invariable sites and gamma dis-
tributed rate variation across sites (SYM+I+ I). A sequence of Narycia duplicella
was included as an outgroup for all genes except for MDH, where a PCR ampli-
fication product was not obtained.

Bayesian phylogenetic trees were obtained for each gene separately (CO],
CAD and MDH) and from concatenated gene sequences with MrBayes v 3.1
(Ronquist et al. 2005). Concatenated phylogenetic trees included mitochondrial
(COI- COIl) and nuclear genes (CAD-MDH). Two simultaneous independent
runs with three heated chains and one “cold” chain were run for a number of
generations that varied between 3 million and 10 million, with a sample fre-
quency of 1000 and a burnin of 25% of the total number of samples. The default
random tree and the contype = allcompat option were used at all times. The de-
fault of a random starting tree was always assumed, except for the concatenated
nuclear genes where a user tree and ten perturbations were specified in order to
reach convergence. The standard deviation of split frequencies (< 0.01) and the
potential scale reduction factor (near 1.00) were used as the parameters for con-
vergence (Hall 2011). The support of each cluster was evaluated following the
criteria of (Hillis & Bull 1993), where a Bayesian posterior probability (BI) of
>(0.95 is considered to significantly support taxonomic relationships.

Phylogenetic relationships were also reconstructed using Maximum Like-
lihood. Separate and concatenated gene trees were estimated with PhyML
(Guindon 2009). 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 concate-
nated trees, we used the same model for mitochondrial (HKY+I+ I') and for nu-
clear (GTR+I+ I') genes. We did not observe major changes in tree topology by
using different models based on low AIC values.

Phylogenetic tree topology was based on a SPR approach (subtree pruning
and regrafting), while the branch support had a bootstrap test of 100 replicates.
According to default settings, starting trees were based on BION]. A bootstrap
value above 70% was considered to significantly support taxonomic relation-
ships (Hillis & Bull 1993). All the phylogenetic trees were edited using MEGA
v.5 (Tamura et al. 2011).

2.5.5 Microsatellite Isolation

For the microsatellite isolation (paper V), genomic DNA was extracted using
the QIAGEN DNeasy Blood & Tissue kit from eight D. fennicella females from
different sites around Jyvéaskyld, Finland. The microsatellites were isolated
through an enriched genomic library as described in (Galarza et al. 2009) with
some modifications of the protocol.
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Briefly, a simultaneous restriction-ligation of genomic DNA was per-
formed using Rsal and Msel restriction enzymes. Double stranded linker-
adapter primers were added according to (Hamilton et al. 1999). Subsequently,
ligated DNA was enriched by magnetic bead selection with a biotin-labeled
probe mixture consisting of (GA)12 and (CATA)s at 1uM each. Next, enriched
DNA was eluted in 45ul dH>O from the bead probes and concentrated by etha-
nol precipitation. PCR amplification of the two enrichments was performed,
both enrichments were pooled and purified using QIAquick PCR purification
kit (Qiagen). Approximately 60ng/pl of purified DNA was cloned using
CloneJET™ PCR Cloning kit (Fermentas). A total of 368 positive clones were
sequenced using the BigDye® Terminator v3.1, Cycle Sequencing Kit (Applied
Biosystems) and run on an ABI 3130x]l Genetic Analyser (Applied Biosystems).
Primer pairs for 11 potential microsatellite loci were designed using Primer3
(Rozen et al. 2000).

To assess microsatellite polymorphism, ten individuals from the parthe-
nogenetic species were selected from sites around Jyviskyld, Konnevesi and SE
Estonia. For the sexual species, a total of 36 individuals were selected from 14
locations around Jyviskyld, Evo and from the Aland islands. We included geo-
graphically distant sites to maximize the chance to find possible genetic varia-
tion. PCR reactions were performed in 20pl total volume with approximately
50ng of DNA, 2mM of MgCl, 0.5uM of forward and reverse primer, 0.2mM of
dNTP’s, 10X Dream Taq Buffer (Fermentas) and 5U/ul Dream Taq DNA poly-
merase (Fermentas). PCR conditions were: an initial denaturation of 5min at
95°C, 15 cycles of 30s at 95°C, 30s at 65°C with a decrement in the temperature
of -1°C per cycle and 45s at 72°C. Next, 35 cycles consisting of 30s at 92°C, 30s
at 50°C annealing temperature, 45s at 72°C, a final extension of 10 min at 72°C.
PCR products were purified using QIAquick gel extraction kit (Qiagen).

Subsequently, we used a cloning approach to detect possible polymor-
phisms in the microsatellites fragments previously amplified by PCR. Approx-
imately 60ng/ul of purified microsatellite amplicon was cloned using
CloneJET™ PCR Cloning kit (Fermentas) following the manufacturer’s proto-
col. A total of 954 positive clones for the two parthenogenetic species, were
screened for inserts. For the sexual species, a total of 225 clones were screened.
Only variable clones were sequenced as described above. As a relative index of
variation (C), we calculated the fraction between the number of observed alleles
within the number of clones sequenced.

2.6 Sperm limitation experiment

The effects of male mating history on female fitness were examined to deter-
mine if sperm limitation occurs (paper III). To include all sexual species, the ex-
periment was divided into two parts. The first one included early species (mid
March), while the second incorporated late species (early May). However,
enough data to analyse the effects of mating history was only obtained for S.
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listerella and D. lichenella. The low number of copulations obtained for D. lazuri,
D. charlottae, and S. rupicolella reflects the availability of species in the sampling
sites.

At the beginning of each experiment, 20 males were randomly selected
from newly emerged individuals. Each male was placed inside a 30-ml Coulter
counter cup. Subsequently a 1-day old virgin female, that was randomly select-
ed, was offered to one of the males. If the male did not show interest to mate
within 30 s, the female was then offered to a different male (in random order)
until mating occurred or no copulation took place. Copulations took 3-10 min.
The experiment was repeated until no more 1-day old females were available
or all males had mated. All males, whether mated or not, recuperated for sever-
al hours at room temperature, and were then kept overnight at 4 *C until the fol-
lowing day. Newly emerged males were added to the experiment for each male
that died during 14 days after an experimental period started. The experiment
continued until the males died.

After copulation, individuals were separated to prevent a second mating
attempt. Males that mated were not included until the next day. The number of
multiple male copulations varied due to differences in the availability of indi-
viduals and the willingness of males to mate.

Mated females were transferred to the climate cabinet to complete oviposi-
tion. Contrary to the expectation that females were strictly monandrous, some
assumed the calling position a day after copulation.

The cases containing eggs from the mated females were kept in a growth
chamber for several weeks until the larvae emerged. Several measures of female
reproductive success were conducted for each clutch, including realised fecun-
dity (the total number of eggs laid by the female), fertility (the number of
emerged larvae) and hatching success (the proportion of eggs that hatched). Af-
ter death all the individuals were preserved in 99% ETOH.

2.7 Statistical Analyses

2.7.1 Morphology

An ANOVA was conducted of all measurements and ratios to determine
whether morphological characters were as effective as DNA barcoding for spe-
cies delimitation purposes (paper I). Nested ANOVA’s were performed for the
wing scale measurements and ratios, as more than one scale was included per
individual. Next, post-hoc tests were conducted (Dunnett or Tukey, depending
on the variance homogeneity) to determine potential groups of species that
could be differentiated based on the measurements that showed statistical sig-
nificance.

Subsequently, an agglomerative hierarchical cluster analysis based on Eu-
clidean distances was performed to identify homogeneous (Zibaee et al. 2008)
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groups of moth species using the measurements and indexes. The cluster analy-
sis is performed without an a priori classification of the individuals.

Finally, a Discriminant Analysis (DA) (Dapporto 2008) was conducted, in
which an a priori sorting was made based on our barcoding classification. The
aim of this analysis was to verify if males and females grouped according to the
DNA barcoding classification taking into account all measurements and ratios.
The importance of each variable was evaluated based on its correlation with the
different discriminant functions. Wilks” lambda was used to predict the signifi-
cance of the functions. The linearity assumption and the homogeneity of vari-
ance-covariance matrices were tested by examining the matrix scatterplots for
all variables (Leech et al. 2005). All analyses were conducted in PASW Statistics
v. 18.00.

2.7.2 Genome size and ploidy level

The “relative DNA” ratio was used for the ANOVA and post- hoc tests. The
aim was to determine possible differences in genome size among the sexual
species (paper II). Additionally, an independent samples t test was performed
to assess possible differences between parthenogenetic species. Finally, to ex-
press the genome size in Mb and pg the “relative DNA” was multiplied by the
estimated value of genome size for D. melanogaster (175Mb and 0.18 pg) (Ben-
nett et al. 2003). All the statistical analyses were conducted in PASW Statistics v.
18.00.

2.7.3 Mating Experiment

Interespecific copulations (7%) and individuals without successful DNA bar-
codes were excluded from the analysis. However, the male mating history in-
cluded all the copulations.

Generalised linear models with a quasibinomial distribution were em-
ployed to test whether male mating history affected the proportion of successful
copulations (paper III). Linear mixed models (function ‘Ime” in the ‘nlme” pack-
age in R) were used to test for effects of male mating history on fecundity and
fertility. Male was the random effect and the linear fixed effect included the
number of previous successful (when at least five eggs were produced) copula-
tions or male age at copulation. Similarly, generalized linear mixed models
(function “glme” in the’lme4’ package in R) were used to analyze hatching suc-
cess.

The correlation between female fitness (in the first successful male copula-
tions) and the number of successful male copulations was investigated because
a negative correlation can be expected if the transfer of sperm is costly for the
male. Additionally, female fecundity, fertility, and hatching success were ana-
lyzed separately (per species) and only for successful copulations. Analyses
were performed in R 2.10.1 (R Development Core Team, 2009). To test whether
the sex ratios of the emerged sexual adults differed from 1:1 y2 tests for each
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population (with more than 10 emerged adults, n = 53) were performed fol-
lowed by a sequential Bonferroni correction.

To look for temporal variation in the sex ratios, as observed in (Rhainds et
al. 1999), collection and development times for males and females were ana-
lyzed with an ANOVA. This analysis was performed prior to species identifica-
tion for all the sexual moths that we collected, and also for a group of random
individuals identified to species.

2.7.4 Parasitism rates in D. fennicella

Frequency of the parthenogen D. fennicella was calculated from among the adult
(non-parasitized) moths that hatched. The analysis included 70 forested sites in
central Finland. Parasitism rates (paper IV) were calculated per site from the
total number of cases from which an adult moth or parasitoid emerged. A gen-
eralised linear model with a quasibinomial error distribution (GLM) was used
to examine the correlations between parasitism rates and the frequency of par-
thenogenetic adults.

The frequency of parthenogens among the identified hosts was calculated
(for each sympatric site separately) to investigate whether parthenogenetic lar-
vae are relatively more parasitized than sexuals. Next, these values were com-
pared to the frequencies of parthenogens among the adult moths in a GLM
(with site and sample type as explaining factors). Additionally, we investigated
if the frequency of parasitized females (which may include parthenogens) was
higher (among the parasitized pupae) than the frequency of females among
non-parasitized emerged pupae.

The total frequency of parthenogens among the identified hosts was com-
pared with the total frequency of parthenogens among the adults with a bino-
mial test to investigate if certain parasitoid species have a preference to attack
parthenogenetic moths.

An hypothetical parasitism rate (HP) for all sympatric sites was calculated
to determine if the variation in parasitism was due to differences in phenology

of final instar larvae between the parthenogenetic and sexual moths.
HPx = E?:x(Psestaki XEXyeori )
Z?=1EX week i

with Psex the total parasitism rate observed in
the sexual sites and Ex the number of emerged individuals (adults plus parasi-
toids) in site x per week i, and compared it to the observed parasitism rates.

GLM were performed in R 2.10.1 (R Foundation for Statistical Computing,
Vienna, Austria) and all other analyses with IBM SPSS Statistics 19 (IBM Corpo-
ration, Armonk, New York).



3 RESULTS AND DISCUSSION

3.1 Identification criteria for bagworm moths (I)

Identifying one species from another is central to being able to develop further
into deeper questions concerning evolutionary biology of any group. Morpho-
logical characteristics were examined to determine their effectiveness to distin-
guish some species of Naryciinae, compared to molecular methods. Wing scales
measurements and ratios performed poorly as a morphological character for
species delimitation in males. The wing scales analysis included D. charlottae (n
=8), D. lazuri (n=10), D. lichenella (n=18), S. listerella (n=11), and S. rupicolella
(n=6). By comparison, the aedeagus length and the genital index (Suomalainen
1980) were better characters for morphological species differentiation. The anal-
ysis of the male genitalia comprised D. charlottae (n =11), D. lazuri (n=10), D. [i-
chenella (n=14), S. listerella (n=11), and S. rupicolella (n=13). However, male geni-
talia were not effective to differentiate the two species of the genus Siederia.
Therefore, the use of morphology to correctly identify males is not perfect.

The female capito-prosternal plate was analyzed as well, including D.
charlottae (n =13), D. lazuri (n=10), D. lichenella (n=12), S. listerella (n=9), and S.
rupicolella (n=10), D. fennicella (n=12) and D. triquetrella (n=8). Those findings
also suggest that the effectiveness of measurements and ratios of the capito-
prosternal plate of the pupa were highly inaccurate for species delimitation
purposes, despite its use in earlier studies (Suomalainen 1980, Pro Natura 1997).
The parthenogenetic D. triquetrella was the only species that could be discrimi-
nated based on the ratio between the length of the pupal antennal sheath and
the total length (Hauser 2004). However, D. triquetrella can also be distinguished
based on quicker and less demanding characteristics such as reproductive strat-
egy and the larval case shape (Suomalainen 1980). Moreover, the cluster and
discriminant analyses based on morphological characters did not generate an
accurate classification for either males or females.

Hybridization represents one alternative, but less likely scenario that
might explain the occurrence of overlapping morphological characters. Alt-
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hough interspecific matings occur in laboratory conditions between ¢D. lazuri-
3D.lichenella, ¥D. lichenella-3D. lazuri and $D.lichenella-3S. rupicolella, no sup-
porting evidence based on phylogenetic reconstruction (paper II) suggests that
hybridization occurs in the wild (Chevasco et al. in prep).

Species names for DNA barcoding followed those reported in Grapputo et
al (2005a) that were based on mtDNA and traditional morphology. The species
identification was based on sampling location, larval case and shape of wing
scales for males, but no quantitative analysis was performed. The morphologi-
cal identification matched with the mtDNA haplotypes for the parthenogens D.
fennicella and D. triquetrella. However, Grapputo et al. (2005a) reported some
mismatches between morphological and DNA-based approaches. For instance,
the COII references for S. rupicolella, based on morphology, clustered with S lis-
terella sequences, which confirms the overlap between the two species of the
genus Siederia reported in this study. Grapputo et al. (2005a) relied on the mor-
phological identification of the Finnish specimens. Therefore, those morpholog-
ical determined S. rupicolella were referred to as S. listerella. Moreover, D. lazuri
specimens based on morphology clustered with D. charlottae sequences. Grap-
puto et al. (2005a) considered the morphological identification of D. lazuri to be
unreliable, thus those D. lazuri sequences were denominated as D. charlottae.
Nevertheless, uncertainty has to be considered for species naming among S. lis-
terella, S. rupicolella, D. lazuri and D. charlottae. Another issue arises for D. lichen-
ella, which was only considered as parthenogenetic in Finland (Suomalainen
1980, Sobczyk 2011). Nonetheless, the occurrence of a sexual form denominated
D. lichenella fumosella was reported as well (Suomalainen 1980). According to
our preliminary classification based on the COII, the sexuals that we denomi-
nated as D. lichenella clustered together with Austrian D. lichenella fumosella (not
shown) which is considered as a sexual form of the parthenogenetic D. lichenella
(Pro Natura 1997). Throughout our sampling, the strictly parthenogenetic D.
lichenella was never found. Regardless of the unresolved issues concerning
morphological characters and the uncertainty of species naming, the taxonomic
units described herein remain valid. What remains questionable is how well the
morphology-based species descriptions and names match what this study and
future molecular work will help to resolve.

Results from our molecular identification offered much more promise for
specimen identification, especially given the unreliable nature of morphological
characters. The molecular identification of each species was supported by NJ
trees and K2P distances that are mainly used for DNA barcoding (Hebert et al.
2003). Equivalent species specific clusters were obtained based on the partial
sequences of either of the subunits of the mitochondrial cytochrome oxidase
gene (COI — 331bp COIl— 657bp). Even the short COII fragment proved to be
useful for species delimitation purposes, despite some possible disadvantages:
too small to provide enough nucleotide variation, misrepresentation of the intra
and interspecific distances and might contain regions of unusual nucleotide di-
vergence (Roe & Sperling 2007). The use of short DNA fragments (this study),
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single nucleotide polymorphisms (SNP’s) or insertions/deletions (indels) has
been recognized as DNA barcoding sensu lato (Valentini et al. 2009).

Tree based identification techniques might be particularly effective for
bagworm moths. Although some ambiguity may exist for the exact names,
there are without doubt seven species specific clusters: D. fennicella, D triquet-
rella (parthenogenetic) and five sexual species D. lazuri, D. lichenella, S. rupi-
colella, D. charlottae, S. listerella (sexuals).

The analysis was complemented with alternative identification criteria,
such as “Best Close Match” and “All Species Barcodes” (Meier et al. 2006). The
results demonstrated the better performance of a standardized barcode (COI),
for which we did not observe any ambiguities and a low percentage (1.04%) of
incorrect assignments. In contrast, the COII fragment showed ambiguous iden-
tifications (9.8%) and the highest percentage of incorrect assignments (1.96%).

The DNA barcoding approach is based on genetic divergence. Therefore,
several distance threshold values have been proposed to establish species de-
limitation boundaries. Nevertheless, none of the suggested values of 1%
(Ratnasingham & Hebert 2007) and 3% (Hebert et al. 2003) separated the species
into seven clusters as indicated by the NJ tree. Therefore, the application of
threshold limits might be artificial and not applicable to every species (Rubinoff
2006, Ward et al. 2009).

3.2 Origin of parthenogenesis in D. fennicella (II)

Because sexual reproduction is considered so central to evolutionary potential,
the exceptions pose intriguing questions for evolutionary biology. Alternate
mechanisms for generating genetic variability (such as polyploidy) are typically
at the center of explanations for the success of parthenogens. Here we examine
the evolution of parthenogenesis in bagworm moths (D. fennicella) by focusing
on ploidy levels, genome size and phylogenetic reconstructions. The phyloge-
netic reconstructions included a total of 127 individuals from five sexual and
two parthenogenetic species. The mitochondrial genes comprised the partial
sequences of the COI (657bp) and the COII (331bp) from the cytochrome oxi-
dase gene. The nuclear gene fragments incorporated the CAD (604 bp) and
MDH (730 bp). The results showed the non hybrid origin of the parthenogenetic
D. fennicella in this group of Lepidoptera.

Flow cytometry measurements confirmed that the parthenogenetic D. fen-
nicella and D. triquetrella were tetraploids, while sexual species were diploids.
The genome size of D. charlottae (n=151) (M=1.77, SD=0.09) was significantly
smaller than D. lichenella (n=62) (M=2.21, SD=0.01) and S. rupicolella (n=45)
(M=1.87, SD=0.06). In contrast, the genome sizes of S. listerella (n=31) (M=2.10,
SD=0.08) and D. lazuri (n=43) (M=2.1, SD=0.14) did not differ significantly. The
results also revealed that were no significant differences in genome size be-
tween the two parthenogenetic species D. fennicella (n=60) (M=4.03, SD=0.20)
and D. triquetrella (n=12) (M=4.00, SD=0.21) t(70)= 0.45, p= 0.66.
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The phylogenetic analysis revealed some insights into the evolution of
parthenogenetic reproduction for D. fennicella. According to the partial se-
quences of mitochondrial genes there was a single transition to parthenogene-
sis. In contrast, the nuclear MDH and the concatenated nuclear phylogenies re-
vealed two possible transitions, while the CAD gene showed that the partheno-
genetic D. fennicella clustered in the same group with the sexual D. lazuri. As a
result, the evolution of asexuality in D. fennicella remains unresolved because
we observed two possible evolutionary paths. One possible explanation for the
different results obtained from nuclear and mitochondrial genes is dissimilar
evolutionary histories of the gene fragments used. Conclusive evidence for the
evolution of asexuality would need an extensive number of samples from D.
lazuri and D. fennicella.

In the mitochondrial phylogenetic trees, the parthenogenetic D. fennicella
was found to be the sister species of D. lazuri. The phylogenies based on nuclear
genes showed that D. fennicella and D. lazuri did not form separate clusters in
the CAD analysis. In contrast, the MDH showed that D. fennicella and D. lazuri
had a paraphyletic status within the same cluster. The close phylogenetic rela-
tionship between parthenogenetic D fennicella and the sexual D.lazuri was also
reflected by low interspecific pairwise distances. Mitochondrial gene fragments
showed a 0.9% of divergence for COI to 1.5% for COII, whereas nuclear genes
had 0% of divergence for CAD to 1.6% for MDH. In all phylogenetic reconstruc-
tions the sexual D. lichenella was the sister species to the group of D. fennicella
and D. lazuri, and all three species always formed a monophyletic group. Addi-
tional support for species relatedness among D. fennicella, D. lazuri and D. li-
chenella was corroborated by low interspecific variation among mitochondrial
and nuclear gene fragments (1.2% to 3.3% divergence).

The phylogenetic analysis supported a non-hybrid origin for D. fennicella.
However, the presumable parent species could have been potentially missed by
limiting the sampling sites to Finland and Estonia. An alternative, but specula-
tive, explanation to clarify the origin of D. fennicella is that it might have origi-
nated by means of autopolyploidization of the closely related sexual D. lazuri.

The speculation for an autopolyploid origin is based on the fact that the
sexual form of D. triquetrella, that occurs in Switzerland (Lokki et al. 1975) pro-
duces automictic diploids that may originate tetraploid parthenogenetic fe-
males through autopolyploidization (Lokki et al. 1975, Stenberg & Saura 2009).
Unfortunately, there are no observations for the existence of automictic diploids
in D. lazuri. Additional support for an autopolyploid origin in D. fennicella could
be corroborated by the fact that D. fennicella is a tetraploid and had approxi-
mately twice as much relative DNA when compared with the sexual D. lazuri.

A whole genome duplication event (autopolyploidization) in D. fennicella
would have helped to reduce extinction risks by creating mutational robust-
ness, functional redundancy, and increased rates of evolution and adaptation
(Crow & Wagner 2006). A polyploid organism has unique gene combinations
due to a double set of chromosomes, high levels of heterozygosity and altered
expression patterns (Parker Jr & Niklasson 2000). Whole genome duplication
could be one explanation for the abundance of parthenogenetic species (Kum-
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pulainen et al. 2004, Elzinga et al. 2011b). Additionally, polyploidy helps par-
thenogenetic species to violate the basic assumptions that higher mutational
load or lower genotypic variation would be disadvantageous (Horandl 2009).

3.3 Sperm limitation on female reproductive success (I1I)

Sperm limitation is an important factor that might contribute for the spread for
parthenogenesis, especially in wingless and sessile sexual females. The mating
experiment results were expected to show a decrease in female reproduction
due to an increased number of male copulations, male inability to consume nu-
trients and a short lifespan. In agreement with the expectations, fecundity and
fertility decreased by about 30% in S. listerella (n=273). In contrast, no decrease
was observed in D. lichenella (n=273). These findings suggest that the negative
effects of male mating history might not be strong in Naryciinae. The most like-
ly scenario could be that selection preferred males that do not reduce sperm
quality and quantity in a monandrous species. Further evidence comes from the
fact that the size of the spermatophores is smaller in monandrous species if
compared to polyandrous species (Hughes et al. 2000, Lauwers & Van Dyck
2006). These findings might also suggest small ejaculation sizes in some of the
species of Naryciinae. Moreover, the findings of the mating experiment showed
that unmated females tend to re-mate, even if the species of Naryciinae are con-
sidered strictly monandrous (Rhainds et al. 2005a). Females from both species
(S. listerella and D. lichenella) were observed to assume a calling position after
unsuccessful mating attempts, waiting for a new male to arrive. Furthermore,
male limitation did not constitute a constraint as only few sites had significantly
skewed sex ratios.

The results also revealed different conflicts over mating for two species of
Naryciinae. In S. listerella, females might obtain higher fitness by mating with a
virgin male, while males can increase their fitness by mating with multiple fe-
males. In contrast, D. lichenella females obtain higher fitness by mating with
older males and males can invest less in sperm to live longer and mate multiple
times. The observed results could be attributed to the only known difference
between these two species, which is larval timing, since many ecological aspects
of the Naryciinae are still unknown.

According to the results of (Grapputo et al. 2005a) parthenogenesis has
evolved several times in Naryciinae. One scenario to explain the favorable
spread of parthenogenesis was that sexual reproduction might incur extremely
high costs in this group, due to male and/or sperm limitation (Kumpulainen et
al. 2004). Nevertheless, the findings of this paper (III) did not give strong sup-
port to the idea that sperm limitation constitutes a selective force that might fa-
vor parthenogenetic reproduction in sessile females.
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3.4 Parasitism rates in D. fennicella (IV)

The overall parasitism rate of all species was 26% with a range from less than
20% in March to over 80% in May. The identified larval skin remains included
D. charlottae (n=37), D. lazuri (n=2), D. lichenella (n=10), S. listerella (n=129), and
S. rupicolella (n=4) and D. fennicella (n=56). The most common parasitoid was
Trachyarus borealis with a total parasitism rate of 9.2%.

The parasite hypothesis predicts that in populations where sexuals coexist
with asexuals (sympatric sites) asexuals should be more susceptible to parasi-
toid attacks due to the lack of genetic diversity (Tobler & Schlupp 2008). In
agreement with Kumpulainen et al. (2004) the results also indicated a strong
positive correlation between the prevalence of sexual and the presence of para-
sitoids. However, our study contradicts the parasite hypothesis of sex because
the majority of parasitoids attacked sexual hosts at a higher rate. Compared to
the total parasitism rate, both Meteorus affinis and Macrus parvulus showed a
positive correlation with the proportion of D. fennicella. Interestingly, partheno-
genetic species are rarely attacked by T. borealis, which was responsible for most
of the parasitism in our study. None of the parasitoid species showed a clear
preference for D. fennicella as was expected if at least one species of parasitoid
would be responsible for a potential decline in the number of parthenogens. In
general, our findings showed that most species of parasitoids co-occur with
parthenogens, but the parasitism rate was typically low. One possible explana-
tion for the success of D. fennicella is that parasitoids are poorly (or not yet)
adapted to take advantage of D. fennicella, as predicted by the parasite hypothe-
sis (Jokela et al. 2009). Another (not mutually exclusive to previous explanation)
possibility is that D. fennicella patterns of genetic diversity that could potentially
generate novel or rare genotypes.

Our ecological observations in D. fennicella, which co-occurs with sexual
species might indicate that the assumption of “all else equal” (Tobler & Schlupp
2008) is not fully met. “All else equal” states that sexuals and parthenogens
should not differ in ecology, physiology or life history. If the “all else equal” as-
sumption is not met, the parasitoid attacks might be affected by ecological and
physiological factors than through the differences in reproductive mode. Never-
theless, this study found important differences in larval phenology that could
affect the risk of being parasitized because larvae of sexual species were found
over a longer time period than D. fennicella. Dahlica fennicella probably has one
year life-cycle, whereas a two-year life-cycle seems to be dominant in sexual
species. Future investigations might help to establish whether phenological dif-
ferences play a significant role in parasitism rates.

The parasitoid hypothesis of sex does not explain the coexistence of sexual
and parthenogenetic bagworm moths. According to this study, sexuals should
deal with several costs: the production of males, mating, and parasitism. Par-
thenogenetic species may avoid the parasitoids due to a relatively high level of
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genetic variation (Grapputo et al. 2005a) although it was still lower than the
sexual species.

3.5 Patterns of genetic diversity in D. fennicella (V)

Considering the results of the low parasitism rates in D. fennicella (paper 1V),
and previously reported genetic variability (Grapputo et al. 2005b). This paper
investigated the possibility of the occurrence of diversity based on microsatel-
lite markers. The results revealed that nine out of eleven loci showed polymor-
phism in the parthenogenetic D. fennicella (n=11), whereas only three loci ampli-
fied for D. triquetrella (n=5), from which only one showed polymorphism. Con-
versely, five out of nine loci showed polymorphism for sexual species: D. char-
lottae (n=5), D. lazuri (n=8), D. lichenella (n=13), S. listerella (n=5), S. rupicolella
(n=2). In all species, microsatellite polymorphism included variation in the
number of repeats and insertions within the repeat motif. The observed genetic
variation in D. fennicella (average C = 0.42) cannot be explained by outcrossing.

Genetic diversity in parthenogenetic species might reflect the consequenc-
es of recombination due to intermittent sex. Occasional sexual reproduction
would offer the advantages of sex with reduced costs (D'Souza & Michiels
2010). Nonetheless, occasional sex in D. fennicella is highly unlikely because
males have never been found (Suomalainen 1980), and parthenogenetic females
lay eggs immediately after hatching. A second possible explanation for the ge-
netic polymorphism observed in D. fennicella could be an alteration of the achi-
asmate oogenesis mechanism. However, this might not be the case since female
lepidopterans that reproduce with automictic parthenogenesis and central fu-
sion without recombination have achiasmate oogenesis with no crossing over
(Stenberg & Saura 2009). A third scenario includes mutational processes. It is
generally accepted that microsatellites show higher mutation rates (10-2-10-%)
than coding genes (Li et al. 2002). Higher mutation rates constitute a feasible
explanation for genetic polymorphism in D. fennicella. Nevertheless, the confir-
mation for the observed genetic diversity might be only due to the multiple sets
of chromosomes (tetraploid status) of D. fennicella. Alternatively, negative fre-
quency dependent selection could maintain diversity in asexuals (Weeks &
Hoffmann 2008) increasing fitness of a genotype when it becomes rare. The idea
of negative frequency selection could be supported by contradictory findings in
the IV paper, which showed that sexual species suffered higher parasitism
rates. In contrast, parthenogens avoid parasitoid attacks by having rare geno-
types that might be constantly changing by a continuously generated genetic
diversity due to polyploidy. A more speculative explanation includes the exist-
ence of a large number of separate parthenogenetic lines, as in the parthenoge-
netic moth Ectoedemia argyropeza (Menken & Wiebosch-Steeman 1988). In either
case, the results support the idea that in this system parthenogens are not evo-
lutionary dead-ends.



4 CONCLUSIONS

4.1 Origin of parthenogenetic reproduction

The occurrence of certain parthenogenetic species contrasts with the dominance
of sexual reproduction. Current investigations that focus on the origin and evo-
lution of alternative reproductive strategies carry important implications for
understanding the predominance of sex by identifying their advantages and
maintenance. The apparent success of certain parthenogens is linked to differ-
ent modes of origin that may lead to high heterozygosity levels, including hy-
bridization (Simon et al. 2003). Hybridization between closely related sexual
species is one of the most commonly proposed causes for the origin of parthe-
nogenesis. A hybrid origin is often linked with polyploidy in parthenogens.

High ploidy levels (polyploidy) can minimize the effects of deleterious
mutations and the expression of mutational effects in parthenogenetic species
(Richards 1997, Otto & Whitton 2000). Based on the results, the two species of
parthenogenetic moths (D. fennicella and D. triquetrella) are tetraploids and
might be able to take advantages from a polyploid state when coexisting with
closely related sexual species.

In order to confirm or reject the hypothesis of a hybrid origin in partheno-
genetic species, it is necessary to identify sexual species. However, species de-
limitation in bagworm moths is problematic due to overlapping morphological
and ecological characteristics. Therefore, the biological species concept (BSC)
and the morphospecies concept cannot be applied to these moths. Bagworm
moths, though, are suitable for the application of the phylogenetic species con-
cept (PSC) based on a DNA barcoding approach (paper I), which enables us to
draw clearer conclusions about the origin of parthenogenesis.

By successfully identifying sexual species, we were able to determine that
parthenogenetic reproduction in D. fennicella likely originated by one of two
possible paths: a single transition (mtDNA) or multiple transitions (nDNA). De-
spite the lack of conclusive evidence in favor of single or multiple transitions to
parthenogenesis, our results show that hybridization did not lead to the origin
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of the tetraploid parthenogenetic D. fennicella. The results indicate the most
plausible hypothesis to explain the origin of D. fennicella is an autopolyploidiza-
tion event of a closely related sexual species, such as D. lazuri. The eventual, but
speculative, loss of sex in D. lazuri might indicate evidence for new adaptations
for some Naryciinae.

Cytogenetic studies or chromosome mapping would be required
(Maniatsi et al. 2010) in order to discard an allopolyploid or autopolyploid
origin of D. fennicella. Future investigations could also test the hypothesis sug-
gested by (Chenuil et al. 1999). In the case of autopolyploidy, any genetic mark-
er 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 (Chenuil et al. 1999). 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.

4.2 Maintenance of parthenogenesis

The occurrence of parthenogenetic species constitutes an intriguing paradox of
evolutionary success without the renowned mechanisms for providing genetic
variation. Traditionally, the absence of sex was regarded as a precursor to ex-
tinction. Maynard Smith (1978) considered that “...in the long run parthenoge-
netic species are doomed to extinction because of their inability to evolve...”
Contrary to expectations, parthenogenetic species of bagworm moths might be
flourishing without sex. Studies of systems where sexual and parthenogenetic
species co-occur, such as bagworm moths, provide evidence for or against the
mechanisms that play important roles in the maintenance of sex (Neiman and
Schwander 2011). There are three points that need to be considered for the
maintenance of parthenogenesis in this group of psychids.

First of all, according to the parasite hypothesis (Van Valen 1973), sex gen-
erates genetic diversity conferring advantages to individuals with rare geno-
types. In contrast to sexual species, parthenogens should be more susceptible to
infection because they are less likely to produce new genotypes due to the lack
of recombination. The apparent success of D. fennicella was supported by the
fact that parthenogenetic species are less vulnerable to the attacks of hymenop-
teran parasitoids (paper IV). On the other hand, sexual species were more vul-
nerable to attacks, which contradicts the prediction of the parasite hypothesis.
Additional studies focused on the potential differences in genes mediating
host-parasite interactions would help elucidate why sexuals appeared more
prone to parasitoid attacks.

Polyploidy represents a second point to consider when evaluating mecha-
nisms maintaining parthenogenesis because it allows for genetic diversity. The
tetraploid status of D. fennicella (paper 1I) may potentially confer resistance to
parasites (Tobler & Schlupp 2010). Moreover, based on computer simulations
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M'Gonigle and Otto (2011) determined that diploid hosts tend to suffer a great-
er number of parasitoid attacks. Patterns of genetic diversity might help par-
thenogens to cope with parasitoid attacks, as the parasitoids will tend to attack
the most common genotypes. Indeed, the parthenogenetic D. fennicella might be
avoiding parasitoid attacks due to unexpected genetic diversity based on mi-
crosatellite markers (paper V).

Thirdly, sperm and male limitation could favor the spread of parthenoge-
netic reproduction for wingless and sessile sexual females. The findings from
paper III showed that sexual females could re-mate in case of prior unsuccess-
ful copulations. The ability to re-mate reduces the risk of remaining unfertilized
and indicates that unfertilization risk might not be responsible for the spread of
parthenogenetic reproduction in this group of Lepidoptera.

The absence of sex in D. fennicella might constitute an evolutionary ad-
vantage. The parthenogenetic moth D. fennicella avoids the overwhelming costs
of sex, and its polyploidy status helps to cope with a higher mutational load.
Therefore, it appears that polyploidy plays an important role in the mainte-
nance of parthenogenesis in bagworm moths. An additional factor that might
contribute to the persistence of parthenogens is the type of parthenogenesis.
According to (Stenberg & Saura 2009) lepidopteran females such as D. triquet-
rella have automictic parthenogenesis with central fusion, together with achi-
asmate oogenesis that guarantees the maintenance of heterozygosity. This type
of cytological mechanism makes meiotic parthenogens much more persistent
than mitotic parthenogens. The retention of meiosis (Neiman & Schwander
2011) could also be interpreted as an explanation for the dominance of sex that
is characterized by meiotic mechanisms.

Although sexual reproduction is often considered an invaluable compo-
nent of evolutionary potential, more detailed investigations show asexuality
may not be quite as limiting. Mathematical models show that sex does not nec-
essarily increase variability, the resulting variability is not always beneficial,
and sometimes evolution might not favour sex (Otto & Lenormand 2002). A
more recent study by (Gorelick & Heng 2011) claims that sex is a constraint on
epigenetic and genomic variation that limits adaptive evolution. Furthermore,
some parthenogens do show genetic variation (Scali 2009, Beukeboom &
Pijnacker 2000), which might be facilitated by polyploidy. Our study supports
the reported correlation between high ploidy levels and parthenogenetic repro-
duction. Based on current evidence from the bagworm moths system, parthe-
nogenetic species seem to prevail mainly due to high ploidy levels. Neverthe-
less, the importance of sex cannot be completely minimized since it seems that
most of the time parthenogens originate from sexual forms retaining meiosis
and diversity from their ancestral forms. In the bagworm system, parthenogens
appear to overcome all the potential disadvantages from the lack of sex. How-
ever, the maintenance of sex in this system remains unresolved.
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YHTEENVETO (RESUME IN FINNISH)

Nidkokulmia partenogeneettisten ja seksuaalisesti lisidntyvien pussikehrad-
jien (Lepidoptera: Psychidae: Naryciinae) ekologiaan ja evoluutioon

Suvullinen eli seksuaalinen lisddntyminen on hallitseva lisddntymisen muoto
lapi eldinkunnan. Suvullisen lisddntymisen tdrkein etu suvuttomaan tai neit-
seelliseen lisddntymiseen verrattuna on rekombinaation kautta sdilyvad geneet-
tinen muuntelu. Partenogeneesilld eli neitseelliselld syntymiselld tarkoitetaan
alkion syntymistd naaraspuolisesta sukusolusta ilman koiraspuolisen sukupuo-
lisolun vaikutusta. Tatd ei pidd sekoittaa suvuttomaan lisddntymiseen joka tar-
koittaa elion lisddntymistd jakautumalla tai muulla tavalla niin, ettd syntyva
uusi yksilo on geneettinen kopio emoeliostd. Partenogeneesissa voi siis tapah-
tua meioosi ja rekombinaatiota, jolloin tyttdret eivit ole valttamatta ditinsa tark-
koja kopioita. Partenogeneettisesti lisddntyvilld lajeilla geneettinen muuntele-
vuus on kuitenkin paljon vdhdisempdd kuin suvullisesti lisddntyvilld elioilld,
koska vain yhden yksilon genomi siirtyy seuraavaan sukupolveen. Koska vain
geneettisesti muunteleva populaatio voi sopeutua muuttuvan ympariston haas-
teisiin, suvuttomasti lisddntyvéan lajin mahdollisuudet s&ilyd evolutiivisessa kil-
pajuoksussa suvullisesti lisddntyvien kanssa ovat teoreettisesti viahdinen, vaikka
suvuton lisddntyminen onkin suvullista lisddntymistd tehokkaampaa. Téastd
huolimatta tunnetaan suvuttomasti lisddntyvid elivitd, joiden tiedetddn saily-
neen jopa satoja miljoonia vuosia. Jotta voisimme ymmart4d niitd etuja ja haitto-
ja, joita suvuttomaan lisddntymiseen liittyy, pitdd kysymystd ldhestyd koko-
naisvaltaisesti katsoen seké lajien evoluutiohistoriaa ettd ekologiaa. Vaitoskir-
jassani tutkin lajien geneettistd vaihtelua sekd molekyylibiologian ettd genomii-
kan menetelmin ja pyrin yhdistdmé&in tdmén tietimyksen lajien runsaussuhtei-
siin, ekologiaan ja kdyttdytymiseen. Tutkimuskohteenani olivat pussikehradjid,
erityisesti Psychidae-heimon Dahlica- ja Siederia-sukuihin kuuluvia lajeja. Ni-
mensd pussikehrddjat ovat saaneet niiden toukkien tavasta kantaa mukanaan
pussia, johon se voi piiloutua vihollisiltaan. Lajin toukat eldvat toukkana pui-
den rungoilla ja tyvilld syoden sammalia ja jakélid. Suomessa eldvistd pussikeh-
radjista osa lisdaantyy suvullisesti ja erdat lajit vain suvuttomasti. N&iltd suvut-
tomasti lisdantyvilta lajeilta ei tunneta lainkaan koiraita.

Témén lajiryhméan tutkimusta hankaloittaa se, ettd lajit muistuttavat erit-
tdin paljon toisiaan. Toistaiseksi ei ole pystytty 16ytdmé&an varmaa menetelmaés,
joilla lajit pystyttdisiin erottamaan ulkondon perusteella toisistaan. Lajit myos
eldvit samankaltaisissa elinymparistdissd, joten niiden ekologiaan perustuva
lajinmédritys ei myoskddn ole luotettava. Tamédn tutkimuksen ensimmédinen
haaste olikin pyrkid selvittdmddn montako pussikehrégjilajia Suomessa todelli-
suudessa eldd, ovatko lajit todellisia biologisia lajeja ja tukevatko eri menetel-
miin perustuvat lajimddritelmét toisiaan.

Viitoskirjassani kerdsin ndytteitd vuosina 2007-2011 yhteensd 70 populaa-
tiosta ja tutkin pussikehréddjien morfologisia piirteitd ja vertasin morfologisista
mitoista saatua erotteluaineistoa DNA-viivakoodausaineistoon. DNA-viivakoo-
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daus (DNA Barcoding) on verrattain uusi molekyylibiologinen keino lajien
tunnistamiseen. Viivakooditettavat geenialueet ovat lyhyitd genomin osia, jotka
ovat lajin sisdlld ldhes samankaltaisia mutta muuntelevat lajien valilla. Morfo-
logisista piirteistd kdytin muun muassa siipisuomujen muotoa ja kokoa seka
genitaalien kokoa ja muotoa. Tarkein havaintoni oli se, etteivdt morfologiset
piirteet pystyneet erottamaan yksiselitteisesti lajeja vaikka DNA-viivakoodaus
selkedsti 10ysi 7 erillistd lajia, joista kaksi havaintojeni mukaan lisdéntyy suvut-
tomasti ja viisi suvullisesti. Nama havainnot poikkeavat aiemmista tutkimuk-
sista, jotka perustuivat joko ainoastaan morfologiseen aineistoon tai pelkdstdan
geneettiseen aineistoon. Molekyylibiologiset menetelmét ovat toistaiseksi ainoa
tunnettu keino erottaa pussikehradjdlajit luotettavasti toisistaan ja pussikehraa-
jille nayttdd fylogeneettinen (evolutiivinen) lajimééritelmé sopivan paremmin
kuin biologinen lajimé&ddritelmd. Kirjallisuudessa ja geenipankissa annettuihin
pussikehrddjien nimiin on kuitenkin syytd suhtautua varauksella. On mahdol-
lista, ettd vaikka aiemmissa tutkimuksissa on kdytetty samaa lajinimed tutki-
muskohteista, kyseessa ovat olleet eri lajit.

Koska partenogeneettinen lisdéntyminen on erittdin harvinaista perhosilla,
on aiheellista kysyd, miten se on kehittynyt pussikehradjilld ja minkalaiset va-
lintapaineet ylldpitavat sitd. Yksi merkittdvampid partenogeneettisen lisdanty-
misen etuja suvulliseen lisddntymiseen verrattuna on, ettei partenogeneettisen
lajin tarvitse investoida resursseja puolison etsimiseen ja paritteluun. Erityisesti
lajeilla, joilla toinen tai molemmat sukupuolet ovat huonosti liikkuvia tai koirai-
ta on vidhan saatavilla, voi sperman riittiméttomyys hedelmoittdmédn populaa-
tion kaikki naaraat olla merkittdvd kustannus. N&din on arveltu olevan myos
pussikehradjilld, joilla saadut tutkimustulokset ovat viitanneet siihen, ettd naa-
ras voi jaddd ilman parittelua johtuen koiraiden ajallisesta tai paikallisesta vé-
hyydestd. Naaras voi my0s jdddd ilman spermaa, mikéli parittelee koiraan
kanssa, joka on paritellut jo aiemmin. Tulokseni kuitenkin osoittavat, ettd sper-
man riittdvyys ei ole niin suuri ongelma pussikehrédjilld kuin aiemmat tutki-
mustulokset antavat ymmartdd. Ainoastaan yhdelld lajilla (D. listerella) hedel-
mdittymistodenndkoisyys laski mikéli naaras paritteli koiraan kanssa, joka oli jo
aiemmin paritellut. Pidan siis epdtodenndkoisend, ettd sperman riittavyys olisi
riittdvéd valintatekijd, joka olisi suosinut partenogeneesid pussikehragjilla.

On mahdollista, ettd puhtaasti geneettiset tekijit ovat johtaneet par-
tenogeneesiin pussikehréadjilld. Kasveilla polyploidia, eli mutaatio, jossa perus-
kromosomistoja on useampi kuin kaksi on hyvin yleistd. "Ylimddrdiset" kro-
mosomistot voivat olla perdisin samasta (autopolyploidia) tai eri lajista (allopo-
lyploidia). Eldimillad polyploidian on aiemmin uskottu olevan erittdin harvinais-
ta. Testasin hypoteesia, ettd pussikehréddjien partenogeneesi olisi kehittynyt
kahden lajin risteytymisen kautta, ja tdméd olisi puolestaan johtanut kro-
mosomiston kahdentumiseen (alloplyploidiaan) ja partenogeneesiin. Tutki-
mukseni vahvistivat sen, ettd partenogeneettinen D. fennicella on tetraploidi, eli
silld on kaksinkertainen kromosomisto. D. fennicellan kromosomisto on kuiten-
kin perdisin vain yhdestd lajista, eli kyseessd on autopolyploidia. Todenn&koi-
sin alkuperilaji D. fennicellalle on Dahlica lazuri, joka asettuu pussikehréddjien
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evoluutiopuussa ldhimmaksi D. fennicella -lajia. Tama laji on diploidi. Kirjalli-
suuteen perustuvat aineistot osoittavat, ettd vastoin aikaisempia oletuksia po-
lyploidia ndyttdd olevan usein yhteydessd myos eldinten partenogeneesiin. On-
kin mahdollista, ettd moninkertainen genomi puskuroi tehokkaammin haitallis-
ten mutaatioiden ilmenemista.

Koska suvuttomasti lisdantyvilld elivilld geneettinen muuntelevuus on
viahdisempdd kuin suvullisesti lisddantyvilld elioilld, ennustetaan niiden olevan
luvia loisia. Loisittuja pussikehr&djid voi olla populaatiosta jopa 30%. Seké ai-
emmissa tutkimuksissa ettd omassani on havaittu loisten olevan yleisimpid yh-
teisvissd, joissa on runsaasti suvullisesti lisddntyvid lajeja. Tamé&n tuloksen on
arveltu tukevan niin kutsuttua punaisen kuningattaren hypoteesista johdet-
tua “loiset ja suvullinen lisidntyminen” -hypoteesia. Tdmdn hypoteesin mu-
kaan loiset sopeutuvat yleisimpddn genotyyppiin populaatiossa, jolloin harvi-
naisimmat genotyypit, joihin loiset eivét eksy, saavat valintaedun. Mikili ge-
neettinen muuntelu on vihdistd, kuten suvuttomasti lisdéntyvilla lajeilla, loiset
tappavat hypoteesin mukaan ne nopeasti sukupuuttoon. Aikaisemmissa tutki-
muksissa ei ole pystytty osoittamaan edustivatko loisitut uhrit suvullisesti vai
suvuttomasti lisddntyvid lajeja, koska loiset tappavat aina isdntdnsd tunnista-
mattomaksi. Aikaisemmin pystyttiin tutkimaan ainoastaan loisten hyokkayksil-
td selviytynyttd populaatiota. Viitoskirjassani onnistuin ottamaan riittdvan
médrdn ndytteitd loisitun pussikehrddjan jddnteistda ja DNA-viivakoodausta
apuna kidyttden médritin sekd loisen ettd isdnnidn lajin. Tutkimukseni osoitti,
ettd vastoin ennusteita ja aikaisempia arvioita, loiset suosivat suvullisesti lisddn-
tyvid lajeja. Tatd yllattavad tulosta saattavat selittdd sekd geneettiset ettd ekolo-
giset syyt. Vaikka suvullisesti ja suvuttomasti lisddntyvét pussikehradjilajit ovat
ekologisesti ja morfologisesti hyvin samanlaisia, niistd 16ytyi kuitenkin joitain
eroja. Suurin ero suvullisten ja suvuttomien pussikehraddjien vélilld lienee se ettd
suvuttomilla lajeilla on padsaantdisesti yksivuotinen elinkierto. Taman ansiosta
partenogeneettiset lajit ovat alttiina loisille vihemmaén aikaa verrattuna suvulli-
siin lajeihin. Tdm4 ero saattaa olla yksi selittdvé tekijd seksuaalisten lajien suu-
rempaan loistaakkaan.

Toinen hyvin ylldttivd tulos oli, ettd partenogeneettisen D. fennicella -
pussikehrddjan geneettinen monimuotoisuus oli paljon suurempi kuin mitd su-
vuttomasti lisddntyvaltd lajilta voisi odottaa. D. fennicellan geneettinen vaihtele-
vuus saattaa olla syy siihen, miksi loisriski on pieni. Partenogeneettisen lajin
geneettistd muuntelua voi selittdd suuri mutaatiotiheys. Todenndkdisempi vaih-
toehto kuitenkin on, ettd kyseessd on niin kutsuttu automiktia, jossa ensin ta-
pahtuu tumien yhtyminen ja kromosomiluvun puoliintuminen, mutta diploidi
(tdssd tapauksessa tetraploidi) luku palautuu kun kaksi haploidia (tdssd tapa-
uksessa diploidia) tumaa yhtyy. Tamén tyyppisessd partenogeneesissd hetero-
tsygotian sdilyminen on mahdollista.

Viitoskirjatyoni antaa uutta tietoa huonosti tunnettujen pussikehrédjien
genetiikasta, evoluutiohistoriasta, taksonomiasta ja ekologiasta. Viitoskirjani
valottaa ymmaérrystdmme suvullisen ja partenogeneettisen lisidntymisen evo-
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luution mysteeristd. Osoitan viitoskirjassani, ettd D. fennicella partenogeneetti-
sestd lisddntymisstrategiastaan huolimatta ei kérsi loistaakasta ja sen geneetti-
nen monimuotoisuus on riittdvan suuri kilpailemaan suvullisesti lisddntyvien
lajien kanssa. Tulevaisuuden haaste on ratkaista, miten on mahdollista ettd hi-
taammin lisdéntyvét ja loisten vaivaavat suvullisesti lisddntyvat pussikehradjat
pystyvit kilpailemaan ja sdilyméan yhteisdissd partenogeneettisten lajien kans-
sa. Evoluutiobiologian “kuningatarmysteeri” suvullisen lisddntymisen sdilymi-
sestd jdi siis ratkaisematta.
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28 p. Yhteenveto 2 p. 1996.

SALMINEN, JANNE, Effects of harmful chemicals
on soil animal communities and
decomposition. 28 p. Yhteenveto 2 p. 1996.
KortiaHo, JANNE, Sexual selection and costs of
sexual signalling in a wolf spider. 25 p. (96 p.).
Yhteenveto 2 p. 1997.

KoskELA, JuHa, Feed intake and growth
variability in Salmonids. 27p. (108 p.).
Yhteenveto 2 p. 1997.

NAARALA, JONNE, Studies in the mechanisms of
lead neurotoxicity and oxidative stress in
human neuroblastoma cells. 68 p. (126 p.).
Yhteenveto 1 p.1997.

Ano, Teya, Determinants of breeding
performance of the Eurasian treecreeper. 27 p.
(130 p.). Yhteenveto 2 p. 1997.

HaararanTa, Anri, Cell and tissue changes in
perch (Perca fluviatilis) and roach (Rutilus
rutilus) in relation to water quality. 43 p.

(112 p.). Yhteenveto 3 p. 1997.

Somasuo, Markus, The effects of pulp and
paper mill effluents on fish: a biomarker
approach. 59 p. (158 p.). Yhteenveto 2 p. 1997.
MikoLa, Juna, Trophic-level dynamics in
microbial-based soil food webs. 31 p. (110 p.).
Yhteenveto 1 p.1997.

RAHKONEN, RuTTA, Interactions between a gull
tapeworm Diphyllobothrium dendriticum
(Cestoda) and trout (Salmo trutta L). 43 p.

(69 p.). Yhteenveto 3 p. 1998.

KoskeLa, Esa, Reproductive trade-offs in the
bank vole. 29 p. (94 p.). Yhteenveto 2 p. 1998.
Horng, Tana, Evolution of female choice in the
bank vole. 22 p. (78 p.). Yhteenveto 2 p. 1998.
PIRHONEN, JUHANI, Some effects of cultivation on
the smolting of two forms of brown trout
(Salmo trutta). 37 p. (97 p.). Yhteenveto 2 p.
1998.

Laakso, Joun, Sensitivity of ecosystem
functioning to changes in the structure of soil
food webs. 28 p. (151 p.). Yhteenveto 1 p. 1998.
NikuLa, Tuomo, Development of radiolabeled
monoclonal antibody constructs: capable of
transporting high radiation dose into cancer
cells. 45 p. (109 p.). Yhteenveto 1 p. 1998.



BIOLOGICAL RESEARCH REPORTS FROM THE UNIVERSITY OF JYVASKYLA

68

69

70

71

72

78

79

80

81

82

83

84

85

AIRENNE, KR, Production of recombinant
avidins in Escherichia coli and insect cells.

96 p. (136 p.). Yhteenveto 2 p. 1998.
LyyTIKAINEN, TAPANI, Thermal biology of
underyearling Lake Inari Arctic Charr
Salvelinus alpinus. 34 p. (92 p.).

Yhteenveto 1 p. 1998.

VIHINEN-RANTA, MAyA, Canine parvovirus.
Endocytic entry and nuclear import. 74 p.

(96 p.). Yhteenveto 1 p. 1998.

MARTIKAINEN, Esko, Environmental factors
influencing effects of chemicals on soil animals.
Studies at population and community levels. 44
p- (137 p.). Yhteenveto 1 p. 1998.

AnLRrOTH, PETRI, Dispersal and life-history
differences between waterstrider (Aquarius
najas) populations. 36 p. (98 p.).

Yhteenveto 1 p. 1999.

VIROLAINEN, KAIa, Selection of nature reserve
networks. - Luonnonsuojelualueiden valinta.
28 p. (87 p.). Yhteenveto 1 p. 1999.

SELIN, PIRKKO, Turvevarojen teollinen kdytto ja
suopohjan hyodyntaminen Suomessa. -
Industrial use of peatlands and the re-use of
cut-away areas in Finland. 262 p. Foreword 3
p- Executive summary 9 p. 1999.

LEPPANEN, HARRI, The fate of resin acids and
resin acid-derived compounds in aquatic
environment contaminated by chemical wood
industry. - Hartsihappojen ja hartsihappope-
rédisten yhdisteiden ymparistokohtalo kemial-
lisen puunjalostusteollisuuden likaamissa
vesistoissd. 45 p. (149 p.).

Yhteenveto 2 p.1999.

LinpsTrROM, LEENA, Evolution of conspicuous
warning signals. - Nikyvien varoitussignaa-
lien evoluutio. 44 p. (96 p.). Yhteenveto 3 p.
2000.

MarriLa, ELisa, Factors limiting reproductive
success in terrestrial orchids. - Kimmekoiden
lisdantymismenestysta rajoittavat tekijit. 29 p.
(95 p.). Yhteenveto 2 p. 2000.

KareLs, AarNo, Ecotoxicity of pulp and paper
mill effluents in fish. Responses at biochemical,
individual, populationand community levels.
-Sellu-ja paperiteollisuuden jitevesien
ekotoksisuus kaloille. Tutkimus kalojen
biokemiallisista, fysiologisista seka
populaatio-ja yhteisovasteista. 68 p. (177 p.).
Yhteenveto 1 p. Samenvatting 1 p. 2000.
AALTONEN, TuuLA, Effects of pulp and paper
mill effluents on fish immune defence. - Met-
séteollisuuden jitevesien aiheuttamat
immunologiset muutokset kaloissa. 62 p. (125
p.)- 2000.

HEeLENIUs, MERJA, Aging-associated changes in
NF-kappa B signaling. - Ikdéntymisen vaiku-
tus NF-kappa B:n signalointiin. 75 p. (143 p.).
Yhteenveto 2 p. 2000.
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76

77

86

87
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SirroNEN, MaTTi, The Finnish inland fisheries
system. The outcomes of private ownership of
fishing rights and of changes in administrative
practices. 81 p. (188 p.). Yhteenveto 2 p. 1999.
Lammi, AntTi, Reproductive success, local
adaptation and genetic diversity in small plant
populations. 36 p. (107 p.). Yhteenveto 4 p. 1999.
Niva, Teuvo, Ecology of stocked brown trout in
boreal lakes. 26 p. (102 p.). Yhteenveto 1 p. 1999.
PuULKKINEN, KATjA, Transmission of
Triaenophorus crassus from copepod first to
coregonid second intermediate hosts and
effects on intermediate hosts. 45 p. (123 p.).
Yhteenveto 3 p. 1999.

PARRI, SiLja, Female choice for male drumming
characteristics in the wolf spider Hygrolycosa
rubrofasciata. 34 p. (108 p.).

Yhteenveto 2 p. 1999.

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

HuoviNeN, Pirjo, Ultraviolet radiation in
aquatic environments. Underwater UV
penetration and responses in algae and
zooplankton. - Ultraviolettisdteilyn vedenalai-
nen tunkeutuminen ja sen vaikutukset leviin
ja eldainplanktoniin. 52 p. (145 p.). Yhteenveto
2 p. 2000.

PAAKKONEN, JARI-PEKKA, Feeding biology of
burbot, Lota lota (L.): Adaptation to profundal
lifestyle? - Mateen, Lota lota (L), ravinnon-
kdyton erityispiirteet: sopeumia pohja-
eldmdan? 33 p. (79 p.). Yhteenveto 2 p. 2000.
LaasoNEN, Pekka, The effects of stream habit
restoration on benthic communities in boreal
headwater streams. - Koskikunnostuksen
vaikutus jokien pohjaeldimistoon. 32 p. (101
p-)- Yhteenveto 2 p. 2000.

PasoNEN, HANNA-LEENA, Pollen competition in
silver birch (Betula pendula Roth). An
evolutionary perspective and implications for
commercial seed production. -
Siitepolykilpailu koivulla. 41 p. (115 p.).
Yhteenveto 2 p. 2000.

SALMINEN, Esa, Anaerobic digestion of solid
poultry slaughterhouse by-products and
wastes. - Siipikarjateurastuksen sivutuottei-
den jajétteiden anaerobinen késittely. 60 p.
(166 p.). Yhteenveto 2 p. 2000.

SaLo, HARRi, Effects of ultraviolet radiation on
the immune system of fish. - Ultravioletti-
sdteilyn vaikutus kalan immunologiseen
puolustusjérjestelméan. 61 p. (109 p.).
Yhteenveto 2 p. 2000.

MustajArvl, Karsa, Genetic and ecological
consequences of small population size in
Lychnis viscaria. - Geneettisten ja ekologisten
tekijoiden vaikutus pienten makitervakko-
populaatioiden elinkykyyn. 33 p. (124 p.).
Yhteenveto 3 p. 2000.
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Tikka, PAivi, Threatened flora of semi-natural
grasslands: preservation and restoration. -
Niittykasvillisuuden sdilyttaminen ja
ennallistaminen. 35 p. (105 p.). Yhteenveto 2 p.
2001.

Sutari, HeL, Ultraviolet sensitivity in birds:
consequences on foraging and mate choice. -
Lintujen ultraviolettindon ekologinen mer-
Kkitys ravinnon- ja puolisonvalinnassa. 31 p.
(90 p.). Yhteenveto 2 p. 2001.

VERTAINEN, LAURA, Variation in life-history
traits and behaviour among wolf spider
(Hygrolycosa rubrofasciata) populations. -
Populaatioiden viliset erot rummuttavan
haméahakin Hygrolycosa rubrofasciata) kasvus-
saja kdyttaytymisessd. 37 p. (117 p.)
Yhteenveto 2 p. 2001.

HaapaLa, ANTTI, The importance of particulate
organic matter to invertebrate communities of
boreal woodland streams. Implications for
stream restoration. - Hiukkasmaisen orgaanisen
aineksen merkitys pohjoisten metsdjokien pohja-
eldginyhteisdille - huomioita virtavesien
kunnostushankkeisiin. 35 p. (127 p.) Yhteenveto 2
p- 2001.

NissINEN, Liisa, The collagen receptor integrins
- differential regulation of their expression and
signaling functions. - Kollageeniin sitoutuvat
integriinit - niiden toisistaan eroava séétely ja
signalointi. 67 p. (125 p.) Yhteenveto 1 p. 2001.
AHLROTH, MERVI, The chicken avidin gene
family. Organization, evolution and frequent
recombination. - Kanan avidiini-geeniperhe.
Organisaatio, evoluutio ja tihea
rekombinaatio. 73 p. (120 p.) Yhteenveto 2 p.
2001.

HyYOTYLAINEN, TARJA, Assessment of
ecotoxicological effects of creosote-
contaminated lake sediment and its
remediation. - Kreosootilla saastuneen
jarvisedimentin ekotoksikologisen riskin

ja kunnostuksen arviointi. 59 p. (132 p.)
Yhteenveto 2 p. 2001.

SuLkava, PEkka, Interactions between faunal
community and decomposition processes in
relation to microclimate and heterogeneity in
boreal forest soil. - Maaperin elioyhteison ja
hajotusprosessien viliset vuorovaiku-tukset
suhteessa mikroilmastoon ja laikut-taisuuteen.
36 p. (94 p.) Yhteenveto 2 p. 2001.

LarriNeN, OLLl, Engineering of
physicochemical properties and quaternary
structure assemblies of avidin and
streptavidin, and characterization of avidin
related proteins. - Avidiinin ja streptavi-diinin
kvaternddrirakenteen ja fysioke-miallisten
ominaisuuksien muokkaus seka avidiinin
kaltaisten proteiinien karakteri-sointi. 81 p.
(126 p.) Yhteenveto 2 p.2001.

LYYTINEN, ANNE, Insect coloration as a defence
mechanism against visually hunting

103

104

105

106

107

108

109

110

111

predators. - Hyonteisten véritys puolustukses-
sa vihollisia vastaan. 44 p. (92 p.) Yhteenveto
3 p. 2001.

NIKKILA, ANN4, Effects of organic material on
the bioavailability, toxicokinetics and toxicity
of xenobiotics in freshwater organisms. -
Orgaanisen aineksen vaikutus vierasaineiden
biosaatavuuteen, toksikokinetiikkaan ja
toksisuuteen vesielivilla. 49 p. (102 p.)
Yhteenveto 3 p. 2001.

Luri, Mira, Complexity of soil faunal
communities in relation to ecosystem
functioning in coniferous forrest soil. A
disturbance oriented study. - Maaperan
hajottajaelidston monimuotoisuuden merkitys
metsdekosysteemin toiminnassa ja héirion-
siedossa. 36 p. (121 p.) Yhteenveto 2 p. 2001.
KoskeLa, TaNaA, Potential for coevolution in a
host plant - holoparasitic plant interaction. -
Isantdkasvin ja tdysloiskasvin valinen vuoro-
vaikutus: edellytyksid koevoluutiolle? 44 p.
(122 p.) Yhteenveto 3 p. 2001.

LAPPIVAARA, JARMO, Modifications of acute
physiological stress response in whitefish
after prolonged exposures to water of
anthropogenically impaired quality. -
Ihmistoiminnan aiheuttaman veden laadun
heikentymisen vaikutukset planktonsiian
fysiologisessa stressivasteessa. 46 p. (108 p.)
Yhteenveto 3 p. 2001.

Eccarp, JaNa, Effects of competition and
seasonality on life history traits of bank voles.
- Kilpailun ja vuodenaikaisvaihtelun vaikutus
metsdmyyran elinkiertopiirteisiin.

29 p. (115 p.) Yhteenveto 2 p. 2002.

NIEMINEN, Jount, Modelling the functioning of
experimental soil food webs. - Kokeellisten
maaperaravintoverkkojen toiminnan
mallintaminen. 31 p. (111 p.) Yhteenveto

2 p. 2002.

NYKANEN, MARKO, Protein secretion in
Trichoderma reesei. Expression, secretion and
maturation of cellobiohydrolase I, barley
cysteine proteinase and calf chymosin in Rut-
C30. - Proteiinien erittyminen Trichoderma
reeseissd. Sellobiohydrolaasi I:n, ohran
kysteiiniproteinaasin sekéd vasikan
kymosiinin ilmeneminen, erittyminen ja
kypsyminen Rut-C30-mutanttikannassa. 107
p- (173 p.) Yhteenveto 2 p. 2002.

TuroLa, MaRrja, Phylogenetic analysis of
bacterial diversity using ribosomal RNA

gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien kiyttd bakteeridiver-
siteetin fylogeneettisessd analyysissd. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

HonkAavAARa, JoHAaNNA, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettindon
ekologinen merkitys hedelmi& syévien eldin-
ten ja hedelmékasvien viélisissd vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto

2 p. 2002.
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MAaRTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen seki
oligomerisaation muokkaus: uusia tydkaluja
avidiini-biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

JokEeLA, JaRy, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jitteen esikisittelyn
vaikutus yhdyskuntajéitteen biohajoamiseen ja
typpipéadstojen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

RANTALA, MARKUS ]., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyonteisilla. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

OkxsaNEeN, TuuLa, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisddantymisen kustan-
nukset ja poikasten laatu lisdéntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

HENoO, JaNI, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeldinyh-
teisdjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissa - eliomaan-
tieteellinen yhteys seka merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.
SHRA-PIETIKAINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsdmaan
hajottajayhteiso hakkuiden jalkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

KorteT, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L. -
Loisten ja taudinaiheuttajien merkitys kalan
lisdéntymisessd ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

SuviLampl, JuHANI, Aerobic wastewater
treatment under high and varying
temperatures - thermophilic process
performance and effluent quality. - Jatevesien
kasittely korkeissa ja vaihtelevissa lampoti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.
PAvINEN, Jussi, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissd eldvien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus 44 p. (155 p.) Yhteenveto 2 p.
2003.

Paavora, Riku, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkdrangattomien, vesisammalten ja kalojen
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130

131

yhteistrakenne pohjoisissa virtavesissa -
sdannonmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.
SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

AHTIAINEN, JARI JuHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata. -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihdmahékilla
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

Kararaju, Prasap, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
jarjestelméssa. 84 p. (224 p.) Yhteenveto 2 p.
2003.

HAKKINEN, JaNi, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B siteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

NorpLuND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestavyyden ja
rakennetopologian muokkaaminen. 64 p.

(104 p.) Yhteenveto 2 p. 2003.

MarjomAk, TiMO J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.
KiLriMAaA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

Ponni, Tia, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

WaNG, Hong, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.

(90 p.) 2004.

YLONEN, OLLl, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisdantyvan
UV-B siteilyn vaikutukset siikakalojen
poikasten kayttdytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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KumpuLAINEN, Tomi, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).

- Lisdantymisstrategioiden evoluutio ja sdily-
minen pussikehraéjilld (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

OjaLa, Kirst, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittiminen ja
sovellukset. 90 p. (141 p.) Yhteenveto 3 p.
2004.

RANTALAINEN, MINNA-L1isa, Sensitivity of soil
decomposer communities to habitat
fragmentation - an experimental approach. -
Metsdmaaperin hajottajayhteison vasteet
elinympariston pirstaloitumiseen. 38 p.

(130 p.) Yhteenveto 2 p. 2004.

SAARINEN, MR, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisdyridisen esiintymi-
seen ja runsauteen vaikuttavat tekijit
Anodonta piscinalis -pikkujarvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

LiLja, Juna, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.

- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyvid ongel-

mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.
Nykvist, PETRI, Integrins as cellular receptors

for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.
Korvura, Nina, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.
KARVONEN, Anssl, Transmission of Diplostomum
spathaceum between intermediate hosts.

- Diplostomum spathaceum -loisen siirtyminen
kotilo- ja kalaisannan vililla. 40 p. (90 p.)
Yhteenveto 2 p. 2004.

NYKANEN, MARi, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta

virtavesissd. 40 p. (102 p.) Yhteenveto 3 p. 2004.
HYNYNEN, JuHANI, Anthropogenic changes in

Finnish lakes during the past 150 years
inferred from benthic invertebrates and their
sedimentary remains. - Ihmistoiminnan
aiheuttamat kuormitusmuutokset suomalaisis-
sa jarvissa viimeksi kuluneiden 150 vuoden
aikana tarkasteltuina pohjaeldinyhteissjen
avulla. 45 p. (221 p.) Yhteenveto 3 p. 2004.

142

143

144

145

146

147

148

149

150

151

PyLkko, PArvi, Atypical Aeromonas salmonicida
-infection as a threat to farming of arctic charr
(Salvelinus alpinus L.) and european grayling
(Thymallus thymallus L.) and putative means to
prevent the infection. - Epatyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieridlle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkdisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.
PUURTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisddntymisstrategioiden evoluu-
tio eldimilla. 28 p. (110 p.) Yhteenveto 3 p.
2004.

TorLvaNeN, Ourtl, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jatteen-
kasittelytekniikan ja jatelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jatteen-
kasittelylaitoksilla. 78 p. (174 p.) Yhteenveto

4 p. 2004.

Boapi, Kwast Owusu, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympa-
ristd ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.

Lukkari, Tuomas, Earthworm responses to
metal contamination: Tools for soil quality
assessment. - Lierojen vasteet
metallialtistukseen: kdyttomahdollisuudet
maaperan tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.

MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jitevesista
yhdyskuntajdtevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.

KarisoLa, Piia, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian pédéallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.

BAGGE, ANNA MARI4, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteistjen rakenteeseen ja kehitykseen
vaikuttavat tekijat sisavesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.

JANTTI, AR, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Eurasian treecreeper. - Lajien-
vilisten suhteiden vaikutus puukiipijan
pesintimenestykseen metsdymparistossa.
39 p. (104 p.) Yhteenveto 2 p. 2005.
TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienviliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.



152

153

154

155

156

157

158

159

160

161

162

163

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

HaxaLaHTI, TEA, Studies of the life history of a
parasite: a basis for effective population
management. - Loisen elinkiertopiirteet:
perusta tehokkaalle torjunnalle. 41 p. (90 p.)
Yhteenveto 3 p. 2005.

HYTONEN, VEsa, The avidin protein family:
properties of family members and engineering
of novel biotin-binding protein tools. - Avidiini-
proteiiniperhe: perheen jasenten ominaisuuk-
sia ja uusia biotiinia sitovia proteiiniydkaluja.
94 p. (124 p.) Yhteenveto 2 p. 2005.

GiLBERT, LEONA , Development of biotechnological
tools for studying infectious pathways of
canine and human parvoviruses. 104 p.

(156 p.) 2005.

SUOMALAINEN, LoTTA-RIINA, Flavobacterium
columnare in Finnish fish farming;:
characterisation and putative disease
management strategies. - Flavobacterium
columnare Suomen kalanviljelyssa:
karakterisointi ja mahdolliset torjunta-
menetelmit. 52 p. (110 p.) Yhteenveto 1 p.
2005.

VEHNIAINEN, EEVA-R1IKKA, Boreal fishes and
ultraviolet radiation: actions of UVR at
molecular and individual levels. - Pohjoisen
kalatja ultraviolettisateily: UV-sateilyn
vaikutukset molekyyli- ja yksilotasolla. 52 p.
(131 p.) 2005.

VaINIKKA, ANssl, Mechanisms of honest sexual
signalling and life history trade-offs in three
cyprinid fishes. - Rehellisen seksuaalisen
signaloinnin ja elinkiertojen evoluution
mekanismit kolmella sérkikalalla. 53 p.

(123 p.) Yhteenveto 2 p. 2005.

LUOSTARINEN, SARI, Anaerobic on-site
wastewater treatment at low temperatures.
Jatevesien kiinteist6- ja kyldkohtainen
anaerobinen kisittely alhaisissa lampétilois-
sa. 83 p. (168 p.) Yhteenveto 3 p. 2005.
SepPALA, OTTO, Host manipulation by
parasites: adaptation to enhance
transmission? Loisten kyky manipuloida
isdntiddn: sopeuma transmission tehostami-
seen? 27 p. (67 p.) Yhteenveto 2 p. 2005.
SuuriNtEMI, Mi11A, Genetics of children’s

bone growth. - Lasten luuston kasvun gene-
tiikka. 74 p. (135 p.) Yhteenveto 3 p. 2006.
TorvoLa, Jount, Characterization of viral
nanoparticles and virus-like structures by
using fluorescence correlation spectroscopy
(FCS) . - Virus-nanopartikkelien seké virusten
kaltaisten rakenteiden tarkastelu fluoresenssi
korrelaatio spektroskopialla. 74 p. (132 p.)
Yhteenveto 2 p. 2006.

KLEMME, INES, Polyandry and its effect on male
and female fitness. - Polyandria ja sen vaiku-
tukset koiraan ja naaraan kelpoisuuteen 28 p.
(92 p.) Yhteenveto 2 p. 2006.

LEHTOMAKI, ANNIMARI, Biogas production from
energy crops and crop residues. - Energia-
kasvien ja kasvijitteiden hyodyntaminen
biokaasun tuotannossa. 91 p. (186 p.) Yhteen-
veto 3 p. 2006.
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ILMARINEN, KaTJA, Defoliation and plant-soil
interactions in grasslands. - Defoliaatio ja
kasvien ja maaperan véliset vuorovaikutukset
niittyekosysteemeissd. 32 p. (111 p.) Yhteenve-
to 2 p. 2006.

LOEHR, JonN, Thinhorn sheep evolution and
behaviour. - Ohutsarvilampaiden evoluutio ja
kayttaytyminen. 27 p. (89 p.) Yhteenveto 2 p.
2006.

Paukku, Satu, Cost of reproduction in a seed
beetle: a quantitative genetic perspective. -
Lisdantymisen kustannukset jyvékuoriaisella:
kvantitatiivisen genetiikan ndkokulma. 27 p.
(84 p.) Yhteenveto 1 p. 2006.

OjaLa, KaTja, Variation in defence and its
fitness consequences in aposematic animals:
interactions among diet, parasites and
predators. - Puolustuskyvyn vaihtelu ja sen
merkitys aposemaattisten eldinten kelpoisuu-
teen: ravinnon, loisten ja saalistajien vuoro-
vaikutus. 39 p. (121 p.) Yhteenveto 2 p. 2006.
MariLAINEN, HELL Development of baculovirus
display strategies towards targeting to tumor
vasculature. - Sy6vén suonitukseen
kohdentuvien bakulovirus display-vektorien
kehittdminen. 115 p. (167 p.) Yhteenveto 2 p.
2006.

KatLio, Eva R, Experimental ecology on the
interaction between the Puumala hantavirus
and its host, the bank vole. - Kokeellista
ekologiaa Puumala-viruksen ja metsimyyran
vilisestd vuorovaikutussuhteesta. 30 p. (75 p.)
Yhteenveto 2 p. 2006.

PirLaja, Marjo, Maternal effects in the magpie.
- Harakan ditivaikutukset. 39 p. (126p.)
Yhteenveto 1 p. 2006.

IHALAINEN, EIRA, Experiments on defensive
mimicry: linkages between predator behaviour
and qualities of the prey. - Varoitussignaalien
saalis-suhteista. 37 p. (111 p.) Yhteenveto 2 p.
2006.

LOPEZ-SEPULCRE, ANDRES, The evolutionary
ecology of space use and its conservation
consequences. - Elintilan kdyton ja reviiri-
kayttaytymisen evoluutioekologia
luonnonsuojelullisine seuraamuksineen. 32 p.
(119 p.) Yhteenveto 2 p. 2007.

TuLLa, Mira, Collagen receptor integrins:
evolution, ligand binding selectivity and the
effect of activation. - Kollageenireseptori-
integriiniien evoluutio, ligandin sitomis-
valikoivuus ja aktivaation vaikutus. 67 p. (129
p-) Yhteenveto 2 p. 2007.

SinisaLo, TuuLa, Diet and foraging of ringed
seals in relation to helminth parasite
assemblages. - Peraimeren ja Saimaan norpan
suolistoloisyhteisot ja niiden hyodyntdminen
hylkeen yksilollisen ravintoekologian selvitta-
misessd. 38 p. (84 p.) Yhteenveto 2 p. 2007.



175

176

177

178

179

180

181

182

183

184

185

186

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

TorvaneN, Tero, Short-term effects of forest
restoration on beetle diversity. - Metsien
ennallistamisen merkitys kovakuoriaislajiston
monimuotoisuudelle. 33 p. (112 p.) Yhteenveto
2 p. 2007.

Lupwig, GILBERT, Mechanisms of population
declines in boreal forest grouse. - Kanalintu-
kantojen laskuun vaikuttavat tekijit. 48 p. (138
p-) Yhteenveto 2 p. 2007.

KEeToLa, Tarmo, Genetics of condition and
sexual selection. - Kunnon ja seksuaalivalin-
nan genetiikka. 29 p. (121 p.) Yhteenveto 2 p.
2007.

SEPPANEN, JANNE-TUOMAS, Interspecific social
information in habitat choice. - Lajienvilinen
sosiaalinen informaatio habitaatinvalin-
nassa. 33 p. (89 p.) Yhteenveto 2 p. 2007.
BANDILLA, MATTHIAS, Transmission and host
and mate location in the fish louse Argulus
coregoni and its link with bacterial disease in
fish. - Argulus coregoni -kalatéin siirtyminen
kalaiséntdan, isinnén ja parittelukumppanin
paikallistaminen seké loisinnan yhteys kalan
bakteeritautiin. 40 p. (100 p.) Yhteenveto 3 p.
Zusammenfassung 4 p. 2007.

MERILAINEN, PAIvi, Exposure assessment of
animals to sediments contaminated by pulp
and paper mills. - Sellu- ja paperiteollisuuden
saastuttamat sedimentit altistavana tekijana
vesieldimille. 79 p. (169 p.) Yhteenveto 2 p.
2007.

Rourrty, Jarkko, Genetic and phenotypic
divergence in Drosophila virilis and

D. montana. - Geneettinen ja fenotyyppinen
erilaistuminen Drosophila virilis ja D. montana
lajien mahlakéarpasilla. 34 p. (106 p.) Yhteen-
veto 1 p. 2007.

BenesH, DANIEL P., Larval life history,
transmission strategies, and the evolution of
intermediate host exploitation by complex
life-cycle parasites. - Vakakarsamatotoukkien
elinkierto- ja transmissiostrategiat seka vali-
isannan hyvaksikayton evoluutio. 33 p. (88 p.)
Yhteenveto 1 p.2007.

TarpALE, Sami, Bacterial-mediated terrestrial
carbon in the foodweb of humic lakes.

- Bakteerivilitteisen terrestrisen hiilen
merkitys humusjarvien ravintoketjussa. 61 p.
(131 p.) Yhteenveto 5 p. 2007.

KILJUNEN, MIkkO, Accumulation of
organochlorines in Baltic Sea fishes. -
Organoklooriyhdisteiden kertyminen Itdme-
ren kaloihin. 45 p. (97 p.) Yhteenveto 3 p.
2007.

SorMUNEN, Kar Markus, Characterisation of
landfills for recovery of methane and control
of emissions. - Kaatopaikkojen karakterisointi
metaanipotentiaalin hyddyntamiseksija
pééstojen vahentamiseksi. 83 p. (157 p.)
Yhteenveto 2 p. 2008.

HiLtunen, Terro, Environmental fluctuations
and predation modulate community
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188

189

190

191

192

193

194

195

196

dynamics and diversity.- Ympariston vaihte-
lutja saalistus muokkaavat yhteison dyna-
miikkaa ja diversiteettid. 33 p. (100 p.) Yhteen-
veto 2 p. 2008.

SYVARANTA, JaR], Impacts of biomanipulation
on lake ecosystem structure revealed by stable
isotope analysis. - Biomanipulaation vaiku-
tukset jarviekosysteemin rakenteeseen vakai-
den isotooppien avulla tarkasteltuna. 46 p.
(105 p.) Yhteenveto 4 p. 2008.

MartiLa, NiiNa, Ecological traits as
determinants of extinction risk and
distribution change in Lepidoptera. - Perhos-
ten uhanalaisuuteen vaikuttavat ekologiset
piirteet. 21 p. (67 p.) Yhteenveto 1 p. 2008.
UrLa, PauLa, Integrin-mediated entry of
echovirus 1. - Echovirus 1:n integriini-
vilitteinen sisd@nmeno soluun. 86 p. (145 p.)
Yhteenveto 2 p. 2008.

KEeskNEN, Tario, Feeding ecology and
behaviour of pikeperch, Sander lucioperca (L.)
in boreal lakes. - Kuhan (Sander lucioperca
(L.)) ravinnonkaytto ja kdyttaytyminen
boreaalisissa jarvissa. 54 p. (136 p.) Yhteen-
veto 3 p. 2008.

LAAKKONEN, JOHANNA, Intracellular delivery of
baculovirus and streptavidin-based vectors
in vitro - towards novel therapeutic
applications. - Bakulovirus ja streptavidiini
geeninsiirtovektoreina ihmisen soluissa.

81 p. (142 p.) Yhteenveto 2 p. 2008.

MicHEL, PATRIK, Production, purification and
evaluation of insect cell-expressed proteins
with diagnostic potential. - Diagnostisesti
tirkeiden proteiinien tuotto hyonteissolussa
seké niiden puhdistus ja karakterisointi.

100 p. (119 p.) Yhteenveto 2 p. 2008.
LinpsteEDT, CARITA, Maintenance of variation in
warning signals under opposing selection
pressures. - Vastakkaiset evolutiiviset valinta-
paineet ylldpitavat vaihtelua varoitussigna-
loinnissa. 56 p. (152 p.) Yhteenveto 2 p. 2008.
BoMmAN, SaNNA, Ecological and genetic factors
contributing to invasion success: The
northern spread of the Colorado potato beetle
(Leptinotarsa decemlineata). - Ekologisten ja
geneettisten tekijoiden vaikutus koloradon-
kuoriaisen (Leptinotarsa decemlineata)
levidmismenestykseen. 50 p. (113 p.) Yhteen-
veto 3 p. 2008.

MAKELA, ANNA, Towards therapeutic gene
delivery to human cancer cells. Targeting and
entry of baculovirus. - Kohti terapeuttista
geeninsiirtoa: bakuloviruksen kohdennus ja
sisddanmeno ihmisen syopasoluihin. 103 p.
(185 p.)Yhteenveto 2 p. 2008.

LeBIGRE, CHRISTOPHE, Mating behaviour of the
black grouse. Genetic characteristics and
physiological consequences. - Teeren
pariutumiskayttaytyminen. Geneettiset tekijat
ja fysiologiset seuraukset . 32 p. (111
p-)Yhteenveto 2 p. 2008.
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KakkoNEN, ELINA, Regulation of raft-derived
endocytic pathways - studies on echovirus 1
and baculovirus. - Echovirus 1:n ja
bakuloviruksen soluun sisaanmenon reitit ja
saately. 96 p. (159 p.) Yhteenveto 2 p. 2009.
TenHOLA-ROININEN, TEA, Rye doubled haploids
- production and use in mapping studies. -
Rukiin kaksoishaploidit — tuotto ja kaytto
kartoituksessa. 93 p. (164 p.) Yhteenveto 3 p.
2009.

TreBATICKA, LENKA, Predation risk shaping
individual behaviour, life histories and
species interactions in small mammals. -
Petoriskin vaikutus yksilon kéyttaytymiseen,
elinkiertopiirteisiin ja yksildiden vélisiin
suhteisiin. 29 p. (91 p.) Yhteenveto 3 p. 2009.
PIETIKAINEN, ANNE, Arbuscular mycorrhiza,
resource availability and belowground
interactions between plants and soil microbes.
- Arbuskelimykorritsa, resurssien saatavuus ja
maanalaiset kasvien ja mikrobien viliset
vuorovaikutukset. 38 p. (119 p.) Yhteenveto

2 p. 2009.

AROVIITA, JUKKA, Predictive models in
assessment of macroinvertebrates in boreal
rivers. - Ennustavat mallitjokien
pohjaeldimiston tilan arvioinnissa. 45 p.

(109 p.) Yhteenveto 3 p. 2009.

Rasi, Saya, Biogas composition and upgrading
to biomethane. - Biokaasun koostumus ja
puhdistaminen biometaaniksi. 76 p.

(135 p.) Yhteenveto 3 p. 2009.

PakkANEN, Kirsl, From endosomes onwards.
Membranes, lysosomes and viral capsid
interactions. - Endosomeista eteenpdin.
Lipidikalvoja, lysosomeja ja viruskapsidin
vuorovaikutuksia. 119 p. (204 p.) Yhteenveto
2 p. 2009.

MaRrkkuLA, EVELIINA, Ultraviolet B radiation
induced alterations in immune function of
fish, in relation to habitat preference and
disease resistance. - Ultravioletti B -sdteilyn
vaikutus kalan taudinvastustuskykyyn ja
immunologisen puolustusjdrjestelmén toimin-
taan. 50 p. (99 p.) Yhteenveto 2 p. 2009.
InALAINEN, TEEMU, Intranuclear dynamics in
parvovirus infection. - Tumansisdinen dyna-
miikka parvovirus infektiossa. 86 p. (152 p.)
Yhteenveto 3 p. 2009.

Kunttu, Hepl, Characterizing the bacterial fish
pathogen Flavobacterium columnare, and some
factors affecting its pathogenicity. - Kalapato-
geeni Flavobacterium columnare -bakteerin
ominaisuuksia ja patogeenisuuteen vaikutta-
via tekijoitd. 69 p. (120 p.)

Yhteenveto 3 p. 2010.

KotiLAINEN, T1TTA, Solar UV radiation and
plant responses: Assessing the methodo-
logical problems in research concerning
stratospheric ozone depletion . - Auringon
UV-siteily ja kasvien vasteet: otsonikatoon
liittyvien tutkimusten menetelmien arviointia.
45 p. (126 p.) Yhteenveto 2 p. 2010.

208

209

210

211

212

213

214

215

216

217

EmNoLA, JuHa, Biotic oxidation of methane in
landfills in boreal climatic conditions . -
Metaanin biotekninen hapettaminen kaatopai-
koilla viile&ssa ilmastossa. 101 p. (156 p.)
Yhteenveto 3 p. 2010.

PIROINEN, SAIJA, Range expansion to novel
environments: evolutionary physiology and
genetics in Leptinotarsa decemlineata. - Lajien
levinneisyysalueen laajeneminen:
koloradonkuoriaisen evolutiivinen fysiologia
ja genetiikka. 51 p. (155 p.) Yhteenveto 3 p.
2010.

NiskaNEN, EINARI, On dynamics of parvoviral
replication protein NS1. - Parvovirusten
replikaationproteiini NS1:n dynamiikka.

81 p. (154 p.) Yhteenveto 3 p. 2010.

PEkkALA, SATU, Functional characterization of
carbomoyl phosphate synthetase I deficiency
and identification of the binding site for
enzyme activator.- Karbamyylifosfaatti
syntetaasi I:n puutteen patologian toiminnalli-
nen karakterisaatio ja entsyymin aktivaattorin
sitoutumiskohdan identifikaatio.

89 p. (127 p.) Yhteenveto 2 p. 2010.

Harmg, Panu, Developing tools for
biodiversity surveys - studies with wood-
inhabiting fungi.- Tyokaluja monimuotoisuus-
tutkimuksiin - tutkimuskohteina puulla elavat
sienet. 51 p. (125 p.) Yhteenveto 2 p. 2010.
JaLasvuori, MaTTi, Viruses are ancient
parasites that have influenced the evolution of
contemporary and archaic forms of life. -
Virukset ovat muinaisia loisia, jotka ovat
vaikuttaneet nykyisten ja varhaisten elaman-
muotojen kehitykseen. 94 p. (192 p.) Yhteenve-
to 2 p. 2010.

PosriLa, PExka, Dynamics of the ligand-
binding domains of ionotropic glutamate
receptors. - lonotrooppisten glutamaatti-
reseptoreiden ligandin-sitomisdomeenien
dynamiikka. 54 p. (130 p.) Yhteenveto 3 p.
2010.

PoikoNeN, Tanja, Frequency-dependent
selection and environmental heterogeneity as
selective mechanisms in wild populations.

- Frekvenssistad riippuva valinta ja ympariston
heterogeenisyys luonnonvalintaa ohjaavina
tekijoind luonnonpopulaatiossa. 44 p. (115 p.)
Yhteenveto 4 p. 2010.

KEKALAINEN, JUKKA, Maintenance of genetic
variation in sexual ornamentation - role of
precopulatory and postcopulatory sexual
selection. - Seksuaaliornamenttien geneettisen
muuntelun siilyminen - parittelua edeltidvan
ja sen jdlkeisen seksuaalivalinnan merkitys.
52 p. (123 p.) Yhteenveto 3 p. 2010.

SYRJANEN, JuKkka, Ecology, fisheries and
management of wild brown trout populations
in boreal inland waters. - Luontaisten taimen-
kantojen ekologia, kalastus ja hoito pohjoisilla
sisédvesilld. 43 p. (108 p.) Yhteenveto 3 p. 2010.
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RuskaMoO, SALLA, Structures, interactions and
packing of filamin domains. -
Filamiinidomeenien rakenteet, vuoro-
vaikutukset ja pakkautuminen. 50 p. (108 p.)
Yhteenveto 1 p. 2010.

HoNkaNEN, MERjA, Perspectives on variation
in species richness: area, energy and habitat
heterogeneity. - Pinta-alan, energian ja
elinymparistojen monimuotoisuuden suhde
lajimaaraan. 46 p. (136 p.) Yhteenveto 2 p.
2011.

TivoNEN, Jonna, Woodland key habitats.

A key to effective conservation of forest
biodiversity. - Avainbiotooppien merkitys ta-
lousmetsien monimuotoisuuden sdilymiselle.
33 p. (141 p.) Yhteenveto 2 p. 2011.

NURMINEN, ELisa, Rational drug discovery.
Structural studies of protein-ligand
complexes. - Rationaalinen lddkeainesuunnit-
telu. Proteiini-ligandi rakennekokonaisuuk-
sien tutkimus. 56 p. (113 p.) Yhteenveto 2 p.
2011.

URPANEN, OLLi, Spatial and temporal variation
in larval density of coregonids and their
consequences for population size estimation
in Finnish lakes. - Muikun ja siian poikas-
tiheyksien spatiaalinen ja ajallinen vaihtelu ja
sen vaikutukset poikasmédrdarviointiin. 49 p.
(94 p.) Yhteenveto 3 p. 2011.

JyvisjArvi, Jussi, Environmental drivers of
lake profundal macroinvertebrate community
variation - implications for bioassessment.

- Jarvisyvanteiden pohjaeldinyhteisoja
sddtelevat ymparistotekijat ja niiden merkitys
jarvien biologisen tilan arvioinnissa. 52 p.
(123 p.) Yhteenveto 3 p. 2011.

KorvuneN, Jarkko, Discovery of a2f1 integrin
ligands: Tools and drug candidates for cancer
and thrombus. - a2f31-integriiniligandien
suunnittelu; lddkeaihioita ja tyokaluja syovan
ja veritulpan hoitoon. 55 p. (111 p.) Yhteen-
veto 2 p. 2011.

MOKKONEN, MIKAEL, Evolutionary conflicts in
a small mammal: behavioural, physiological
and genetic differences between the sexes.

- Sukupuolten vilinen konflikti: kiyttayty-
miseen, fysiologiaan ja genetiikkaan liitty-
vistd ristiriidoista pikkunisakkailla. 60 p. (130
p.) Yhteenveto 2 p. 2011.

KorHoNEN, Esko, Puhtauspalvelut ja tyoym-
péristo. Ostettujen siivouspalveluiden laadun
mittausmenetelmiit ja laatu seké siivouksen
vaikutukset sisdilman laatuun, tilojen kayt-
tdjien kokemaan terveyteen ja tyon tehokkuu-
teen toimistorakennuksissa. - Methods for
evaluating the quality of cleaning, the factors
that influence the quality of cleaning, and

the quality of cleaning in buildings. 231 p.
Summary 5 p. 2011.
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KARJALAINEN, Mikko, Echovirus 1 infectious
entry via novel multivesicular bodies. -
Echovirus 1 infektio solun monirakkulaisten
rakenteiden kautta. 85 p. (189 p.) Yhteenveto
3 p. 2011.

JaGapasHi, PADMA SHANTHI, Methods to
enhance hydrolysis during one and two-stage
anaerobic digestion of energy crops and crop
residues. - Hydrolyysin tehostaminen ener-
giakasvien ja kasvitdhteiden yksi- ja kaksi-
vaiheisessa anaerobiprosessissa. 104 p. (167
p-) Yhteenveto 3 p. 2011.

PAKARINEN, OuTl, Methane and hydrogen
production from crop biomass through
anaerobic digestion. - Metaanin ja vedyn
tuottaminen energiakasveista anaerobipro-
sessissa. 96 p. (141 p.) Yhteenveto 2 p. 2011.
KATAJA-AHO, SAANA, Short-term responses

of decomposers and vegetation to stump
removal. - Kantojen korjuun vaikutukset
metsdmaaperdan ja kasvillisuuteen. 44 p.
(108 p.) Yhteenveto 3 p. 2011.

VEsaLA, Laura, Environmental factors
modulating cold tolerance, gene

expression and metabolism in Drosophila
montana. - Ympéristotekijéiden vaiku-

tus Drosophila montana -mahlakirpésen
kylménkestdvyyteen, sithen liittyvien gee-
nien toimintaan ja metaboliaan. 38 p. (105 p.)
Yhteenveto 3 p. 2011.

TakaLa, Heikkl, Three proteins regulating
integrin function - filamin, 14-3-3 and RIAM.
- Kolme integriinin toimintaa sadtelevaa pro-
teiinia - filamiini, 14-3-3 ja RIAM. 78 p. (117
p-) Yhteenveto 2 p. 2011.

SALMINEN, TiNA S., Timing is everything:
photoperiodicity shaping life-history traits
and gene expression. - Ajoituksen tarkeys:
valojaksoisuus elinkiertopiirteita ja geeni-
ekspressiota muokkaavana tekijana. 49 p.
(151 p.) Yhteenveto 3 p. 2011.

Larra, ANNE, Conservation in space.

- Lajien suojelu tilassa. 41 p. (135 p.) Yhteen-
veto 2 p. 2012.

SivuLa, LEeNa, Characterisation and treatment
of waste incineration bottom ash and leachate.
- Jatteenpolton pohjatuhkien ja niistd muo-
dostuvien suotovesien ominaisuudet ja késit-
tely. 75 p. (132 p.) Yhteenveto 3 p. 2012.
JENNINGS, JacksoN HusBarD, Barriers evolving:
Reproductive isolation and the early stages
of biological speciation. - Raja-aitojen kehit-
tyminen: Lisddntymisisolaatio ja biologisen
lajiutumisen ensimmaiset vaiheet. 47 p. (117
p-) Yhteenveto 3 p. 2012.

PexkaLa, NINa, Fitness and viability of small
populations: the effects of genetic drift,
inbreeding, and interpopulation hybridiza-
tion. - Geneettisen satunnaisajautumisen,
sisdsiitoksen ja populaatioiden vilisen
risteytymisen vaikutukset pienten populaa-
tioiden kelpoisuuteen ja elinkykyyn. 46 p.
(131 p.) Yhteenveto 3 p. 2012.



JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

238 PEURA, SARI, Bacterial communities in strati-
fied humic lakes. - Humuspitoisten metsgjar-
vien mikrobiyhteisot. 52 p. (128 p.) Yhteen-
veto 2 p. 2012.

239 LanTti, MARja, The fate aspects of pharma-
ceuticals in the environment - Biotrans-
formation, sedimentation and exposure of
fish. - Ladkeaineiden ympéristokohtalo -
Biotransformaatio, sedimentaatio ja kalojen
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