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ABSTRACT

Mustonen, Marina

Genetic diversity of a clonal earthworm: gene expression variation and impacts
on decomposition in metal contaminated soil

Jyvéaskyla: University of Jyvaskyld, 2016, 49 p.

(Jyvéaskyla Studies in Biological and Environmental Science

ISSN 1456-9701; 323)

ISBN 978-951-39-6833-5 (nid.)

ISBN 978-951-39-6834-2 (PDEF)

Yhteenveto: Geenien ilmentymisen vaihtelu metsélierolla ja lajin geneettisen
diversiteetin vaikutus ekosysteemin toimintaan metallisaastuneessa maassa
Diss.

Biodiversity affects ecosystem functioning positively. Metal-contamination di-
minishes species diversity and ecosystem function depends on the remaining
species, and the genotypes within them. I studied how the clonally reproducing
earthworm Dendrobaena octaedra responds to soil metal contamination and how
its genetic diversity affects decomposition. Expression of the gene for the metal
tolerance protein metallothionein was compared between populations with or
without metal exposure history: with exposure history expression was high and
stable and without there was a slow response. Adaptation to metal contamina-
tion likely explains the differences. Clonality of D. octaedra was verified with
microsatellite markers. However, there was considerable gene expression varia-
tion both between and within genotypes, highlighting the need to consider such
variation in comparative gene expression studies. The main study question fo-
cused on if genetic diversity is important for ecosystem functioning in metal-
contaminated soil. I manipulated genetic diversity of a key decomposer, D. oc-
taedra in a microcosm experiment. Indications of positive effects of higher genet-
ic diversity on decomposition were found, especially in the contaminated con-
ditions. However, the differences between the treatments often depended on
which genotype was in the low diversity treatment, suggesting that traits of the
genotypes might be more important than the level of genetic diversity for eco-
system functioning. An alternative technique to the real-time quantitative PCR,
droplet digital PCR, was tested for gene expression measurements, and found
to be a promising technique.

Keywords: Genetic diversity; decomposition processes; Dendrobaena octaedra;
metal contamination; gene expression; clones.

Marina Mustonen, University of Jyviskyld, Department of Biological and Environmen-
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1 INTRODUCTION

1.1 Biodiversity and ecosystem functioning

Ecosystem functioning encompasses biogeochemical processes that affect the
amounts of materials (e.g. organic matter) and the rates of cycling materials and
flow of energy within a given ecosystem, for example primary production and
decomposition (Hooper et al. 2005). Biodiversity includes different components,
e.g. richness, relative abundance and composition, and can be measured on dif-
ferent levels e.g. genetic variation, species diversity, functional variation and
biome distribution (Hooper et al. 2005). Ecosystem functioning and biodiversity
are positively correlated: with more diversity there can be more complementa-
tion in ecological niches, which enhances resource use, and high-functioning
species are more likely to be found from a more diverse pool of species (Gravel
et al. 2011, Hooper et al. 2012, Harrison et al. 2014, Duncan et al. 2015, Evans
2016). Ecological processes affect evolutionary change, but it has been demon-
strated that evolutionary processes, e.g. diversification of organisms, can also
affect ecosystem functioning, and lead to two-way feedbacks on the diversity-
functioning relationship (Harmon ef al. 2009, Bassar et al. 2010, Matthews et al.
2011, Barraclough 2015).

Genetic diversity, an important level of biodiversity, can have significant
effects on ecological processes, even rivaling the effects of species diversity
(Hughes et al. 2008, Matthews et al. 2011). There are indications that genetic di-
versity is especially important in dominant or functionally important species,
and in highly variable environments or when the environment is undergoing
changes caused by human activity (Hughes et al. 2008, Matthews et al. 2011).
The relationship between genetic diversity and ecosystem functioning is mostly
studied in plants, with the ecosystem parameter often being primary produc-
tion (plant biomass), but also the effect of genetic diversity on e.g. intraspecific
competition, stability and recovery from disturbance have been studied (Reusch
and Hughes 2006, Hughes et al. 2008, Avolion et al. 2014, Hughes 2014, Schob et
al. 2014, Prieto et al. 2015). Positive effects of genetic diversity on ecosystem
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functioning are often found (e.g. Wymore et al. 2011), but it can depend on what
kind of genetic diversity is studied. In a meta-analysis, Whitlock (2104) found
that there was a positive correlation between intraspecific diversity and ecologi-
cal functioning in plants when looking at adaptive genetic diversity (e.g. geno-
typic richness), but for neutral genetic diversity (variation in selectively neutral
loci) the positive correlation was noticed only in specific conditions. Effects of
genetic diversity on ecosystem processes is less studied in animals, but there are
few studies showing that higher genetic diversity has a positive effect on some
ecological parameters e.g. on survival, growth and fecundity in a marine inver-
tebrate Bugula neritina (Aguirre and Marshall 2012), and on crowding in black
surfperch Embiotica jacksoni (Johnson et al.2016).

1.2 Diversity of soil invertebrates

Soil invertebrates participate in many ecosystem functional processes, e.g.
building and maintaining porosity of the soil, controlling microbial activity,
protecting plants from some pests and accelerating plant growth (Lavelle et al.
2006). Plants provide organic material to the soil food webs through roots and
dead litter that the soil invertebrates can use directly as energy sources (e.g. de-
composing dead organic matter) and indirectly, by consuming other soil organ-
isms utilizing the organic material (Lavelle ef al. 2006, Sylvain and Wall 2011).
Soil invertebrates participate in recycling nutrients back to the plants through
processes that transform organic compounds to inorganic nutrients, i.e. nutrient
mineralization (Lavelle et al. 2006, Sylvain and Wall 2011). Soil invertebrates
affect nutrient cycling mostly through comminution of litter and increasing mi-
crobial activity through selective feeding, but also by affecting the vertical dis-
persion of organic matter (transporting litter from the top layer to deeper layers
of the soil) and creating structures that act as incubators of microbial activity
(Lavelle ef al. 2006). Among soil invertebrates, earthworms are often key-species
and contribute considerably to soil structure and nutrient cycling (Edwards and
Bohlen 1996, Spurgeon et al. 2003, Lavelle et al. 2006, Sturzenbaum et al. 2009).
Diversity of organisms in soil is often very high, and there are indications
that biodiversity has a significant impact on decomposition and nutrient cycling,
but the importance of genetic, species and functional diversity of soil organisms
on ecosystem functioning is not fully understood (Héattenschwiler et al. 2005,
Gessner et al. 2010, Bardgett and van der Putten 2014). A common view is that
there is functional redundancy in soil communities, and it is the species’ traits
(the function of the species) that are more important than species diversity per se,
meaning that community composition, e.g. presence of key-species and func-
tionally different groups is what affects the soil decomposition processes
(Laakso and Setdld 1999, Ekschmitt ef al. 2001, Cragg and Bartgett 2001, Heems-
bergen et al. 2004, Eisenhauer and Schddler 2011, Bardgett and van der Putten
2014). On the other hand, other studies have found that also species diversity is
important for ecosystem functioning (Scheu et al. 2002, Zimmer et al. 2005,
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Adejuyigbe et al. 2006, Eisenhauer et al. 2012, Wagg et al. 2014, Jung et al. 2016).
In earthworms, species diversity is often not very high within a habitat, but it
has been shown that both functional diversity and species diversity of earth-
worms affect ecosystem functioning (Scheu et al. 2002, Hattenschwiler et al. 2005,
Sturzenbaum et al. 2009).

1.3 Clonality and genetic diversity

Asexual reproduction is not very common in animals: on one hand producing
offspring via asexual reproduction is faster and more efficient, since the indi-
vidual does not have to spend time finding a mate and more energy can be allo-
cated to production of offspring, but on the other hand, with asexual reproduc-
tion, genetic diversity could be diminished and with it the potential to adapt to
changed environments (Butlin 2002, Neiman and Schwander 2011, Annila and
Annila 2012). Asexual lineages are thought often to be short lived, an evolu-
tionary dead-end in the long run, with slower capabilities for adaptation and
greater accumulation of deleterious mutations, whereas recombination and seg-
regation of chromosomes in sexual lineages maintain higher genetic diversity,
on which natural selection can act (Butlin 2002, Neiman and Schwander 2011,
Annila and Annila 2012). In earthworms, many species are hermaphrodites and
reproduce through cross-fertilization (or in some cases through self-
fertilization), but parthenogenetic reproduction, in which the egg is not ferti-
lized, is also common (Diaz Cosin et al. 2010). Parthenogenetic reproduction can
happen with meiosis (automixis), in which recombination causes offspring to
have some genetic differences from their parent (often still called clones), or
mitosis (apomixis), in which offspring are true clones of their parent (Diaz Co-
sin et al. 2010). The definition of a clone is under some debate, ranging from
simply referring to all individuals in asexual lineages as clones to requiring that
clones must have genetic fidelity among individuals. Often there is some genet-
ic variation between individuals even in apomictic lineages, thus the require-
ment that clones are genetically identical is rarely met (Lushai and Loxdale
2002). Clone is still a commonly used concept to describe individuals in asexual
lines, and I am also using it to describe the individuals originating from a single
founder.

Clonal diversity, i.e. genetic diversity in parthenogenetic animals, has
been found to vary: some species or lineages have low clonal diversity, whereas
others have high diversity (Butlin ef al. 1998, Terhivuo and Saura 2006). Sources
of clonal diversity have been suggested to be accumulation of mutations, multi-
ple origins of asexual lineages, occasional hybridization with sexual individuals,
somatic recombination and automixis (Butlin et. al. 1998). Environmental
change and ecological differentiation could maintain the variation to some ex-
tent (Butlin et. al. 1998), and high dispersal can contribute to local diversity
(Terhivuo and Saura 2006). In earthworms, genetic diversity is often high
(Sturzenbaum et al. 2009). My study species, Dendrobaena octaedra, reproduces
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through mitotic parthenogenesis, thus the offspring are assumed to be clones of
their parent (Omodeo 1955, Hongel and Terhivuo 1989, Terhivuo and Saura
1990), but high genetic variation has still been found in D. octaedra populations
(Hansen et al. 2006, Haimi et al. 2007, Simonsen et al. 2008, Knott and Haimi
2010).

Clones or inbred lines are quite often used in gene expression comparisons,
e.g. in ecotoxicological studies in an attempt to diminish variation that could
confuse interpretation of the results. However, a potential problem could be
that individuals assumed to be clones could actually have unexpected genetic
differences, e.g. due to mutations, that affect gene expression, which can lead to
different interpretations depending of which genotype is used (Dalziel et al.
2009, Nota et al. 2013).

1.4 Effect of metal contamination on diversity

Metal contamination, caused by human activities such as agriculture, metallur-
gy (e.g. mining and smelting), energy production, transportation, and waste
disposal (Bradl 2005), can have negative impact on organisms through the pro-
duction of reactive radicals that induce genotoxic damage, lipid peroxidation
and depletion of proteinsulfhydryls (Valko et al. 2005). Even though some met-
als are essential for organisms (e.g. Cu and Zn are needed for metabolic and
signaling pathways), these can become toxic in high concentrations. On the oth-
er hand, some non-essential metals (e.g. Cd and Hg) can be toxic even at low
concentrations (Valko et al. 2005, Roelofs et al. 2008). Since metals are easily
bound especially to the organic matter, accumulating in the litter layer, and are
a persistent stress in soils, earthworms are likely be affected by metals. Thus,
earthworms are often used as indicator organisms to monitor the effect of met-
als on ecosystem structure and functioning (Bengtsson et al. 1983, Lavelle et al.
2006, Nahmani et al. 2007, Roelofs et al. 2008, Simonsen et al. 2008). However,
the effect of metal contamination on diversity might be difficult to detect. No-
ticeable loss or persistence of species might only be evident after a high-level
and/or long-term contamination of the environment has occurred (Spurgeon et
al. 2005a). Thus, molecular genetic approaches (e.g. expression of stress-related
genes) have been used in ecotoxicological research to study the more immediate
biological effects of metal contamination (Roelofs et al. 2008, Sturzenbaum et al.
2009).

Even though species diversity is often diminished in metal-contaminated
environments, genetic diversity in the species that remain can be very little af-
fected by metals. There are some studies that show negative impact of metals
on genetic diversity (Ross et al. 2002, van Straalen and Timmermans 2007,
Ungherese et al. 2010), but also many cases where metal contamination affected
the genetic diversity only a little or not at all (Haimi ef al. 2006, Costa et al. 2012,
Costa et al. 2013), including my study species, Dendrobaena octaedra (Haimi et al.
2007, Simonsen et al. 2008, Knott and Haimi 2010). Even higher genetic diversity



9

in metal contaminated sites than reference sites can be found, as with the beetle
Staphylinus erythropterus (Giska et al. 2015).

1.5 Effects of metals on ecosystem functioning via changes in di-
versity

Since not all organisms can cope with metal toxicity, metal contamination can
decrease species diversity (Spurgeon and Hopkin 1999, Johnston and Roberts
2009, Kozlov and Zvereva 2011), which can have major, and often detrimental,
effects on ecosystem functioning (Hooper et al. 2012, Johnston et al. 2015). Met-
als can affect ecosystem functioning directly by decreasing activity of microbes
and diversity of decomposer animals, but also indirectly by decreasing primary
production and changing plant community structure, which has a negative ef-
fect on microbial and faunal communities (Niemeyer et al. 2012). Fernandes and
colleagues (2011) found that functional traits within a fungal species (cadmium
sensitive or cadmium tolerant functional types) affected the species diversity-
ecosystem functioning relationship: species diversity had a positive effect on
fungal biomass and dead plant material decomposition in uncontaminated
conditions but in contaminated conditions the positive effect of species diversi-
ty was decreased when the Cd-sensitive functional type (no metal contamina-
tion history) was used but remained when the Cd-tolerant functional type
(metal contamination history) was used. In metal contaminated environments,
biodiversity is expected to be especially important for ecosystem functioning
(Farina et al. 2003). Similarly, biodiversity is particularly important for ecosys-
tem functioning in species-poor communities (Ekschmitt et al. 2001).

Genetic diversity might not be as affected by metals as is species diversity,
but more studies are needed to understand how metals affect ecosystem func-
tioning through genetic diversity. Nota and colleagues (2013) found that differ-
ent genotypes of Folsomia candida, originally from the same line and previously
assumed to have the same genotype, had a different responses to cadmium,
with one being more sensitive than the other lineage. Since species diversity is
diminished in metal contaminated conditions, it could be hypothesized that the
genetic diversity of the species that persist becomes more important for the eco-
system functioning, similarly to species diversity being more important in spe-
cies-poor, rather than species-rich communities (Ekschmitt et al. 2001).

1.6 Measuring effects of biodiversity on ecosystem functioning

Ecosystem functioning can be measured indirectly using structural parameters
(e.g. species richness and composition, biomass and faunal density) or by di-
rectly measuring functional parameters, such as organic material breakdown,
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respiration and nitrification (van Straalen 2002, Niemeyer et al. 2012). The pro-
cesses involved in ecosystem functioning are often studied by measuring prox-
ies for them, e.g. biomass of plants to measure aboveground primary produc-
tion and root biomass to determine belowground primary production, decom-
position of litter bags to measure organic material breakdown, CO2 production
to measure biological activity or concentration of ammonium nitrate to measure
nitrogen mineralization (van Straalen 2002, Niemeyer et al. 2012, Meyer et al.
2015). It has been proposed that many parameters, both structural and func-
tional, should be measured to get an overall understanding how an ecosystem
is functioning (van Straalen 2002, Niemeyer et al. 2012, Meyer et al. 2015).
Ecosystem functioning can be studied in the field, where many parameters
can be measured, e.g. species diversity, density and composition, vegetation
cover and biomass of plants, animals and microbes, or functioning can be stud-
ied in semi-controlled experiments, which can be conducted to find out the re-
sponse of organisms e.g. to a contaminant. Ecosystem functioning can also be
studied with microcosms, in which conditions, e.g. level of contamination or
temperature, can be controlled. Microcosms have the benefit that experiments
are easier to replicate, and that the measurement of some parameters, e.g. CO2
production, nutrient mineralization and growth and mortality of organisms, is
simpler and more reliable (van Straalen 2002, Meyer et al. 2015). In field studies
structural parameters can be more comprehensively studied, but processes are
difficult to study in detail in the field because of all the interactions and uncon-
trollable conditions. Functional parameters, e.g. rates of processes, such as nu-
trient mineralization, are easier to study in microcosms, but experimental time
is limited and some important interactions might be missed because of the sim-
pler experimental design (Verhoef 1996, van Straalen 2002, Meyer et al. 2015).

1.7 Gene expression as a phenotypic response

Measuring gene expression can be very useful when studying the response of
an organism to altered conditions, e.g. metal contamination. Effect of metal con-
tamination can be measured from the expression of proteins that function in
homeostasis and the detoxification of metals, e.g. metallothioneins (Cortet et al.
1999, Weeks et al. 2004). Metallothioneins are small (6-8 kDa), hydrophilic met-
al-binding proteins, that are found in many organisms (Dallinger 1996, Janssens
et al. 2009), and are important for metal management and tolerance through de-
toxification of non-essential metals and regulation of essential ones (Cortet et al.
1999, Valko et al. 2005). Clear time- and dose-response relationships between
metal exposure and metallothionein expression or concentration have been
found in many studies, thus metallothioneins are considered to be good bi-
omarkers for the effects of metal contamination (Dallinger et al. 1996, Cortet et al.
1999, Gruber et. al. 2000, Brulle et al. 2006, Demuynck et al. 2007). Sturzenbaum
(1998) first identified and described metallothioneins in earthworms and now
their concentration and gene expression in response to metals have been stud-
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ied in many earthworm species (Marino ef al. 1998, Lukkari ef al. 2004a, Galay
Burgos et al. 2005, Spurgeon et al. 2005a, 2005b, Brulle et al. 2006, 2007, 2011,
Demuynck 2006, 2007, Bundy et al. 2008, Gruber et al. 2000, Asensio et al. 2013,
Calisi et al. 2013), including my study species, Dendrobaena octaedra (Fisker et al.
2013).

In addition to studying the effects of metal contamination, and the effect of
other stressors, e.g. cold, heat, drought and salinity (Roelofs et al. 2008), gene
expression measurements can also be used to study other questions, such as the
role of gene expression in speciation and adaptation, or the effect of natural se-
lection on gene expression variation (Emerson and Li 2010, Romero et al. 2012).
For example, differences in gene expression can be measured between popula-
tions with different histories, or response of different groups of individuals, e.g.
differences in metabolism between lineages cultured in different conditions.

There is high variation in gene expression and it is regulated at many lev-
els, helping organisms acclimate and adapt to changing environments (Levine
and Tjian 2003, Lopez-Maury et al. 2008, Viney and Reece 2013). Gene expres-
sion differs between different tissues and at different stages of the organisms’
life (Rosa et al. 2014, Rue and Arias 2015). Because variation can complicate in-
terpretations of population responses to a specific condition or contaminant,
some experimental designs reduce variation by examining only a single clonal
genotype or inbred lines, and others use pools of different individuals when
determining gene expression levels (Dudycha et al. 2012). Although rarely re-
ported, there is also variation in gene expression among genetically identical
individuals, possibly due to physiological or epigenetic differences (Wolff 1996,
Wong et al. 2005, Pritchard et al. 2006, Rosa et al. 2014, Ong-abdullah et al. 2015,
Rue and Arias 2015). The variation in gene expression has to be taken into con-
sideration when gene expression is examined as a phenotypic response. For
example, when using one clonal genotype, conclusions about the response can
only be drawn for that specific genotype, or when using pools of individuals,
important variation might not be detected (Dudycha et al. 2012).

Gene expression measurements have many technical challenges that need
to be resolved before the results of the measurements can be considered reliable
(Bustin et al. 2009). For example, for all gene expression assays, specificity of the
primers, efficiency of the primers, variation in the RNA extraction or amount of
inhibitors, variation in pipetting precision, and variation between different runs
should be checked and reported (Bustin et al. 2009). Moreover, there is a need to
normalize the target expression to control the non-biological variation (Bustin et
al. 2009). Gene expression can be measured e.g. with the real-time quantitative
polymerase chain reaction (qPCR) technique, in which cDNA reverse tran-
scribed from mRNA is used, and the quantity of the target sequence is deter-
mined by measuring the amplification of that sequence in each PCR cycle with
the help of fluorescent dyes (Bustin 2000). Another technique that can be used
for measuring gene expression is droplet digital polymerase chain reaction
(ddPCR), which partitions the sample into 10 000-20 000 droplets where PCR is
done: the quantity of the target sequence is determined from the amount of
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droplets in which amplification has happened (positive droplets) relative to the
amount of droplets in which amplification has not happened (negative droplets)
(Hindson et al. 2011). MIQE guidelines have been published for both qPCR and
dPCR (Minimum Information for Publication of Quantitative Real-Time/Digital
PCR Experiments) and following them is recommended for reliable and compa-
rable data from different laboratories and study systems (Bustin et al. 2009,
Huggett et al. 2013). ddPCR is more sensitive to smaller changes in expression
and less affected by technical variation (Huggett et al. 2013), but it has not yet
been used much in molecular ecology studies, thus there is a need for testing
this technique with samples with ecological relevance.

1.8 Aims of the thesis

The main question of this thesis was how genetic diversity affects ecosystem
functioning. To provide more information on the diversity-functioning relation-
ship, I studied the clonally reproducing earthworm Dendrobaena octaedra. This
species was chosen for several reasons. Because D. octaeda reproduces clonally,
it was possible to study both low genetic diversity (groups of clones) as well as
high genetic diversity (mixtures of different genotypes) populations. Because D.
octaedra is an important decomposer species, I had the chance to study the effect
of its genetic diversity on a key ecosystem functioning process, decomposition.
Because D. octaedra can persist in even highly metal contaminated environments,
and since the effect of genetic diversity on ecosystem functioning could be dif-
ferent in metal contaminated environments than in uncontaminated environ-
ments, I could study the effect of metal contamination on the genetic diversity-
ecosystem functioning relationship in my thesis.

I first gathered more information about the response of D. octaedra to metal
contamination and effect of population history on that response (I). Expression
of the gene involved in metal tolerance, metallothionein, was measured from
individuals sampled from populations with different metal exposure history,
and an experiment with different exposure times and metal concentrations was
conducted. My study questions were: 1. how does population history affect the
metallothionein gene expression response of D. octaedra, and 2. is there a time-
and dose-response in the expression of metallothionein? I hypothesized that
earthworms originating from populations with different metal exposure histo-
ries would differ in expression of metallothionein (I).

Secondly, since genetically identical individuals were required for my ex-
periments to study the effect of genetic diversity on ecosystem functioning, it
was essential for me to verify that D. octaedra offspring are indeed clones of
their parent (II). There has been some doubt whether D. octaedra reproduces
solely through apomictic parthenogenesis, as originally described, given a pre-
vious study using allozyme marker variation by Simonsen and Holmstrup
(2008). Also, since gene expression can be noisy (Viney and Reece 2013), it was
important to study how much variation there can be between clones and if this
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can influence the use of gene expression measurements as a measure of pheno-
typic response. Microsatellites were used to genotype D. octaedra offspring and
their parents, and expression of several genes was measured to examine varia-
tion in gene expression both within and among genotypes in two generations of
earthworms. The study questions were: 1. are D. octaedra offspring clones of
their parent, and 2. how much variation in gene expression is within genotypes
compared to between genotypes? I hypothesized that the microsatellites would
confirm that offspring are clones of their parents, thus supporting mitotic par-
thenogenesis in D. octaedra, and that there would be less variation in gene ex-
pression within genotypes than between genotypes (II).

Thirdly, I studied the effects of genetic diversity on decomposition pro-
cesses, by establishing a year-long microcosm experiment simulating two grow-
ing seasons in which the microcosms contained either low genetic diversity (in-
dividuals being clones) or high genetic diversity (individuals having different
genotypes) of D. octaedra (III). The effect of genetic diversity on ecosystem func-
tioning is not widely studied, and to my knowledge, the effect of genetic diver-
sity of earthworms on decomposition processes has not been studied before.
The effect of metal contamination on the relationship between genetic diversity
and decomposition processes was studied by using Cu contaminated soil in half
of the microcosms. I also included two diversity levels of other decomposer an-
imals in the microcosm experiment: in addition to treatments manipulating ge-
netic diversity of D. octaedra, some microcosms had only very few other species
present and others had a diverse community of decomposer animals. CO2 pro-
duction, soil NH4-N concentration, and growth, mortality, cocoon production
and the expression of six genes of the earthworms were measured as functional
and structural proxies for decomposition activity, metabolism and condition of
the earthworms. Study questions were: 1. how does genetic diversity of a key
decomposer affect the decomposition processes, 2. is the effect of higher genetic
diversity on decomposition different in stressed (i.e. metal contaminated) than
unstressed (i.e. uncontaminated) conditions, and 3. how does species diversity
affect the relationship between genetic diversity of one focal species and ecosys-
tem functioning? I hypothesized that decomposition activity and nutrient min-
eralization would be higher in the high genetic diversity treatment than in the
low genetic diversity treatment, and that the difference between the diversity
treatments would be larger in metal contaminated conditions. Since there are
more functional groups contributing to the decomposition processes when spe-
cies diversity is high, I expected that the difference between low and high ge-
netic diversity treatments could be masked when there is high diversity of the
other decomposer animals (I1I).

Lastly, since gene expression measurements are a significant part of all of
my other studies (I, II, III), testing how a different technique from the tradition-
al qPCR would work with my D. octaedra samples was important (IV). gPCR is
a simple, fast and accurate technique for measuring gene expression, and I al-
ready had working assays for qPCR to study gene expression in D. octaedra, but
ddPCR has some advantages that could make it more precise and sensitive for
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measuring gene expression. The study questions were: 1. how repeatable and
reproducible are gene expression measurements when using ddPCR, 2. how
consistent are the results when comparing gene expression variation between
two populations when using both qPCR and ddPCR techniques, and 3. what is
the influence of different RNA extraction methods on the results of gene ex-
pression measurements with ddPCR? I hypothesized that there would be high
repeatability and reproducibility, and that the two techniques would yield con-
sistent results (IV).

I expected that studying the clonally reproducing key decomposer earth-
worm, D. octaedra would provide new information on the effect of contamina-
tion history on the response to metal contamination, the variation in gene ex-
pression and the effect of genetic diversity on decomposition, with potential
implications for future ecotoxicological studies and studies about the link be-
tween genetic diversity and ecosystem functioning.



2 MATERIALS AND METHODS

2.1 Study species Dendrobaena octaedra

Dendrobaena octaedra is a small, epigeic earthworm, living and reproducing in
the soil litter layer (e.g. Rundgren 1975, Terhivuo 1988). D. octaedra is an ecolog-
ically important decomposer animal, efficient in dispersal and adapting to new
areas, and it can be the dominant earthworm species in northern coniferous for-
ests and tundra (Edwars and Bohlen 1996, Terhivuo and Saura 2006). D. octaedra
is often exposed to metals accumulated in boreal forest ecosystems, but it can
persist in contaminated soils even with high concentrations of metals (Bengts-
son et al. 1983, 1992, Rozen et al. 2003, 2006, Lukkari et al. 2004b, Simonsen et al.
2008, Tosza et al. 2010, Holmstrup et al. 2011). One way that D. octaedra copes
with the metal contamination is by avoiding areas with the highest concentra-
tions, which is possible because metals are heterogeneously distributed in soils
(Lukkari and Haimi 2005). D. octaedra can also adapt to metal exposure (Fisker
et al. 2011a, 2011b, 2013).

D. octaedra is hexaploid with six times 18 chromosomes (108 chromo-
somes), although cytologic studies have indicated that there can be variation in
chromosome number (Omodeo 1955, Hongell and Terhivuo 1989). D. octaedra
has a long generation time (mean maturation time is 21.2 months, Rozen 2006)
and is expected to reproduce through apomictic (mitotic) parthenogenesis, pro-
ducing offspring that are clones of their parent. Some question whether other
mechanisms besides apomictic parthenogenesis could be used by D. octaedra
were raised when Simonsen and Holmstrup (2008) found some differences
among the offspring and their parent in allozyme markers, but genotyping D.
octaedra with other genetic markers has not been attempted before. Despite their
parthenogenetic reproduction, D. octaedra has high genetic diversity (Hansen et
al. 2006, Haimi et al. 2007, Simonsen et al. 2008, Knott and Haimi 2010).
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2.2 Earthworm collection and establishing cultures

D. octaedra were collected from one metal contaminated site and one uncontam-
inated site. The contaminated site in Harjavalta (South-West Finland,
61°18'50"N, 22°08'30"E) is birch dominated forest, and the main source of the
metal contamination is a Cu-Ni smelter ca. 1 km from the sampling site. The Cu
smelter has been operational since 1945 and the Ni smelter since 1960. Even
though emissions were significantly reduced after new filtration was installed
in the early 1990s, decades of emissions have led to the accumulation of metals
in the soil (Salemaa 2003). The site in Jyvidskyld (Central Finland, 62°12'39"N,
25°44'13"E) is spruce dominated forest on moraine soil and there is no history of
metal emissions in Jyvaskyld. Earthworms were collected by hand and trans-
ferred in buckets with soil from the sampling site to the laboratory, where they
were kept at +15°C in climate chambers.

In the laboratory, some of the earthworms were used for RNA extraction
right away and the rest were used in a metal-exposure experiment (I), or to es-
tablish different kinds of cultures. To study variation within clones (II) juvenile
or sub-adult earthworms were put either singly or in pairs (to allow a possibil-
ity for mating) in separate glass jars (& 8 cm, with perforated lids). Part of the
single-worm cultures and all pair-worm cultures were used for microsatellite
genotyping to determine if the offspring produced in culture were clones and
the remaining single worm cultures were used to provide earthworms to study
gene expression in clones. For the study about the effect of genetic diversity on
decomposition processes (III) cultures were established from a single juvenile or
sub-adult earthworm, in glass jars (& 8 cm, with perforated lids), and when
needed, the cultures were transferred to larger plastic jars (@ 13 cm, with perfo-
rated lids) to avoid overcrowding. All cultures contained uncontaminated or-
ganic-rich soil and horse manure (for nutrition) and were maintained at 15 °C.
The soil was changed every few months.

2.3 Microsatellite markers and genes used for gene expression
measurements

Microsatellite markers were used to genotype the earthworms to make sure that
offspring are clones of their parent (II) and to check the genotypes of the earth-
worms used in the experiments (II and III). The microsatellite loci were isolated
following the FIASCO technique (Zane 2002) with some modifications (Grap-
puto 2006). Primers were designed for six microsatellite loci (DO1, DO2, DO3,
DO4, DO5 and DO6), but one (DO5) did not amplify consistently and was not
considered further.

For the gene expression measurements (I, II, III, IV), all primers, except
those for the metal-tolerance gene metallothionein (MT) and reference genes
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185 and 28S (described in I), and the gene for heat-shock protein HSP70 (Fisker
et al. 2013), were designed based on a draft transcriptome of D. octaedra (shared
by M. Holmstrup). These included genes expected to be involved in metabolism:
aldo/keto reductase (AkRed), carbonyl reductase (CarRed), chitinase domain
(ChitDo), chymotrypsin inhibitor (ChymlInh), dehydrogenase (DeHyd), (similar
to) fucosidase (Fuco), leucine aminopeptidase-like protein (Leuc), pyruvate de-
hydrogenase (Pyr), L-xylulose reductase (Xyl), dual specifity phosphatase 14
(DualPhos), glucose-regulated protein 94 (GlucReg), pancreatic amylase (Pan-
Amy), and one gene for heat-shock protein 40 (HSP40), in addition to two po-
tential reference genes, peptidylprolyl isomerase (Peplso) and tubulin (Tub).
Expression of MT was measured in the study on metal-exposure (I), in the
study on variation in expression between clones (II) and in the study on effects
of genetic diversity on decomposition processes (III). Expression of CarRed,
ChitDo, DeHyd, Fuco, Leuc, Pyr and Xyl were measured in the study about the
droplet digital PCR technique for gene expression measurements (IV) and, to-
gether with expression of genes HSP40 and HSP70, in the study about variation
in expression between clones (II). Expression of genes DualPhos, GlucReg and
PanAmy were examined in the study about effects of genetic diversity on de-
composition processes (III), and expression of genes AkRed and ChymlInh were
examined in three studies (II, III, IV). In most cases, the potential reference
genes, (185, 28S, Peplso and Tub) had too much variation and could not be used
as references. 185 and 28S worked in I and IV with qPCR but not in II and III,
and Peplso and Tub were not good reference genes.

2.4 Soil used in the experiments

Soil for the experiments was collected from an uncontaminated mature spruce
forest in Jyvaskyld, and it was used either without (I, II) or with some fallen
birch leaves that were shredded and mixed well with the soil for additional
food for earthworms (IlI). For certain experiments, the experimental soil was
contaminated by adding copper chloride (CuCl2 ‘H20) or zinc chloride (ZnClz)
to pure water, which was then mixed well with the soil. Pure water was added
to the control soil. Three different concentrations of Cu or Zn (50, 100, 300 mg
Cu kg or 75, 150, 300 mg Zn kg) were used in the metal exposure experiment
(I) and a moderate concentration of Cu (100 mg kg') was used in the study
about gene expression in clones (II) and effect of genetic diversity on ecosystem
functioning (III). The spiked soil was incubated for 7 days at 15 °C before start
of the experiments.
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2.5 DNA and genotyping, RNA extractions, qPCR and ddPCR

For genotyping (II, III), genomic DNA was extracted from piece of the earth-
worm using Qiagen chemistry (DNeasy kit reagents) and a Kingfisher magnetic
processor (Thermo Fisher Scientific). Amplification of the microsatellite loci was
performed separately for each locus in 10 pl reactions containing 1 pl of tem-
plate DNA. See details of reaction mix and thermocycling protocol in II. Ampli-
fication products were separated using the ABI PRISM 3130xl with GeneScan
500 LIZ size standard and genotyped using GeneMapper 5 software (all Ap-
plied Biosystems).

Before RNA extraction (1, 11, III, IV), the earthworms were allowed to emp-
ty their guts by keeping them two days in jars with moist paper towel, which
was changed after one day to prevent coprophagy. The anterior end (ca. 5 mm)
of each earthworm was cut using scissors or a scalpel, placed in a 1.5 ml micro-
centrifuge tube and immediately frozen in liquid nitrogen, after which it was
stored in -80 °C until RNA extraction. The rest of the body was reserved for
metal content analysis (I), which were measured with an ultrasound-assisted
extraction method (Perkin Elmer Optima 8300 using inductively coupled plas-
ma optical emission spectrometry), or stored in -80 °C. Aurum Total RNA mini
kit (Bio-Rad) was used for RNA extraction (I, IL, III, IV) and the manufacturer’s
protocol was followed, including a DNase treatment. RNA extraction using Tri-
zol (Thermo Fisher Scientific) together with the Direct-zol kit (Zymo) was also
tested (IV). RNA concentration was determined with the Qubit RNA Assay Kit
and Qubit Fluorometer (Invitrogen, Thermo Fisher Scientific). In most studies (I,
11, I1I, IV) a concentration of 35 ng/mL of RNA was used for cDNA synthesis,
for which the iScript cDNA synthesis kit (Bio-Rad) was used following the
manufacturer’s protocol. cDNA was then diluted 1:5. When comparing the Au-
rum and Trizol RNA extraction methods (IV) 75ng of RNA was used for cDNA
synthesis. cDNA was then diluted 1:5.

Real-time quantitative polymerase chain reactions (qPCR; I, II, III, IV)
were done with IQ SYBR green supermix (Bio-Rad). gPCR conditions were op-
timized and efficiencies were checked with a dilution series (5 points, 10-fold
dilutions). Three replicates of each sample were used and five replicates of an
inter-run calibrator (equal quantities of cDNA from all samples combined) were
included in each qPCR run. CFX96 C1000 Touch Thermal Cycler (Bio-Rad) was
used. A melt curve analysis was done at the end of each amplification reaction,
and melt curves were checked to ensure that there was only a single PCR-
product. ddPCR (IV) was done using BioRad QX200 system with EVA Green
supermix, and QuantaSoft software for determining the concentration of the
target (copies/ul) from the negative and positive droplets. See details of reac-
tion mix and thermocycling protocol for qPCR in I, II, IT and IV, and for ddPCR
inIV.
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2.6 Soil microcosm measurements (III)

CO2 production was measured with a Calanus UniQuant carbon analyzer from
air samples taken from the microcosm air space (eight measure-
ments/simulated growing season) and used as a proxy for soil biological activi-
ty.NH4-N concentration was measured from soil samples after the first and the
second seasons, as well as from the original soil, using SFS-EN ISO 11732:2005
method, and used as a proxy for nutrient mineralization. The other parameters
were measured after the first and the second growing seasons, and cocoon pro-
duction, growth and mortality of the earthworms were used as measures of
earthworm condition. Gene expression of five genes were used as a proxy for
earthworm metabolic activity and expression of one gene involved in metal tol-
erance was used as a measure of physiological response of the earthworms to
Cu contamination.

2.7 Experimental setups, data handling and statistical analyses

2.7.1. Metal exposure experiment (I)

Expression of metallothionein (MT) was measured from D. octaedra earthworms
collected from populations with different metal exposure histories, and the pos-
sibility of time- or dose-response in metallothionein expression was tested
among individuals from the two populations when exposed to three concentra-
tions of Cu or Zn (low, medium and high), as well as control without metal con-
tamination, for 7, 14 or 28 days. Expression of MT was also compared to metal
body burden of the earthworms.

ANOVA and Pearson product-moment correlation (or Kruskal-Wallis and
Spearman’s rank-order correlation when assumptions of a normal distribution
or equal variances were not met) were used in the analyses (see details in I).

2.7.2. Variation in gene expression in clones (II)

qPCR was used to examine variation in gene expression both within and among
genotypes in two generations of earthworms. The experiment was begun using
five individuals per genotype, from six different genotypes, three originating
from Jyvéaskylad (uncontaminated site) and three from Harjavalta (metal contam-
inated site). This was the parent generation, and the earthworms were exposed
to the contaminated soil for two months. The cocoons the parents produced
were collected, placed on moist paper towel in lidded petri dishes and after
hatching the young earthworms were also reared individually in the Cu con-
taminated (100 mg kg dry mass) soil for two months. Offspring generation
consisted of five offspring per parent, from three parents per genotype (only
two of the six genotypes, other cocoons failed to hatch due to molding).
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The main study question was how much variation in gene expression ex-
ists between the different groups (within genotypes vs. over all genotypes), and
so the normalized Cq-values were used to calculate estimates of variation with-
in the groups. The estimate of variation (EV) was calculated from the sample
variance adjusted with the corresponding degrees of freedom for each group.
Differences in the estimates of variation (EV) between the different groups
(within individuals, within families, within genotypes, and over all genotypes)
were compared, as well as differences in variation between different genotypes,
families and populations, and between parents and offspring. Repeated
measures ANOVA, Bartlett test, Wilcoxon Signed Ranks test and Mann-
Whitney test were used.

In addition, the levels of gene expression (not just variation) were com-
pared using normalized relative quantity (RQ) values. Comparisons were done
between offspring of the same genotype, between genotypes, between popula-
tions and between offspring and parents of the same genotype using Mann-
Whitney and Kruskal-Wallis tests (see details in II).

2.7.3. Effect of genetic diversity on decomposition processes (III)

The effect of D. octaedra genetic diversity on soil decomposition activity was
examined with a year-long microcosm experiment simulating two growing sea-
sons (“years”) in which the microcosms contained D. octaedra with either low
diversity (clones) or high diversity (different genotypes). Three different cul-
tures (clone families) were used, and two of the clone families had the same
multi-locus genotype based on genotyping with five microsatellite markers.
Four or six replicates of the low diversity treatments were established (six repli-
cates when using the clone family that differed from the other two). For the
high diversity treatment three different genotype-compositions were used and
there were four replicates of each. The experiment was done in different condi-
tions: uncontaminated soil or moderately Cu-contaminated soil, and low or
high diversity levels of other decomposer animals. Microcosms were incubated
in a climate chamber with changing temperature to mimic different seasons
(two “years”). After the first summer, half of the microcosms were destructively
sampled and a second year was continued with the earthworms from the re-
maining microcosms, with new soil and new individuals of other decomposer
species (1 Dendrodrilus rubidus, 10 individuals of Cognettia sphagnetorum and
samples of microarthropods).

The main focus was to test the differences between low (LD) and high ge-
netic diversity (HD) treatments, and it was tested in general (all conditions
combined) and separately for the different conditions, and overall (combining
the data from both years) and for the first and the second year separately. Dif-
ferences between LD families, between HD and the two genotypes in LD sepa-
rately, between genotypes, between uncontaminated and contaminated soil and
between low and high diversity of other decomposer animals were also tested.
One-way ANOVA or Kruskal-Wallis tests were used (see details in III).
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2.7.4. Using droplet digital PCR technique for gene expression measurements
(1v)

Repeatability and reproducibility of the ddPCR technique for gene expression
measurement were tested by comparing the datasets and results produced by
the same person twice at different times and by another person for the expres-
sion of two genes in the earthworm D. octaedra (three datasets compared). It was
also tested whether the two methods, ddPCR and the traditionally used qPCR,
produce consistent results when comparing expression of nine genes from
earthworms originating from two different populations. In addition, effect of
different RNA extraction methods on the consistency of the ddPCR results was
studied. Reference genes could not be used for normalizing the gene expression
data from ddPCR, so NORMA-Gene normalization was used for both ddPCR
data and qPCR data, and also results from non-normalized data were compared.
Difference between the three datasets for the repeatability and reproducibility
test, and difference in gene expression between the two populations were tested
with One-way ANOVA.

2.7.5. Raw data handling and general statistics (I, II, III, IV)

For the gene expression measurements, raw data from the qPCR runs were first
analyzed with qBase+ (Biogazelle) to adjust results for the different reaction
efficiencies and to perform inter-run calibration (Hellemans et al 2007). qBase+
was also used to check the stability of the reference gene expression for both
gPCR and ddPCR data, and to calculate normalized relative quantities of the
target gene, when the reference genes were stable (I, IV). qBase calculates the
normalized relative quantities from the differences in cycle quantification val-
ues (Cq) between the target and the geometric mean of the reference genes
(minimum of two reference genes), while taking the efficiencies of the PCR re-
actions into account. NORMA-Gene, a data driven normalization method
(Heckmann et al. 2011), was used to normalize the relative quantities (QPCR) or
concentration (ddPCR) when reference genes were not stable (II, III, IV). Data
were checked for conformity to a normal distribution using a Kolmogorov-
Smirnov test or Shapiro-Wilk test, and for homogeneity of variances with
Levene’s test, and when necessary, the data were log-transformed. When re-
quired after ANOVA tests (see below), the LSD post-hoc test was used for
pairwise comparisons. When the assumptions of a normal distribution or equal
variances were not met even after data transformation, non-parametric methods
were used. All statistical analyses were carried out using IBM Statistics SPSS 20
or in Excel.



3 RESULTS AND DISCUSSION

3.1 Metallothionein gene expression differs in earthworm popu-
lations with different exposure history (I)

In my study, expression of metallothionein was higher in earthworms from
populations with metal exposure history than in those from populations with-
out metal exposure history, supporting my hypothesis of higher expression in
earthworms originating from the contaminated site. When exposed to three dif-
ferent concentrations of copper or zinc for 7, 14 or 28 days, earthworms from
the contaminated site had stable, high metallothionein expression, unaffected
by exposure time or exposure concentration. In earthworms from the uncon-
taminated site the response was slow, expression increasing with exposure time.
The difference in the expression response could be due to adaptation or accli-
matization, since both strategies can be used by organisms to persist in metal
contaminated environments (e.g. Aziz et al. 1999, Langdon et al. 2003, Kozloc
and Zvereva 2011, Pauwels et al. 2013). Changes in expression of metallothi-
oniens (e.g. over-expression and rapid expression response) are associated with
adaptation in some soil invertebrates, e.g. the collembolan Orchesella cincta
(Janssens et al. 2009, Roelofs et al. 2008, 2009) and the earthworm Aporrectodea
tuberculata (Lukkari et al. 2004a). Since adaptation to copper has been demon-
strated in my species D. octaedra before (Fisker et al. 2011a, 2011b, 2013), adapta-
tion is likely to explain at least partly the higher (both field and exposure exper-
iment) and stable (exposure experiment) expression of metallothionein in
earthworms from the contaminated site. However, to be able to say with confi-
dence that it was adaptation, F1 and preferably also F2 generation earthworms
would have had to been tested to confirm genetic differences as the cause for
the different responses. In the earthworms from the uncontaminated site, the
upregulation of metallothionein was clearest after 28 days of exposure, suggest-
ing that a longer exposure period improves the chances of observing the accli-
matization response. The slow response might mean that earthworms without
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metal contamination history cannot cope with metal contamination as well as
earthworms with contamination history.

A consistent dose-response of expression was not found in either popula-
tion, which could mean that the metals we tested, Cu and Zn, are not as effi-
cient inducers of this isoform of metallothionein as e.g. cadmium (Cd). Cu and
Zn are essential metals, and their uptake, export and intracellular compartmen-
talization are regulated in different ways (Valko et al. 2005), whereas the nones-
sential cadmium (Cd) is mostly sequestered with the help of metallothioneins
(Sturzenbaum et al. 2004). A dose response is often found between metallothi-
oneins and Cd (Marino et al. 1998, Swain et al. 2004, Spurgeon et al. 2004, 2005b
Galay Burgos et al. 2005, Timmermans et al. 2005, Brulle et al. 2007, Brulle et al.
2011) but clear dose-responses are often not found for the essential metals Cu or
Zn, with some exceptions (Spurgeon et al. 2005b, Brulle et al. 2007, Bundy et al.
2008). Although a dose-response was not found in my study, the expression of
metallothionein was still affected by Cu and Zn exposure, as evidenced by the
increasing expression in earthworms from the uncontaminated site with in-
creasing exposure time. This suggests that metallothionein is involved also in
regulation of Cu and Zn, and thus measuring the expression of metallothionein
is relevant in exposure studies with these metals as well.

For the earthworms from the contaminated site, another reason for the
lack of dose-response could be potential adaptation. Adaptation can lead to
over-expression of stress-response genes (Roelofs et al. 2008), which could mean
that individuals from adapted populations might show no response or only a
small response to increasing concentrations of metals (Pauwels et al. 2013). This
is supported in my results by metallothionein expression being higher in
earthworms from the contaminated site even when they were not exposed to
any added metal, and the similar high levels of expression in all exposure con-
centrations. On the other hand, adaptation does not necessarily mean that there
cannot be a dose response. Dose-responses are known for individuals originat-
ing from populations with exposure history e.g. in Aporrectodea tuberculata, for
which concentration of metallothionein increased with increasing soil metal
concentration, especially in the first week of exposure (Lukkari et al. 2004a).
Thus, it could be context dependent whether the inducibility of a stress re-
sponse is lost in populations with exposure history.

High variation among individuals in metallothionein expression was
found, both in samples from the field and in the exposure experiment. Hetero-
geneous distribution of metals in the soil (Salminen and Haimi 1999) and
avoidance behavior of D. octaedra (Lukkari and Haimi 2005) could lead to indi-
vidual variation in exposure to metals and consequently to variation in metal-
lothionein expression in the contaminated field conditions. But, it does not ex-
plain the variation between individuals from the uncontaminated site (no
avoidance needed) and variation in the exposure experiment (since avoidance
was not possible), suggesting that there are other causes behind the variation.
High genetic diversity (Simonsen et al. 2008, Knott and Haimi 2010) and poly-
ploidy of D. octaedra (Omodeo 1955, Hongell and Terhivuo 1989) could also ex-
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plain the high inter-individual variation in metallothionein expression. Geno-
types can have large differences in their response (Nota et al. 2013), and differ-
ences in ploidy could lead to some individuals having more copies of the metal-
lothionein gene than others, which could lead to differences in expression of
metallothioneins. The high inter-individual variation found in this study was
one of the motivations for taking a closer look into variation in gene expression
within and between genotypes (II).

3.2 Variation in gene expression within clones of the earthworm
Dendrobaena octaedra (II)

Microsatellite markers were used to verify that the earthworm Dendrobaena oc-
taedra produces clonal offspring as expected, because D. octaedra is known to
reproduce through apomictic parthenogenesis (Omodeo 1955, Hongell and
Terhivuo 1989, Terhivuo and Saura 1990). Clonality was checked because in an
allozyme study by Simonsen and Holmstrup (2008) some variation was found
between offspring and their parent. The microsatellite markers showed that
offspring are clones of their parent, but the number of markers was only five,
and since one of them was monomorphic, the number of useful markers was
four. From the different cultures, many different genotypes (16) were found
with the four microsatellite markers, thus the markers were able to differentiate
between individuals. The markers were useful for choosing different genotypes
to use in the study about effect of genetic diversity on ecosystem functioning
(III). However, the low number of markers does leave open the possibility that
there could still be undetected genetic differences between the individuals de-
termined to have the same genotype.

After verifying clonal reproduction, expression of genes related to stress
response and metabolism was measured in individuals from two generations,
parents and offspring, and variation in gene expression both within and among
clonal genotypes was determined. The results showed that gene expression can
differ between genetically identical individuals exposed to the same conditions,
even as much as between different genotypes. Other studies have shown that
there is high variation in gene expression (Levine and Tjian 2003, Lopez-Maury
et al. 2008, Viney and Reece 2013, Rosa ef al. 2014, Rue and Arias 2015), and in
light of that, it might be unrealistic to assume that genetically identical individ-
uals exposed to the same conditions will express genes exactly similarly. I hy-
pothezised that there would be more variation in gene expression between gen-
otypes than within genotypes, but the hypothesis was supported only partly. In
the parent generation there was significant variation in gene expression among
individuals sharing the same genotype, but still genetically identical individu-
als were more similar in their gene expression than were individuals that were
genetically different. However, in the offspring dataset, and also in the parent
dataset when only a subset of five genes was analyzed, the variation in gene
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expression within genotypes was as high as the variation over all genotypes.
Variation was high even within families (among offspring that were from the
same parent).

Gene expression variation can help organisms cope in changing environ-
ments through plastic responses, and in the long-term through adaptation to
the changed conditions (Levine and Tjian 2003, Lopez-Maury et al. 2008, Raj and
van Oudernaarden 2008, Viney and Reece 2013). Genes related to stress have
been found to show more variation than other genes involved in basic cell
maintenance functions (Blake et al. 2006). In my study, the three stress related
genes, HSP40, HSP70, and MT showed high variation within genotypes, but so
did many of the genes related to metabolism. Studies on cell-to-cell variation in
gene expression provide information on some possible mechanisms behind
gene expression variation, e.g. there can be transcriptional bursts in gene ex-
pression, when genes switch between transcriptional activity and inactivity (Raj
and van Oudernaarden 2008). Epigenetic regulation could also be behind the
variation found in my study. Kille and colleagues (2013) found high methyla-
tion in the earthworm Lumbricus rubellus and, for one of the two lineages they
studied, the methylation correlated with soil arsenic concentrations. However,
whether DNA methylation occurs in D. octaedra and affects gene expression in
this species is not known. Determining the mechanisms behind the gene ex-
pression variation among individuals sharing the same genotype was beyond
the scope of this study, but is an interesting topic for future studies. Finding out
what causes the variation could make it easier to take the variation into consid-
eration in comparative gene expression studies, e.g. by using specific tissues
only or by determining the level of methylation in the individuals used.

One explanation for finding variation in gene expression within a single
clonal genotype could be that there is unidentified genetic variation within the
sample and that the individuals are not really clones. In the collembolan Folso-
mia candida, two different genotypes, originally assumed to be clones, were
found in one strain (Nota et al. 2013). In this study, there is a possibility that mu-
tations have occurred during the culturing time and that the individuals are
genetically different despite originating from a single parent. However, it is un-
likely, since the culturing times lasted only 1-2 generations, and genomic muta-
tion rates are often not very high, e.g. 0.0026 per gamete per generation for Cae-
norhabditis elegans (Keightley and Caballero 1997). Changes in the chromosome
ploidy, including aneuploidy has been found in D. octaedra (Omodeo 1955,
Hongell and Terhivuo 1989), and it might be more likely explanation for the
differences than mutation, since changes in the number of chromosomes can
lead to large differences between individuals. There is also a possibility of un-
detected meiosis, as was recently found for the bdelloid rotifers in the clade Ma-
crotrachela quadricornifera previously thought to be entirely asexual (Signo-
rovitch et al. 2015). Genotyping with the microsatellite markers confirmed that
offspring had the same multi-locus genotype as their parent and each other, but
the number of markers limits how strong conclusions can be drawn: genetic
differences might have been overlooked, and using more genetic markers could



26

have made stronger conclusions possible. For example, ten microsatellite mark-
ers were developed for the earthworm Lumbricus terrestris to be used in parental
analyses and population genetic studies (Velavan et al. 2007).

The results also indicate that the degree of variation can depend on the
gene studied as well as the genotype. Some genes showed more variation than
others, and there was difference in variation between different genotypes. In the
offspring dataset, one of the studied genotypes showed significantly higher var-
iation than the other. Gene expression levels of most genes were significantly
different between the genotypes in both parents and offspring, and in one gene
(ChymlInh) even between offspring families sharing a genotype. In a study by
Nota and colleagues (2013), two different genotypes of collembolan Folsomia
candida had highly different response to cadmium exposure, one being sensitive
to it and one tolerant. In the water flea Daphnia different genotypes within two
ecotypes (originating from a lake or from a pond) differed in their gene expres-
sion response to different resource environments (Dudycha et al. 2012). Differ-
ent asexual lineages of Dendrobaena octaedra in natural populations might also
differ in responsiveness to environmental conditions. This suggests that varia-
tion within genotypes could affect the results of comparative studies of gene
expression phenotypes: since some genotypes show more variation than others,
results could be biased by what genotypes happen to be included in the sample,
or the results could be specific only to the genotype used, when monoclonal
lines are used.

Some variation in gene expression measurements is unavoidable due to
technical factors. Different RNA extraction methods and differing amounts of
inhibitors, efficiency of cDNA synthesis, PCR efficiency of the primers used and
pipetting accuracy can cause variation in the sample quality and gene expres-
sion measurements. The MIQE Guidelines (Minimum Information for Publica-
tion of Quantitative Real-Time PCR) give valuable instruction for minimizing
variation and for producing data that is comparable between different laborato-
ries and people (Bustin et al. 2009). The guidelines include instructions on e.g.
checking RNA concentration, checking efficiencies of the primers and normaliz-
ing the expression data against more than one reference genes or with some
other methods (Bustin ef al. 2009). I minimized the effect of technical factors e.g.
by measuring the concentration of RNA and equalizing it in all samples before
cDNA synthesis, by using three technical replicates in qPCR to diminish the
effect of pipetting errors, by having an inter-run calibrator to check for variation
between different runs and by normalizing the expression data with NORMA-
Gene (Heckmann et al. 2011). The effect of technical variation is thus likely to be
small in my study but cannot completely be excluded as a source for some of
the variation. Another technique for measuring gene expression, the droplet
digital PCR, is supposed to suffer less from the technical issues (Huggett et al.
2013), which is why I decided to test that technique also with my samples (IV).
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3.3 Genetic diversity of D. octaedra affects ecosystem functioning
(I11)

I found some indications that higher genetic diversity of D. octaedra, originating
from a population with metal contamination history, has a positive effect on
decomposition processes and that high genetic diversity of the earthworms is
especially beneficial in stressful conditions, which supported my hypothesis. In
my microcosm experiment, NH4-N concentration was higher in the high diver-
sity treatment in contaminated soil. Earthworms in the high diversity treat-
ments seemed to thrive (higher biomass) in contaminated soil, in uncontami-
nated soil they suffered from higher mortality and did not increase microbial
activity (lower COz production). Biodiversity and ecosystem functioning are
often positively correlated (Gravel et al. 2011, Hooper et al. 2012, Harrison et al.
2014, Duncan et al. 2015, Evans 2016) and my results showed that the positive
effect of diversity can to some extent apply also at the genetic level and in ter-
restrial ecosystems. However, the support for the benefits of higher genetic di-
versity was not very strong, since there was no difference between low genetic
diversity and high genetic diversity in many of the parameters studied, or the
difference was significant for only one of the two growing seasons. The results
of my comparisons between low and high genetic diversity treatments are
summarized in Table 1.

TABLE 1. Differences between low genetic diversity (LD) and high genetic diversity
(HD) treatments in the different experimental conditions: uncontaminated or
Cu contaminated soil, low (indicated by minus-sign) or high (indicated by
plus-sign) species diversity of other decomposer animals. Zero means no dif-
ference between the genetic diversity treatments, LD means the parameter
measured was higher in low diversity and HD means it was higher in high
diversity treatment. Results are given for the two growing seasons (“1.year
and 2.year”) separately.

Uncontaminated- Uncontaminated+ Contaminated- Contaminated+

1.year 2.year 1.year 2.year l.year  2.year l.year  2.year
NH4-N conc. 0 0 0 0 0 0 HD 0
CO; prod. 0 0 LD 0 0 0 0 0
Biomass 0 0 0 0 0 0 0 HD
Cocoon prod. 0 0 0 0 0 0 0 0
Mortality HD 0 0 0 0 0 0 0
AkRed 0 0 0 0 0 LD 0 0
ChymlInh HD HD 0 0 HD 0 0 0
DualPhos 0 0 0 LD 0 HD 0 0
GlucReg 0 0 0 0 0 0 0 0
PanAmy 0 0 0 0 0 0 0 0
MT 0 0 LD 0 0 0 0 0
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There was higher COz-production and earthworm growth in contaminated soil
than in uncontaminated soil in both treatments, suggesting that earthworms
were coping well in contaminated soil. Li and colleagues (2010) found that in
algal communities species diversity was important for productivity in cadmi-
um-polluted conditions, and species tolerant to Cd were doing especially well.
The earthworms in my study originated from a population with decades long
history with metal contamination (Salemaa 2003), and adaptation of D. octaedra
to these conditions is likely (I). Copper contamination at a moderate level can
have positive effects on earthworms, e.g. on growth and reproduction of Apor-
rectodea tuberculata (Lukkari et al. 2005) and D. octaedra (Bindesbol et al. 2007,
Fisker et al. 2011). Reasons for that are unknown but it could possibly be be-
cause copper is an essential metal and soil without added metal might have a
lower than optimal concentration of Cu.

Because D. octaedra is not alone in contributing to decomposition, the ef-
fect of low or high species diversity of other decomposer animals on the rela-
tionship between genetic diversity of D. octaedra and decomposition processes
was also studied. Most of the differences between low and high genetic diversi-
ty treatments only showed statistically significant differences when there was a
high diversity of other decomposer animals (usually only in one of the growing
seasons). Specifically there was higher NH4-N concentration in HD in contami-
nated soil with high diversity of other decomposer animals, indicating that
there are some positive effects of higher genetic diversity together with high
species diversity. However there was also higher CO2 -production in LD in un-
contaminated soil with high diversity of other decomposer animals, which is
contrary to the positive effect of higher genetic diversity. Finding these differ-
ences between low and high genetic diversity was in contrast to my hypothesis
that high diversity of other decomposer animals might mask the differences
between low and high genetic diversity treatments due to more functional
groups contributing to decomposition.

However, at the end of the experiment, the only positive effect of having
higher species diversity of the other decomposer animals was higher biomass of
the earthworms. More functional groups can lead to more efficient decomposi-
tion processes (Laakso and Setdld 1999, Ekschmitt et al. 2001, Cragg and Bartgett
2001, Heemsbergen et al. 2004), and so I expected additional species to increase
decomposition efficiency, but it did not. This supports conclusions made by
some researchers that in soil the presence of key-decomposers is more im-
portant for ecosystem functioning than is the decomposer diversity (Cragg and
Bardgett 2001, Heemsbergen et al. 2004). However, I studied decomposition
processes in general and could not isolate specifically the impact of D. octaedra
on decomposition activity. Also, detecting an impact of the higher diversity of
the other decomposer animals might have been difficult since the microcosms
had limited structural diversity (homogeneous soil) and few decomposer spe-
cies. Moreover, there was high mortality of the added earthworm species, D.
rubidus, which is another key-decomposer possibly with slightly different feed-
ing strategy than D. octaedra. Had the D. rubidus lived, there might have been
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more pronounced differences between microcosms with low or high diversity
of the other decomposer animal species.

For the gene expression measurements, genes expected to be involved in
metabolism were selected, and also a gene for the metal-tolerance protein
metallothionein (MT) was included. MT has been linked to adaptation of D.
octaedra to metal contamination (Fisker et al. 2013, I). The specific function of MT
and the functions of the other gene products have not been experimentally con-
firmed in D. octaedra. 1 had to rely on the original GO-terms assigned to the
transcriptome-sequences, thus I can only speculate about functional responses
when examining the results of my gene expression comparisons. Overall ex-
pression of MT was higher in metal contaminated conditions, which was ex-
pected. For the genetic diversity treatments, the only significant difference be-
tween low and high genetic diversity treatments was that in uncontaminated
soil with high species diversity, expression of MT was higher in D. octaedra with
low genetic diversity than high diversity. This difference is probably not related
to the function of MT in metal-tolerance, since the difference was found only in
the uncontaminated soil. In the study about expression of MT between earth-
worms with different exposure histories (I), I found that there was high varia-
tion among individuals of D. octaedra in expression of MT, both in contaminated
and uncontaminated soil. Genotypes in the low diversity treatment could, by
chance, be genotypes that express MT at a higher level in uncontaminated soil,
and the genotypes in high diversity those that express MT at a lower level. Or,
the high diversity treatment could have had genotypes expressing MT at both
low and high levels, leading to overall higher expression in the low diversity
treatment. Some differences in expression of the other genes were also found
between the low and high genetic diversity treatments. Chymotrypsin inhibitor
was most consistent in showing higher expression in the high genetic diversity
treatment than in the low diversity treatment. For the other metabolic genes
studied, only a few differences between the low and high genetic diversity
treatments were observed, and sometimes only under certain conditions, pre-
venting any generalization of the gene expression patterns. Additional studies
into the function of these genes in D. octaedra are needed before conclusions on
what the differences mean at the functional level can be made.

An interesting result was that the specific genotype or lineage of the
earthworms seems to explain some differences between the treatments instead
of genetic diversity per se. For many of the parameters studied, the effect of the
diversity treatment was dependent on whether the high genetic diversity group
was compared to one (LD1) or the other (LD2 and LD3) of the genotypes in the
low diversity treatments. For example, I observed higher NH4-N concentration
in the low diversity treatment when high diversity was compared to LD1, but it
was higher in the high diversity treatment when high diversity was compared
to LD2 and LD3. Also, more CO2 was produced in the low genetic diversity
treatment when high diversity was compared to LD2 and LD3, but there was no
difference when it was compared to LD1. In gene expression, the genotype used
in the low diversity treatment had a large impact on the results: no differences
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were found in gene expression between high diversity and low genetic diversi-
ty treatments when high diversity was compared to LD2 and LD3, but differ-
ences were evident when comparing the high diversity treatments to LD1. In
my earlier study I found high variation both between and within genotypes (II).
The results of this study (IlII) showing differing responses depending on geno-
type further support the notion that a large sample should be considered in
gene expression comparisons since results from one genotype might not be the
same as from another.

In addition, how the genotypes responded to the different conditions (un-
contaminated or contaminated) differed in microcosms with high diversity of
other decomposer animals. Genotypes LD1 and LD2 had a similar response in
NHa-N concentration, CO2 production and gene expression to contaminated
and uncontaminated conditions despite being different genotypes. In contrast,
the response of genotype LD3 differed. This could suggest that LD2 and LD3,
which were the same genotype according to the five microsatellite markers de-
scribed earlier (II) but were reared from different founding individuals, are not,
in fact, genetically identical. Thus, the need to verify that individuals assumed
to be clones truly are clones and the need for more information on the mecha-
nisms causing variation in presumed genetically identical individuals are also
supported by this study (III).

3.4 Using droplet digital PCR for gene expression measurements

The droplet digital PCR (ddPCR) technique was highly repeatable and repro-
ducible for gene expression measurements in D. octaedra. The original dataset,
the dataset repeated by the same person and a dataset produced by a different
person did not differ from each other. The datasets also gave the same results
for a population comparison (difference between populations in expression of
ChymlInh, no difference in expression of Leuc). However, when comparing the
two techniques, ddPCR and qPCR, there were some inconsistencies in the re-
sults of the population comparison. ddPCR is more sensitive, able to detect
smaller differences in expression (Huggett et al. 2013), but in my results more
differences between the populations were found using qPCR than with ddPCR.
Reliability of qPCR measurements has been studied before, and although it is
generally considered to be simple and reliable method for gene expression
measurement, there are many steps in the process in which technical variation
can be introduced, from the RNA extraction methods through cDNA synthesis
to normalization method used, making replication of results challenging (Sand-
ers et al. 2014). Thus, the differences between populations found with qPCR that
were not found with ddPCR could be due to technical factors leading to statisti-
cal differences without actual biological differences. Moreover, the inconsisten-
cies could also be due to the normalization method used.

Gene expression measurements need to be normalized to account for the
non-biological variation, caused by variation in sample quality and efficiency of
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the cDNA synthesis (Hugget et al. 2005, 2013, Bustin et al. 2009, Kozera and Ra-
pacz 2013). Normalization is often done with so-called reference genes with sta-
ble expression. The two potential reference genes I tested could not be used
with the ddPCR technique. These genes are expressed at a much higher level
than the target genes and in ddPCR all droplets were positive droplets. Diluting
the samples helped resolved the problem, but there was too much variation in
the expression of the reference genes, either due to the dilution steps or because
the ddPCR was more sensitive to detecting the variation than was qPCR. Thus,
reference gene normalization was not possible for ddPCR, and another normal-
ization method, NORMA-Gene was used for both datasets. The inconsistencies
between population comparisons with qPCR and ddPCR showed in those made
with the NORMA-Gene normalized data. When I analyzed the non-normalized
data the population comparisons were consistent. Not normalizing the gene
expression is not an option in any real comparisons of gene expression response
since normalization is needed to minimize the non-biological variation (Hugget
et al. 2005, Kozera and Rapacz 2013), and it was done here only to compare the
techniques, not to interpret the differences between the populations in gene ex-
pression. More significant differences between populations were found with
NORMA-Gene normalized data both with ddPCR and especially with qPCR,
and in qPCR also with reference gene normalized data, than with non-
normalized data. This highlights the large effect that the normalization method
can have on the results, which deserves more attention in future studies. The
high repeatability and reproducibility of ddPCR make it a good technique for
gene expression measurements, and results from ddPCR that are consistent
with results from the qPCR technique might be possible if a normalization
method suited for both techniques was used.



4 CONCLUSIONS

The aim of the thesis was to study the effect of genetic diversity within a key
decomposer (here the earthworm Dendrobaena octaedra as an example) on de-
composition processes in metal contaminated conditions, including the effect of
population metal exposure history and possible variation in gene expression.
The observations by some researchers that biodiversity might be more im-
portant for ecosystem function in metal contaminated conditions than in uncon-
taminated conditions (Farina et al. 2003, Li et al. 2010) motivated me to look into
the relationship at the genetic level. Some support for a positive effect of genetic
diversity on decomposition in contaminated soil was found in my study, but
the conclusions were dependent upon which genotypes were included in the
experiment. The results indicated that even when there is low genetic diversity,
ecosystem functions can be maintained as well as in the presence of high genet-
ic diversity, depending on the genotypes present (III). This corresponds to the
predictions that in soil, there is redundancy in species diversity, and the pres-
ence of key species is more important for decomposition (e.g. Ekschmitt et al.
2001). My results show that this is true at the genetic level also.

D. octaedra is expected to reproduce through apomictic parthenogenesis
and this was supported in my study. The microsatellites I used offer an addi-
tional way of assessing clonality and to also distinguish different genotypes.
The number of functional markers was small (four), which leaves open the pos-
sibility that there still is some undetected genetic differences between individu-
als I assumed to be clones. The undetected variation might explain the high var-
iation among genotypes in gene expression (II) and the differing responses of
the earthworm families to different conditions in the microcosm experiment
(III). In the future, it would be important to study more how much variation in
gene expression exists in truly genetically identical individuals and how much
might be due to non-genetic variation (epigenetics). This could be especially
important in ecotoxicological studies, in which clonal lines are often used to
study the response of test organisms to contaminants, and decisions about the
environmental issues are made based on the results.
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Because there is variation in gene expression it is advisable to use many
different genotypes to get a reliable average of a population’s gene expression
response. My results (II and III) show that conflicting conclusions could be
made depending on which genotypes are chosen for a particular study when
there is small sample size. Using more genotypes could reveal more about how
much variation there can be within and between genotypes and how different
kinds of genotypes affect the decomposition. Having many different kinds of
genotypes with varying abilities to participate in decomposition could help
earthworms cope in metal contaminated conditions through complementation,
and through increased adaptation potential.

The high repeatability and reproducibility of droplet digital PCR (IV)
makes it a good option for gene expression measurements, but in my study
there was no advantage of ddPCR over qPCR. For gene expression measure-
ments absolute quantification is not necessarily needed and ddPCR results
might be difficult to compare to other studies using relative quantities. The
ddPCR could be better for measurements, in which greater precision is needed
and absolute quantitation is required, for example, to determine copy number
variation. My study species, D. octaedra is hexaploid, but there can be variation
in the ploidy, including aneuploidy. It would be interesting to see if there is var-
iation in the copy number of e.g. metallothionein and how that variation affects
the gene expression.

D. octaedra is a good study species when investigating variation in gene
expression and the effects of genetic diversity on decomposition in metal con-
taminated condition. Because of its high genetic diversity, there are potentially
many different genotypes with functional differences. Even when using only
two different genotypes in low genetic diversity treatment, I found differences
in responses to metal contamination in comparison to the high genetic diversity
treatment (III). It is suitable for future studies as well, e.g. for an investigation
into copy number variation, or for studying effects of genetic diversity on de-
composition more broadly than here. However, the long generation time of D.
octaedra requires time for culturing, if clones are needed.

This thesis gives new information about the diversity-functioning rela-
tionship in terrestrial ecosystems: genetic diversity and gene expression varia-
tion in a key decomposer affects decomposition processes; but more questions
were also raised. For example, I found that exposure history has an effect on the
earthworms’ gene expression response to metals (I), so would the effect of ge-
netic diversity on decomposition be different if earthworms without metal ex-
posure history had been studied? How would a non-essential metal, such as
cadmium, affect the biological response and the relationship between genetic
diversity and ecosystem functioning? How are the differences in gene expres-
sion among individuals affecting the population at the functional level? My the-
sis will encourage future efforts on these important questions.
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YHTEENVETO (RESUME IN FINNISH)

Geenien ilmentymisen vaihtelu metsilierolla ja lajin geneettisen diversitee-
tin vaikutus ekosysteemin toimintaan metallisaastuneessa maassa

Korkealla biodiversiteetilld on usein positiivinen vaikutus ekosysteemin toimin-
taan, eli prosesseihin, jotka liittyvit aineiden kiertokulkuun ja energian virtauk-
seen ekosysteemeissd. Biodiversiteetistd puhuttaessa keskitytdan usein lajien
diversiteettiin, mutta myos lajien sisdiselld geneettiselld diversiteetilld voi olla
merkittdvasd vaikutusta ekologisiin prosesseihin. Geneettinen diversiteetti saat-
taa olla erityisen tdrkedd dominoivilla tai toiminnallisesti merkittavilld lajeilla
sekd ihmisen muuttamissa ympéristoissd, kuten metallisaastuneilla alueilla.

Lierot vaikuttavat merkittdvadsti maaperdn rakenteeseen ja ravinteiden
kiertoon. Monet lierolajit ovat hermafrodiitteja ja lisddntyvét risti- tai itsesiitok-
sella, mutta my06s partenogeneettinen lisidntyminen on lieroilla yleistd. Geneet-
tisen diversiteetin on havaittu vaihtelevan suuresti eri lierolajien ja sukulinjojen
valilla. Tutkimuslajillani, mitoottisen partenogeneesin avulla lisddntyvallda met-
sdlierolla (Dendrobaena octaedra), on korkea geneettinen diversiteetti.

Metalleja péddtyy ymparistoon monenlaisessa ihmistoiminnassa, ja niilld on
usein negatiivinen vaikutus elidihin. Metallit sitoutuvat erityisesti orgaaniseen
ainekseen ja kertyvit maaperdn karikekerrokseen, josta ne poistuvat hyvin hi-
taasti. Monet lajit eivdt menesty metallisaastuneessa maassa, joten metallit v&-
hentdvit lajidiversiteettid, ja sen kautta vaikuttavat ekosysteemin toimintaan.
Metallien vaikutuksesta geneettiseen diversiteettiin on saatu ristiriitaisia tutki-
mustuloksia, eikd metallien vaikutusta ekosysteemin toimintaan geneettisen
diversiteetin muutosten kautta ei ole juurikaan tutkittu. Lieroja kidytetddn usein
indikaattorina metallien ymparistovaikutuksista. Nékyvimpid muutoksia, ku-
ten lajien hidvidmisid, tapahtuu yleensd vasta korkean ja/tai pitkdkestoisen me-
tallikontaminaation seurauksena. Vilittomadmpid metallien vaikutuksia voidaan
tutkia esimerkiksi mittaamalla eliiden metallitoleranssiin liittyvan metallotio-
niinin geenin ilmentymista.

Geenien ilmentymisessd on paljon vaihtelua, mikd auttaa elivitd mukau-
tumaan ja sopeutumaan muuttuviin oloihin. Tama voi kuitenkin tehd& geenien
ilmentymisen kédyttdmisen eliciden fenotyyppisend vasteena haastavaksi ja vai-
keuttaa tutkimustulosten tulkintaa. Usein vaihtelua pyritddn tutkimuksissa vé-
hentdméan kayttamalld esimerkiksi kloonilinjoja. Mahdollinen ongelma kuiten-
kin on, ettd tulokset, joita saadaan yhdestd kloonilinjasta, eivit véalttamatta pa-
dek&édn toiseen linjaan. Klooneiksi oletettujen yksiloiden vililld voi myos olla
huomaamatta jadnyttd geneettistd erilaisuutta. Geenien ilmentymisen tutkimi-
sessa on myos teknisid haasteita, ja perinteisesti kdytetyssd kvantitatiivisessa
polymeraasiketjureaktiossa (QPCR) on monia vaiheita, jotka voivat tuottaa ei-
biologista vaihtelua. Uudessa menetelmaéssd, droplet digital PCR (ddPCR), tek-
ninen vaihtelu on vdhdisempdd. Molemmissa menetelmissd on tirkedd, ettd
geenien ilmentymisen mittaukset normalisoidaan luotettavalla menetelmalls,
kuten tasaisesti ilmentyvilld referenssi-geeneilla.
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Viitoskirjatutkimukseni tavoitteena oli selvittdd miten geneettinen diversi-
teetti vaikuttaa ekosysteemin toimintaan, sekd miten populaation metallialtis-
tushistoria vaikuttaa geenien ilmentymisvasteeseen, ja kuinka paljon vaihtelua
geenien ilmentymisessd on genotyyppien vililld ja niiden sis&lld. Tdhdn tarkoi-
tukseen metsdliero oli sopiva tutkimuslaji monestakin syysta. Laji lisdéntyy mi-
toottisen partenogeneesin avulla, minkd ansiosta oli mahdollisuus tutkia seka
alhaista (yksilot klooneja) ettd korkeaa geneettistd diversiteettid (yksilot eri ge-
notyyppejd). Metsiliero on tdrked hajottaja ja usein avainlaji metsdmaaperassd,
joten geneettisen diversiteetin vaikutusten tutkiminen tdrkeddn ekosysteemin
prosessiin, hajotukseen, oli mahdollista. Liséksi metsiliero pystyy elamddan me-
tallisaastuneessa maaperéssd, joten sekd metallialtistushistorian ettd geneettisen
diversiteetin vaikutusten tutkiminen metallisaastuneessa maaperdssa oli mah-
dollista.

Ensin tutkin metsélieron vastetta metallikontaminaatioon ja populaation
historian vaikutusta sithen. Metallitoleranssiin vaikuttavan proteiinin, metallo-
tioniinin geenin ilmentymistd mitattiin yksiloistd, jotka oli kerdtty populaatiois-
ta, joilla joko oli tai ei ollut metallialtistushistoriaa. Populaatioiden yksilsille
tehtiin koe, jossa ne altistettiin kolmelle eri kuparin ja sinkin pitoisuudelle kol-
men pituisiksi ajanjaksoiksi. Lieroilla, joilla oli metallialtistushistoria, metallo-
tioniinin ilmentyminen oli korkeaa ja tasaista metallipitoisuudesta ja altistuksen
kestosta riippumatta, kun taas lieroilla, joilla ei ollut altistushistoriaa, vaste oli
hidas. Adaptaatio metallisaastuneisiin oloihin on todenndkoinen selitys eroille.

Seuraavaksi varmensin, ettd metsalieron jadlkeldiset todella ovat geneetti-
sesti identtisid vanhempansa kanssa, kuten mitoottisella partenogeneesilla li-
sdadntyvalld lajilla kuuluisi olla. Aiemmassa allotsyymi-tutkimuksessa oli 16y-
detty poikkeavuuksia jilkeldisten ja niiden vanhempien vililld. Genotyypitin
jélkeldisid ja niiden vanhempia viidelld mikrosatelliitti-markkerilla, ja jalkeldiset
olivat klooneja vanhemmastaan, mikéd tukee mitoottista partenogeneesid talld
lajilla. Kuitenkin markkereiden vahyys jdttdd mahdollisuuden auki sille, ettd
klooneiksi oletettujen yksiloiden vililld on geneettisid eroja, jotka jdivét huo-
maamatta. Geenien ilmentymisessd voi olla paljon vaihtelua, joten tutkin myos
kuinka paljon tédta vaihtelua on sekd genotyyppien vililld ettd niiden sis&lla sel-
vittddkseni vaihtelun mahdollisia vaikutuksia geenien ilmentymisen kayttdmi-
seen vasteiden vertailussa. Geenien ilmentymisessd oli suurta vaihtelua geno-
tyyppien vililld, ja vaihtelu genotyyppien sisdlld oli joissain tapauksissa yhta
suurta. Namaé tulokset korostavat tarvetta ottaa genotyyppien sisdinen vaihtelu
huomioon tutkimuksissa, joissa vertaillaan geenien ilmentymistd eri ryhmien
valilld, esimerkiksi vasteena metallialtistukseen.

Geneettisen diversiteetin vaikutusta ekosysteemin toimintaan tutkin vuo-
den kestdneelld mikrokosmoskokeella. Mikrokosmoksissa oli joko alhainen
(metsélierot samasta kloonista) tai korkea geneettinen diversiteetti (metsélierot
eri genotyyppejd). Selvittddkseni metallikontaminaation ja muiden hajottajien
lasnédolon vaikutusta geneettisen diversiteetin ja ekosysteemin toiminnan suh-
teeseen mikroskosmosten maa oli joko puhdasta tai kuparilla kontaminoitua, ja
muita hajottaja-eldimid oli koemaassa joko alhainen tai korkea lajidiversiteetti.
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Kokeessa mitattiin eri parametrejd hajotustoimintaan ja lierojen metaboliaan ja
kuntoon liittyen. Geneettisen diversiteetin positiivinen vaikutus hajotustoimin-
taan sai hieman tukea kokeeni tuloksista, erityisesti metallisaastuneessa maassa.
Usein kuitenkin ero alhaisen ja korkean geneettisen diversiteetin valilld riippui
siitd mihin klooniin korkeaa geneettistd diversiteettid verrattiin. Tuloksista voi
pédtelld, ettd ekosysteemin toiminnan kannalta tdrkedmpédd ovat genotyyppien
piirteet kuin varsinaisesti geneettinen diversiteetti.

Mittasin geenien ilmentymistd qPCR-menetelmilld, ja vaikka sen yleisesti
ottaen katsotaan olevan tehokas ja luotettava menetelmd, on siind havaittu
myo0s joitain ongelmia, kuten alukkeiden PCR-tehokkuuden ja cDNA synteesin
tehokkuuden vaikutusta tuloksiin. Geenien ilmentymisen mittaaminen oli niin
tarkedssd osassa muissa tutkimuksissani, ettd oli aiheellista tutkia myds miten
uusi, vidhemman teknisestd vaihtelusta kidrsivd menetelméd, ddPCR, toimii met-
sdlierondytteideni kohdalla. ddPCR-menetelmén toistettavuus tutkittiin ver-
taamalla aineistoa, jonka tuotti sama henkil6 kahdesti ja toisaalta toinen henkil®.
Vertasin myos saadaanko samat tulokset geenien ilmentymisen populaatiover-
tailussa sekd qPCR- ettd ddPCR-menetelmaélld. Tutkin myds saadaanko samat
tulokset, kun néaytteistd on eristetty RNA kahdella eri menetelmailld. Toistetta-
vuus osoittautui korkeaksi, mutta tulokset populaatiovertailusta eivit olleet
samanlaiset kahdella eri menetelmailld. Erojen taustalla oli geenien ilmentymi-
sen mittausten normalisointiin kédytetty menetelmd, joten kayttamalld normali-
soimismenetelmad, joka sopii sekd qPCR:ddn ettd ddPCR:ddn voi olla mahdol-
lista saada yhtenevid tuloksia. Myoskddn eri RNA: eristysmenetelmilld ei saa-
tu samoja tuloksia kaikissa tutkituista neljdstd geenistd, eli RNA:n eristysmene-
telmd saattaa vaikuttaa tuloksiin. ddPCR vaikuttaa hyvéltd menetelmailtd gee-
nien ilmentymisen mittaamiseen, kunhan kadytetdan sopivaa normalisoimisme-
netelmdd ja RNA:n laatu tarkistetaan.

Jatkossa metallikontaminaation vaikutuksia olisi hyva tutkia myos muilla
metalleilla kuin kuparilla ja sinkilld, ja vasteita my6s muilla geeneilld kuin me-
tallotioniinin geenilld, jotta selvidisi eri metallien vaikutukset myts muuhun
kuin metallinsietokykyyn. Geenien ilmentymisen vaihtelua voisi tutkia myos
laajemmin, silld tutkimuksessani selvisi, ettd vaihtelu on suurta. Taten olisi hy-
vd tutkia sen vaikutukset esimerkiksi ekotoksikologisten testien tuloksiin, joi-
den pohjalta tehd&ddn usein ympaéristod koskevia paatoksida. Geneettisen diversi-
teetin vaikutusta voisi tutkia myos yksiloilld, joilla ei ole metallialtistushistoriaa
sekd millainen geneettisen diversiteetin vaikutus on eri metalleilla saastutetuis-
sa oloissa. On myos tdrkedd tutkia millainen normalisoimismenetelmd sopii
parhaiten ddPCR-menetelmadlle, jotta silld saadaan luotettavaa tietoa geenien
ilmentymisesta.
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Abstract Metals are persistent pollutants in soils that can
harm soil organisms and decrease species diversity. Ani-
mals can cope with metal contamination with the help of
metallothioneins, small metal-binding proteins involved in
homeostasis and detoxification of metals. We studied the
expression of metallothionein with gPCR in a small, epi-
geic earthworm, Dendrobaena octaedra. We compared
expression patterns and metal body content in earthworms
collected from two sites with different metal contamination
histories: Harjavalta, contaminated by a Cu-Ni smelter
operational for over 50 years, and Jyviskyld, an uncon-
taminated site. Earthworms from both sites were also
experimentally exposed to different concentrations of Cu
(control, 50, 100 or 200 mg/kg) or Zn (control, 75, 150 or
300 mg/kg) for 7, 14 or 28 days to determine if there is a
time related dose—response in gene expression. Population
comparison showed that metallothionein expression was
higher in earthworms from the contaminated site. In the
exposure experiment, exposure time affected expression,
but only in the earthworms from the uncontaminated site,
suggesting that there is a delay in the metallothionein
response of earthworms in this population. In contrast,
earthworms from the contaminated site showed higher and
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constant levels of metallothionein expression at all expo-
sure concentrations and durations. The constant metallo-
thionein expression in earthworms from the contaminated
site suggests that inducibility of metallothionein response
could be lost in earthworms with metal exposure history.
Adaptation of D. octaedra to metal exposure could explain
the differences between the populations and explain the
persistence of this species in contaminated forest soils.

Keywords Dendrobaena octaedra - Adaptation -
Biomarker - Metal contamination

Introduction

Human activities, such as agriculture, mining, energy
production, transportation, and waste disposal, are major
sources of metal contamination in the environment (Bradl
2005). Some metals are essential for organisms (e.g. Cu
and Zn), since they are needed for metabolic and signaling
pathways, but these metals can become toxic at high con-
centrations. On the other hand, non-essential metals (e.g.
Cd and Hg) can be toxic even at low concentrations (Valko
et al. 2005; Roelofs et al. 2008). Exposure to both essential
and non-essential metals can lead to the production of
reactive radicals that induce e.g. genotoxic damage (Valko
et al. 2005). Organisms that cannot cope with metal tox-
icity cannot persist in metal contaminated environments.
Consequently, metal contamination can decrease species
diversity (Kozlov and Zvereva 2011) which can have
major, and often detrimental, effects on ecosystem func-
tioning (Hooper et al. 2012).

In terrestrial ecosystems, metals accumulate in the litter
layer and soil and they are only slowly eliminated, so many
soil organisms are faced with the challenges of metal
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exposure and toxicity (Bengtsson et al. 1983; Roelofs et al.
2008; Simonsen et al. 2008). Understanding the effects of
metal exposure on earthworms is particularly important,
since earthworms are efficient decomposers and contribute
considerably to nutrient mineralization and soil structure
(Edwards and Bohlen 1996; Spurgeon et al. 2003; Lavelle
et al. 2006; Sturzenbaum et al. 2009). Earthworms are
often used as indicator organisms to monitor the health of
ecosystems (Lavelle et al. 2006; Nahmani et al. 2007).
However, the response of earthworms to metal contami-
nation in terms of loss or persistence of species may only
be evident after significant contamination of the environ-
ment (Spurgeon et al. 2005a).

In order to advance detection of the detrimental effects of
metal contamination, molecular genetic approaches have
been used in ecotoxicological research (Roelofs et al. 2008;
Sturzenbaum et al. 2009). For example, organismal response
to metal contamination can be measured on the genetic level
as the expression of stress-proteins (e.g. heat shock proteins
or HSPs) and other proteins that have a function in
homeostasis and the detoxification of metals, e.g. metallo-
thioneins (Cortet et al. 1999; Weeks et al. 2004). Metallo-
thioneins are small (6-8 kDa), hydrophilic metal-binding
proteins, which are found in many organisms, including
prokaryotes, invertebrates, fish, mammals and plants (Dal-
linger 1996; Janssens et al. 2009). Metallothioneins are
important for metal management and tolerance since they
can detoxify non-essential metals and regulate the metabo-
lism of essential metals (Cortet et al. 1999; Valko et al.
2005). Metallothioneins in earthworms were first identified
by Sturzenbaum et al. (1998) and now they have been
studied in many earthworm species, including Lumbricus
rubellus (Marino et al. 1998; Galay Burgos et al. 2005;
Spurgeon et al. 2005a, 2005b; Bundy et al. 2008), Lumbri-
cus terrestris (Calisi et al. 2013), Eisenia fetida (Gruber
et al. 2000; Brulle et al. 2006, 2007, 2011; Demuynck et al.
2006, 2007; Asensio et al. 2013), Aporrectodea tuberculata
(Lukkari et al. 2004a) and D. octaedra (Fisker et al. 2013).
Since several studies have found clear time- and dose—
response relationships between metal exposure and metal-
lothionein expression or concentration (e.g. Gruber et al.
2000; Brulle et al. 2006; Demuynck et al. 2007), metallo-
thionein is considered to be a good biomarker for the sub-
lethal effects of metal contamination.

Our study species, the epigeic earthworm D. octaedra,
can be the dominant earthworm species in northern conif-
erous forests and tundra (Edwards and Bohlen 1996; Ter-
hivuo and Saura 2006). D. octaedra is often exposed to
harmful anthropogenic substances, especially metals, which
have accumulated in boreal forest ecosystems (Bengtsson
et al. 1983). Although sensitive to metals (Bindesbgl et al.
2009), D. octaedra can persist in contaminated soils with
high concentrations of metals (Bengtsson et al. 1983, 1992;

Rozen 2003, 2006; Lukkari et al. 2004b; Simonsen et al.
2008; Tosza et al. 2010; Holmstrup et al. 2011). D. octaedra
avoids metals even at low concentrations (Lukkari and Ha-
imi 2005), which probably contributes to its survival in
contaminated habitats. In addition, D. octaedra can adapt to
metal exposure. Fisker and colleagues (2011a) found that
growth and reproduction was higher and maturation time
was shorter in Fl-generation D. octaedra that had Cu
exposure history than in earthworms without exposure his-
tory, both in control and Cu-spiked soils. In addition, Fisker
and colleagues (2013) showed that F2-generation earth-
worms, which were raised in uncontaminated soil, but
originating from populations with metal exposure history,
expressed metallothionein more quickly and in greater
quantities when exposed to metal contaminated soil than did
reference individuals.

Given the ability of D. octaedra to adapt to metal
exposure (Fisker et al. 2011a, 2011b, 2013), we expect that
earthworms collected from populations with different
metal exposure histories will differ in metallothionein gene
expression. In other species, adaptation to metal exposure
has led to over-expression of genes associated with the
stress response (Roelofs et al. 2008, 2009). We examined
individual variation in metallothionein expression in D.
octaedra earthworms collected from populations with dif-
ferent metal exposure histories. We also tested whether
there would be a time- or dose-response in metallothionein
expression among individuals originating from the differ-
ent populations when exposed to three concentrations of
Cu or Zn for 7, 14 or 28 days. Cu and Zn were chosen for
the exposure experiment because they are the most abun-
dant contaminants in our contaminated study site and also
because they are both essential metals. In addition, we
compared metallothionein expression to metal body con-
tent of the earthworms in both our population comparison
and the exposure experiment. Since metal tolerance can be
accompanied by costs, e.g. reduced tolerance to other stress
factors (Posthuma and van Straalen 1993), it is important to
clarify possible different responses of populations with or
without history to metal exposure.

Materials and methods
Sampling of earthworms

Dendrobaena octaedra were collected from two locations:
a metal contaminated site in Harjavalta (South-West Fin-
land, 61°18'50”N, 22°08'30”E) and an uncontaminated site
in Jyviskyld (Central Finland, 62°12'39"N, 25°44'13"E).
The main emission source in Harjavalta is a Cu-Ni smelter.
The Cu smelter has been operational since 1945 and the Ni
smelter since 1960. Emissions from the smelters over the

@ Springer
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Table 1 Mean metal concentrations, pH and soil organic matter (SOM) of soil from the contaminated (Harjavalta) and uncontaminated

(Jyviskyld) study sites

Cu Zn Cd Ni Pb As Cr pH SOM
Contaminated 823.5 473.6 <LOQ 262.7 32.72 6.22 5.334 52 72.21
Uncontaminated 9.792 27.35 <LOQ 4.237 22.55 <LOQ <LOQ 4.3 68.60
Some metal concentrations were under the limit of quantification (<LOQ)
decades have led to the accumulation of metals in the soil, content = 75.0 %; pH 4.6; organic matter con-

(Table 1) despite the fact that emissions were significantly
reduced in the early 1990s after the installation of new
filters (Salemaa 2003). There is no history of metal emis-
sions in Jyviskyld (Table 1). The contaminated site is a
birch dominated forest on sandy soil, and the uncontami-
nated site is a spruce dominated forest on moraine soil. Soil
samples were taken from both sites (three 5.5 cm diameter
core samples of organic soil from five locations at the
sampling site) to determine metal concentration, pH and
organic matter content of the soil (Table 1).

Earthworms were collected from both sites at two times:
August 2011 and September or October 2012. Both times, 24
individuals were collected from each site for comparison of
metallothionein expression. Individuals were collected by
hand, stored in a bucket with soil and humus from the sam-
pling site and transferred to the laboratory where they were
kept at +15 °C. Before RNA extraction, the earthworms
were moved to jars containing moist paper towel and kept at
415 °C for 2 days to allow the earthworms to empty their
guts. The paper towel was changed after 1 day to prevent
coprophagy. The anterior end (ca. 5 mm) of each earthworm
was preserved for RNA extraction. The tissue was removed
using scissors or a scalpel, placed ina 1.5 ml microcentrifuge
tube and immediately frozen in liquid nitrogen. The rest of
the body was reserved for metal content analysis. It was
placed in a separate 1.5 ml microcentrifuge tube and also
frozen with liquid nitrogen. Both samples were stored at
—80 °C until the RNA extraction and metal content analysis
could be completed (see below). RNA extraction was per-
formed within a few days of sampling; however, metal
content analysis was performed later (November 2012) when
all the samples could be analyzed simultaneously.

Additional samples (110-130 individuals) were col-
lected from each site in September and November 2012 for
use in the exposure experiment, which was conducted in
April 2013 (see below). All individuals sampled for use in
the exposure experiment were kept at +15 °C in uncon-
taminated soil prior to the experiment.

Exposure experiment
Soil used in the exposure experiment was collected from an

uncontaminated mature spruce forest in Jyviskyld (soil water
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tent = 82.5 %), and it was novel soil for earthworms from
both populations. Three different concentrations of Cu or Zn
(50, 100, 300 Cu mg/kg or 75, 150, 300 Zn mg/kg) and an
uncontaminated control were used (following Lukkari and
Haimi 2005). The appropriate amounts of copper chloride
(CuCl,-H,0) or zinc chloride (ZnCl,) were added to 200 ml
of water and thoroughly mixed with 0.5 kg soil (fresh mass).
Pure water was added to the control soil. After addition of the
metals, pH of the soil decreased, ranging from 4.3 to 4.5, and
soil water content increased to 82.2 %. The spiked soil was
incubated for 7 days at +15 °C before the experiment.

Each experiment (with Cu or Zn contamination) con-
sisted of four treatments: low, medium and high metal
concentrations and an uncontaminated control. Glass jars (9
5.5 cm) with perforated lids were used for the treatments
and there were five replicate jars per treatment and popu-
lation. Each jar contained 50 g of soil and three earthworms
(adult or sub-adult). Earthworms were rinsed in water and
weighed before the experiment. Throughout the experiment,
the jars were incubated at 415 °C and water was added each
week to replace what was lost from evaporation. Earth-
worms were weighed weekly and biomass did not change
(Kruskall-Wallis  test, 12 <5.17, df =3, p>0.1). One
earthworm from each jar was removed after 7 days of
exposure, a second after 14 days and the third at the end of
the experiment, after 28 days of exposure. Part of the sam-
pled earthworms was preserved for analysis of metallothi-
onein expression and the remainder was preserved for metal
content analysis (as described above). Samples of the
earthworms from the exposure experiment were stored at
—80 °C for up to 30 days prior to RNA extraction and metal
content analysis (see below). There was some mortality (30
deaths) during the experiment. Thus, the final number of
individuals analyzed was 3-5 per treatment at each sampling
point (180 samples altogether).

RNA extraction and gPCR

RNA was extracted using the Aurum Total RNA mini kit
(Bio-Rad) following the manufacturer’s protocol, with
DNase treatment. RNA concentration was determined with
the Qubit RNA Assay Kit and Qubit Fluorometer (Invitrogen,
Thermo Fisher Scientific). A concentration of 35 pg/mL of
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Table 2 Primer sequences used in qPCR and reaction efficiencies

Gene Primer (5'-3") Efficiency
%
Metallothionein, F: ACA CTC AGT GCT GTG GCA  103.5

mt-2 GCG

R: GGC TGC GCA CTT GCA GGC

F: ACC ACA TCC AAG GAA GGC 933
AG

R: CCC GAG ATC CAA CTA CGA
GC

F: TGG TGG AGG TCC GCA GCG  90.5
AT

R: CGT TTC GTC CCC AAG GCC
TC

18S-DNA

28S-DNA

RNA was used for cDNA synthesis, which was done using
the iScript cDNA synthesis kit (Bio-Rad) following the
manufacturer’s protocol. cDNA was then diluted 1:5.

Real-time quantitative polymerase chain reactions (qPCR)
were done with IQ SYBR green super mix(Bio-Rad) using
species specific primers to the metallothionein gene (mt-2)
and two reference genes (18S-rDNA and 28S-rDNA). Prior to
our analysis, qPCR conditions were optimized and efficien-
cies were checked with a dilution series (5 points, 10-fold
dilutions) (Table 2). In each reaction we used 1 pl of cDNA
template (approximately 0.7 ng) and 0.5 uM of each primer in
a final reaction volume of 20 ul (concentrations other of
reagents in the IQ SYBR green super mix are pre-optimized by
the manufacturer). Three replicate reactions for each sample
were performed. An inter-run calibrator was prepared by
combining equal quantities of cDNA from all samples, and
five replicate reactions of this calibrator were included in each
qPCR run. We used a CFX96 C1000 Touch Thermal Cycler
(Bio-Rad) with the following protocol: 94 °C for 2 min and
then 40 cycles of 94 °C for 30 s, 60 °C for 30 s and 72 °C for
15 s followed by a plate read. Finally, melting curve analysis
was done by heating the product at 95 °C for 10 s and then
increasing the temperature from 55 °C to 95 °C in 0.5 °C
increments followed by a plate read.

Some samples used in the population comparison failed
to amplify and were deleted from the dataset. These fail-
ures were likely due to incorrect species identification of
the sample. As a result, there were only 41 samples from
the uncontaminated site for analysis. Consequently, we
chose to analyze only 42 samples from the contaminated
site in order to keep the datasets even.

Metal analyses
An ultrasound-assisted extraction method was used to

measure metal content in our experimental soils and in the
bodies of the earthworms from the population comparison

and from the exposure experiment. The previously frozen
earthworms were dried and weighed prior to measurement.
For the experimental soils, three replicates of 500 mg dried
soil samples were measured. Earthworm samples were
digested with a mixture of 2 ml of aqua regia plus 2 ml of
ultrapure water whereas the soil samples were digested
with a mixture of 5 ml of aqua regia plus 5 ml of ultrapure
water. The digestion was performed with an ultrasound
water bath (+70 °C, 5 x 3 min for earthworms and
3 x 3 min for soil, shaking after each 3 min sonication).
Solutions were filtered (Whatman No. 41 filter paper), and
prior to analysis, earthworm samples were diluted to 10 ml
with ultrapure water and transferred to 50 ml plastic bot-
tles, whereas soil samples were diluted to 50 ml with
ultrapure water and transferred to 100 ml plastic bottles.
As, Cd, Pb, Cu, Ni, Cr and Zn content was measured in the
earthworms for the population comparison and Cu and Zn
content was measured in the earthworms from the exposure
experiment since they were exposed only to Cu and Zn. All
metal content measurements were performed with a Perkin
Elmer Optima 8300 using inductively coupled plasma
optical emission spectrometry.

Data analysis and statistics

Raw data from the qPCR runs were first analyzed with
qBase + (Biogazelle) to adjust results for the different
reaction efficiencies and to perform inter-run calibration.
qBase+ was also used to check the stability of the refer-
ence gene expression and to calculate normalized relative
quantities of the target gene. Expression of the reference
genes was stable (data not shown). Two outlier values of
very low metallothionein expression (Cq > 35) detected in
earthworms from the exposure experiment were removed
from the dataset. Raw data from the metal content analyses
were checked for conformity to a normal distribution using
a Kolmogorov—Smirnov test and for homogeneity of vari-
ances with Levene’s test, and when necessary, the data
were log-transformed. Clear outlier values of metal content
(three Cu values and two Zn values) in earthworms from
the exposure experiment were removed from the data set
(these outliers were attributed to human error during
measurement).

One-way ANOVA was used to estimate the differences
in metallothionein expression and metal content between
earthworms from the contaminated and uncontaminated
sites. Three-way ANOVA was used for data from the
exposure experiment (factors were site, exposure concen-
tration and exposure time). In these analyses, when sig-
nificant differences were found, the data were split and
studied further with two-way or one-way ANOVA. The
LSD post hoc test was applied when there was a significant
result in ANOVA. The relationship between metal content
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Table 3 Differences between D.octaedra populations collected at
sites differing in metal contamination

df SS MS F P
Metallothionein 1 2275 227.5 83.6 <0.001
Cu body content 1 2753 275.3 4.8 0.032
Zn body content 1 5425 5425 19.3 <0.001
Cd body content 1 - - 50.8 (¥ <0.001

Differences in metallothionein expression and Cu and Zn body con-
tents were analyzed with one-way ANOVA. Difference in Cd body
content was analyzed with a Kruskall-Wallis test (5?)

of the earthworms and metallothionein expression was
studied with Pearson product-moment correlation. When
the assumptions of a normal distribution or equal variances
were not met even after data transformation, non-para-
metric methods were used: the Kruskall-Wallis test was
used instead of one-way ANOVA and Spearman’s rank-
order correlation was used instead of Pearson product-
moment correlation. All statistics were performed using
IBM Statistics SPSS 20.

Results
Population comparison

Dendrobaena octaedra earthworms from the contaminated
site (Harjavalta) and the uncontaminated site (Jyviskyld)
differed in metallothionein expression and in body content
of Cu, Zn and Cd (Table 3). Metallothionein expression
was higher in earthworms from the contaminated site than
in earthworms from the uncontaminated site (Table 4;
Fig. 1). Zn and Cd body content was higher in earthworms
from the contaminated site than in the uncontaminated site,
but the pattern was reversed for Cu body content (Table 4).
Body content of some metals, e.g. Pb, Ni and Cr, were
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Fig. 1 Metallothionein (MT) expression (CNRQ, calibrated normal-
ized relative quantity, from qBase+) of D. octaedra individuals from
the contaminated site (Harjavalta), and the uncontaminated site
(Jyviskyld)

under the limit of quantification (LOQ). Metallothionein
expression correlated positively with Zn, Cu and Cd body
content in the earthworms collected from the uncontami-
nated site (Table 4). In contrast, no correlations were found
between metallothionein expression and metal body con-
tent in the earthworms from the contaminated site
(Table 4).

We allowed the earthworms to empty their guts for
2 days so that the metal body content measurements would
not be affected by gut content. However, the gut emptying
period could have affected metallothionein expression.

Table 4 Means and correlations between metallothionein expression (MT) and metal body content of D. octaedra from the contaminated and

uncontaminated sites

Test Site MT Cu Zn Mean*
Pearson Contaminated MT - 8.7
Cu 0.126 (0.425) - 69.9
Zn 0.097 (0.541) —0.620 (0.696) - 439
Uncontaminated MT - 0.5
Cu 0.333(0.033) - 93.8
Zn 0.368 (0.018) 0.122 (0.446) - 324
Spearman Contaminated cd 0.213 (0.176) 0.005 (0.974) 0.713 (<0.001) 19.7
Uncontaminated Cd 0.424 (0.025) 0.204 (0.287) 0.609 (<0.001) 352

p value in parenthesis

# Mean metallothionein expression (CNRQ calibrated normalized relative quantity) and mean metal body content (mg/kg dry mass)of the

earthworms

@ Springer



Metallothionein gene expression

1737

Fig. 2 Metallothionein P
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expression (normalized relative 304 L=tow
quantity from gBase+, M = Medium
mean + S.E.) of D. octaedra W= High
earthworms from contaminated
(Harjavalta, dark grey bars) and
uncontaminated (Jyviskyld,
light grey bars) sites exposed to
three different concentrations
(L low, M medium and H high)
of Cu and control (C) for 7, 14
or 28 days

20

Mean MT expression (CNRQ)
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Consequently, we tested metallothionein expression in an
additional sample of 10 individuals from both populations
from which RNA was extracted immediately, without gut
emptying. The expression levels did not differ between
treatments in earthworms from the same population, but
significant differences between populations remained (data
not shown).

Exposure experiment

Final Cu and Zn concentrations of the test soil used in the
exposure experiment were approximately what we inten-
ded (Online Resource 1, Table 1) and metal concentrations
in the test soils measured before and after the experiment
did not differ significantly (Kruskall-Wallis, p > 0.05).

Metallothionein response in Cu exposed earthworms

When exposed to Cu, earthworms from the two sites dif-
fered in their metallothionein expression (F = 47.5, df = 1,
p < 0.001, Fig. 2), there was an interaction between site and
exposure time (F =5.83, df =2, p=0.005, Online
Resource 1, Table 2), and earthworms from the contami-
nated site had higher metallothionein expression (mean 8.5
CNRQ over all exposure concentrations and times) than
earthworms from the uncontaminated site (mean 1.9
CNRQ). Metallothionein expression was lower in earth-
worms exposed for shorter periods (7 and 14 days) than in
those exposed for 28 days (Online Resource 1, Table 3).
Metallothionein expression was higher in earthworms from
the contaminated site than in earthworms from the uncon-
taminated site after 7 and 14 days of exposure, but not after
28 days, although the difference was almost significant
(p = 0.055) (Online Resource 1, Table 4).

Metallothionein expression was also analyzed separately
for earthworms from the two sites with exposure time and

Lkl i

- l. ll III '# mll
L. M H C L M H

14 28

Concentration

Exposure time (days)

soil Cu concentration as factors. The difference in metal-
lothionein expression between exposure times was found in
earthworms from the uncontaminated site, but not in
earthworms from the contaminated site (Online Resource
1, Table 5). In earthworms from the uncontaminated site,
metallothionein expression was highest after 28 days and
lowest after 14 days (Online Resource 1, Table 6). The
pattern was seen only in the medium and high soil Cu
concentrations, although there was no significant interac-
tion between exposure time and soil Cu concentration
(Online Resource 1, Tables 7 and 8). Two-way ANOVA
with soil concentration levels separated and site and
exposure time as factors showed that metallothionein
expression was higher in earthworms from the contami-
nated site at every exposure level, and also in control
earthworms (Online Resource 1, Tables 9 and 10).

Metallothionein response in Zn exposed earthworms

Earthworms from the two sites exposed to Zn differed in
metallothionein expression (F = 56.87, df = 1, p < 0.001,
Fig. 3). Earthworms from the contaminated site had higher
metallothionein expression (mean: 3.6 CNRQ) than earth-
worms from the uncontaminated site (mean: 0.6 CNRQ).Dif-
ferences were also detected among the exposure
concentrations (control, low, medium or high, F = 7.112,
df = 3,p < 0.001) as well as among the exposure times (7, 14
or28 days,F = 7.642,df = 2,p = 0.001, Online Resource 1,
Table 11). Earthworms exposed for 28 days expressed more
metallothionein than earthworms exposed for 7 or 14 days, and
control earthworms expressed more metallothionein than
earthworms from any of the contamination levels (Online
Resource 1, Tables 12 and 13).

Although there were no significant interactions between
the factors in the three-way ANOVA, we examined the
data further with two-way ANOVA. Analysis with site and
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Fig. 3 Metallothionein
expression (normalized relative
quantity from gBase+,

mean £ S.E.) of D. octaedra
earthworms from contaminated
(dark grey bars, Harjavalta) and
uncontaminated (light grey,
Jyviiskyld) sites exposed to
three different concentrations
(L low, M medium and H high)
of Zn and control (C) for 7, 14
or 28 days

€= Control
L=low
M = Medium
H=High
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Mean MT expression (CNRQ)
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exposure concentration as factors showed that metallothi-
onein expression differed between earthworms from the
two sites at each exposure time (7, 14 or 28 days of
exposure), as well as between different exposure concen-
trations after 7 days and 14 days of exposure (Online
Resource 1, Tables 14 and 15). In the two-way ANOVA
there was an interaction between site and concentration
after 28 days of exposure (Online Resource 1, Table 14).
Two-way ANOVA for each site separately showed that in
earthworms from the uncontaminated site, there was also a
difference between exposure times (lower expression with
shorter exposure) and an interaction between exposure time
and concentration (Online Resource 1, Table 16, 17 and
18).

One-way ANOVA with exposure time as a factor
showed that the variation in metallothionein expression
between exposure times in earthworms from the contami-
nated site was in the low exposure treatment of Zn (Online
Resource 1, Table 19). In earthworms from the uncon-
taminated site, in contrast, the difference in expression at
different times was in earthworms exposed to medium and
high levels of Zn (Online Resource 1, Table 19).

Metal content of earthworms

The accuracy of the analysis was tested with the analysis of
CRM DOLT-4 (Dogfish liver). The recovery rates for Cu
and Zn were 100 £ 3 % and 102 £ 2 %, respectively.
Earthworms exposed to Cu from the two sites differed in
Cu content (F=4.552, df =1, p=0.036, Online
Resource 1, Table 20, see also Fig. 4). Earthworms from
the uncontaminated site had higher Cu content (mean:
116.1 mg/kg) than earthworms from the contaminated site
(mean: 95.6 mg/kg). Two-way ANOVA with exposure
concentrations separated and site and exposure time as
factors indicated that earthworms from the two sites dif-
fered in Cu content only in control earthworms (F = 5.296,
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df =1, p = 0.034). Moreover, two way ANOVA with
exposure times separated and site and exposure concen-
tration as factors showed that Cu content of the earthworms
differed between the two sites in earthworms exposed for
7 days only (F = 11.205, df = 1, p = 0.003). No differ-
ences between sites, concentrations or exposure time were
found in Zn content of earthworms exposed to Zn (Online
Resource 1, Table 21, see also Fig. 5). There was a posi-
tive correlation between metallothionein expression and Zn
content of the earthworms in Zn exposed earthworms from
the contaminated site (Pearson correlation, r = 0.418,
p = 0.003). No correlations were found between Cu body
content and metallothionein expression of the experimen-
tally exposed earthworms.

Discussion

Dendrobaena octaedra are able to adapt to metal exposure
(Fisker et al. 2011a, 2011b, 2013). It is important to assess
how possible adaptation could affect the expression of
metallothionein, a well-characterized biomarker used in
measuring organismal response to metal exposure (e.g.
Dallinger 1996; Brulle et al. 2007, 2011; Carpene et al.
2007). We found that metallothionein-2 (mt-2) expression
is higher in earthworms originating from a population with
metal exposure history than in those without metal expo-
sure history. In our exposure experiment, earthworms from
the contaminated site had stable, high metallothionein
expression regardless of exposure concentration or expo-
sure time. In contrast, mt-2 expression increased with
increasing exposure time in earthworms originating from
the uncontaminated site. We did not find a consistent dose—
response of expression in either population, indicating that
the essential metals tested here, Cu and Zn, are not as
efficient inducers of this isoform of metallothionein as e.g.
Cd for which dose-response is often found (Spurgeon et al.
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Fig. 4 Cu content
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2004, 2005b; Swain et al. 2004; Galay Burgos et al. 2005;
Timmermans et al. 2005; Brulle et al. 2007).

Adaptation to metal exposure is known to occur in soil
invertebrates (Kozlov and Zvereva 2011; Pauwels et al.
2013) and changes in metallothionein expression, including
over-expression and quick expression responses upon
metal exposure, are associated with adaptation, e.g. in the
collembolan Orchesella cincta (Janssens et al. 2009;
Roelofs et al. 2008, 2009) and the earthworm A. tubercu-
lata (Lukkari et al. 2004a). On the other hand, studies with
L. rubellus showed that acclimatization is a more likely
explanation for its metal tolerance than is adaptation (Aziz
et al. 1999; Langdon et al. 2003). It is important to
remember that different populations could show different
strategies of metal tolerance (Pauwels et al. 2013), but
since genetic adaptation to Cu exposure has been demon-
strated in D. octaedra (Fisker et al. 2013), we expect that
other populations with a history of Cu exposure could also
adapt. Therefore, the mt-2 response of the populations
studied here could reflect not only acclimatization (in the
uncontaminated site), but also the combination of

H  Concentration

14 28 Exposure time (days)
cC L M H C L M H Concentration
14 28 Exposure time (days)

acclimatization and potential adaptation (in the contami-
nated site).

We found considerable variation among individuals in
metallothionein expression, both in our comparison of
samples from the field and in our exposure experiment. In
earthworms from the field, this variation could reflect the
avoidance behavior of D. octaedra (Lukkari and Haimi
2005), since in the contaminated site, metals are not evenly
distributed in the soil (Salminen and Haimi 1999), and
earthworms avoid the most contaminated soil patches.
Consequently, inter-individual exposure to metals varies,
which might explain variation in mt-2 expression. How-
ever, there was also high inter-individual variation in mt-2
expression among worms from the uncontaminated site and
in our experiment (where there was no need or no oppor-
tunity for avoidance). High genetic diversity of D. octaedra
(Simonsen et al. 2008; Knott and Haimi 2010) could also
explain the high inter-individual variation in metallothio-
nein expression. Recently, (Nota et al. 2013) showed that in
the parthenogenetic Folsomia candida, two genotypes
within a previously suspected clonal line have large
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differences in their response to Cd, one being more tolerant
and other more sensitive. In addition, high genetic diversity
is complicated by polyploidy in D. octaedra, which is
usually hexaploid (Omodeo 1955; Hongell and Terhivuo
1989). If some individuals have multiple functional copies
of the metallothionein gene, they could show higher
expression than other individuals with fewer copies. The
possibility for inter-individual variation in metallothionein
gene copy number and its relationship to expression dif-
ferences in D. octaedra, however, remains to be
investigated.

In our experiment, exposure time affected only the
earthworms from the uncontaminated site, suggesting that,
in addition to overall lower expression, there was also a
slower response in metallothionein induction in these
earthworms than in those from the contaminated site. A
similar result was found by Fisker and colleagues (2013),
who did not see upregulation of mt-2 expression after
1 day of Cu exposure, but did after 7 days of exposure in
D. octaedra from a reference population. In our study,
upregulation was clearest after 28 days of exposure, sug-
gesting that a longer exposure period improves the chances
of observing an acclimatization response in these earth-
worms. The time response in earthworms from the
uncontaminated site was found only in the medium and
high exposure levels, suggesting that equilibrium between
soil and earthworm body metal content was achieved faster
at low metal concentrations. When equilibrium is achieved,
longer exposure times are not expected to lead to higher
metallothionein expression, since additional expression is
not needed. Equilibrium is a plausible explanation for our
results, since a pattern of stable mt-2 expression at low
metal concentrations with longer exposure time was seen
with both tested metals. Maity et al. (2011) made similar
conclusions for metallothionein expression in the earth-
worm Lampito mauritii exposed to Zn. Cu and Zn are both
essential metals, and at low soil metal concentration,
equilibrium between uptake and excretion of the metals can
be achieved relatively quickly, unlike for nonessential
metals, which tend to accumulate in the tissues (Spurgeon
and Hopkin 1999).

In contrast to the time-response, we did not detect a
consistent dose-response of metallothionein-2 expression
in our experiment. Cu exposed earthworms showed no
signs of a dose related response, and in Zn exposed
earthworms, the only significant effects of dose on metal-
lothionein expression were due to a difference between
exposed and control samples, not between different metal
exposures. Among soil invertebrates, a dose-response in
metallothionein induction to the nonessential metal Cd has
been found frequently (Spurgeon et al. 2004, 2005b; Swain
et al. 2004; Galay Burgos et al. 2005; Timmermans et al.
2005; Brulle et al. 2007), but not always (Demuynck et al.
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2007). The opposite has been shown for Cu or Zn: clear
dose-responses are more often not found, with a few
exceptions (Spurgeon et al. 2005b; Brulle et al. 2007;
Bundy et al. 2008). For example, in L. rubellus, Galay
Burgos et al. (2005) found increased metallothionein
expression at low Cu concentrations and decreased
expression at high Cu concentrations, and Demuynck et al.
(2007) found no dose-responseof E. fetida to Zn and Cd.
Cu and Zn are not expected to be as efficient inducers of
metallothionein as is Cd (Marino et al. 1998; Swain et al.
2004; Brulle et al. 2011), and thus it may not be surprising
that we did not find a clear dose-response in our experi-
ments. The fact that we allowed earthworms to empty their
gut prior to measuring mt-2 expression may have affected
the results and obscured a possible dose-response. How-
ever, a small sample of earthworms from the study sites
showed no difference in mt-2 expression between treat-
ments (with and without gut emptying).

An additional reason for the lack of dose-response in
earthworms from the contaminated site could be potential
adaptation. The fact that metallothionein expression was
higher in earthworms from the contaminated site even
when they were not exposed to any added metal (i.e.
control earthworms) and was similarly high in all exposure
concentrations supports this interpretation. Adaptation can
lead to over-expression of stress-response genes (Roelofs
et al. 2008), which could mean that in comparative analysis
of gene expression, individuals from adapted populations
might show no response or only a small response to
increasing concentrations of metals (Pauwels et al. 2013).
Therefore, it is important to know the history of the test
population and its potential for adaptation to metal expo-
sure when conducting ecotoxicological experiments. On
the other hand, Nota et al. (2013) showed that there can be
differences in the stress response (dose-responses vs. stable
expression levels) even among different genotypes of F.
candida originating from a population without exposure
history. Moreover, dose-responses are known for individ-
uals originating from populations with exposure history
e.g. in A. tuberculata (Lukkari et al. 2004a) as well as in
our study species D. octaedra (Fisker et al. 2013). Whether
or not inducibility of a stress response is lost in populations
with exposure history could, therefore, be context depen-
dent and requires further study.

Metallothionein expression does not seem to be directly
related to metal body content. Among field collected
earthworms, metallothionein expression was positively
correlated with Cu, Zn and Cd body content in samples
from the uncontaminated site but not the contaminated site.
This could be an artefact of the overall high mt-2 expres-
sion in earthworms from the contaminated site and also
could be the result of adaptation. In the exposure experi-
ment, metal body content was similar in earthworms from
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both sites, but there was a difference in metallothionein
expression. The small sample size and possibility that other
metal-binding proteins or other isoforms of metallothionein
influence metal body content complicates the interpretation
of these correlation analyses.

Although Cu soil concentration was not correlated with
Cu body content in the worms, the result was nearly sig-
nificant (p = 0.05). Cu typically does not bioaccumulate in
tissues over the concentrations found in the soil, but high
exposure levels do elevate body content (Marino et al.
1998). As a result, even though Cu is an essential metal and
is regulated (Laszczyca et al. 2004), a relationship is often
found between Cu body content and soil Cu concentration
(Lukkari et al. 2006; Galay Burgos et al. 2005; Spurgeon
et al. 2005b; Holmstrup et al. 2011), as opposed to Zn
(Lukkari et al. 2006; Demuynck et al. 2007; Brulle et al.
2011; Holmstrup et al. 2011; Leveque et al. 2013). Since
the Cu body content of the earthworms differed between
the sites only between control earthworms and after 7 days
of exposure, this could be evidence of a legacy from their
life in the field. Cu body content of earthworms from the
uncontaminated site were quite high (mean 93.8 mg/kg dry
weight), considering the amount of Cu in the soil. But these
values were still within the range reported in a previous
study with this species (Lukkari et al. 2004a), in which
even higher Cu body contents were found. The higher Cu
content of earthworms from the uncontaminated site could
be due to less efficient excretion or increased uptake of Cu,
and possibly, uptake of Cu from multiple metal pools
(Hobbelen et al. 2006).

In conclusion, populations differing in their exposure to
metals showed different metallothionein expression, in
both a comparison of samples collected from the field and
an exposure experiment. The potential for adaptation to
metal exposure in the population from the contaminated
site is a plausible explanation for these differences.
Metallothioneins can be induced by factors other than
metals also (Janssens et al. 2009), such as oxidative stress
and hypoxia, and these cannot be ruled out as explanations
for the differences in expression seen here. Nevertheless,
there was a difference in metallothionein expression
between earthworms from the two sites also in our expo-
sure experiment, during which the earthworms were
exposed to the same conditions and novel soil. Overall high
metallothionein expression could be one outcome of
potential adaptation. The increased expression of metallo-
thionein is expected to aid detoxification and regulation of
metals, making it possible for earthworms to cope in a
metal contaminated environment. In addition, adaptation
could lead to the loss of an inducible response to metal
exposure, as was suggested by results of our exposure
experiment in which earthworms from the contaminated
site expressed metallothionein at high and stable levels

regardless of the exposure concentration or exposure time,
and even when there was no exposure.
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Table 1. The intended and measured concentrations of Cu and Zn in soil used in the exposure
experiments.

Treatment* Intended concentration mg/kg ~ Measured concentration mg/kg**
Cu low 50 56.42
Cu medium 100 118.5
Cu high 200 181.9
Zn low 75 131.8
Zn medium 150 172.1
Zn high 300 293.1

* Control soil had mean Cu concentration 9.96mg/kg and mean Zn concentration 42.67mg/kg.

Cu exposed:

Table 2. Effects of site (contaminated vs. uncontaminated), Cu exposure concentration, exposure time
and their interactions on metallothionein expression in D. octaedra (Three-way ANOVA).

Source of variation df SS MS F P

Site 1 69.31 69.31 47.51 <0.001
Concentration 3 3.714 1.238 0.849 0.472
Exposure time 2 19.32 9.658 6.620 0.002
Site x Concentration 3 4.127 1.376 0.943 0.425
Site x Exposure time 2 17.00 8.500 5.826 0.005
Concentration x Exposure time 6 9.136 1.523 1.044 0.405
Site x Conc. x Exposure time 6 4.815 0.803 0.550 0.768

Table 3. Pairwise comparisons (post hoc LSD) of exposure times after three-way ANOVA on
metallothionein expression of Cu exposed D. octaedra earthworms.

1 J Difference (I-J) P

7 14 0.4667 0.127




14 28 -1.4295 <0.001
28 -0.9628 0.003

Table 4. Effects of site, exposure concentration and their interaction on metallothionein expression of Cu
exposed D. octaedra earthworms with exposure times separated (Two-way ANOVA).

Days of Source of variation df SS MS F P

exposure

7 Site 1 12.48 12.48 11.52 0.003
Concentration 3 3.940 1.313 1.213 0.329
Site x Concentration 3 0.995 0.332 0.306 0.820

14 Site 1 68.95 68.95 46.10 <0.001
Concentration 3 0.939 0.313 0.209 0.889
Site x Concentration 3 2.463 0.821 0.549 0.653

28 Site 1 7.371 7.371 4114 0.055
Concentration 3 7.714 2.571 1.435 0.259
Site x Concentration 3 5.714 1.905 1.063 0.385

Table 5. Effects of Cu exposure concentration, exposure time and their interaction on metallothionein
expression of D. octaedra earthworms from the contaminated and uncontaminated sites (Two-way
ANOVA).

Site Source of variation df SS MS F P

Contaminated Concentration 3 1.614 0.538 0.266 0.849
Exposure time 2 3.685 1.842 0.910 0.413
Concentration x Exposure time 6 6.301 1.050 0.519 0.790

Uncontaminated Concentration 3 6.816 2272 2.251 0.098
Exposure time 2 3553 17.77 17.60 <0.001
Concentration x Exposure time 6 8.261 1.377 1.364 0.253

Table 6. Pairwise comparisons (post hoc LSD) of exposure times after two-way ANOVA on
metallothionein expression of Cu exposed D. octaedra earthworms from the uncontaminated site.

I J Difference (I-J) Sig.

7 14 1.0741 0.002

14 28 -2.1657 <0.001
28 -1.0915 0.005

Table 7. Effect of exposure time on metallothionein expression of Cu exposed D. octaedra earthworms
from the uncontaminated site with exposure concentrations separated (One-way ANOVA).

Exposure level df SS MS F Sig

Control 2 1.011 0.506 0.378 0.694
Low 2 7.471 3.736 3.734 0.066




Medium 2 24.95 12.47 11.86 0.002
High 2 12.56 6.282 10.40 0.005

Table 8. Pairwise comparisons (post hoc LSD) of exposure times on medium and high treatments after
one-way ANOVA on metallothionein expression of Cu exposed D. octaedra earthworms from the
uncontaminated site.

Exposure level 1 J Difference (I-)) Sig.
Medium 7 14 1.6692 0.026
14 28 -3.3432 0.001
28 -1.6740 0.033
High 7 14 1.3766 0.038
14 28 -2.3545 0.001
7 28 -0.9779 0.134

Table 9. Effects of site, exposure time and their interaction on metallothionein expression of Cu exposed
D. octaedra earthworms with exposure concentrations separated (Two-way ANOVA).

Exposure level  Source of variation df SS MS F P
Control Site 1 13.28 13.28 6.671 0.019
Exposure time 2 0.606 0.303 0.152 0.860
Site x Exposure time 2 1.297 0.649 0.326 0.726
Low Site 1 31.05 31.05 26.32 <0.001
Exposure time 2 9.142 4.571 3.875 0.044
Site x Exposure time 2 3798 1.899 1.610 0.233
Medium Site 1 12.08 12.08 9.296 0.006
Exposure time 2 16.01 8.005 6.162 0.008
Site x Exposure time 2 9.246 4.623 3.559 0.048
High Site 1 14.82 14.82 10.85 0.004
Exposure time 2 3.786 1.893 1.385 0.276
Site x Exposure time 2 8.400 4.200 3.074 0.071

Table 10. Pairwise comparisons (post hoc LSD) of exposure times on control, low and medium
treatments after two-way ANOVA on metallothionein expression of Cu exposed D. octaedra earthworms.

Exposure level I J Difference (I-J) Sig.
Control 7 14 -0.2726 0.700
14 28 -0.3491 0.638
28 -0.6217 0.439
Low 7 14 0.2333 0.694
14 28 -2.0969 0.003
28 -1.8637 0.006

Medium 7 14 0.7514 0.177




14

-2.0901
-1.3387

0.001
0.025

Zn exposed:

Table 11. Effects of site, exposure concentration, exposure time and their interactions on metallothionein
expression in Zn exposed D. octaedra earthworms (Three-way ANOVA).

Source of variation df SS MS F P

Site 1 82.92 82.92 56.87 <0.001
Concentration 3 31.11 10.37 7.112 <0.001
Exposure time 2 22.28 11.14 7.642 0.001
Site x Concentration 3 8.608 2.869 1.968 0.126
Site x Exposure time 2 7.885 3.943 2.704 0.073
Concentration x Exposure time 6 17.062 2.844 1.950 0.083
Site x Conc. x Exposure time 6 17.216 2.869 1.968 0.080

Table 12. Pairwise comparisons (post hoc LSD) of exposure concentrations after three-way ANOVA on
metallothionein expression of Zn exposed D. octaedra earthworms.

I J Difference (I-J) Sig.
Control Low 1.2176 0.001
Medium 1.3354 <0.001
High 1.3320 <0.001
Low Medium 0.1179 0.726
Medium High -0.0034 0.992
High Low -0.1144 0.726

Table 13. Pairwise comparisons (post hoc LSD) of exposure times after three-way ANOVA on
metallothionein expression of Zn exposed D. octaedra earthworms.

I J Difference (I-J) Sig.

7 14 -0.3535 0.225
14 28 -0.8830 0.004
7 28 -1.2365 <0.001

Table 14. Effects of site, exposure concentration and their interaction on metallothionein expression of
Zn exposed D. octaedra earthworms with exposure times separated (Two-way ANOVA).

Exposure time Source of variation df SS MS F P

7 Site 1 32.23 32.23 20.00 <0.001
Concentration 3 17.36 5.787 3.592 0.027
Site x Concentration 3 7.410 2.470 1.533 0.229

14 Site 1 53.56 53.56 39.73 <0.001
Concentration 3 29.88 9.959 7.387 0.001




Site x Concentration 3 1.471 0.490 0.364 0.780
28 Site 1 8.783 8.783 6.182 0.020
Concentration 3 3419 1.140 0.802 0.505

3

Site x Concentration 16.46 5.487 3.863 0.022

Table 15. Pairwise comparisons (post hoc LSD) of exposure concentrations after two-way ANOVA on
metallothionein expression of Zn exposed D. octaedra earthworms.

Exposure time 1 J Difference (I-J) Sig.
7 Control Low 0.9898 0.134
Medium 2.0600" 0.003
High 1.6083" 0.018
Low Medium 1.0702 0.085
Medium High -0.4517 0.457
High Low -0.6184 0.311
14 Control Low 2.0438 0.001
Medium 0.7658 0.162
High 2.0238 0.001
Low Medium -1.2781 0.027
Medium High 1.2580 0.034
High Low 0.0201 0.972

Table 16. Effects of exposure concentration, exposure time and their interaction on metallothionein
expression of Zn exposed D. octaedra earthworms with sites separated (Two-way ANOVA).

Site Source of variation df SS MS F P

Contaminated Concentration 3 15.01 5.003 3.500 0.025
Exposure time 2 2.283 1.142 0.799 0.458
Concentration x Exposure time 6 13.59 2.265 1.584 0.179

Uncontaminated Concentration 32624 8.747 5.894 0.002
Exposure time 2 28.01 14.00 9.437 <0.001
Concentration x Exposure time 6 2257 3.761 2.535 0.035

Table 17. Pairwise comparisons (post hoc LSD) of exposure concentrations after two-way ANOVA on
metallothionein expression of Zn exposed D. octaedra earthworms from the uncontaminated site.

1 J Difference (I-J) Sig.
Control Low 1.8435 <0.001
Medium 1.5532 0.003
High 1.2831 0.009
Low Medium -0.2903 0.548
Medium High -0.2701 0.576
High Low 0.5604 0.231

Table 18. Pairwise comparisons (post hoc LSD) of exposure times after two-way ANOVA on
metallothionein expression of Zn exposed D. octaedra earthworms from the uncontaminated site.



I J Difference (I-J) Sig.

7 14 0.1277 0.752
14 28 -1.5098 0.001
7 28 -1.3821 0.002

Table 19. Effect of exposure time on metallothionein expression of Zn exposed D. octaedra earthworms
from the contaminated and uncontaminated site with exposure concentrations separated (One-way
ANOVA).

Site Concentration df SS MS F Sig

Contaminated Control 2 0.748 0.374 0.128 0.882
Zn 75mg/kg (Low) 2 7.193 3.596 4.624 0.035
Zn 150mg/kg (Medium) 2 4.345 2.172 2.287 0.157
Zn 300mg/kg (High) 2 5.145 2.572 1.682 0.235

Uncontaminated Control 2 1.011 0.506 0.378 0.694
Zn 75mg/kg (Low) 2 8.709 4.355 3.198 0.080
Zn 150mg/kg (Medium) 2 27.46 13.73 9.051 0.007
Zn 300mg/kg (High) 2 13.78 6.891 4.021 0.049

Metal body content of earthworms:

Table 20. Effects of site, exposure concentration, exposure time and their interactions on Cu content in
Cu exposed D. octaedra earthworms (Three-way ANOVA).

Source of variation df SS MS F P

Site 1 1.589 1.589 4.552 0.036
Concentration 3 2.862 0.954 2.733 0.050
Exposure time 2 0.221 0.111 0.317 0.729
Site x Concentration 3 2.159 0.720 2.062 0.113
Site x Exposure time 2 1.032 0.516 1.479 0.235
Concentration x Exposure time 6 1.303 0.217 0.622 0.712
Site x Conc. x Exposure time 6 1.885 0.314 0.900 0.500

Table 21. Effects of site, exposure concentration, exposure time and their interactions on Zn content in
Zn exposed D. octaedra earthworms (Three-way ANOVA).

Source of variation df SS MS F P

Site 1 0.049 0.049 0.243 0.623
Concentration 3 0.261 0.087 0.434 0.729
Exposure time 2 0.108 0.054 0.270 0.764
Site x Concentration 3 0.436 0.145 0.726 0.539
Site x Exposure time 2 0.266 0.133 0.664 0.518
Concentration x Exposure time 6 1.797 0.300 1.496 0.191
Site x Conc. x Exposure time 6 0.805 0.134 0.670 0.674
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ABSTRACT

Gene expression is highly plastic, which can help organisms to both acclimate
and adapt to changing environments. Possible variation in gene expression
among individuals with the same genotype (among clones) is not widely con-
sidered, even though it could impact the results of studies that focus on gene
expression phenotypes, for example studies using clonal lines. We examined
the extent of within and between clone variation in gene expression in the
earthworm Dendrobaena octaedra, which reproduces through apomictic parthe-
nogenesis. Five microsatellite markers were used to confirm that offspring are
genetic clones of their parent. After that, expression of 12 genes was measured
from five individuals from six different genotypes (collected from two popula-
tions) when exposed to altered conditions. A subset of the genes was examined
in clonal offspring of two of the genotypes. Gene expression differed between
different genotypes, but variation was also high within genotypes. One gene
(chymotrypsin inhibitor) showed significant differences in the expression levels
among genetically identical individuals. Gene expression can vary considerably,
and the extent of variation may depend on the genotypes and genes studied.
Ensuring a large sample, with many different genotypes, is critical in studies
comparing gene expression phenotypes. Researchers should be especially cau-
tious inferring gene expression phenotypes when using only a single clonal or
inbred line, since the results might be specific to only certain genotypes.



INTRODUCTION

Gene expression is regulated at multiple stages (transcriptional and post-
transcriptional), and is highly plastic, allowing organisms to both acclimate and
adapt to changing environmental conditions [1, 2, 3]. For example, genes related
to stress tolerance may show wide variation in expression depending on the
conditions organisms experience [e.g. 2, 4, 5]. Genes are expressed differently in
different tissues, both during ontogenesis [6] and in fully developed adults [7].
Nowadays, measuring gene expression is relatively easy, allowing examination
of gene expression levels as a phenotypic response to altered conditions. Such
studies have helped to identify the mechanisms underlying phenotypic changes
and to clarify the connection between genotype and phenotype [8, 9]. However,
because gene expression can vary, the variation must also be considered when
examining gene expression as a phenotypic response. One approach to reduce
the possible variation is to examine only a single clonal genotype or nearly
identical individuals from inbred lines. An alternative approach is to encom-
pass the possible variation by using pools of different individuals when deter-
mining gene expression levels [9].

The amount of variation in gene expression response to identical condi-
tions among individuals sharing the same clonal genotype is rarely reported,
even though it is feasible that genotypically identical individuals might not ex-
press genes in an identical way. Such variation could be due to physiological
differences among the clonal individuals [6, 7] or due to epigenetic differences
[10], as shown recently in clonally propagated oil palms [11]. Variation in gene
expression has been studied among essentially identical individuals from
strains of mice in which the genetic differences have been diminished with
many generations of inbreeding [12, 13]. Both of these studies found differences
in the gene expression phenotype of individuals that were from the same hy-
brid line and exposed to the same conditions. Wolff [12] attributed the differ-
ences to possible unrecognized variation in the microenvironment. Pritchard
and colleagues [13] concluded that there is either tolerance for a wide range of
gene expression, or that there could be a selective advantage to having variation
in gene expression. Variation in gene expression among individuals from the
same clonal genotype might have practical implications for comparative studies
that are not widely recognized. Namely, the results of studies focusing on only
a single clone or inbred line might not be relevant to other clones or lines, and
the results of studies using pools of individuals might mask important variation
[9].

An alternative problem also exists: experimental individuals assumed to
be clones could actually harbor unexpected genetic differences that affect gene
expression. For example, Nota and colleagues [14] found that one of their
“clonal” lines of the collembolan Folsomia candida, a common test organism for
ecotoxicological tests, was actually composed of two genetically different line-
ages that had surprisingly different expression profiles, with one lineage being
much less affected by cadmium exposure than the other. They cautioned that



outcomes of tests using F. candida could lead to different interpretations if pos-
sible genetic variation in presumed clonal lines is overlooked [14]. Similarly,
Dalziel and colleagues [8] advocated using clonal lineages to control for back-
ground genetic variation when studying variation in candidate genes, but cau-
tioned that the major challenge for this approach is the possibility for unrecog-
nized additional mutations within the clonal lineage.

This study focuses on gene expression and genetic diversity of the clonally
reproducing earthworm, Dendrobaena octaedra. This epigeic earthworm is an
ecologically important decomposer animal in Northern Boreal forests [15, 16]. D.
octaedra has high genetic diversity [17, 18, 19, 20] and it is able to adapt to metal
contaminated habitats [21, 22, 23]. Our previous study revealed that D. octaedra
individuals from two populations differing in metal exposure history had sig-
nificantly different expression of the metallothionein-2 gene and showed differ-
ent gene expression responses in an exposure experiment [24]. However, we
did not specifically assess genotypic diversity in the samples used in that study.
Here, we aim to test if gene expression responses differ among individuals
sharing the same clonal genotype, originating from the same two populations
as in the previous study (uncontaminated and metal contaminated site,
Mustonen et al. 2014) when they are exposed to altered environmental condi-
tions.

D. octaedra is polyploid and expected to produce clonal offspring through
apomictic (mitotic) parthenogenesis [25, 26, 27]. Although a deviation from ap-
omictic parthenogenesis is unlikely, Simonsen and Holmstrup [28] found dif-
ferences among offspring and their parents in allozyme markers, which led
them to question whether some mechanism other than apomictic parthenogen-
esis can be employed by this species. Although allozyme markers can be used
to survey genotypic differences among individuals, their detection is based on
the activity of the enzymes and therefore the variation observed can also reflect
phenotypic (gene expression) differences among individuals. We developed
microsatellite markers for an alternative method to genotype individuals of D.
octaedra. After determining whether our cultures of D. octaedra were reproduc-
ing clonally, we used qPCR to examine variation in gene expression both within
and among genotypes in two generations of earthworms. We hypothesized that
individuals sharing the same genotype would show less variation in gene ex-
pression than individuals with different genotypes. It is important to quantify
how much variation in gene expression within genotypes exists so that poten-
tial causes of the variation, whether they are genetic or epigenetic, can be ex-
plored.

MATERIALS AND METHODS

Sampling and establishment of earthworm cultures

Individuals of Dendrobaena octaedra were collected from two locations: a metal
contaminated site in Harjavalta (South-West Finland, 61°18'50"N, 22°08'30"E)



and an uncontaminated site in Jyvidskyld (Central Finland, 62°12'39"N,
25°44'13"E). The source of the metal contamination in Harjavalta is a Cu-Ni
smelter that has been operational for decades. Earthworms were collected by
hand from both sites in September and October 2012 and transferred to the la-
boratory in buckets with soil from the sampling site. Cultures were then estab-
lished in the laboratory. For this study, the population origin of the earthworms
was not under our primary focus, but it will be explored in a future experiment.

Juvenile or subadult earthworms were put either singly or in pairs (to al-
low a possibility for mating) in separate glass jars (J 8 cm, with perforated lids)
containing uncontaminated organic-rich soil and horse manure (for nutrition).
All cultures were maintained at 15 °C in a climate cabinet. Soil was changed
every few months. D. octaedra has a long generation time (mean maturation
time 21.2 months [29]), and we began monitoring the cultures for cocoons (off-
spring) after approximately 3 months. Part of the single-worm cultures and all
pair-worm cultures were used for microsatellite genotyping to determine if the
offspring produced in a culture were clones, sharing the same genotype. The
number of cocoons produced by the earthworms in each culture varied. Co-
coons were removed from the soil about every 14 days, placed on moist paper
towel in lidded Petri dishes and reared at 15 °C. Hatching of cocoons was moni-
tored for about 90 days and hatched offspring were collected, frozen with liquid
nitrogen and stored at -20 °C for later DNA extraction. Mortality was high, but
when possible, the parent earthworm(s) in these cultures were also frozen for
later DNA extraction after they had produced about 15 cocoons.

The remaining single worm cultures were used to provide earthworms for
the gene expression study. These cultures were maintained as described above,
and after about 24 months, five presumably clonal individuals (adult offspring
of the wild caught earthworms) were removed from each culture and rehoused
separately in @ 5.5 cm glass jars with perforated lids containing copper contam-
inated soil for the experiment (see below). An additional earthworm from each
culture was used for genotyping to ensure that different genotypes were used
in the experiment (Supporting information S1 Table).

For the experiment, we wanted to expose the earthworms to altered condi-
tions that could elicit a gene expression response in the worms, so instead of
using the same organic-rich soil used during culturing, we used soil contami-
nated with copper (100 mg kg dry mass). Soil used in the experiment was col-
lected from an uncontaminated mature spruce forest in Jyvaskyld (soil water
content = 52.5%; pH = 5.3; organic matter content = 82.1%). We mixed 191.3 mg
of copper chloride (CuClz H20) in 1500 ml of water thoroughly with 1.5 kg soil
(fresh mass) to achieve the intended contamination level. After addition of the
copper chloride, pH of the soil decreased to 5.1 and soil water content increased
to 76.3%. The spiked soil was incubated for 7 days at 15 °C before the experi-
ment. During the experiment, water was added to the cultures every other
week to replace what was lost due to evaporation. As our goal was not to study
the effect of Cu exposure per se, we used only a single Cu concentration in the



experiment. Our previous study [24] indicated that this level of Cu contamina-
tion was not lethal to Dendrobaena octaedra.

Figure 1 shows the experimental setup. The experiment was begun using
five individuals per genotype (genotypes reared separately as described above)
from six different genotypes, three originating from Jyvéaskyld (genotypes cod-
ed ]) and three from Harjavalta (genotypes coded H). These worms were the
parent generation in the experiment. The parents were exposed to the contami-
nated soil for two months, during which they produced cocoons. Cocoons were
collected from the experimental cultures, placed on moist paper towel in lidded
petri dishes, and maintained at 15 °C. After the offspring had hatched, they
were also reared separately in the Cu contaminated (100 mg kg dry mass) soil
for two months (the offspring generation). After their respective two month
exposure periods, the parent and offspring earthworms were removed from
their cultures and put in glass jars with moist paper towel for two days to allow
them to empty their guts. Paper towel was changed after one day. A piece of
tissue (ca. 5 mm) from the anterior end of each parent earthworm, and about
half of each offspring earthworm (also ca. 5 mm) was cut with a scalpel, placed
in separate 1.5 ml microcentrifuge tubes and immediately frozen in liquid ni-
trogen. Samples were stored at -80 °C until RNA extraction (approx. 1-2
months).

Figure 1. Figure showing the experimental setup and which genotypes
were used in the analyses from the parent and offspring generations, (in the
parent generation, five individuals per genotype were used, except for geno-
types H2 and J3, from which there were only three individuals per genotype).
Also shown are examples of which samples were used to calculate the different
estimates of variation (EV), see section 2.4.1 in Materials and Methods.

Isolation of microsatellite markers

Microsatellite loci were isolated following the FIASCO technique [30] with
some modifications [see 31]: the enrichment step included the construction of
two microsatellite-enriched libraries using (GA)20 and (CAG)11 probes. Potential
loci were cloned using the pCR2.1-TOPO vector and TOPO-TA cloning kit
(Invitrogen) and One Shot TOP10 competent Escherichia coli cells. Positive
clones were first amplified and sequenced with vector-specific M13 primers.
When microsatellite repeats were found in the sequences, new locus specific
primers were designed to the flanking regions of the repeat regions using PRI-
MERS3 [32]. Primers were designed for six microsatellite loci, but, after initial
testing, one (DO5) did not amplify consistently and was not considered further.
The other five loci are described in Table 1.

Genotyping

Genomic DNA was extracted from either whole earthworms (offspring) or a
piece of the anterior end (parents) using Qiagen chemistry (DNeasy kit reagents)
and a Kingfisher magnetic processor (Thermo Fisher Scientific). Success of the
DNA extractions was confirmed with agarose gel electrophoresis. Amplification



was performed separately for each locus in 10 ul reactions containing 1 pl of
template DNA, 1X buffer (Biotools), 0.4 mM dNTPs (Fermentas), 1 uM reverse
primer, 0.9 pM forward primer (TAG Copenhagen), 0.1 uM labeled forward
primer (Applied Biosystems), 2 mM MgCl> (Biotools) and 0.5 units Taq poly-
merase (Biotools). Thermocycling conditions were 94 °C for 3 min, then 35 cy-
cles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, ending with a final extension
of 72 °C for 10 min. Amplification products were separated using the ABI
PRISM 3130x] with GeneScan 500 LIZ size standard and genotyped using
GeneMapper 5 software (all Applied Biosystems).

Gene expression

Our goal was to examine gene expression of each genotype in all of the exposed
parents as well as in five offspring each from three parents of each genotype.
However, due to some molding of the cocoons, enough offspring hatched only
from two of the six genotypes (one genotype per population). Therefore, we
examined variation in gene expression among parental clones in six genotypes
and variation among offspring clones in only two genotypes. There was also
some mortality within the parents in two of the genotypes (H2 and J3, see Fig-
ure 1). Twelve target genes were investigated in the parents. The examined
genes were chosen to represent a general physiological response of the earth-
worms to altered conditions. These included stress-response genes: metallothi-
onein (MT), heat shock protein 40 (HSP40), and heat shock protein 70 (HSP70);
as well as genes expected to be involved in metabolism: aldo/keto reductase
(AkRed), carbonyl reductase (CarRed), chitinase domain (ChitDo), chymotryp-
sin inhibitor (ChymInh), dehydrogenase (DeHyd), (similar to) fucosidase (Fuco),
leucine aminopeptidase-like protein (Leuc), pyruvate dehydrogenase (Pyr), and
L-xylulose reductase (Xyl). We also included analyses of four potential refer-
ence genes: 185-rDNA, 285-rDNA, peptidylprolyl isomerase (Peplso) and tubu-
lin (Tub). All primers, except those for MT, 185 and 28S [described in 24], and
HSP70 [23], were designed based on a draft transcriptome of D. octaedra (shared
by M. Holmstrup, unpublished, see supporting information S2 Table). A subset
of the target genes (AkRed, ChitDo, ChymlInh, DeHyd, and MT) were analyzed
in the offspring. These were chosen as the most interesting based on the ob-
served variation in gene expression in the parents.

For RNA extraction, we used the Aurum Total RNA mini kit (Bio-Rad) fol-
lowing the manufacturer’s protocol including DNase I treatment. The concentra-
tion of the extracted RNA was measured using the Qubit RNA Assay Kit and
Qubit Fluorometer (Invitrogen, Turner BioSystems). For cDNA synthesis, we
used the iScript cDNA synthesis kit (Bio-Rad) following the manufacturer’s
protocol, using 35 ng of RNA per reaction. After synthesis, cDNA was diluted
1:5. Real-time quantitative polymerase chain reactions (QPCR) were performed
using 1Q SYBR green supermix (Bio-Rad). Prior to analysis, gPCR conditions
were optimized and efficiencies were checked with a dilution series (5 points,
10-fold dilutions) (see supporting information S2 Table). In each reaction we
used 1 pl of cDNA template and 0.5 uM of each primer in a final reaction vol-



ume of 20 pl (to estimate efficiency) or 10 pl (for the gene expression compari-
sons). Three replicate reactions for each sample were prepared and an inter-run
calibrator was used. For all reactions, we used a CFX96 C1000 Touch Thermal
Cycler (Bio-Rad) with the following protocol: 94°C for 2 minutes and then 40
cycles of 94°C for 30 sec, 60°C for 30 sec and 72°C for 15 sec followed by a plate
read. A melt curve analysis was done at the end of each amplification reaction,
and melt curves were checked to ensure that there was only a single PCR-
product.

Data analysis

Raw data and stability of the reference genes was checked with qBase+ (Bio-
gazelle). Data from failed reactions (Cq > 35) and outlying technical replicates (>
1 cycle difference) were removed. Based on our previous study [24], we ex-
pected that 18S and 28S would be useful reference genes. However, even
though these genes showed stable expression in the parent dataset, their ex-
pression was too variable in the offspring dataset, which could be due the age
of the earthworms (possibly more variation in the growth stage) or due to varia-
tion in sample quality/quantity. Two other potential reference genes were test-
ed (Peplso and Tub), but expression of these genes also varied among the sam-
ples (in both parent and offspring datasets). Therefore, we normalized the Cq -
values with NORMA-Gene [33], which utilizes the entire dataset of the target
genes to reduce systematic and artificial between-replicate bias with a least
squares method.

Since our main study question was how much variation in gene expres-
sion exists between the groups (within genotypes vs. over all genotypes), we
used the normalized Cqg-values to calculate estimates of variation within the
groups. The estimate of variation (EV) was calculated from the sample variance
adjusted with the corresponding degrees of freedom:

Y'variance *(Nx-1)

EV= N..G

Y variance= sum of all the sample variances for the group for which EV is calculated
Nx=number of observations in the group for which EV is calculated

Na=number of all observations

G= number of the groups for which EV is calculated

EV within individuals was calculated from the Cg-values of technical replicates.
Similarly, we calculated EV within “families” from the Cg-values of all off-
spring from a single parent (for the offspring dataset only). EVs within geno-
types were calculated from Cqg-values of all individuals having the same geno-
type (for parents and offspring separately). Finally, EV over all genotypes was
calculated from Cg-values from all samples, both for the parent dataset and the
offspring dataset. All EV- values were calculated for each gene separately.

We then evaluated whether there were differences in the estimates of vari-
ation (EV) between the different groups (within individuals, within families,



within genotypes, and over all genotypes). First, these comparisons were made
using repeated measures ANOVA with gene as the repeated factor (repeated
measures ANOVA was chosen in order to take the dependence in the dataset
into account.). There were 12 genes in the parent generation and five genes in
the offspring generation; and additionally we compared the same subset of five
genes in both datasets (parents and offspring). Pair-wise comparisons were
done with LSD post hoc test. Second, comparisons were done for each gene
separately using Bartlett’s test to see if the variation in EV between the different
groups was the same for all genes, and pairwise comparisons were done using
the F-test. We also tested whether there were significant differences in the esti-
mate of variation between different genotypes (in parents) and between differ-
ent families (in the offspring dataset) with repeated measures ANOVA. Alt-
hough it was not our primary focus, differences between populations (which is
also a between genotypes comparison for offspring, since there is one genotype
from each population) were tested using the Wilcoxon signed-rank test, and
differences between parents and offspring with the Mann-Whitney U test. The
signed rank test was chosen as a robust (against non-normality) method for
comparison of two related (here, gene-wise) samples.

In addition to variation in gene expression (EV), the levels of gene expres-
sion were compared, using relative quantity (RQ) values calculated in qBase+.
Relative Quantity values are linear transformations of the Cqg-values converted
with the efficiencies of the qPCR reactions taken into account [34]. As for the
EV-values, these were normalized using NORMA-gene [33]. Normalized RQ-
values were used to compare gene expression levels between offspring of the
same genotype (but from different parents) i.e. offspring “families”, between
parents and offspring of the same genotype, between different genotypes (HI,
H2, H3, J1, ]2 and ]3), and between individuals originating from the two differ-
ent populations (Harjavalta and Jyvéskyld). The Mann-Whitney test was used
when comparing two groups (two populations or offspring genotype to parent
genotype) and the Kruskal-Wallis test was used in cases of more than two
groups (different genotypes or families). All statistical analyses were carried out
in Excel and in IBM Statistics SPSS 20.

RESULTS

Microsatellite results

Altogether 170 individuals were genotyped. Genotypes were checked from
eight single-worm cultures and 12 pair-worm cultures (two earthworms put in
each culture and allowed to produce cocoons). Not all parent individuals sur-
vived in culture until DNA extraction and there were varying numbers of off-
spring per culture. Supporting information S3 Table details all individuals and
their multi-locus genotypes (allele sizes). Of the five microsatellite loci ampli-
fied, one (DO4) was monomorphic. We found only one multi-locus genotype in
each of the single-worm cultures: all earthworms from these cultures had the



same genotype, including the parent earthworm when it was available for
comparison. One or two multi-locus genotypes were found in each of the pair-
worm cultures. Multi-locus genotypes from the offspring in these cultures
matched one or the other of the parents (when comparison was possible).

Gene expression variation

We examined variation in the expression of 12 or five target genes (in parents
and offspring, respectively) and compared the extent of variation within geno-
types and over all genotypes. Combining data from all genes, the estimates of
variation (EV) differed significantly between the different groups in the study
design (within individuals, within families, within genotypes, and over all gen-
otypes) both in the parent dataset (repeated measures ANOVA, F = 25.103, df:
= 1.169, df> = 12.589, p < 0.001; Greenhouse-Geisser correction of the df was
used due to non-sphericity, € = 0.584), and in the offspring dataset (F = 8.033,
df: = 3, df2 = 12, p = 0.003). Variation increased from within individuals to
within families (in offspring) to within genotypes to over all genotypes in both
datasets (Figure 2). Pairwise comparisons revealed that in the parent dataset
there were significant differences in variation between all groups, whereas in
the offspring dataset a significant difference was found only in comparisons to
EV within individuals; EV within families, within genotypes and over all geno-
types did not differ from each other (Table 2). When analyzing the same subset
of genes in the parent data and in the offspring data (five genes), a significant
difference was found between the groups (F = 5.848, df;1 =2, df> = 8, p = 0.027),
but the difference was significant only between within individuals and within
genotypes (LSD, mean difference = 0.504, p = 0.034) and not between EV within
genotypes and EV over all genotypes (LSD, mean difference = 0.736, p = 0.155)
(Supporting information S4 Figure). Analyzing the genes separately, a signifi-
cant difference in EV between these groups was found in all genes except
AkRed, but pairwise comparisons revealed no significant differences within
genotypes and over all genotypes in some genes (ChymlInh, Dehyd and HSP40
in parent dataset, all genes except ChymlInh in offspring dataset; Supporting
information S5 Table).

In the parent dataset, different genotypes did not differ significantly in EV
(F =0.469, df; = 2.284, df> = 25.129, p = 0.656; Greenhouse-Geisser correction of
df> was used due to non-sphericity, € = 0.457), and genotypes originating from
the uncontaminated site (J) did not differ in EV from the genotypes originating
from the contaminated site (H) (Wilcoxon signed-rank test, Z = -1.02, p = 0.308,
Supporting information S6 Figure). The same patterns were observed when an-
alyzing only the subset of five genes from the parent data (data not shown). In
the offspring dataset, there was higher EV in the genotype that originated from
the uncontaminated site (genotype J1) than the one that originated from the
contaminated site (genotype H1)(Z = -2.023, p = 0.043)(Supporting information
S7 Figure). There was no significant difference between the EVs of different
families (F = 1.721, df1 = 2.226, df> = 8.906, p = 0.234; Greenhouse-Geisser cor-
rection of df> was used due to non-sphericity, ¢ = 0.445, Supporting information



S8 Figure). However, the variation within genotypes was significantly higher in
the offspring than in the parents (Mann-Whitney, U = 9.00, p = 0.027, Figure 2).

Despite the fact that variation in gene expression (EV) was similar in geno-
types in the parent dataset, when comparing gene expression levels (RQ), dif-
ferent genotypes showed differences in the expression of most genes both in the
parent dataset and in the offspring dataset (Supporting information S9 Table).
In these cases the differences were mostly due to one genotype (J3 in the parent
dataset, H1 in the offspring dataset) having higher expression than the other
genotypes (Supporting information S10 Figure, Figure 3). Expression did not
differ between earthworms originating from the two different populations in
any of the genes in the parent dataset (Supporting information S11 Table).

A difference in gene expression (RQ) levels among families was observed
in one gene out of five. Offspring from different parents (but sharing the same
genotype) showed a significant difference in the expression of ChymlInh, which
was noted in both offspring genotypes, H1 (Kruskal-Wallis, y>= 11.06, df = 2, p
= 0.004) and J1 (y% = 7.62, df = 2, p = 0.022; Figure 3). Gene expression of off-
spring differed from that of parents with the same genotype in H1 (all offspring
of genotype H1 compared to all parents of genotype HI) in two genes:
ChymInh (Mann-Whitney, U =7.00, df =1, p = 0.008) and MT (U =2.00, df =1, p
= 0.002). But, when comparing the expression of the offspring to their own par-
ent, expression did not differ significantly (data not shown). Expression did not
differ between parents and offspring in genotype J1 in any of the genes.

DISCUSSION

Given that gene expression is noisy [3] and potentially under the influence of
epigenetic regulation, assuming that genetically identical individuals exposed
to the same conditions will express genes at about the same levels might be un-
realistic. We used microsatellite markers to determine whether the earthworm
Dendrobaena octaedra produces clonal offspring, as expected for an organism
with apomictic parthenogenesis, and then we measured gene expression varia-
tion both within and among clonal genotypes. Our results show that gene ex-
pression can differ between genetically identical individuals exposed to the
same conditions and that the degree of variation can depend on clonal genotype
and the genes being investigated. This suggests that results of comparative
studies of gene expression phenotypes could be affected by variation within
genotypes. Some genotypes show more variation than others, so results could
be biased by what genotypes happen to be included in the sample or they could
be specific to a single genotype only.

One explanation for finding variation in gene expression within a single
clonal genotype could be that there is unidentified genetic variation within the
sample and that the individuals are not really clones. For example, in our study,
there is a possibility that mutations have occurred during the culturing time (1-
2 generations) and that the individuals are genetically different despite originat-



ing from a single parent. Nota and colleagues [14] showed that there can be
very distinct differences in gene expression between different genotypes of Fol-
somia candida originating from the same clonal line. Similarly, Dudycha and col-
leagues [9] found differences in gene expression between different clones with-
in Daphnia ecotypes. Our genotyping with the microsatellite markers described
here confirmed that offspring in our cultures shared the same multi-locus geno-
type, but this conclusion is necessarily limited by the number of genetic mark-
ers used in genotyping. It might be that genetic differences were not surveyed
or were overlooked, and our conclusions could be stronger if more genetic
markers had been used. Nevertheless, there is strong evidence for apomictic
parthenogenesis in this species [25, 26, 27]. And, even though Simonsen and
Holmstrup [28] found some differences between offspring and their parent in
allozyme markers, most parents and offspring in their study were identical, and
the variation they observed could also have derived from variation in gene ex-
pression. Therefore, in our study it is likely that individuals from the same cul-
ture are truly clones and that the variation in the gene expression we observed
is due to plasticity in gene expression.

We observed more variation in gene expression (EV) in the offspring than
in the parents in this study, and also offspring expressed some genes differently
than the adults of the same genotype. Previous work has shown that gene ex-
pression can change drastically during adolescence, e.g. in Caenorhabditis elegans
[35], and variation in gene expression is also known to increase in aging animals
[36, 37]. Difference in age and physiology of the two month old juveniles com-
pared to the mature adults in our experiment could explain the difference in
variation in gene expression. Carry-over effects from previous experience of the
parents might be one explanation: parents were first raised to adulthood in un-
contaminated organic rich soil and then exposed to copper contamination,
whereas offspring were only exposed to contaminated soil (after hatching). An-
other possible reason for more variation in the offspring than in the parents
could be that the tissues used in RNA extraction were different: in the parents
only a small part from the anterior end was used and in the offspring about half
of the earthworm was used for RNA extraction. In the offspring samples there
was likely a larger variety of tissue types, which could have led to more varia-
tion, since different tissues express genes differently [6, 7].

Nevertheless, in the parent generation we found less variation within gen-
otypes than over all genotypes. Even though there was significant variation in
gene expression among individuals sharing the same genotype, genetically
identical individuals were more similar in their gene expression than individu-
als that were genetically different. In the offspring dataset, on the other hand,
and when we analyzed only a subset of the genes in the parent dataset, the var-
iation in gene expression within genotypes was as high as the variation over all
genotypes. Variation was high even within families (among offspring that were
from the same parent). This result could be due to our choice of five genes to be
analyzed in the offspring dataset, which were chosen specifically because they
showed more variation than other genes in the parental dataset. We might have



found a different result if data for all 12 genes had been collected for the off-
spring.

Variation in gene expression could be beneficial to organisms when they
are exposed to changing conditions, and in evolutionary adaptation in the long
run [1, 2, 3, 38]. Genes related to stress have been found to show more variation
than other genes that have basic cell maintenance functions [39]. In our study,
the three stress related genes, HSP40, HSP70, and MT showed high variation
within genotypes, but not necessarily more variation than did many of the
genes related to metabolism. One gene, ChymInh, which showed significant
gene expression differences within genotypes, is an inhibitor of the digestive
enzyme chymotrypsin, but it has also been shown to be involved in an immune
response [40]. Thus, it is possible that it is a stress related gene of sorts in this
species as well.

In addition to specific genes showing more variation than others, our re-
sults also indicate that specific genotypes (e.g J3), might contribute more varia-
tion to population gene expression responses than others. Different asexual lin-
eages of Dendrobaena octaedra in natural populations might be more or less re-
sponsive to environmental conditions. For example, in our previous study [24],
we found that D. octaedra from populations in either metal-contaminated or un-
contaminated soil differed in metallothionein (MT) gene expression based on
samples of 41 and 42 individuals. A similar comparison of the few genotypes
included in this study showed no difference in expression of MT between the
two populations, emphasizing the fact that sufficient samples should be taken
in order to make conclusions about population responses. The level of MT gene
expression (RQ) of J3 and that of the other genotypes included in this study are
within the range of expression levels that we found earlier [24].

Determining the mechanisms behind the gene expression variation among
individuals sharing the same genotype is beyond the scope of this study. Some
possible explanations can be found from studies on cell-to-cell -variation in
gene expression [38]. For example, transcriptional bursts in gene expression,
when genes transition between transcriptional activity and inactivity due to
chromatin remodeling [38], might be one mechanism. Environmental differ-
ences could still play a part: despite mixing the Cu in the experimental soil
thoroughly, there could have been slightly different concentrations of Cu in the
soil and other small differences in the conditions that might have led to differ-
ent gene expression responses. In addition, D. octaedra are known to avoid
patches of soil with highest contamination levels [41]. Quality of the ingested
material could also be varying, which could lead to differences in expression of
the genes related to digestion. Epigenetic regulation could be another possible
explanation for our results. DNA methylation occurs in earthworms in associa-
tion with metal tolerance [42]. Whether DNA methylation occurs in D. octaedra
and, if so, whether DNA methylation affects gene expression in this species is
not known.



CONCLUSIONS

Studies comparing gene expression phenotypes should take into account the
considerable variation in gene expression that can exist even between genetical-
ly identical individuals. Variation within genotypes may be significant, as large
as that observed among genotypes. Thus, many different genotypes should be
used to get a reliable average of the effect (e.g. metal exposure) on gene expres-
sion. This is especially important for e.g. ecotoxicological studies, when conclu-
sions are often based on the results from study of a single clonal or inbred line.
When using clonal lines, it should be confirmed that individuals truly are ge-
netically identical, and even when they are, gene expression should not be as-
sumed to be identical. More research into what causes differences in gene ex-
pression among clones and the practical implications of this variation is needed.
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Table 1. Microsatellite loci in Dendrobaena octaedra.

Locus  Repeat Sequence of F- Sequence of R- Expected  Fluorescent

name primer (5"-3") primer product ABI dyes
(5°-3) size (bp)

DO1 (GAAGA- GAGTCAGTTG- TCTTCCTCTCITAT 234 Red (PET)

GA3/GAn GACAATTACA ACATGTAAGTCAA
/GAAA,)  CTGG

interrupted
DO2 (GA)10 ACATGCTGCTTG  AAGCCGATGCA- 160 Blue
GTTCCTTC CAGGAAAG (6-FAM)
DO3 (GACA)10  ATGCGGATTA TGCAGCAGTC 183 Green (VIC)
TGGAGACCAA TTGCTCTTTC
DO4 (GA)9 GCCTTAGCGA TCGCATAGC 229 Yellow/
CCGTATTTTG TGTTGTTGCAT black (NED)
DO6 (GA)s (N)1s GTGGTCCTGTTIT  TCCATCTCTC- 100 Red (PET)
(GA)4 ACTCCCAAG CATGTTTCCTC

Table 2. Differences in the estimate of variation values (EV) between each group in the
study design in both in the parent (12 genes) and offspring datasets (five genes). Pair-
wise comparisons for differences in EV were performed using LSD post hoc test. Note
that “within family” comparisons are not possible in the parent dataset.

Within families Within genotypes
Mean Mean diffe-
differen- p
rence
ce
Parents ~ Within individuals - - 0.370 0.001
Within genotypes - - - -
Over all genotypes - - 0.995 0.002
Offs-— Within individuals 0913 0.028 1.190 0.034
pring
Within families - - 0.227 0.181
Within genotypes

Over all genotypes 0.122 0.350 0.399 0.221
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Figure 1. Figure showing the experimental setup and which genotypes were used in
the analyses from the parent and offspring generations, (in the parent generation, five
individuals per genotype were used, except for genotypes H2 and J3, from which there
were only three individuals per genotype). Also shown are examples of which samples
were used to calculate the different estimates of variation (EV), see section 2.4.1 in Ma-

terials and Methods.
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SUPPLEMENTARY DATA

S1 Table. Allele sizes of loci DO1, DO2, DO3, DO4 and DO6 from earthworms from
each of the cultures used in the gene expression experiment.

Culture DOI DO2 DO3 DO4 DO6
H1 231/237 140/153 165/173/177 211/213  96/100
H2 231 140 173/181/189 211/213 9

H3 229/231/233/241/245/253  140/147/151 177/185/187/193 211/213 90/96
J1 228,/234/238/240/ 244 140/153 173/177/193 211/213  90/96
]2 208,/234/236,/238 /240 140/147/151 177/185/187/192 211/213 90/9
I3 228/240 140/157 177 211/213  96/98

S2 Table. Primer sequences used in qPCR and reaction efficiencies.

Gene Primer (5'-3') Efficiency %

MT-2 F: ACACTCAGTGCTGTGGCAGCG 103,5
R: GGCTGCGCACTTGCAGGC

HSP40 F: ATGTCGGCTGGGATGTTGTT 99,8
R: AAGAAAGGATGGAAGCCGGG

HSP70 F: AGCTGAGCATCGAGGAGAAG 105,6
R: TCCTTGAAGTCCTCCACGTC

AkRed F: GCTGATCGAGGCAGATCCTT 96,2
R: CCAAGTCCACGAACCCTGAA

CarRed F: ATGGCAAGGATTCAGCAGGG 97,1
R: TGGGGTAGAAACTCCCTCCG

ChitDo F: GAGAGCCAGTCGTGTTTGGA 94,9
R: GAAACTGCAATGGGACGCAG

ChymInh F: TCAGCTACCCGGTTCTAGGT 94,8
R: AAGAGGCCAAAGCACAGGTT

DeHyd F: CTGGAAGAGGAAGACCTGGAT 100,9
R: GACGCTTACGAACACGCTCT

Fuco F: ACGCAAGACCACTTCCTACG 95,35
R: CCCAGGACGGAAATTCTGCT

Leuc F: AGCCACAGGAGTCTTCACCAA 99,4
R: TGCGCCACCATATCTTCCTG

Pyr F: CTGGAGCAGTCAGGCATCAA 97,1
R: GCCTTGCTTTCCATGATCCG

Xyl F: ACATGGCTTTGGAGCTTGGA 109,8
R: ACGGTCATGCCACCATCAAT

Peplso F: CGAAGATGCTGGTTCCTCCT 90,6
R: CACCGCGTCGTTAGGGATTT

Tub F: GCCTCGACAACTTCCGATTC 98,9
R: ATGGAATTCACCGAGGCTGA

185 F: ACCACATCCAAGGAAGGCAG 93,3
R: CCCGAGATCCAACTACGAGC

28S F: TGGTGGAGGTCCGCAGCGAT 90,5

R: CGTTTCGTCCCCAAGGCCTC




S3 Table. Allele sizes of microsatellite loci DO1, DO2, DO3, DO4 and DO6 for earth-
worm-families originating either from Harjavalta (H) or Jyvéaskyla (J). Each earthworm-
culture had originally either one (P1) or two parent-earthworms (P1 and P2) which
produced offspring (F1). DO4 was monomorphic and not used in genotyping some
samples, and DO1 had low signal and in some samples it could not be scored (marked
with - in the table). Parent-individual was not always available for genotyping because
of high mortality (marked “Not available” in the table).

Single earthworm cultures

Individual DO1 DO2 DO3 DO4 DO6
H2P1 231 140 173/181/187 211/213 96
H2F1.1 231 140 173/181/187 211/213 | 96
H2F1.2 231 140 173/181/187 211/213 96
H2F1.3 231 140 173/181/187 211/213 96
H2F1.4 231 140 173/181/187 211/213 96
H4P1 Not available
H4F1.2 231 140 173/181/187 211/213 96
H4F1.3 231 140 173/181/187 211/213 96
H4F1.4 231 140 173/181/187 211/213 96
H4F1.5 231 140 173/181/187 211/213 96
H4F1.6 231 140 173/181/187 211/213 96
H4F1.7 231 140 173/181/187 211/213 96
H5P1 217/225/233/241 138/140 165/177/185/193 211/213 96/110
HS5F1.1 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H5F1.2 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H5F1.3 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H5F1.4 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
HS5F1.5 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
H5F1.6 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H5F1.7 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
H5F1.8 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
HS5F1.9 217/225/233/241 138/140 165/177/185/193 211/213 96/110
HS5F1.10 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H5F1.11 217/225/233/241 138/140 165/177/185/193 211/213 96/110
HS5F1.12 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H9P1 219/229/239/248 140/151/173 165/173/177/ 211/213 96
187/190/193
H9F1.1 219/229/239/248 140/151/173 165/173/177/ 211/213 96
187/190/193
HIF1.2 219/229/239/248 140/151/173 165/173/177/ 211/213 96
187/190/193
HOF1.3 219/229/239/248 140/151/173 165/173/177/ 211/213 96
187/190/193
HI12P1 231 140 173/181/187 211/213 96
HI12F1.1 231 140 173/181/187 211/213 | 96
HI2F1.2 231 140 173/181/187 211/213 96
HI12F1.3 231 140 173/181/187 211/213 96
HI12F1.4 231 140 173/181/187 211/213 | 96
HI12F1.5 231 140 173/181/187 211/213 | 96
HI2F1.6 231 140 173/181/187 211/213 96
HI13P1 Not available
HI13F1.1 231/235 140/147 165/173/177 211/213 96/100
HI13F1.2 231/235 140/147 165/173/177 211/213 96/100
HI13F1.3 231/235 140/147 165/173/177 211/213 96/100
HI13F1.4 231/235 140/147 165/173/177 211/213 96/100
H14P1 231 140 173/181/187 211/213 | 96
HI14F1.1 231 140 173/181/187 211/213 | 96
HI14F1.2 231 140 173/181/187 211/213 96




HI14F1.3 231 140 173/181/187 211/213 96
H14F1.4 231 140 173/181/187 211/213 96
HI14F1.5 231 140 173/181/187 211/213 96
HI14F1.6 231 140 173/181/187 211/213 96
H14F1.7 231 140 173/181/187 211/213 | 96
HI15P1 221/227/231/235 138/140/171 165/173/177/185 211/213 96/100
HI15F1.1 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.2 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.3 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.4 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.5 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.6 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.7 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.8 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.9 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.10 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.11 221/227/231/235 | - 165/173/177/185 211/213 | 96/100
HI15F1.12 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.13 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.14 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
HI15F1.15 221/227/231/235 138/140/171 165/173/177/185 211/213 | 96/100
Pair earthworm cultures

Individual DO1 DO2 DO3 DO4 DO6
H112P1 217/225/231/233 138/140 165/177/185/193 211/213 96/100
H112P2 Not available

H112F1.1 231/233/235 140/147 165/173/177 211/213 96/100
H114P1 Not available

H114P2 Not available

HI114F1.1 231 140 173/181/187 211/213 96
H114F1.2 231 140 173/181/187 211/213 96
H114F1.3 231 140 173/181/187 211/213 96
H114F1.4 231 140 173/181/187 211/213 | 96
H114F1.5 231 140 173/181/187 211/213 | 96
HI116P1 231 140 173/181/187 211/213 96
H116P2 231 140 173/181/187 211/213 96
HI116F1.1 231 140 173/181/187 211/213 | 96
H116F1.2 231 140 173/181/187 211/213 | 96
H118P1 231 140 173/181/187 211/213 96
H118P2 Not available

H4F1.2 231 140 173/181/187 211/213 96
H4F1.3 231 140 173/181/187 211/213 96
H4F1.4 231 140 173/181/187 211/213 96
H4F1.5 231 140 173/181/187 211/213 96
H4F1.6 231 140 173/181/187 211/213 96
H4F1.7 231 140 173/181/187 211/213 96
H5P1 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
HS5F1.1 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
H5F1.2 217/225/233/241 138/140 165/177/185/193 211/213 96/110
HS5F1.3 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H5F1.4 217/225/233/241 138/140 165/177/185/193 211/213 96/110
HS5F1.5 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
HS5F1.6 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H5F1.7 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H5F1.8 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
H5F1.9 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
HS5F1.10 217/225/233/241 138/140 165/177/185/193 211/213 96/110
H5F1.11 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
H5F1.12 217/225/233/241 138/140 165/177/185/193 211/213 | 96/110
HI9P1 219/229/239/248 140/151/173 165/173/177/ 211/213 96




H9F1.1

H9F1.2

H9F1.3

HI12P1
H201F1.6

H201F1.7

H201F1.8

H201F1.9

H201
F1.10
H201
F1.11
H201
F1.12
H201
F1.13
H201
Fl1.14
H201
F1.15
H201
Fl1.16
H201
F1.17
H201
F1.18
H202P1
H202P2
H202F1.1

H202F1.2
H202F1.3

H202F1.4

H202F1.5

H202F1.6

H202F1.7

H202F1.8

H202F1.9

H202 F1.10

H202 F1.11

H202 F1.12

219/229/239/248
219/229/239/248
219/229/239/248

231
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232
/234/236/238/246
226/228/230/232
/234/236/238/246
226/228/230/232
/234/236/238/246
226/228/230/232
/234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
Not available
226/228/230/232/
234/236/238/246

226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246
226/228/230/232/
234/236/238/246

140/151/173

140/151/173

140/151/173

140
140

140

140

140

140

140

140

140

140

140

140

140

140

140/147

140/151

140/147
140/151

140/151

140/151

140/151

140/151

140/151

140/151

140/151

140/151

140/151

187/190/193
165/173/177/
187/190/193
165/173/177/
187/190/193
165/173/177/
187/190/193
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
173/181/187
165/173/177
173/181/189

165/173/177
173/181/189

173/181/189

173/181/189

173/181/189

173/181/189

173/181/189

173/181/189

173/181/189

173/181/189

173/181/189

211/213

211/213

211/213

211/213

96

96

96

96
96

96

96

96

96

96

96

96

96

96

96

96

96

96

96

96
96

96

96

96

96

96

96

96

96

96



H202P1
H202P2
J122P1
J122P2
J122F1.1

J122F1.2

J122F1.3

J124P1

J124P2
J124F1.1

J124F1.2

J124F1.3

J124F1.4

J124F1.5
J124F1.6

J124F1.7

J124F1.8
J124F1.9

J130P1
J130P2
J130F1.1
J130F1.2
J130F1.3
J130F1.4
J130F1.5
J130F1.6
J130F1.7
J130F1.8
J130F1.9
J130F1.10
J130F1.11
J130F1.12
J202P1
J202P2
J202F1.1

J202F1.2

Not available
Not available
Not available

217
217
232/234/236

Not available
232/234/236

232/234/236
232/234/236

232/234/236

232/234/236
232/234/236

217
232/234/236

229/231/233/237
Not available

230/232/234/238
230/232/234/238
230/232/234/238
230/232/234/238
230/232/234/238
230/232/234/238
230/232/234/238
230/232/234/238
230/232/234/238
230/232/234/238
229/231/233/237
Not available
Not available
217/227/229/
231/235/247
217/227/229/
231/235/247

140/147

140/151

140/151

140/151

138/140/151/157

138/140/151/157

138/140/151/157

138/140/151/157

138/140/151/157

140
138/140/151/157

138/140/151/157

140
138/140/151/157

140/153

140/153
140/153
140/153
140/153
140/153
140/153
140/153
140/153
140/153
140/153
140/153
140/153

140/151

140/151

165/173/177

165/173/177/
181/196/200
165/173/177/
181/196/200
165/173/177/
181/196/200
165/173/181/
185/190/196

165/173/181/
185/190/196
165/173/181/
185/190/196
165/173/181/
185/190/196
165/173/181/
185/190/196
173/177/194
165/173/181/
185/190/196
165/173/181/
185/190/196
173/177/194
165/173/181/
185/190/196
173/177/190/194

173/177/190/194
173/177/190/194
173/177/190/194
173/177/190/194
173/177/190/194
173/177/190/194
173/177/190/194
173/177/190/194
173/177/190/194
173/177/190/194
173/177/190/194
173/177/190/194

177/194

177/194

211/213

211/213

211/213

211/213

211/213

211/213

211/213

211/213

211/213
211/213

211/213

211/213
211/213

211/213

211/213
211/213
211/213
211/213
211/213
211/213
211/213
211/213
211/213
211/213
211/213
211/213

96

96/100

96/100

96/100

96

96

96

96

96

96
96

96

96
96

96

96
96

96
96
96
96
96
96
96
96
96

96

96




2

Estimate of variation (EV)

Dehyel
*
1
==

zehyd ngm\nh
0

T T T

Variation within Variation within Variation over all
individuals genotypes genotypes

S4 Figure. Estimate of variation (EV) in the different groups (within individuals, with-
in families, within genotypes and over all genotypes) for the parent data when using
only the subset of five genes (AkRed, ChitDo, ChymInh, DeHyd and MT).



S5 Table . Difference in the estimate of variation (EV) between different levels (within

individuals, within families in offspring-data, within genotypes and over all geno-

types) for each gene separately, and pairwise comparisons between the levels: 1. com-
parison is between within individuals and within families, 2. comparison in between

within families and within genotypes for offspring data and within individuals and

within genotypes for parent data, and 3. comparison is between within genotypes and

over all genotypes. Bartlett test was used for overall analysis and F-test for pairwise

comparisons.
Overall 1.comparison 2.comparison 3.comparison
df b P F P F P F P
Parents AkRed 2 75.56  <0.001 - - 529 <0.001 1.91 0.005
CarRed 2 129.68 <0.001 - - 1.84 0.021 7.87 <0.001
ChitDo 2 60.95  <0.001 - - 376 <0.001 1.89 0.004
ChymInh 2 38.87 <0.001 - - 336 <0.001 1.34 0.106
Dehyd 2 4291 <0.001 - - 585 <0.001 1.20 0.258
Fuco 2 15695 <0.001 - - 510 <0.001 4.50 <0.001
Leuc 2 137.10 <0.001 - - 229 0.001 6.14 <0.001
Pyr 2 99.97  <0.001 - - 195 0.006 4.81 <0.001
Xyl 2 98.84  <0.001 - - 3.08 0.001 4.19 <0.001
HSP40 2 28.88  <0.001 - - 346 <0.001 1.10 0.351
HSP70 2 102.89  <0.001 - - 432 <0.001 2.88 <0.001
MT 2 181.24 <0.001 - - 594  <0.001 5.32 <0.001
OffSpring  AkRed 3 1.84 0.607 1.26 0.268 1.05 0436 1.12 0.347
ChitDo 3 46.73  <0.001 490 <0.001 1.01 0.482 1.07 0.395
ChymInh 3 141.26 <0.001 7.44  <0.001 1.68 0.012 1.62 0.016
Dehyd 3 56.10  <0.001 6.12 <0.001 1.05 0.423 1.01 0.475
MT 3 13395 <0.001 14.12 <0.001 1.01 0479 1.32 0.110
Population
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S6 Figure. Estimate of variation in all genes (AkRed, CarRed, ChitDo, ChymlInh, De-
Hyd, Fuco, Leuc, Pyr, Xyl, HSP40, HSP70 and MT) within parent-genotypes (H1,H2,

H3,J1, ]2 and J3).
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S8 Figure. Estimate of variation in genes AkRed, ChitDo, ChymInh, DeHyd, Fuco and
MT within offspring-families.



S9 Table. Difference in gene expression of each gene between different genotypes.
Kruskal Wallis analysis test for the parents and Mann-Whitney test for the offspring.

df X2 P
Parents AkRed 5 14.187 0.014
CarRed 5 18.121 0.003
ChitDo 5 9.474 0.092
ChymlInh 5 2.249 0.814
Dehyd 5 6.792 0.237
Fuco 5 15.519 0.008
Leuc 5 11.646 0.040
Pyr 5 10.924 0.053
Xyl 5 14.259 0.014
HSP40 5 5.351 0.375
HSP70 5 17.672 0.003
MT 5 16.966 0.005
OffSpring AkRed 1 22.00 <0.001
ChitDo 1 52.00 0.012
ChymlInh 1 14.00 <0.001
Dehyd 1 97.00 0.727
MT 1 27.00 <0.001
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S11 Table. Difference in gene expression of each gene between different populations.
Mann-Whitney test.

Gene 18] P

AkRed 60.00 0.209
CarRed 57.00 0.253
ChitDo 53.00 0.106
ChymlInh 76.00 0.663
Dehyd 37.00 0.082
Fuco 62.00 0.249
Leuc 67.00 0.369
Pyr 81.00 0.858
Xyl 65.00 0.951
HSP40 79.00 0.778
HSP70 56.00 0.144

MT 80.00 0.817
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ABSTRACT

Background: Ecosystem functioning is affected by biodiversity, often through
complementary functions or because high-functioning species are more likely to
emerge from a species-rich community. Genetic diversity is one level of biodi-
versity, and a positive effect of higher genetic diversity on different features of
ecosystem functioning have also been found. We studied whether genetic di-
versity of a key decomposer species had an effect on decomposition processes,
an important part of terrestrial ecosystem functioning. In a microcosm experi-
ment, we exposed low genetic diversity and high genetic diversity assemblages
of the earthworm Dendrobaena octaedra to different conditions: uncontaminated
soil or soil slightly (100 mg kg dry mass) contaminated with Cu; either few (no
intentionally added other decomposers) or diverse community (added another
earthworm species, enchytraeds and microarthropods) of other soil animals
present with D. octaedra. We studied the soil decomposition activity and wellbe-
ing of the earthworms through measurements of nitrogen mineralization, CO2-
production, biomass of the earthworms, and their cocoon production, mortality
and gene expression.

Results: There were differences between low and high diversity treatments in
many parameters, either overall or in specific conditions, e.g. in mineral nitro-
gen concentration, earthworm growth and in expression of chymotrypsin inhib-
itor gene, indicating that earthworms in the high diversity treatment had
thrived and contributed more in decomposition, especially in contaminated
conditions. However, the direction and magnitude of the difference depended
on what genotype was present in the low diversity treatment.

Conclusions: Our results suggest that higher genetic diversity of a key species
could be beneficial for decomposition activity, especially in contaminated con-
ditions. However, it is not only genetic diversity per se, but well-adapted geno-
types of the key decomposer species that affects ecosystem functioning.



BACKGROUND

There is often a positive relationship between biodiversity and ecosystem func-
tioning, the processes affecting the flow of energy and cycling of nutrients, e.g.
primary production and decomposition. When there are many different species,
they can occupy complementary ecological niches and enhance resource use,
and high-functioning species are more likely to exist when there is high biodi-
versity [1, 2, 3, 4, 5]. It is well-known that ecological processes affect evolution-
ary change, and likewise, recent research has demonstrated that evolutionary
change also can take place in timescales that are relevant ecologically, therefore
affecting ecological dynamics [6, 7, 8]. Research on the two-way relationship
between ecological and evolutionary processes has shown that ecological-
evolutionary feedbacks are important for the diversity-functioning relationship
[6, 7]. Specifically, this work has demonstrated how evolutionary diversification
of organisms can affect ecosystem functioning [6, 8, 9].

Genetic diversity is an important component of biodiversity, and it can
have important effects on ecological processes e.g. through increased primary
production, faster recovery from disturbances, effects on interspecific competi-
tion and effects on decomposition through increased litter diversity [10]. In
some cases the effects of genetic diversity can be as important as effects of spe-
cies diversity, and there are indications that genetic diversity is especially im-
portant in highly variable environments or when the environment is subjected
to anthropogenic changes [10]. The review by Hughes and colleagues [10] most-
ly concerns studies with plants, as do other studies that specifically address the
effect of genetic diversity on ecosystem functioning [11, 12, 13, 14, 15]. In a me-
ta-analysis, Whitlock [16] found positive correlation between intraspecific di-
versity and ecological functioning in plants, but the relationship was dependent
on whether the focus was on adaptive genetic diversity (positive correlation) or
neutral genetic diversity (positive correlation only under a limited set of demo-
graphic conditions). Wymore and colleagues [17] also emphasized the im-
portance of the effects of genetic diversity on ecosystem functioning in their
review of studies on plants, and they suggested that the same principles could
be applied to a multitude of situations and trophic levels, including fauna. Alt-
hough the effect of faunal genetic diversity on ecosystem processes is less stud-
ied, some examples can be found, indicating that higher genetic diversity has a
positive effect on some functional parameters e.g. in the marine invertebrate
Bugula neritina [18] and in the black surfperch Embiotica jacksoni [19].

In soil, biodiversity affects ecosystem functioning, but the relative im-
portance of genetic, species and functional diversity explaining the diversity-
functioning relationship is still unclear [20, 21, 22]. Some studies suggest that
e.g. plant productivity and decomposition are insensitive to loss faunal diversi-
ty, and that it is the presence of key-species and functionally different groups,
rather than species diversity per se, that is important for functional parameters
in soils [23, 24, 25, 26], or that the effect of species diversity on ecosystem func-
tioning is inconsistent [27]. On the other hand, other studies have found that



species diversity, in addition to functional differences and the presence of key-
species, affects ecosystem functioning [28, 29, 30, 31, 32, 33].

Anthropogenic contaminants can have negative impacts on organisms and
reduce species diversity [34, 35, 36, 37]. But, whether or not anthropogenic con-
taminants impact ecosystem functioning is not always clear [38]. In their sys-
tematic review, Johnston and colleagues [38] found that effects of chemical con-
taminants on ecosystem functioning were negative in up to 70 % of the studies.
However, in some studies on the impact of anthropogenic contaminants, the
functional measures have not always been identified as such and the results are
not interpreted in the context of ecosystem functioning [38]. Farifia and col-
leagues [39] and Li and colleagues [40] found a positive biodiversity-
productivity relationship in metal-contaminated aquatic environments. In soils,
metals have immediate biological effects but also long-term effects since they
accumulate in the litter layer and soil and are only slowly eliminated [41, 42, 43].
Metals often have negative impact on organisms e.g. through the production of
reactive radicals that induce genotoxic damage [44] and so, metal contamina-
tion can decrease species diversity [45]. The consequences of a reduction in spe-
cies diversity in soils are important to study, since soil invertebrates participate
in many physical, chemical and biological processes and thus are important for
ecosystem functioning [46]. Among soil invertebrates, earthworms are key de-
composers in many ecosystems, contributing considerably to nutrient minerali-
zation and soil structure [31, 46, 47, 48, 49] and metal contamination is known to
have a negative impact on the species diversity of earthworms [50, 51, 52].

Although species diversity often is diminished due to metal contamination,
the same is not necessarily true for the genetic diversity of the species that per-
sist. There are some studies that show negative impact of anthropogenic con-
taminants on genetic diversity [53, 54, 55], but also many cases where metal
contamination had no or only small effect on genetic diversity, e.g. in the
earthworm Dendrobaena octaedra [43, 56, 57], enchytraeid worm Cognettia sphag-
netorum [58], water flea Daphnia longispina [59], springtail Orchesella cincta [60]
and woodlice Porcellionides sexfasciatus [61]. For the beetle, Staphylinus erythrop-
terus, higher genetic diversity was found in populations from metal contami-
nated sites than from reference sites [62]. In light of this, it is possible that when
species diversity is diminished in metal contaminated environments, the genet-
ic diversity of the remaining species could become more important for ecosys-
tem functioning, in a similar way as species diversity is more important in spe-
cies-poor, rather than in species-rich communities [24].

Decomposition is critical for ecosystem functioning [63] and soil inverte-
brates are important decomposers [46], but to our knowledge, whether the ge-
netic diversity of soil invertebrates affects decomposition processes has not
been studied before. The epigeic earthworm Dendrobaena octaedra is a key de-
composer in boreal coniferous forests [47, 64]. D. octaedra reproduces through
apomictic parthenogenesis [65, 66, 67] which means that the offspring are clones
of their parent (Mustonen et al. submitted). Nevertheless, it has high genetic
diversity, both in uncontaminated and metal contaminated habitats [43, 55, 56].



These features make D. octaedra a good species to study the effect of genetic di-
versity on decomposition processes, allowing additional understanding of the
diversity-functioning relationship in terrestrial ecosystems.

We established a year-long microcosm experiment simulating two grow-
ing seasons in which the microcosms contained D. octaedra with either low di-
versity (clones) or high diversity (different genotypes). The experiment was
done in both uncontaminated and moderately Cu-contaminated soil. Moreover,
half of the microcosms contained a simple community of other soil mesofauna
(no intentionally added other decomposers) and the other half of the micro-
cosms contained a diverse community (added another earthworm species, en-
chytraeds and microarthropods). CO2 production was used as a proxy for soil
biological activity and NH4-N concentration as proxy for decomposition effi-
ciency. Cocoon production, growth and mortality of the earthworms were used
as measures of how well the earthworms thrived in microcosms. Gene expres-
sion of five genes were used as a proxy for metabolic activity and expression of
one gene involved in metal tolerance was used as a measure of the effect of Cu-
contamination on the earthworms. Using our microcosm experiment we asked
1. how does genetic diversity of one key-species, Dendrobaena octaedra, affect
decomposition processes, and 2. is the response different in uncontaminated
soil than in Cu-contaminated soil, and 3. does the diversity (low or high) of oth-
er decomposers change the response? We hypothesized that decomposition ac-
tivity and nutrient mineralization are higher in microcosms with high genetic
diversity, and the difference between diversity treatments is larger in a stressful
environment (i.e. metal contaminated soil). We also hypothesized that higher
species diversity of other decomposers could mask the differences between low
diversity and high genetic diversity of the key-species, since there are more
functional groups contributing to the decomposition process.

MATERIALS AND METHODS

Sampling the earthworms and establishing the cultures

Dendrobaena octaedra were collected from Harjavalta (South-West Finland,
61°18'50"N, 22°08'30"E) ca. 1 km from a smelter which is the source of Cu (~823
mg/kg) and Zn (~474mg/kg) contamination in the soil [68]. Earthworms were
collected by hand in September 2012 and transferred to the laboratory in buck-
ets with soil from the sampling site. Cultures were established in the laboratory,
each from a single juvenile or sub-adult earthworm, in glass jars (& 8 cm, with
perforated lids) containing uncontaminated organic-rich soil and horse manure
(for nutrition). All cultures were maintained at 15 °C and the soil was changed
every few months for two years. When needed, the cultures were transferred to
larger plastic jars (& 13 cm, with perforated lids) to avoid overcrowding. Be-
cause D. octaedra reproduces through apomictic parthenogenesis, all offspring
of the founder earthworm, and their offspring, are assumed to be genetic clones.
One earthworm from each culture was used for genotyping to ensure that dif-



ferent genotypes were used in the experiment (Mustonen et al, unpubl.; see
Additional file 1, for the genotypes used as well as the procedure for DNA ex-
traction and genotyping).

The experimental setup

Microcosms were established and the experiment was started in November
2014. We examined the effect of D. octaedra genetic diversity on decomposition
activity using two different treatments: low diversity (LD; added D. octaedra
were clones) and high diversity (HD; added D. octaedra were different geno-
types). In the low diversity treatments, four earthworms of the same genotype
were put into each microcosm. Three different cultures (clone families) were
used, and genotyping revealed that two of the clone families had the same mul-
tilocus genotype based on five microsatellite markers (See Additional file 1).
Four or six replicates of the low diversity treatments were made (six replicates
when using the clone family that differed from the other two). In the high di-
versity treatments, four earthworms of different genotypes were put into each
microcosm. Three different genotype-compositions were used and there were
four replicates of each (See Additional file 1).

Half of the microcosms contained uncontaminated soil and half contained
moderately Cu-contaminated soil (100 mg kg dry mass). Soil used in the ex-
periment was collected from an uncontaminated mature spruce forest in
Jyvéaskyld and some fallen birch leaves were shredded and mixed well with the
soil for food (pH = 5.2; organic matter content = 79,5%). For half of the soil-leaf
mixture, we mixed 845.4 mg of copper chloride (CuCl2 H20) in 6000 ml of wa-
ter and mixed it thoroughly with 6 kg soil (wet mass) to achieve a contamina-
tion level of Cu 100 mg kg (dry soil). After metal addition, pH of the soil de-
creased to 5.1. The spiked soil was incubated for 7 days at 15°C before the ex-
periment. Pure water was added to the soil for the uncontaminated treatment.
During the experiment, water was added to the microcosms about every other
week (except during “winter”) to replace what was lost from evaporation.

Additionally, we included either low or high diversity of other decompos-
er animals. Low diversity microcosms derived their few taxa with living earth-
worms introduced to the microcosms. For the high diversity condition, one D.
octaedra individual was replaced with one Dendrodrilus rubidus earthworm. Also,
ten individuals of the enchytraeid Cognettia sphagnetorum were added (previ-
ously extracted from organic rich soil using a standard wet funnel method). In
addition, samples of soil microarthropods (extracted from soil samples equiva-
lent to the soil used in the microcosms) were added to microcosms with the di-
verse community. Together with the enchytraeids and microarthropods, associ-
ated microfauna (nematodes, tardigrades and rotators) were also included. Al-
together there were 104 microcosms. The experimental setup is represented in
Table 1.

Microcosms were kept in a climate chamber with changing temperature to
mimic different seasons. The experiment was started with autumn, with tem-
perature first set to 12 °C and gradually decreasing to 1 °C over four weeks to



winter. Winter lasted three weeks with a steady temperature of 0.5 °C. Temper-
ature increased in spring to 12 °C over three weeks. Summer lasted 11 weeks,
during which temperature increased from 13 to 14 °C, one week each, and then
was held at 15 °C for seven weeks before decreasing back to 14 and 13 °C, one
week each. After the first summer, half of the microcosms were destructively
sampled and a second growing season was continued with the earthworms
from the remaining microcosms (following the same temperature regime), but
with new soil and new individuals of other decomposer animals. After the first
growing season, we discovered that the earthworms in the microcosms located
on the lowest level of the climate chamber had died, so these microcosms (con-
taining Cu-contaminated soil, D. octaedra and high diversity of other decompos-
er animals) were repeated.

Collecting data

NH4-N concentration was measured from the microcosms that were destruc-
tively sampled after the first growing season and at the end, as well as from the
original soil used in the experiment: soil was extracted with 2 M KCl-solution,
and extracted samples were analyzed by Nablabs Oy (Jyvaskyld) using SFS-EN
ISO 11732:2005 method. CO2 production was measured throughout the experi-
ment with a Calanus UniQuant carbon analyzer, eight measurements during
growing season; twice in the autumn and spring, and about every two weeks in
the summer. Production of CO2 was measured by first determining the base
level of COz by injecting 1 ml of air from the microcosms to the carbon analyzer,
then closing the microcosm and keeping it air-tight for 1.5 h (during which the
microcosms were back in the climate chamber). Afterwards, another 1 ml sam-
ple of air was taken and analyzed for CO2. CO2 production was calculated from
the difference between the two samples taking into account the volume of each
microcosm and the amount of soil (ug/g/h). Data from all measurements
(throughout the growing season) were analyzed together.

Biomass of the earthworms was measured at the beginning, after the first
growing season and at the end of the experiment, and in the analyses initial bi-
omass was used as a co-variant. Biomass was used to measure the growth of the
earthworms, thus the years are analysed separately. Cocoon production (all cocoons,
including cocoons of D. rubidus in the high species diversity microcosms), num-
bers of other decomposer animals, as well as mortality of D. octaedra were rec-
orded after the first growing season and at the end of the experiment. Mortality
was high for D. rubidus, with only a few individuals found alive after the first
growing season and at the end of the experiment.

Gene expression of five genes involved in metabolism and one gene in-
volved in metal tolerance was measured from the D. octaedra after the first
growing season and at the end of the experiment. Earthworms were removed
from the microcosms and after weighing, put in glass jars with moist paper
towel for two days to allow them to empty their guts. Paper towel was changed
after one day. A piece of tissue (ca. 5 mm) from the anterior end of each earth-
worm was cut with a scalpel, placed in separate 1.5 ml microcentrifuge tubes



and immediately frozen in liquid nitrogen. Samples were stored at -80 °C until
RNA extraction. Gene expression was measured from aldo/keto reductase
(AkRed), chymotrypsin inhibitor (ChymlInh), dual specifity phosphatase 14
(DualPhos), glucose-regulated protein 94 (GlucReg), pancreatic amylase (Pan-
Amy) and metallothionein (MT). Also, 185 and 28S ribosomal gene expression
was measured to be used as potential reference genes. All primers, except those
for MT, 18S and 28S [described in 68], were designed based on a draft transcrip-
tome of D. octaedra, in which GO-terms were assigned to sequences (shared by
M. Holmstrup, unpublished, Additional file 2).

RNA extraction and gPCR protocol

For RNA extraction, we used the Aurum Total RNA mini kit (Bio-Rad) follow-
ing the manufacturer’s protocol including DNase I treatment. The concentration
of the extracted RNA was measured using the Qubit RNA Assay Kit and Qubit
Fluorometer (Invitrogen, Turner BioSystems). For cDNA synthesis, we used the
iScript cDNA synthesis kit (Bio-Rad) following the manufacturer’s protocol,
using 35 ng of RNA per reaction. After synthesis, cDNA was diluted 1:5. Real-
time quantitative polymerase chain reactions (QJPCR) were performed using IQ
SYBR green supermix (Bio-Rad). gPCR conditions had been optimized and effi-
ciencies had been checked with a dilution series (5 points, 10-fold dilutions)
(Additional file 2), prior to this study. In each reaction we used 1 pl of cDNA
template and 0.5 uM of each primer in a final reaction volume of 20 ul (for the
efficiency estimates) or 10 pl (for the gene expression measurement). Three rep-
licate reactions for each sample were prepared and an inter-run calibrator was
used. For all reactions, we used a CFX96 C1000 Touch Thermal Cycler (Bio-Rad)
with the following protocol: 94°C for 2 minutes and then 40 cycles of 94°C for 30
sec, 60°C for 30 sec and 72°C for 15 sec followed by a plate read. A melt curve
analysis was done at the end of each amplification reaction to ensure a single
amplification product.

Data analysis

Raw gene expression data and stability of the reference genes was checked with
qBase+ (Biogazelle). 185 and 28S turned out to be unsuitable as reference genes
for this dataset, and so NORMA-Gene [69] was used for normalization. NH4-N
concentration, CO»-production, cocoon production, earthworm biomass, mor-
tality and the normalized gene expression data were analyzed in IBM Statistics
SPSS 20. Conformity to a normal distribution was tested using a Kolmogorov-
Smirnov test or Shapiro-Wilk test when appropriate, and homogeneity of vari-
ances was examined with Levene’s test. Data was log-transformed when neces-
sary to meet those assumptions, but it did not help in all cases. Our main focus
was to test the differences between low (LD) and high genetic diversity (HD)
treatments, which was tested in general (over all conditions combined) and also
separately for the different conditions (uncontaminated or Cu-contaminated
soil, microcosms with low or high diversity of other soil animals). We also test-
ed the data overall (combining the data from the whole experiment) and for the



first and the second year separately. Differences between the LD families and
between the HD groups (different genotype compositions) were also tested, and
since there were only two genotypes in LD (family 1 had one genotype and
families 2 and 3 had another), the difference between LD and HD was also test-
ed for the two genotypes separately. The overall differences between the uncon-
taminated and contaminated soil and microcosms with low or high diversity of
other soil animals were also tested. One-way ANOVA or Kruskal-Wallis tests
were used.

RESULTS

Soil mineral nitrogen concentration

In general (when the conditions were combined) there was no difference be-
tween LD and HD treatments in soil NHs-N concentration, both overall and
when the first year and second year were analyzed separately (Table 2). When
analyzing the different conditions separately, the NH4-N concentration was
higher in HD than in LD in the first year in contaminated soil with high diversi-
ty of other decomposer animals (Table 2, Figure 1).

When comparing the clone families, soil NH4-N concentration was higher
in the presence of clone family 1 (LD1) than in the presence of clone families 2
or 3 (LD2 and LD3; Additional files 3 and 4). We also compared the HD treat-
ment to the two genotypes in LD separately: when comparing HD to LD1, NHs-
N concentration was higher in LD than HD, but when HD was compared to
LD2 and LD3, the result was the opposite (Additional files 3 and 4). The overall
response of the different LD families and the HD treatment to the different con-
ditions (uncontaminated or contaminated soil, low and high diversity of other
decomposers) is represented in Additional file 5: the responses of families LD1
and LD2 were similar (decrease in NH4-N in contaminated soil compared to
uncontaminated) in microcosms with high diversity of other decomposer ani-
mals, but a different response (increase in NH4-N in contaminated soil com-
pared to uncontaminated) was shown by LD3 (even though LD2 and LD3 have
the same genotype). Response of the HD treatment differed from the LD fami-
lies in microcosms with low diversity of other decomposer animals, but was
similar to response of LD3 in microcosms with high diversity of other decom-
poser animals. There was no difference in NH4-N between uncontaminated and
contaminated soil or between low and high diversity of other decomposer ani-
mals (Additional file 3).

CO2 production

In general, more CO2 was produced in LD than in HD treatments (Table 3;
mean in LD: 3.84 ng/g/h, mean in HD: 3.56 ng/g/h). However, when analyz-
ing the data in the different years of the experiment, the difference was only
significant in the first year, and more specifically, only in the treatment with



uncontaminated soil and high diversity of other decomposer animals (Table 3,
Figure 2). More COz was produced in the first year than in the second year (X?=
17.344, df=1, p<0.001, Figure 2).

There was no difference between the three LD families or the three HD
groups in CO2 production (Additional file 3). HD was also compared to the two
genotypes in LD separately, and we found that more CO2 was produced in LD2
and LD3 (mean: 3.79 pg/g/h) than in HD (mean: 3.56 pg/g/h), but there was
no difference when HD was compared to LD 1 (Additional file 3). When com-
paring the different conditions, more CO2 was produced in contaminated soil
than in uncontaminated soil, but there was no difference between conditions
with low and high diversity of decomposer animals (Additional file 3). The
overall CO> production response of the different LD families and the HD
treatment to the different conditions (uncontaminated or contaminated soil,
with low and high diversity of other decomposer animals) is shown in Addi-
tional file 6: the responses of families LD1 and LD2 were similar (only a slight
increase in CO2 production in contaminated soil compared to uncontaminated)
in microcosms with high diversity of other decomposer animals, but LD3
showed a different response (large increase in CO; production in contaminated
soil compared to uncontaminated). Response of the HD treatment differed from
the LD families in microcosms with low diversity of other decomposer animals,
but was similar to response of LD1 and LD2 in microcosms with high diversity
of other decomposer animals.

Earthworm growth and cocoon production

In general, there was no difference in the biomass of the earthworms between
LD and HD treatments in the first year, but in the second year, the earthworm
biomass was higher in the HD treatments (Table 4, Additional file 7). In the first
year, no difference was found between LD and HD treatments when the differ-
ent conditions were analyzed separately, but in the second year, HD earth-
worms had higher biomass in the contaminated soil with high diversity of other
decomposer animals (Table 4, Additional file 7).

There was no difference in biomass between the LD families in the first
year, but in the second year, earthworms from LD1 had higher biomass than
those in LD2 (LSD: mean difference: 0.045, p<0.001) and those in LD3 (LSD:
mean difference 0.062, p<0.001)(Additional files 8 and 9). When comparing HD
to LD1, there were no differences in earthworm biomass in either year, but
when comparing HD to LD2 and LD3, there was higher earthworm biomass in
HD in the second year (Additional files 8 and 9). When comparing the different
conditions, there were also differences in earthworm biomass between uncon-
taminated soil and contaminated soil and between microcosms with low or
high diversity of other decomposer animals (in the second year). In these cases,
earthworms had higher biomasses in contaminated soil with high diversity of
other decomposer animals (Additional file 8, Figure 2).

There were no differences in cocoon production between LD or HD treat-
ments overall or when the first year and second year were analyzed separately,



both in general and when the different conditions were analyzed separately
(Additional file 10). More cocoons were produced in presence of LD1 than in
LD2 or 3 (Additional files 3 and 11). When comparing HD to LD1, there was
higher cocoon production in LD, but no difference in cocoon production when
comparing HD to LD2 and LD3 (Additional file 3). There was no difference be-
tween uncontaminated and contaminated soil conditions, or between low or
high diversity of other decomposer animals (Additional file 3).

Mortality and other species

Mortality of D. octaedra did not differ between LD and HD treatments overall,
but it did in the first year when the years were analyzed separately. Specifically,
there was higher mortality in HD treatments with uncontaminated soil and low
decomposer animal diversity (Additional file 12). Mortality did not differ be-
tween different LD families, between HD and the different LD genotypes, be-
tween uncontaminated and contaminated soil conditions, or between and low
and high decomposer animal diversity (Additional file 3).

Numbers of the other decomposer animals (enchytraeids, collembola, and
mesostigmatid and oribatid mites) in the microcosms after the first and second
years are shown in Additional file 13. Animal numbers clearly differed between
the low and high diversity conditions.

Gene expression

In general, gene expression differed between LD and HD treatments in only one
of the genes, ChymlInh (Table 5), the expression being higher in HD (Figure 3).
The difference in ChymlInh expression was only significant in the first year and
not the second, when years were analyzed separately (Additional file 14). In the
second year, expression of the gene AkRed was higher in the LD treatment (Ta-
ble 5, Additional file 14).

Examining the different conditions, HD treatments showed higher expres-
sion of ChymInh in uncontaminated soil with low diversity of other decompos-
er animals, both overall and when the years were analyzed separately. In un-
contaminated soil with high diversity of other decomposer animals, LD treat-
ments showed higher expression of AkRed (overall), DualPhos (overall and in
the second year) and MT (overall and in the first year) (Table 5, Additional files
15, 16 and 17). In contaminated soil with low diversity of other decomposer an-
imals there were no differences between LD and HD treatments overall, but
expression of AkRed was higher in the LD treatment in the second year, and
expression of ChymlInh and DualPhos were higher in the HD treatments in the
first year and the second year, respectively (Table 5, Additional files 15, 16 and
17).

Comparing the different clone families, expression of AkRed was higher
in LD1 than in LD2 and LD3 (Post hoc LSD p< 0.001 for both) and expression of
PanAmy was lower in LD1 than in LD2 (Post hoc LSD p=0.001). When compar-
ing HD to LD2 and LD3, there were no differences in gene expression, but
when comparing HD to LD1 there was higher expression of AkRed in LD, and



higher expression of PanAmy and ChymlInh in HD (Additional files 3 and 18).
The overall gene expression response (all genes combined) of the different LD
families and HD treatment to the different conditions (uncontaminated or con-
taminated soil, with low or high diversity of other decomposer animals) is rep-
resented in Additional file 19: the responses of families LD1 and LD2 were simi-
lar (only a slight increase in gene expression in contaminated soil compared to
uncontaminated), but LD3 showed a different response (large increase in gene
expression in contaminated soil compared to uncontaminated) when there was
high diversity of the other decomposer species.

When comparing the different conditions, expression of DualPhos was
higher in uncontaminated than in contaminated soil and expression of MT was
higher in contaminated than in uncontaminated soil (Additional files 3 and 15).
Expression of both ChymInh and MT was higher in high diversity of the other
decomposer animals than in low (Additional files 3 and 15).

DISCUSSION

Genetic diversity has a positive effect on ecosystem functioning, as does species
diversity, both in plants [10, 11, 12, 13, 14, 16, 15, 17] and in some animals [18,
19]. To our knowledge, however, the effect of genetic diversity on decomposi-
tion processes, which are an important part of terrestrial ecosystem functioning,
has not been studied before. Using a microcosm experiment, we investigated
whether higher genetic diversity in a key decomposer species, Dendrobaena oc-
taedra, leads to higher decomposition activity than does lower genetic diversity,
and if higher genetic diversity of D. octaedra is more important in stressful envi-
ronmental conditions (metal contaminated soil). We also wanted to see what
effect the diversity of other decomposer animals might have on the relationship
between genetic diversity of D. octaedra and decomposition processes.

We found some indications that higher genetic diversity of D. octaedra has
a positive effect on decomposition processes and that high diversity of the
earthworms is especially beneficial in stressful conditions: in contaminated soil,
NH4-N concentration was higher in the high diversity treatment (only in the
first year). Moreover, earthworms in the high diversity treatments seemed to
cope well (with higher biomass) in contaminated soil, and had poorer condition
in uncontaminated soil (evidenced by lower soil CO2 production and higher
mortality). Most of the differences between high and low genetic diversity
treatments appeared, however, only when there was a diverse community of
other decomposer animals present in the soil, indicating that high species diver-
sity influences how genetic diversity of a key decomposer affects soil processes
(see below). Interestingly, it seems that the specific genotype or lineage of the
earthworms matters more than does genetic diversity per se. For many of the
parameters we studied, the effect of the diversity treatment was dependent on
whether the high diversity group was compared to one or the other of the geno-
types in the low diversity treatments.



We hypothesized that the presence of diverse community of other decom-
poser animals might prevent us from detecting differences between low genetic
diversity and high genetic diversity treatments on decomposition processes,
since there are more functional groups present when there are more species in
the community, but that did not seem to be the case. Quite often there was a
difference between LD and HD treatments only in the presence of diverse de-
composer community (e.g. higher NHs-N concentration in HD in contaminated
soil, or higher COz production in LD in uncontaminated soil). In contrast to our
expectation, higher species diversity seemed to make the differences between
low and high genetic diversity treatments more apparent. Since the microcosms
that had a diverse decomposer community were more similar to the natural
conditions (i.e. having myriad interactions, both direct and indirect, between
different decomposer groups) than the microcosms in which only few decom-
poser animals were present, these results might be more generally applicable
for understanding the role of genetic diversity on decomposition processes in
natural habitats. However, inferences about field conditions based on a con-
trolled microcosm-experiment such as this should be made with caution.

Species diversity has often been shown to be beneficial for ecosystem func-
tioning [1, 2, 3, 4, 5], but in our study the only clear positive effect of adding
more species to the microcosms on any parameter measured was the increased
growth of the earthworms (measured from the biomass) in those microcosms.
This was surprising because the additional species were expected to increase
nitrogen mineralization and biological activity, since previous studies have
shown that more functional groups can lead to more efficient decomposition
processes [23, 24, 25, 26]. Our microcosm results support conclusions made by
some other researchers, namely that the presence of key decomposers is more
important for ecosystem functioning in soil than is the diversity of the decom-
posers [25, 26]. On the other hand, since our microcosms had limited structural
diversity (homogeneous soil) and quite few decomposer animal species, it
might have been difficult to detect any impact of the additional decomposer
species. A factor that could have influenced our findings was the high mortality
of the other introduced earthworm species, D. rubidus, in the microcosms of
high decomposer animal diversity. D. rubidus is another epigeic earthworm,
possibly with slightly different feeding strategy than D. octaedra [70], allowing a
possibility for increased impact on decomposition processes through comple-
mentation. The high mortality of D. rubidus might explain the higher biomass of
D. octaedra in the microcosms with high diversity of decomposer animals: when
the D. rubidus individuals died, there were more resources available for the D.
octaedra.

We found some positive effects of higher genetic diversity on decomposi-
tion in contaminated conditions. It seems that the earthworms also thrived well
in contaminated soil, with higher growth and soil COz-production in contami-
nated than in uncontaminated soil. Li and colleagues [40] found that in algal
communities, species diversity was important for productivity in cadmium-
polluted conditions, and Cd-tolerant species were doing especially well. Our



results showed that the positive effect of diversity can apply also at the genetic
level and in terrestrial ecosystems. The earthworms in our study originated
from a site where metals have accumulated in the soil for many decades due to
emissions from a Cu-Ni smelter [71]. Adaptation of D. octaedra to these condi-
tions is likely [68]. Moderate levels of Cu-contamination, such as that used in
our experiment, can have positive effects on earthworms, e.g. on growth and
reproduction of Aporrectodea tuberculata [72] and on our study species, D. octae-
dra [73, 74].

For the gene expression measurements, we selected genes expected to be
involved in metabolism, and we also included a gene for the metal-tolerance
protein metallothionein (MT, described in Mustonen et al. 2014). MT has been
linked to adaptation of D. octaedra to metal contaminated soil [68, 75]. Overall
expression of MT was higher in metal contaminated conditions, which was ex-
pected. But, when considering the genetic diversity treatments, expression of
MT was higher in low diversity than high diversity treatments in uncontami-
nated soil with high diversity of other decomposer animals. The difference be-
tween low and high diversity was probably not related to the function of MT as
a response to Cu exposure, since the difference was found only in the uncon-
taminated soil. In our previous study [68], we found that there is high variation
among individuals of D. octaedra in expression of MT, in contaminated as well
as in uncontaminated soil. It could be that the genotypes in our low diversity
treatment happen to be genotypes that express MT at a higher level in uncon-
taminated soil, whereas the genotypes in high diversity express MT at a lower
level, or have varying expression responses, leading to the overall higher ex-
pression in the low diversity treatment.

The specific function of MT and the functions of the other gene products
have not been experimentally confirmed in D. octaedra. Therefore, we relied on
the original GO-terms assigned to the transcriptome-sequences, and we can on-
ly speculate about functional responses when examining the results of our gene
expression comparisons. The protein chymotrypsin inhibitor inhibits the pro-
duction of chymotrypsin, a digestive enzyme involved in protein degradation
[76], but also other functions have been described for this protein, e.g. involve-
ment in the immune response [77]. Expression of the chymotrypsin inhibitor
gene (ChymlInh) was most consistent in showing differences between the low
diversity and high diversity treatments, with higher gene expression in worms
from the high diversity microcosms. Whether this response has a specific effect
on decomposition, however, is not clear.

Of the other metabolic genes studied, we observed only a few differences
between the low diversity and high diversity treatments, and sometimes only
under certain conditions, preventing any generalization of the gene expression
patterns. For example, expression of aldo/ketoreductase (AkRed) was higher in
the low diversity treatment, more specifically in low diversity family 1 (LD1),
than in the high diversity treatments. AkRed is an enzyme which is expected to
be involved in different oxidation-reduction processes in metabolism, including
digestion [78], but which can also participate in other processes, e.g. detoxifica-



tion of pharmaceuticals [79]. Phosphatases are involved in many metabolic pro-
cesses, including digestion [80], but the phosphatase gene we measured, dual-
specificity phosphatase 14 (DualPhos) has been connected to immune reaction
in mice [81], with enhanced immune response in mice deficient in dual-
specificity phosphatase 14. Expression of this gene was lower in low diversity
treatments in uncontaminated soil with high diversity of other decomposer an-
imals, but higher in high diversity treatments in contaminated soil with low
diversity of other decomposer animals. Pancreatic amylase (PanAmy) is in-
volved in digestion [80], and expression of this gene was lower in low diversity
family 1 (LD1) than in high diversity (HD). Additional studies into the function
of these genes in D. octaedra are required before we can make conclusions on
what these differences mean at the functional level. It also has to be remem-
bered that we might have observed different gene expression responses if we
had studied other tissues from the earthworms.

Although general conclusions based on the gene expression results are
hard to make, the results show some trends similar to what we found using the
other functional response parameters, soil NH4-N concentration and CO:-
production. The genotype used in the low diversity treatment has a large im-
pact on the results: no differences were found in gene expression between high
diversity and low diversity treatments when including only low diversity fami-
lies 2 and 3 (LD2 and LD3, which had the same genotype), but differences were
evident when comparing the high diversity treatments to low diversity family 1
(LD1, a different genotype from LD2 and LD3). Interestingly, how the families
responded to the different conditions also differed. Although family 1 and fami-
ly 2 were different genotypes, their response to the different conditions was
very similar in NHs-N concentration, CO2 production and gene expression;
whereas the response of family 3 was different, especially in the presence of a
diverse animal community (see Additional files 5, 6 and 19). This suggests that
families 2 and 3, which were reared from different founding individuals are not,
in fact, genetically identical (even though they are identical at the five microsat-
ellite loci studied here). Previously, we have found considerable differences in
gene expression even among individuals sharing the same genotype from the
same founder (Mustonen et al., submitted). Mechanisms allowing different
gene expression responses in clones would be an interesting subject for further
studies.

Although we strived to control the experimental conditions as well as pos-
sible, there were some unanticipated problems. Microcosms with contaminated
soil and high diversity of other decomposer animals had to be repeated due to a
technical problem with the climate chamber. All replicates of both low diversity
and high diversity treatments in this condition were repeated, and the same
temperature regime and handling of the microcosms was used, so differences
between the original and repeat are likely to be minimal. However, differences
in the response between the conditions (uncontaminated and contaminated soil;
with low and high diversity of other decomposer animals) might be influenced
by slight differences between the repeat and original microcosms. Nevertheless,



our comparison of the low diversity and high genetic diversity treatments were
not affected.

Our experiment lasted two growing seasons (“years”), and data was ana-
lyzed overall and with the data from the first year and second year separated.
In some cases there was a significant difference between low diversity and high
diversity treatments after the first year but not after the second year (NH4-N
concentration, CO2 production, earthworm mortality, expression of some
genes). The conditions in the microcosms were the same for the first year and
the second year; soil and the introduced decomposer animals were changed,
but the D. octaedra were the same individuals in both years. Thus, the second
year was a repeat of the first year in every way except for the age of D. octaedra:
in the first year they were juveniles or subadults and in the second year they
were fully grown adults. In many cases we found differences between the di-
versity treatments in the first year, but not in the second. Since we expected the
responses would be the same in both years, we can question whether the signif-
icant results in the first year are only due to chance. However, senescence of the
older earthworms in the second year might have affected significantly their im-
pact on soil processes, and reduced any differences that were evident between
low and high genetic diversity treatments in the first year. There was lower CO>
production during the second year than the first year, which could have been at
least partly affected by lower activity of the older earthwormes.

CONCLUSIONS

Higher genetic diversity of key decomposer animal species could be beneficial
for the functioning of terrestrial ecosystems through more efficient decomposi-
tion processes, especially in contaminated conditions. But particular genotypes,
well-adapted to the stressful conditions can also maintain ecosystem function
even when there is low genetic diversity. Anthropogenic contaminants can re-
duce species diversity [34, 35, 36, 37], and in these environments ecosystem
function depends on the remaining species and genotypes. Higher standing
genetic diversity makes it more likely that some genotypes are high-functioning
in the changed environmental conditions, and provide a means for adaptation
via natural selection. Our microcosm study provides some insight into the role
of genetic diversity in decomposition processes (i.e. ecosystem functioning), but
strong conclusions are not possible since the differences between the low and
high genetic diversity were few and often present in only one of the growing
seasons studied. The relationship between genetic diversity and ecosystem
functioning should be studied with additional populations, including those that
have not previously experienced metal contaminated soils.
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Table 1. Experimental setup.

Uncontaminated Cu-contaminated
Low species LD1 (6) LD2 (4) LD3 (4) LD1 (6) LD2 (4) LD3 (4)
diversity HD1 (4) HD2 (4) HD3 (4) HD1 (4) HD2 (4) HD3 (4)
High species  LD1 (6) LD2 (4) LD3 (4) LD1 (6) LD2 (4) LD3 (4)
diversity HD1 (4) HD2 (4) HD3 (4) HD1 (4) HD2(4) HD3 (4)

LD = low diversity, HD = high diversity of Dendrobaena octaedra, number after LD re-
fers to the clone family, number after HD refers to the genotype combination. Number
of replicates of each treatment is shown in parentheses. Additional file 1 shows the
genotypes included in the LD and HD treatments.

Table 2. Differences in NH4-N concentration between low diversity (LD) and high di-

versity (HD) treatments

Overall First year Second year

X p X p X p
General 0.027 0.871 0.027 0.869 0.057 0.811
Uncontaminated - 2.542 0.111 1.653 0.199 1.306 0.253
Uncontaminated + 0.857 0.355 2.041 0.153 0.082 0.775
Contaminated - 0.447 0.504 1.000 0.317 0.082 0.775
Contaminated + 1.788 0.181 4.592 0.032* 0.184 0.668

Differences between LD and HD are analyzed overall and with the first and second
years separated, in the different microcosm condition analyzed with Kruskal-Wallis
test. Df is 1 in all. “General” describes all conditions combined. A minus-sign indicates

the condition with low diversity of other decomposer animals, and a plus-sign indi-

cates the condition with high diversity of other decomposer animals.

Table 3. Difference in CO> production between low diversity (LD) and high diversity

(HD) treatments

Overall First year Second year

X p X p X p
General 3.904 0.048* 5.098 0.024* 0.009 0.925
Uncontaminated -  0.565 0.452 2.677 0.102 0.919 0.338
Uncontaminated + 2.759 0.097 7.181 0.007** 2.255 0.133
Contaminated - 3.453 0.063 3.495 0.062 0.697 0.404
Contaminated + 1.359 0.244 3.392 0.066 0.633 0.426

Differences between LD and HD are analyzed overall and separately for the first year
and second year. Kruskal-Wallis test was used with df = 1. Conditions labelled as in

Table 2.



Table 4. Differences in earthworm biomass between low diversity (LD) and high di-

versity (HD) treatments.

First year Second year
F p F p
General 0.176 0.675 7.869 0.006**
Uncontaminated -  0.002 0.966 1.316 0.257
Uncontaminated + 0.054 0.818 0.920 0.346
Contaminated -  0.490 0.486 0.108 0.744
Contaminated + 0.124 0.726 13.520 0.001***

Differences between LD and HD are analyzed separately for the first year and the sec-
ond year with one-way ANOVA, with biomass at the start as a covariant and df = 1.
Conditions labelled as in Table 2.



Table 5. Differences in gene expression between low diversity (LD) and high diversity

(HD) treatments

Overall First year Second year
Comparison Gene F P F p F P
General AkRed 1.887  0.171 0.035 0.851 4.069 0.046*
ChymInh  6.057  0.014* 4557  0.035* 1.665 0.199
DualPhos  0.045 0.832 0.862 0.355 0.373 0.543
GlucReg  0.801 0.372 0.365 0.547 0.481 0.489
PanAmy  0.710 0.400 0.004 0.951 1.164 0.283
MT 0109  0.741 0.236 0.628 0.964 0.328
Uncontaminated- AkRed 0.991 0.323 3.560 0.068 0.016 0.899
ChymInh  14.22 <0.001*** 8577  0.006**  6.097  0.019*
DualPhos  0.672  0.415 0.806 0.375 0.114 0.737
GlucReg  1.593 0.211 0.095 0.760 2.194 0.147
PanAmy  0.055 0.815 3.720 0.062 1.300 0.262
MT 1.581 0.213 2.335 0.135 0102  0.751
Uncontaminated+ AkRed 5.103 0.028* 2.219 0.148 2.164 0.153
ChymInh  2.279 0.137 2.079 0.161 0.006 0.939
DualPhos  5.545 0.022* 0.907  0.349 4.906 0.035*
GlucReg  0.242  0.625 0.453 0.506 0.537  0.470
PanAmy 0377  0.542 2.787  0.106 0.187  0.669
MT 6.226 0.015* 8.994 0.006**  0.320 0.576
Contaminated- AkRed 3.517  0.065 0.281 0.600 5.961 0.021*
ChymInh  0.979 0.326 4.304 0.045* 0.976 0.331
DualPhos 0352 0.555 2174 0.149 9.209 0.005**
GlucReg  0.052  0.820 0.168 0.685 0.218 0.644
PanAmy  0.366 0.547 0.069 0.795 1.712  0.201
MT 0.785 0.357 3.020 0.091 0.708 0.407
Contaminated+ AkRed 0.287  0.594 0.142 0.709 0.095 0.760
ChymInh  1.078 0.303 0.991 0.328 0.850 0.364
DualPhos  0.155 0.696 0.017  0.896 0.149 0.702
GlucReg  2.139 0.149 3.831 0.060 0.313 0.580
PanAmy 0.889  0.350 0.690 0.413 0.226 0.638
MT 0.658 0.862 0.077  0.784 0977  0.331

Differences between LD and HD are analyzed overall and for the first and second years

separately with one-way ANOVA with df = 1. Conditions labelled as in Table 2.
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Figure 1. Concentration of NH4-N (ug/g dry mass) in low diversity (LD; dark grey)
and high diversity (HD; light grey) treatments exposed to different conditions (uncon-
taminated or Cu-contaminated soil, low or high diversity of the other decomposer an-
imals, indicated by the - and + signs, respectively). Data from the first and second

years of the experiment are shown separately.
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Figure 2. CO, production (ug/g/h; means of all measurements done throughout the
experiment) in low diversity (LD; dark grey) and high diversity (HD; light grey) treat-
ments exposed to different conditions (uncontaminated or Cu-contaminated soil, low
or high diversity of other decomposer animals). Data from the first and second years of
the experiment are shown separately.
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Figure 3. Gene expression (Normalized Relative Quantity) in the low diversity (LD;
dark grey) and high diversity (HD; light grey) treatments overall (both years and all
conditions combined).



SUPPLEMENTARY DATA

Additional file 1. Genotypes of the earthworms used in the microcosm-experiment. In
each microcosm of LD1 there were four earthworms from clone family H1 (three in the
treatment with high diversity of other decomposer animals). Likewise, LD2 contained
four (or three) earthworms from clone family H2, and LD3 contained four (or three)
earthworms from clone family H3. Clone families H2 and H3 are the same genotype
based on the five microsatellite markers used here (DO1, DO2, DO3, DO4, DO6). High
diversity microcosms contained earthworms with differing genotypes. In high diversi-
ty of other decomposer animals, the genotype of the worm replaced by Dendrodrilus
rubidus is marked in parentheses. Each microcosm of HD1 was composed of
H1/H4/H8/(H6), each microcosm of HD2 was composed of H1/H8/H9/(H5), and
each microcosm of HD3 was composed of H1/H2/H7/(H10).

DOl DO2 DO3 DO4 DO6
H1 231/237 140/153 165/173/177 211/213  96/100
H2 231 140 173/181/189 2117213 96
H3 231 140 173/181/189 2117213 96
H4 231/237 138/140 165/177/185/200 211/213  90/96
H5 229/231/233/235/237 131/138/143/145  165/167/171/177 211/213  90/96/100
He6 229/231/233/235/237 138/145/159 165/177/181/187/196  211/213  96/100
H7 227/229/231/233/235/237  138/145 165/173/177 211/213 100
H8 227/229/231/233/235/241 140 165/177/185 211/213 96
H9 229/231/233/241/245/253  140/147/151 177/185/187/193 211/213  90/96
H10 229/231/233/235/237 138/145 165/173/177 211/213  96/100

DNA extraction and genotyping

Genomic DNA was extracted from piece of the anterior end of the earthworm
using Qiagen chemistry (DNeasy kit reagents) and a Kingfisher magnetic pro-
cessor (Thermo Fisher Scientific). Five microsatellite loci were used for genotyp-
ing, DO1, DO2, DO3, DO4 and DO6 (described in Mustonen et al. un-
published). Amplification was performed separately for each locus in 10 pl reac-
tions containing 1 pl of template DNA, 1X buffer (Biotools), 0.4 mM dNTPs
(Fermentas), 1 pM reverse primer, 0.9 pM forward primer (TAG Copenhagen),
0.1 pM labeled forward primer (Applied Biosystems), 2 mM MgCI2 (Biotools)
and 0.5 units Taq polymerase (Biotools). Conditions for thermocycling were 94
°C for 3 min, then 35 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, ending
with a final extension of 72 °C for 10 min. Amplification products were separat-
ed using the ABI PRISM 3130x] with GeneScan 500 LIZ size standard and geno-
typed using GeneMapper 5 software (all Applied Biosystem:s).



Additional file 2. Primer sequences used in qPCR and reaction efficiencies.

Gene Primer (5'-3) Efficiency %

MT-2 F: ACACTCAGTGCTGTGGCAGCG 103,5
R: GGCTGCGCACTTGCAGGC

AkRed F: GCTGATCGAGGCAGATCCTT 96,2
R: CCAAGTCCACGAACCCTGAA

ChymlInh F: TCAGCTACCCGGTTCTAGGT 94,8
R: AAGAGGCCAAAGCACAGGTT

DualPhos F: CGTCCAGTCATCCGTCCAAA 100,2
R: ATAGCTCCAATGGGTGACGG

GlucReg F: GACGAGCTCATCAGTTGCAG 94,6
R: TCTTTCAGGCGGAGGTTGAT

PanAmy F: ATCCTGACCTTCTTCGAGGC 97,9
R: TCCTCGGCCAATAGTAGCTG

18S F: ACCACATCCAAGGAAGGCAG 93,3
R: CCCGAGATCCAACTACGAGC

285 F: TGGTGGAGGTCCGCAGCGAT 90,5

R: CGTTTCGTCCCCAAGGCCTC

Additional file 3. Comparisons between the different low diversity (LD) clone families,

between high diversity (HD) and the two low diversity genotypes separately (LD1 is

one genotype, and LD2&3 are another), between uncontaminated and contaminated
conditions, and between low and high diversity of other decomposer animals. Anal-
yses were done either with Kruskal-Wallis test (X2) or one-way ANOVA (F): for nutri-
ent mineralization (X2), CO2 production (X?), cocoon production (X?), mortality (X2)

and gene expression (F).

Comparison between

LD families HD vs. LDI1 HD vs. LD2&3

Uncont. vs Low vs high

contaminated  animal diversity

X*/F

P X/F P X/F p X/F P X/F p
Nutrients ~ 17.48 <0.001 5467 0.019 5118 0.024 0.166 0.683 1.833 0.176
CO, 2.876 0.237 1.131 0252 4.148 0.042 29.65 <0.001 0.284 0.594
Cocoons  12.63  0.002 9.460 0.002  0.626 0.429 0.094 0.759  3.017 0.082
Mortality ~ 0.815 0.665 1.076 0300  2.898 0.089 0.267 0.605 0.597 0.440
Gene Exp.
AkRed 1250 <0.001 1929 <0.001 1.998 0.159 3.190 0.075  0.009 0.923
ChymInh  1.174 0.312 9.231 0.003 1.809 0.180 0.783 0377  9.589 0.002
DualPhos  1.770 0.174 0.757 0385  0.145 0.704 29.66 <0.001 0.002 0.965
GlucReg  1.898 0.154 2415 0.122  0.022 0.883 0.019 0.890  1.456 0.229
PanAmy  5.920 0.003 6.785 0.010  0.785 0.377 0.009 0.924  0.527 0.469
MT 0.656  0.520 0.389  0.534  <0.001 0.996 8.572 0.004  6.750 0.010




Additional file 4. Concentrations of NH4-H in the presence of the different low diver-
sity families (LD1, LD2 and LD3) and the high diversity treatment (HD).
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Additional file 5. Overall nutrient mineralization (concentration of NH4-H) re-
sponse of the different low diversity families (LD1, LD2 and LD3) and the high di-
versity treatment (HD) to different conditions (uncontaminated or contaminated, both
in low and high diversity of other decomposer animals).
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Additional file 6. Overall CO; production response of the different low diversity
families (LD1, LD2 and LD3) and t the high diversity treatment (HD) to different con-
ditions (uncontaminated or contaminated, both in low and high diversity of other de-
composer animals).
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Additional file 7. Biomass (g) of the earthworms in low diversity and high diversity
treatments in the start of the experiment, after the first year and after the second year in
different conditions (uncontaminated or uncontaminated, low or high diversity of oth-
er decomposer animals).
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Additional file 8. Comparisons of the biomass of D. octaedra between the different low
diversity (LD) clone families, between high diversity (HD) and the two low diversity
genotypes separately (LD1 is one genotype, and LD2&3 are another), between uncon-
taminated and contaminated conditions, and between low and high diversity of other
decomposer animals for the first and second year separately. Analyses were done with
one-way ANOVA, with starting weight as a covariate.

Comparison between

LD families HD vs. LDI HDvs LD2&3 ~ oneont.vscon- - Lowvs high
taminated animal diversity
F p F p F p F p F p

l.year  0.673 0.511  0.841 0360 0.016  0.900 0.534  0.465 0.210  0.647
2.year 23427 <0.001 0.237 0.627  23.010 <0.001 11.191 0.001 27.362 <0.001

Additional file 9. Biomass (g) of the earthworms in the different low diversity families
(LD1, LD2 and LD3) and the high diversity treatment (HD) at the start of the experi-
ment, after the first year and after the second year.
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Additional file 10. Differences in cocoon production between low diversity (LD) and
high diversity (HD) treatments overall and when the first year and second year were
analyzed separately for the different microcosm conditions (uncontaminated or con-
taminated soil, low or high diversity of other decomposer animals). For all, Kruskal-
Wallis tests with df = 1. “General” describes all conditions combined. A minus-sign
indicates the condition with low diversity of other decomposer animals, and a plus-
sign indicates the condition with high diversity of other decomposer animals

Overall First year Second year

X p X p X p
General 1.330 0.249 0.642 0.423 0.403 0.526
Uncontaminated - 0.672 0.412 0.096 0.756 0.021 0.886
Uncontaminated + 0.191 0.662 0.417 0.519 0.185 0.667
Contaminated - 1.651 0.199 2.244 0.134 0.083 0.774
Contaminated + 0.125 0.724 0.732 0.392 0.021 0.886

Additional file 11. Number of cocoons produced by different low diversity families
(LD1, LD2 and LD3) and high diversity treatment (HD).
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Additional file 12. Differences in mortality between low diversity (LD) and high di-
versity (HD) treatments overall and when the first year and second year were analyzed
separately for the different microcosm conditions (uncontaminated or contaminated
soil, low or high diversity of other decomposer animals). For all, Kruskal-Wallis tests
with df = 1. “General” describes all conditions combined. A minus-sign indicates the
condition with low diversity of other decomposer animals, and a plus-sign indicates
the condition with high diversity of other decomposer animals. Also listed is the num-
ber of earthworms that died in each case.

Overall First year Mortality Second year Mortality

X p X p LD HD X p LD HD

General 2.654 0.103 4278 0.029 11 19 1.219 0270 14 17
Uncontaminated - 3.426 0.064 4172 0.041 1 5 1.167 0280 0 4
Uncontaminated + 0.122  0.717 1.583 0.208 2 6 1.221 0269 7 2
Contaminated - 2439 0.118 0.448 0504 3 4 2.164 0.141 4 8
Contaminated + 0.128 0.721 0.031 0861 5 4 0.336 0.562 3 3

Additional file 13. Amount of each of the other species in each of the condition: uncon-
taminated or contaminated soil, low (marked with minus-sign) or high diversity of
other decomposer animals (marked with +-sign), both after the first year and the sec-
ond year.

Uncontaminated - Uncontaminated Contaminated - Contaminated +
+

l.year  2.year l.year 2.year l.year 2.year l.year 2.year

Nematodes 1156 393 679 1313 742 368 1021 1064

Enchydraeids 0 0 951 51 1 14 620 263
Collembola 77 0 20 5 33 5 134 218
Mesostigmata 3 0 37 21 1 0 36 67

Oribatida 34 5 121 33 40 4 124 156




Additional file 14. Gene expression (Normalized Relative Quantity) in the low
diversity and high diversity treatments in general (conditions combined) for the
first year and second year separately.
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Additional file 15. Gene expression (Normalized Relative Quantity) in the low diversi-
ty and high diversity treatments for the different conditions: uncontaminated or con-
taminated, low (marked with minus-sign) or high diversity of other decomposer ani-
mals (marked with +-sign) overall of the experiment (first year and second year are not
separated).
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Additional file 16. Gene expression (Normalized Relative Quantity) in the low diversi-
ty and high diversity treatments for the different conditions: uncontaminated or con-
taminated, low (marked with minus-sign) or high diversity of other decomposer ani-
mals (marked with +-sign) for the first year.
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Additional file 17. Gene expression (Normalized Relative Quantity) in the low diversi-
ty and high diversity treatments for the different conditions: uncontaminated or con-
taminated, low (marked with minus-sign) or high diversity of other decomposer ani-
mals (marked with +-sign) for the second year.
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Additional file 18. Gene expression (Normalized Relative Quantity) in the different
low diversity families (LD1, LD2 and LD3) and high diversity treatment (HD).
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Additional file 19. Overall (all genes combined) gene expression response of the dif-
ferent low diversity families (LD1, LD2 and LD3) and the high diversity treatment
(HD) to different conditions (uncontaminated or contaminated, both in low and high
diversity of other decomposer animals).
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