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Abstract
Tardigrades are small water-dwelling invertebrates that can live almost anywhere in the
world. Even though they are well-known our knowledge about them is still scarce. The aim of
this study was therefore to explore our current knowledge about tardigrades by: (1) explore
their global phylogeny and biogeography based on bioinformatics (2) screen for tardigrades in
select locations of northern Sweden and compare with other Swedish locations, and (3)
identify at least one tardigrade from northern Sweden and explore the published biomarkers
for further identification. The bulk of this thesis was based on evaluation of the Silva database
for analyzing SSU (small subunit) and LSU (large subunit) tardigrade sequences and create
phylogenetic trees. Some initial lab work was performed using samples of moss and lichen
from Piteå, Vindeln and Öland. Results show that only few countries have been explored with
regard to tardigrades, and in Sweden more research have been performed in the south
compared to the north. The phylogenetic trees give a rough overview of tardigrade relatedness
but many of the sequences need to be improved and more sequence work from additional
environments is needed. In the lab tardigrades were only found from the Piteå samples, and
one of those was identified as Macrobiotus hufelandi, for which a new biomarker was created.
Overall, tardigrade research need to continue and expand to other regions in order to
understand how these organisms differ between different environments, and more work is
needed to ensure higher quality of sequences added to databases.
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1. Introduction
Tardigrades (also known as water bears or moss piglets, in Swedish “björndjur”) are small
water-dwelling invertebrates (Bordenstein 2016). The animals vary in length from 0.05 to 1.2
mm and have a “plump” bilaterally symmetrical body with four pairs of legs that end in claws
(Miller 2011). They can be found almost anywhere in the world; from mountaintops to the
deep sea and from tropical forests to the Antarctic (Bordenstein 2016). Over 1100 species
have been described so far (Bartels et al. 2016), most of these have been found in freshwater
or semiaquatic environments (Zhang 2011; Degma, et al. 2015). They can generally be found
on mosses and lichens, but also for example in sand, soil, sediments and leaf litter (Brusca
and Brusca 2003; Ruppert, et al. 2004).
Tardigrades are mostly known for their impressive ability to withstand harsh environments
and undergo cryptobiosis. They can therefore survive extreme conditions that would prove
fatal for most other organisms. They can withstand temperatures as low as −272 °C and up to
around 150 °C. They can also survive pressures that are around six times greater than what is
found in the deepest parts of the ocean, and X-ray radiation 1000 times the level it takes to
kill a human (Brusca and Brusca 2003; Nelson 2002; Zhang 2011). They can even survive the
vacuum of lower Earth orbit (Jönsson et al. 2008). If there is no food and water available,
tardigrades can dry themselves out until they only consist of 3% water or less, and stay in this
state for more than 30 years. When living conditions improve the tardigrades can then return
back to their normal active state (Dean 2015).

1.1 Anatomy
The body of a tardigrade consists of a head, three body segments and four pairs of legs.
(Ciobanu et al. 2014; Kaczmarek et al. 2014). The legs lack joints and the feet can have four
to eight claws. The cuticle around the body consists of chitin and protein. Tardigrades are
eutelic in nature, which means that all grown adults of the same species have the same
number of cells (Devasurmutt and Arpitha 2016). Normally, tardigrades have two eyespots
on their head and one or more pairs of sensory whiskers on the head and on other parts as
well (Greven 2007). The body contains a haemocoel, which is an open circulatory system
where blood flows freely (Perry et al. 2015). Tardigrades do not have a respiratory system, so
gas exchange occurs all over the body. The biggest part of its inside is made up of an intestine
where most of the digestion takes place (Kaczmarek et al. 2014; Perry et al. 2015). A mass of
nerve cells in the head makes up the majority of the nervous system. These go from the head
to a double ventral nerve chord in the bottom of the body cavity, and then branches out to all
the legs (Zantke et al. 2007).

1.2 Habitat & distribution
Tardigrades are found in both aquatic and terrestrial habitats all over the world, and they can
in both cases be found on for example bryophytes, lichens and in leaf litter (Utsugi et al.
1997). So far, the tropics seem to be an unfavorable habitat (Mathews 1938), perhaps because
those locations are warm and wet at the same time, which may also encourage the growth of
other (possibly competing) microbes such as bacteria and fungi (Glime 2014).
The majority of all tardigrade species are limnoterrestrial (Garey et al 2008), meaning that
they live in the film of water that can be found on bryophytes, lichens, algae and other plants
(Crum 1976). The assemblages of tardigrade species seem to be very similar no matter the
location in the world. Many studies have tried to show some kind of species preference for
bryophytes, but most have failed (Kathman & Cross 1991; Miller & Heatwole 1995; Meyer &
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Hinton 2007). Some studies have managed to indicate that mosses and lichens could be
preferred over other kinds of substrate. One problem when trying to study tardigrade
habitats is that substrate records are often inconsistent or missing from many collections and
scientific reports (Glime 2014).
Plenty of researchers have been able to show a relationship between the altitude and the
distribution of tardigrades (Nelson, 1975; Ramazzotti & Maucci 1983; Dastych 1988; Beasley
1988), which suggest that species numbers increase with altitude. Not all studies have come
to these conclusions though (Meininger and Spatt 1988). Guil et al. (2009) theorize that the
altitudinal differences in species composition could be explained by differences in soil,
climate, vegetation, and litter type. Other factors that also could influence species
assemblages of tardigrades are competition and food relations. Milnesium tardigradum for
example can be found with two Hypsibius species that it can consume (Wright 1991).
Forests have a more temperate climate than do polar regions. Trees help to reduce water loss
and offer bryophytes protection from the sun. In 2003, Jönsson examined mosses in
southern Swedish forests and found 16 different species of tardigrades. Five of those had not
been described for that region earlier. He found that the pine forest had more species than
the clearcut areas, and that of all the tardigrades recorded, the species Macrobiotus
hufelandi was by far the most common.

1.3 Life cycle
Reproductive mechanisms vary among tardigrades from different habitats (Bertolani 2001).
Those that live on bryophytes or in freshwater are often parthenogenetic or sometimes
hermaphrodites (that self-fertilize). However, tardigrades living in marine environments
have so far been found to have separate sexes (Glime 2014).
Dispersal by wind with mosses is known to happen amongst tardigrades and might be one of
their primary ways of dispersal (Pilato 1979). Since many tardigrades which live on
bryophytes are parthenogenetic, this allows them to reproduce even if it is only one
individual (or egg) that reaches a new location. Depending on the species there are two ways
that tardigrade eggs are deposited: some just lay eggs freely exposed on the substrate, while
others deposit them in the exuvia (outer skin) after molting (Mach 2010). Eggs that are not
in a molt often have decorative structures (Mach 2010). Kinchin (1994) suggest that these
structures have various functions such as anchorage to the substrate, defense, water storage
and gas exchange. The eggs can be few or as many as 40 and the number can differ even
within the same species (Altiero et al. 2006). The amount of eggs does not only depend on
species however, but also on the nutritional value of the mother (Mach 2010).
Not much is known about egg development in tardigrades. Eggs generally develop inside the
exuvia until the tardigrade is fully formed, a process that takes several weeks (Mach 2010).
Young tardigrades look like adults but are smaller and require many molts as they grow.
Growth occurs by enlargement of cells instead of addition of cells. The process of molting
usually takes 5-10 days and happens 4-12 times during a tardigrades active life, which is
about 3-30 months long (Walz 1982; Nelson 2002).
Tardigrades that live on moss include both tardigrades that actually consume the moss and
tardigrades with other feeding strategies, such as carnivory. The tardigrade has a special pair
of stylets and a muscular pharynx that produce suction into the gut. This allows it to suck
fluids from the interior of plants or from other small organisms (Glime 2014). According to
Schill et al. (2011) bryophyte food webs provides a rich food supply for both carnivorous and
herbivorous species, as they include nematodes, rotifers, plant cells, algae, yeast, bacteria
and the bryophyte itself. Tardigrades could also eat other smaller tardigrades. Larger species
like Macrobiotus and Milnesium have been shown to consume smaller members such as
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Diphascon and Hypsibius (Nelson 2002). Tardigrades are not only important consumers but
they are in many cases the top carnivore in their micro-ecosystem (Sánchez-Moreno et al.
2008). However organisms that consume tardigrades exist as well. Snails (Fox 1966) and
some fungi such as Ballocephala pedicellata (Pohlad & Bernard 1978) have been known to
predate on tardigrades.

1.4 History
Two of the earliest texts that describe tardigrades are written in German. The earliest report
is from a German pastor and zoologist named Johann Conrad Eichhorn, who apparently had
found a tardigrade already in 1767 (Fig. 1) but failed to let the public know about his
discovery. He described the tardigrade as follows; "In contrast to other insects with their nice
and artistic shells and movements there was nothing which might have made it appear
attractive to the eye of the observer". He also reported that the tardigrade had ten legs
instead of eight; a statement which was corrected in a later publication (Mach 2010).

Fig. 1. Tardigrade appearance according to Johann C. Eichhorn (left) and Johann A.E. Goeze (right) (Mach 2010).

Johann August Ephraim Goeze was the first person to actually publish his discovery of the
tardigrade, which he did in 1773 (Fig. 1). Goeze (who also was a German zoologist) seemed to
be much more interested in the little animals and called them “kleiner Wasserbär”, meaning
“little water bear” in German. According to him the animals looked and moved like miniature
bears (Mach 2010). Water bears did not get their proper name “tardigrada” (meaning slow
walker) until 1776 by the Italian biologist Lazzaro Spallanzani (Devasurmutt and Arpitha
2016). Richters (1904) was the first to report tardigrades in Sweden, which he did in the
beginning of the 20th century. He had found 12 different species in moss from the southern
part of Sweden.

1.5 Phylogeny & taxonomy
A large number of both morphological and molecular studies have been carried out in order
to understand how tardigrades are related to other microorganisms. Two more credible
theories have been noted. One is that tardigrades nearest relatives are Arthropoda (insects,
spiders and crustaceans) and Onychophora (velvet worms); a result of morphological studies
(Devasurmutt and Arpitha 2016). The other theory is that tardigrades nearest relatives are
nematodes, a theory that have gotten support in some molecular analysis. This idea has in
more recent times been rejected based on EST (Expressed Sequence Tag) analysis (Telford et
al. 2008), which leaves us with three different tardigrade relationships within the arthropod
group:
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1) The lobopodia hypothesis: Tardigrades are a sister group to Onychophora plus
Artrhopoda.
2) The tactopoda hypothesis: Onychophora are a sister group to tardigrades plus Arthropoda.
3) Onychophora are a sister group to tardigrades (Budd 2001).
Analysis have shown that Panarthropoda is a monophyletic group and that tardigrades are a
sister group to Lobopodia, which consists of both Onychophora and Arthropoda (Cooper
1964).
Marcus (1929) was the man who established the major taxa within tardigrades and split the
group into two classes; Heterotardigrada and Eutardigrada (Fig. 2). Heterotardigrada
(meaning “other” tardigrades) have armor with cuticular dorsal plates. Their other major
characteristics include cephalic appendages, cuticular extensions, claws and the pattern of
dorsal cuticular plates. Eutardigrada (meaning “true” tardigrades) are naked and lack any
dorsal plates. They also have claws, a buccopharyngeal apparatus and a cuticle structure that
can be smooth, granulated or have tubercles (Romano 2003).

Fig. 2. The current phylogenetic topology of Tardigrada (Marley et al. 2011).

The taxonomy we have today of tardigrades come from a number of scientific studies, but
primarily from Thulin, Marcus, Ramazzotti and Maucci who have all contributed by writing
books and monographs about the subject from the middle to the end of the 20th century. The
Eutardigrade genus Macrobiotus was described in 1834 and the Heterotardigrade genus
Echiniscus in 1840. A third class of tardigrades called Mesotardigrada (meso meaning
“middle”) was established by Rahm in 1937 because of a tardigrade found near a hot spring
in Nagasaki, Japan that got the name Thermozodium esakii. However, ever since then
neither the tardigrade nor the locality have survived and no other Mesotardigrade have been
found. Most scientists today therefore agree that the class should be removed (Romano
2003).
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1.6 Tardigrade fossils
The fact that tardigrades are so small and mostly consist of soft membrane makes their
fossilization hard to find and thus rare. The only fossils that have been found today are from
mid-Cambrian deposits in Siberia and a few individuals enclosed in Cretaceous amber
(Grimaldi & Engel 2005).
The fossilized Siberian tardigrades are different from their modern counterparts in many
ways (Fig. 3): They have six legs instead of eight, their head morphology is very simple and
they lack posterior head appendages. But one thing they have in common with today’s
tardigrades is their columnar cuticle construction (Budd 2001). Scientists have argued that
these tardigrades could be a stem group to tardigrades living today (Grimaldi & Engel 2005).

Fig. 3. Siberian tardigrade fossil from the middle Cambrian
(http://ksuweb.kennesaw.edu/~jdirnber/InvertZoo/LecTardOny/tardigrade.html)

The few tardigrades that have been found in Cretaceous amber are from two North American
locations; New Jersey and western Canada. Milnesium swolenskyi from New Jersey is the
older specimen. Its claws and mouthparts are no different from the Milnesium Tardigradum
alive today. One of the other fossilized tardigrades has been given their own genus and
family; Beorn leggi. In spite of this, it still look very similar to many living tardigrades of the
family Hypsibiidae (Cooper 1964; Grimaldi & Engel 2005).

1.7 Tardigrade-Bacteria relationship
Understanding how much and in what ways organisms interact with their environment is
very important in evolutionary ecology (Vecchi et al. 2016). Most organisms are in some way
interacting with bacteria, ranging from pathogenesis (the bacteria causing disease to the
host) to symbiotic relationships (McFall-Ngai et al. 2013). A few animal taxa have obtained a
lot of scientific attention regarding this subject, but currently minimal research has been
done on the bacteria-tardigrade relationships (Vecchi et al. 2016). Several marine
arthrotardigrades have been shown to carry bacteria in special cephalic vesicles. Kristensen
(1984) hypothesized that these tardigrades can use substances that are secreted by bacteria
as a secondary energy source when food is not available. Eutardigrades can also have
bacteria in their bodies: bacteria have been found in the gut of Ramazzottius varieornatus
(Kinchin 1994), where there was no sign that they might have been digested. This leads to the
conclusion that these bacteria could possibly be gut symbionts. Some few studies have
suggested that tardigrades may spread phytopathogenic bacteria (Vecchi et al. 2016).
However, none of these sporadic observations provide convincing evidence of the role of
microbes for tardigrades. Thus, further studies are needed about the role of microbes for
tardigrades.
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1.8 Aim of the study
Although tardigrades are very well known organisms, our knowledge about them is still far
from well explored. For example, today about 1100 tardigrade species have been described
but it has been estimated that the total global number of species is 2654 (meaning we have
achieved a completeness of 44.5%), or it could even be as high as 5407 (so only about 22%
completeness) (Bartels et al. 2016). Out of these 1100+ species only 101 have been found in
Sweden at some selected locations, in particular in southern Sweden (Guidetti et al. 2015).
Tardigrades represent a special branch in the evolutionary tree and have many interesting
traits, such as their tolerance against extreme conditions – which has expanded our
knowledge about the potential of life on both Earth as well as in space. Furthermore, if only a
fraction of all tardigrades found on Earth has been described, it is fundamental to explore
them further. This will not only expand our understanding of their biodiversity and
biogeography, but may also expand our knowledge about the tolerance of other
extremophilic organisms on Earth.
It is generally assumed that the microbes are crucial to all complex life forms – but when did
these come into play in the evolution of eukaryotes and are there any differences between
complex versus simpler life forms? Tardigrades are relatively primitive organisms, but they
do have a gut. Very few studies however have stated that tardigrades possess microbes.
Dedicated investigations and experiments have not been performed to explore the
tardigrade-microbe relationship further. Thus, basic studies on this are needed.
Therefore, this thesis has three aims:
1) To explore the global phylogeny and biogeography of tardigrades, based on some applied
bioinformatics, such as evaluation of gene sequences retrieved from public databases and
evaluation of the suitability of so far published biomarkers (for PCR (Polymerase Chain
Reaction) and FISH (Fluorescence In Situ Hybridization)) for molecular identification.
2) To screen for tardigrades in select locations in northern Sweden and compare the results
with other observations on other locations in Sweden. For this, we intend to screen for
tardigrades in different moss and lichen samples from Västerbotten (Vindeln) and
Norrbotten (Piteå), as well as explore some of their biology with some basic methods (classic
methods such as morphology, and where possible also their associated microflora).
3) Identify at least one of the tardigrades from the northern Swedish samples and explore the
suitability of so far published biomarkers for further detailed identification and further
analyses.
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2. Material and Methods
2.1 Bioinformatics
2.1.1 SILVA Database
The Silva database (www.arb-silva.de) is an online recourse for quality checked and aligned
ribosomal RNA sequence data. The database is regularly updated and consists of datasets of
aligned small (16S/18S, SSU) and large (23S/28S, LSU) subunit ribosomal rRNA sequences
from Bacteria, Archaea and Eukarya. In this study both small (SSU) and large (LSU) subunit
ribosomal RNA sequence data for tardigrades were downloaded from the Silva database
(version 128). The number of tardigrade SSU sequences at the time of this study was 1291,
while the number of LSU sequences was 230. The total number of SSU Parc sequences for all
organisms were 5 616 941, while the total number of LSU Parc sequences were 735 238. This
means that tardigrades only make up 0.023% of all SSU sequences, and 0.031% of all LSU
sequences.
After downloading the metadata for all SSU and LSU tardigrade sequences, the published
articles were evaluated to add, where possible, extra information that was not present in the
metadata table; in particular the sample location for the tardigrades in the studies and what
tardigrade species that had been used.
2.1.2 Sequence alignment
Two LSU datasets were downloaded from the Silva database 128; the “LSU Ref” and “LSU
Parc” datasets. The difference between the two is that the Ref dataset includes high quality
aligned 23S/28S sequences with a minimum length of 1900 bases, while the Parc dataset
includes all aligned, quality checked rRNA sequences longer than 300 bases.
The LSU Ref dataset was opened using the ARB software (http://www.arb-home.de/); a
program with various tools for sequence database handling and analysis. The dataset
included in total 230 tardigrade sequences. Eighteen of these were suggested by the Silva
database as “the best” and thus included in the reference phylogenetic tree. Of these
sequences, 17 belonged to the class Eutardigrada while one sequence belonged to the class
Heterotardigrada (the genus Echiniscus). In total 10 outgroup organisms were chosen;
Tenthredo koehleri, Semibalanus balanoides, Lorryia sp., Sacculinidae sp., 2
Saccharomyces cerevisiae, Kudoa hexapunctata, Kudoa septempunctata, Podocoryna
carnea and Symplectoseyphus corvatus (with the accession numbers: gaww01000169,
eu370440, kp276404, ay859599, jsac01000031, cp006392, ab902957, ab731755,
gbeh01172497 and kt757144 respectively) which would be used later for the final tree. The
two LSU datasets were merged and the new total number of sequences became 154 527
(154 297 from before + 230 tardigrades). After loading the new dataset in ARB, each genus
was evaluated for sequence alignment, starting with the 18 sequences included in the tree,
and then aligning the rest of the sequences. Most genera contained several sequences, but 22
of them only contained one sequence representative and could not be as thoroughly aligned.
After alignment of all LSU sequences, the same procedure was done with the SSU sequences.
The two SSU datasets were downloaded from the Silva database 128; the “SSU Ref” dataset
and the “SSU Ref NR 99” dataset. The Ref dataset includes high quality aligned 16S/18S
sequences with a minimum length of 1200 bases for bacteria and eukarya, while the Ref NR
99 dataset have applied a 99% criterion to remove redundant sequences. The SSU Ref
dataset was opened using ARB and included in total 645 151 sequences where 1291 belonged
to tardigrades. 124 of these were suggested by Silva as “the best” and thus included in the
reference phylogenetic tree. Of these sequences, 95 belonged to the class Eutardigrada while
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29 belonged to the class Heterotardigrada. The same outgroups that were used for the LSU
dataset were selected, apart from one: Sacculinidae sp. which was not included as it was not
present in the SSU database, instead 262 rotifer sequences were downloaded from the Silva
database 128 to be used as an additional outgroup. The tardigrade sequences from the SSU
Parc and rotifer sequences were merged into one dataset. The new total number of sequences
became 1553. After loading the new dataset each genus was evaluated in more detail for
sequence alignment, starting with the 124 that were included in the original reference tree.
After aligning all genera with at least two sequences, the remaining 7 “lonely” genera (with
only 1 sequence each) were aligned as good as possible. When this was done 572 sequences
had been aligned.
The remaining sequences (719) were unspecific since they had not been affiliated to any
genus by their authors. Some reasons for this could be that the authors either had no time or
possibility to identify the sequences, or that some of these sequences represent novel taxa. A
temporary phylogenetic reference tree was therefore created using the parsimony model as a
base. All sequences were added successively to the temporary reference tree; both
tardigrades, rotifers and the unknown sequences. The reconstruction of this temporary
phylogenetic tree made it possible to see which organisms these unknown sequences were
most closely related to, and by doing that those sequences could be better aligned compared
to their most closely related genus.
2.1.3 Phylogenetic tree construction
After alignment of all LSU and SSU sequences, the final phylogenetic trees could be created
in ARB. For LSU, the 18 sequences from the reference tree were chosen as a base, and for this
reason the parsimony model was used. All aligned LSU sequences were successively added to
the tree. For SSU all tardigrades over 1700 bases and rotifers (from the outgroup) over 1800
bases were used as a base. These were 70 sequences in total. The parsimony model was used
for SSU as well, partly because it had been used previously when constructing the temporary
reference tree (for alignment of the unspecific sequences), and partly because it had a better
structure compared to the other two models; Jukes-Cantor and Maximum Likelihood. Just
like with LSU the aligned SSU sequences were added successively to the tree. When the trees
were created the sequences were added into genus-groups for easier overview and analysis.
2.1.4 Biomarker evaluation
From the SSU and LSU metadata tables every published article was surveyed to find out
which PCR primers (or other type of biomarkers like for FISH, fluorescence in situ
hybridization) were used in the different studies. These primers were recorded together with
their sequence and reference.
The online Nucleotide BLAST tool (Basic Local Alignment Search Tool)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to perform “probematch” for the PCR
primers – in order to find out additional information: highest similarity percentage to an
organism, total number of sequences, “best fitting” organism, how many different organisms
that fit and if any non-ribosomal genes fit. FISH probes were surveyed from the probe
database: http://131.130.66.201/probebase%5Fold/default.asp?mode=search. No specific
FISH probes were available for tardigrades, thus, searches were done for the domain level
Eukarya.
A probematch was also performed online from the Silva database (https://www.arbsilva.de/search/testprobe/) to find out additional information about the FISH probes;
number of matched and mismatched sequences, how big portion (in %) of sequences that fit
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with archaea, bacteria and eukarya, and how big portion (in %) that fit with tardigrades.
(Even though probematch can also be performed from the Silva database with PCR primers,
this was not done in this study as most PCR primers found in the articles either did not have
a clear reverse primer stated so they could not be searched, or they contained “nucleotide
ambiguities” that the program could not handle).
The difference between the NBCI BLAST tool and the Silva database is that they contain
different databases; NCBI contains all kinds of gene sequences while the Silva database is
more curated and contains only ribosomal gene sequences of high quality.
2.1.5 FISH probe design and FISH probe match
A FISH probe was designed using the SSU and LSU datasets for the genus Macrobiotus in
ARB. Macrobiotus was chosen as that was the tardigrade that had been identified from the
petri dish (P2) in the lab exercise.
The LSU dataset contained 30 sequences of Macrobiotus belonging to different species. The
best sequences over 2000 bases were chosen. These were only four and had the accession
numbers: FJ435751, FJ435756, FJ435754 and FJ435755. After doing a FISH probe design
two biomarkers of good quality were chosen; one at E. coli position 1372 and another at
position 548.
The SSU dataset contained 130 Macrobiotus sequences. The sequences of better quality and
over 1500 bases were chosen. These were in total seven sequences with the accession
numbers: FJ435740, FJ435739, JX296284, JX296290, JX296279, JX296327 and
JX296321. After doing a FISH probe design one good biomarker was chosen that had the E.
coli position 846.
2.1.6 Survey of northern Swedish tardigrades
Guidetti et al. (2015) had previously made a report where they had compiled all studies about
tardigrades found in Sweden and made a check-list of all recorded species and their locality.
As the aim with this study was mainly to look at tardigrades from the northern part of
Sweden, only the entries from Lappland, Norrbotten and Västerbotten were extracted from
Guidetti et al. (2015) excel table of species. With this information, a map over northern
Sweden was created where the sample sites for tardigrade collection (from the studies) was
marked.
Information was gathered about common moss, lichen, and tardigrade species found in
northern Sweden, and information compendia were made for easier analysis later in the lab.

2.2 Laboratory Study
2.2.1 Sample collection and experimental setup
Moss samples were collected from a small pine forest in Svensbyn village (coordinates:
65.332848, 21.250348) outside Piteå the 4th of November 2016. The samples were kept in
closed plastic bags and stored in a refrigerator at the university until the time of the
experiment (approximately 4 weeks later). Moss and lichen samples were also collected by
Natuschka Lee (EMT, Umeå University) from the Krycklan research site in Vindeln
(coordinates: 64.235268, 19.570069) on the 23rd of September 2015 and left to dry in open
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plastic bags in the lab. Two other dried samples of moss from Öland collected by Ingemar
Jönsson at Högskolan in Kristianstad in August 2009 and March 2010 were also used.
Lab work started in the beginning of December 2016. A small amount of moss and lichen
from all samples were put in separate petri dishes and got 10-20 ml of tap water (as some
samples were very small, those got a smaller amount of water). In total there were 20
specimens; 13 from Vindeln, 5 from Svensbyn and 2 from Öland. A lamp was set up close to
the petri dishes to allow them constant light (later a periodic light was introduced with a
timer). Every day, 10 ml more water was added to the samples (depending on how much had
evaporated since the day before). After a few days some of the sphagnum samples had
started to mold. These were put aside and new samples were made from the same material.
2.2.2 Petri dishes
The moss and lichen species were identified using the information booklets made previously
for this thesis (not shown in the thesis but instead in the DVD medium of this thesis) and the
field guide-books “Mossor” by Holmåsen and Hallingbäck (1985) and “Lavar” by Holmåsen
and Moberg (1990). The samples were looked with a light microscope after eight days had
passed since the initial setup. The presence and abundance of various microorganisms (such
as ciliates, flagellates, nematodes, rotifers and tardigrades) were recorded. Microorganisms
were identified using “Guide to Identification of Fresh Water Microorganisms”
(https://www.msnucleus.org/watersheds/mission/plankton.pdf) and “Free-Living
Freshwater Protozoa” by Patterson and Hedley (2009). The dishes were surveyed again after
14 and 29 days had passed and the change in microorganisms was recorded.
The tardigrades that could be found were extracted with a Pasteur pipette from the petri
dishes and placed in smaller glass dishes together with some tap water and water,
microorganisms and a smaller piece of moss from the dishes they came from. In total there
were 5 glass dishes with tardigrades which all came from Piteå. After one day, 10 days, and 14
days, the glass dishes were checked and the amount of tardigrades counted. The petri dishes
were also checked after one day and 14 days and any new tardigrades found were moved to
the glass dishes.
At the end of the experiment one tardigrade was extracted from one glass dish (Code: P2)
and put on a microscope slide for identification under a light microscope. The premade
information compendium about tardigrades found in northern Sweden was used for
identification. The tardigrade was identified as Macrobiotus hufelandi.
2.2.3 Agar plates
Preparation of microbiological media: Agar was made by mixing one tenth (5 g/L) of the
standard bacteriological medium nutrient broth, agar (15 g/L) and water and placed in an
autoclave for sterilization. Still warm, the liquid was poured onto petri dishes and left for
cooling and setting.
Inocculation of agar plates: After the agar plates had solidified, they were marked with a pen
into 2 sections; a wet and a dry. A bit of dry moss from all samples was dabbed onto one half
of the dish, while a bit of wet moss was dabbed onto the other half. Two dishes were made as
control; one which was exposed to air (by removing the lid) for 15 seconds, and another
which obtained a hand print (by Niki Andersson). The lid was placed back on all dishes and
they were left for bacteria to grow. Twenty-four hours later the dishes were observed with a
light microscope and the appearance of the bacteria was recorded. After 48 and 96 hours the
agar plates were checked again and the change of the bacterial growth was recorded. A lot of
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mold had started to develop on all agar plates after 16 days except for those from Öland, so
pictures were taken of the plates before the mold had overtaken the whole surface.
Picking of bacterial isolates: Using a sterile inoculation loop heated under a flame, selected
parts of the bacteria colonies were scraped off some of the agar plates and spread onto new
agar plates. In total 24 bacterial colonies were taken; both plates from Öland got 4 samples
each as those were the only plates without mold. The rest of the selected plates got either 2 or
just one sample taken where there was the least amount of mold. Twenty-four ,48, and 240
hours after scraping the new agar plates were checked and the appearance of the bacteria
recorded.
Harvest of bacteria for FISH analysis: Small Eppendorf tubes were filled with 0.5 ml of a
50% solution of EtOH and 1xPBS according to http://www.microbial-systemsecology.de/pdf_files/Fixation_for_fish_2march2013.pdf (protocol II). The bacteria on the
new agar plates were scraped off using a sterile inoculation loop and a small amount from all
24 samples were put into the Eppendorf tubes. After this they were stored at -20 °C.
Determination of Gram stain characteristics: The gram property of the isolates was
evaluated with the quick test KOH http://wiki.bugwood.org/KOH_test; A “string test” was
performed using a sterile inoculation loop and it was recorded which bacteria were grampositive (did not develop a string) and which were gram-negative (did develop a string).
FISH: Isolates were tentatively identified with fluorescence in situ hybridization (FISH).
Different probes were selected based on the database for FISH gene probes:
(http://131.130.66.201/probebase%5Fold/). For G+bacteria, the probes HGC69A (for
Actinobacteria) and LGC354 (for Firmicutes) were selected. For G- bacteria the probes
EUB338 (I) (for Bacteria) and Bet 42a/Gam42a (for beta and gamma-Proteobacteria) were
selected. For the G- bacteria red color got associated to Bacteria while green color got
associated to G-Proteobacteria. For the G+ bacteria red color got associated to Actinobacteria
while blue got associated to Firmicutes. Out of the 24 total samples only four were
considered to be G+ and the remaining 20 G-. FISH was performed based on the Protocol for
standard FISH and DOPE-FISH for prokaryotes: (http://www.microbial-systemsecology.de/pdf_files/StandardFISH_DOPEFISH_9may2013.pdf).
Microscopy: The finished microscope slides were looked at through a Zeiss fluorescence
microscope and the appearance of the bacteria (their structure and color) was recorded.
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3. Results
3.1 Bioinformatics
3.1.1 World map & northern Sweden map
The world map (Fig. 4) shows the locations for tardigrade collection from the studies
included in the Silva database version 128. Tardigrades were collected from 32 different
countries in total. For 24 of those countries the collected tardigrade species were specified
while for 8 countries they were not. Most species were collected from Greenland (16 different
species) while most studies were carried out using Antarctic tardigrades (8 studies). Four
studies investigated tardigrades in Sweden and five different species were collected there.
Eight regions only had one single species collected (Faroe Islands, Iceland, Alaska,
Argentina, Greece, Kenya, Seychelles and England) (See Appendix 1 for list of species and
locations).

Fig. 4. World map with marked countries where tardigrades were collected from the studies in the Silva version
128 database. Countries in red are those where tardigrade species have been specified while countries in blue are
collected unspecific tardigrades.

The full map of Sweden from the Guidetti et al. (2015) report (Fig. 5) shows how many
species of tardigrades that have been found in the different provinces in the country. The
created map of northern Sweden (Fig. 6) shows the exact sites for tardigrade collection in the
provinces Norrbotten, Västerbotten and Lappland, together with two of the collection sites
used in this study (third one being Öland which is not shown on the map). Lappland has the
highest amount of collection sites while Västerbotten has the lowest. Information regarding
the precise description of the substrate (such as moss and lichen species for example) could
not be recorded from the studies as they often lacked this information.
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Fig. 5. Number of tardigrade species collected in the different provinces of Sweden from report by Guidetti et al.
(2015). Bl = Blekinge; Bo = Bohuslän; Da = Dalarna; Dl = Dalsland; Go = Gotland; Gä = Gästrikland; Ha =
Halland; Hd = Härjedalen; Hä = Hälsingland; Jä = Jämtland; La = Lappland; Me = Medelpad; No = Norrbotten;
Nä = Närke; Sk = Skåne; Sm = Småland; Sö = Södermanland; Up =Uppland; Vä = Västerbotten; Vl = Värmland;
Vg = Västergötland; Vm = Västmanland; Ån = Ångermanland; Öl = Öland; Ös= Östergötland.
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Fig. 6. Map over northern Sweden (covering the provinces Norrbotten, Västerbotten and Lappland) showing the
collection sites from previous tardigrade studies (red dots), and two of the collection sites from this study (blue
dots).

3.1.2 Phylogenetic trees
Although the Silva database is known for containing ribosomal gene sequences of better
quality than the NCBI database as well as for having performed a basic alignment, their
alignments are still far from perfect. Prior to the phylogenetic tree reconstructions, a great
effort was spent on manually checking up the alignments and introducing minor
improvements. Due to the limited time of the thesis, only basic changes could be made –
nevertheless, this still improved the quality of the sequences to some extent, so that a better
reconstruction of the trees could be made for this thesis.
The SSU phylogenetic tree include in total 1291 sequences (shown in Appendix 2). It contains
49 different tardigrade genera where 14 of those are specific to SSU (they do not exist in the
LSU tree). More than half of all the sequences (719) are “unspecific”, meaning they are not
affiliated to any genus but are instead named “Tardigrada sp.” “Tardigrada environmental
sample”, “Uncultured eukaryote” etc. The genera including most sequences are Macrobiotus
(130 sequences), Echiniscus (76 sequences), Diphascon (41 sequences), Hypsibius (37
sequences), Ramazzottius (35 sequences) and Milnesium (33 sequences). The outgroup (Fig.
7) contain not only the pre-chosen outgroup organisms but, oddly enough, tardigrades as
well; a few sequences of Hypsibius dujardini.
The LSU phylogenetic tree (Fig. 8) includes in total 230 tardigrade sequences. It contains 39
genera, including 4 that do not appear to exist in the SSU tree based on current analyses. All
sequences in the LSU tree are affiliated to a genus; there are no unspecific sequences
included. The genera including most sequences are Echiniscus (38 sequences), Hypsibius (37
sequences), Macrobiotus (30 sequences) and Echiniscoides (29 sequences). The outgroup
(Fig. 9) is much more “contaminated” with tardigrade sequences than in the SSU tree
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outgroup, including many Ramazzottius, Hypsibius, Diphascon sequences, and one
Glabratella sequence.

Fig. 7. Subset of SSU phylogenetic tree. Outgroup highlighted in red.

Fig. 8. LSU phylogenetic tree created in ARB using parsimony.
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Fig. 9. Subset of LSU phylogenetic tree. Outgroup highlighted in red.

3.1.3 PCR BLAST Probematch & FISH SILVA Probematch
PCR primers used in the tardigrade studies from Silva version 128 together with the BLAST
probematch can be found in the file “Biomarker_PCR_BLASTprobematch.xlsx”. FISH
primers used for Eukarya are found in Appendix 3 together with Silva probematch. Most of
the PCR primers were of decent quality, but they also match a wide variety of organisms and
not just tardigrades. Some of the sequences could not be used in BLAST probematch as the
authors had not stated enough information for a search to be performed. The FISH primers
were far fewer than the PCR primers, and after performing Silva probematch only 18 out of
29 probes matched with tardigrades.

3.2 Laboratory Study
3.2.1 Petri dishes
The type and amount of microorganisms found in the petri dishes with moss and lichen
samples from Vindeln, Piteå and Öland (Fig. 10) after 192, 336 and 696 hours are shown in
Appendix 4. Moss and lichen species are also stated. The following organisms were found:
flagellates (F), Aspidisca ciliates (CA), Glaucoma ciliates (CG), Coleps ciliates (CC),
Loxophyllum ciliates (CL), flatworms (P), nematodes (N), rotifers (R) and tardigrades (T).
The amount of different organisms “few” (f) or “many” (m) was recorded except for
tardigrades where the exact number was stated. The dishes containing tardigrades are
marked with “X”.
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Fig. 10. Experimental setup in the lab with petri dishes containing moss and lichen from Vindeln (V1-V13), Piteå
(P1-P5) and Öland (Ö1 and Ö2).

The extracted tardigrades in the new dishes were checked and counted at various times and
the numbers were recorded (Table 1). Twenty-two tardigrades were found when extracting
the first time, while 19 were found at the end of the experiment.
Table 1. Number of tardigrades found in the glass dishes after 24, 240 and 336 hours and number of tardigrades
added from the original petri dishes after 24 and 336 hours. Samples came from the following moss species: P1 &
P2 = Pleurozium schreberi, P3 = Hylocomium splendens, P4 = Dicranum montanum, P5 = Syntrichia ruralis.

Code

Start

24h: found

24h: added

240h: found

336h: found

336h: added

P1
P2
P3
P4
P5

4
6
5
3 (+1 shell)
4

0
4
1
1 (+1 shell)
0

1

2
6
0
1 (+1 shell)
2 (+1 shell)

2
6
2
1
1

3
3
1

2

3.2.2 Macrobiotus hufelandi
The tardigrade examined under light microscope at the end of the experiment was tentatively
identified based on basic morphological criteria as Macrobiotus hufelandi (Fig. 11). The
genus Macrobiotus was established in 1834 by C.A.S. Schultze when he described the first
species of the genus; M. hufelandi (Mach 2010). It was not only the first Macrobiotus, but
also the first species of tardigrade to be described in the literature (Bertolani and Rebecchi
1993).
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Fig 11. Picture of the tardigrade Macrobiotus hufelandi (Mach 2010)

The most important characteristic of Macrobiotus tardigrades are their claws which have a
special kind of branching (Fig. 12) but the pharyngeal apparatus is important for
identification as well (Mach 2010). Macrobiotus are fairly large, have eye spots (Bertolani
and Rebecchi 1993), and move more quickly than many other tardigrades. Their color is
usually transparent or different shades of brown, but its stomach contents can also be green.
Around 100 Macrobiotus species have been described so far, and they have been collected all
over the world (Mach 2010).

Fig 12. The specific claws of a Macrobiotus tardigrade (Mach 2010).

3.2.3 Agar plates
The development of the bacteria (and mold) on the agar plates that had been dabbed with
dry and wet moss and lichen was recorded after 24, 48, 96 and 384 hours (Fig. 13). General
characteristics such as color, consistency and spread were stated (Appendix 5).
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Fig.13. Appearance of all the agar plates at the end of the experiment (after 384 hours).

3.2.4 FISH-experiment (new agar plates)
Selected bacteria colonies were extracted from the agar plates and spread onto new clean
agar plates. Development of bacteria (and mold) on the new places was recorded after 24, 48
and 240 hours (Appendix 6) (Fig.14). The bacteria colonies were tested for G+/G- and later
examined under a fluorescence microscope with the structure and color of the bacteria
recorded. An example of the typical appearance of G- bactieria can be seen in Fig. 15.
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Fig. 14. Appearance of the new agar plates (used for FISH) after 24, 48 and 240 hours.

Fig. 15. Photo of G- bacteria (sample 1, FISH probe: EUB338 (I)) taken through fluorescence microscope after
performing FISH. (Magnification: 400x)

3.2.5 Macrobiotus FISH probe design and FISH probe match
The results of the FISH probe design for LSU and SSU are shown in Appendix 7 and
Appendix 8. The FISH probe match tables for LSU (biomarker 1372 and biomarker 548) are
located in the files “FISHprobematch_LSU_Macrobiotus_1372.pdf” and
“FISHprobematch_LSU_Macrobiotus_548.pdf”, while the FISH probe match table for SSU
(biomarker 846) are located in the file “FISHprobematch_SSU_Macrobiotus_846.pdf”. A
small overview of the biomarkers can be seen in Table 2.
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Table 2. LSU and SSU biomarkers designed in ARB for the genus Macrobiotus together with E. coli position and
probe sequence.

Type

E. coli position Probe sequence (5'-3')

LSU
LSU
SSU

1372
548

AAGCACAUCCACACCGCU
GCACUAGCCCAACGCAAA
846 CGGAAAGCUGCCCCGUCG
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4. Discussion
4.1 World map & northern Swedish map
The world map (Fig. 4) clearly shows that there needs to be a continuation of tardigrade
research in more regions. While many studies have focused on tardigrades from various
parts in Europe and America, other parts of the world, such as the majority of Asia and
Australia, have obtained much less attention. Many of the studies from the Silva database
128 have solely focused on tardigrades found in arctic regions, but as tardigrades are found
everywhere in the world perhaps more effort should be placed on studying tardigrades from
warmer regions as well. Doing that would contribute to our understanding of how
tardigrades differ in different environments, both when it comes to their biology but also to
their tolerance spectra. It should also be noted that many of the studies were only performed
in the lab (that is; the researchers never ventured out to collect any tardigrades themselves,
but only used material already available from various collections). The countries with
“unspecified” tardigrades also make analysis of the map more complicated, as it is not certain
that some of these even are tardigrades. They could have been misidentified. If this is the
case maybe tardigrades have not been collected from 32 different countries but in fact in less
than that.
The northern Swedish map gives an overview exactly where tardigrades have been collected
from Norrbotten, Västerbotten and Lappland, but there is still a lot of information missing.
Even though the number of tardigrade species has been recorded for the whole provinces by
Guidetti et al. (2015), it has not been stated exactly where in the province these tardigrades
were found. In many cases the articles also do not mention what substrate was collected, and
if it is mentioned it is often on a very basic level such as only “moss” or “lichen”. Overall
northern Sweden has also obtained much less attention compared to southern Sweden when
it comes to tardigrade studies. For the tardigrades found in Norrbotten, Västerbotten and
Lappland only six articles have been written, and the most recent of these was published in
1997 by Sohlenius et al.

4.2 Phylogenetic trees
The SSU phylogenetic tree is overall very large and does not provide a very good overview of
tardigrade genus relatedness, partly because of the many unspecific sequences that are
scattered throughout the tree, and partly because some genera contain huge amounts of
sequences (like the genus Macrobiotus), whereas other tardigrade genus are only
represented by one sequence, often of a lower quality. As all sequences are of varying length
and quality the bigger genera end up having sequences in many places throughout the tree.
LSU have a much neater phylogenetic tree (since the LSU database does not have as many
sequences) but some sequences do still have odd placements. Echiniscus, Diphascon and
Hypsibius for example have more than one placement.
Comparing the SSU and LSU trees we do see that some genera have similar positions in both.
Echiniscus are closely related to a lot of other “-chiniscus” genera in both trees. For a lot of
other genera the positions differ however. There are several possible reasons for the strange
placement of some tardigrades including those in the outgroups: incorrect species
identification by the original authors, bad quality of the sequences, too short sequences,
sequence alignment not done properly, or a combination of these factors. As mentioned in
the result part, although the alignment was improved to some extent further work is most
likely needed for more detailed improvements, in addition it will also be necessary to
improve the quality of many of the so far published gene sequences.
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4.3 Development of microbial cultures on petri dishes
Since the start of the experiment the microorganisms in the petri dishes developed according
to the same principle; all dishes started with none, or very few and very small
microorganisms, and as time passed acquired more, bigger and a greater variety of different
kinds of organisms. However there were still differences between the different cultures on
the petri dishes. Those with moss from Öland had the least amount of microorganisms. The
mosses and lichens from Vindeln had varying amounts; some nothing and some (like the
Cladonia stellaris) developed a fair amount. The dishes from Piteå, however, were the ones
with most organisms and most varying kinds of organisms throughout the whole experiment,
and it was only in those dishes that tardigrades were found. A reason for this difference in
amount of organisms is probably due to the freshness of the collected samples: the Öland
samples had been collected in 2009-2010 while the Vindeln samples had been collected in
2015. The mosses and lichens from those locations had been dry for some time before the
start of the experiment. The moss from Piteå on the other hand was collected only a month
before the start and was kept in closed plastic bags that prevented the samples from drying.
Even after only eight days the Piteå samples had plenty of life, while the samples from
Vindeln and Öland did not. Most likely, the dried samples would have needed a longer time
to acquire a sufficient amount of microorganisms for tardigrades to appear.

4.4 Development of microbial cultures on agar plates
Overall the majority of the cultures on the agar plates had a very similar pattern of
development (Fig. 13). The dry and wet parts developed differently however. The wet parts
started off getting a turbid whitish color during the first days, which later turned into a more
brown hue. After a few days had passed white mold started to sprout which quickly spread
over the wet area and soon covered half of the plate. A few days later, black and green mold
started to appear in various patches across the surface. The dry parts had a slower
development. The first days there were only small colorless colonies. After some time these
colonies grew larger and got a brownish hue. Later the dry parts also started to develop white
mold and after some additional days also green and black mold. Some agar plates developed
cultures in different colors such as yellow or pink by the end of the experiment, but most did
not. The control plate with the hand-print developed several bacteria colonies (and later also
mold), but at a slower rate than the mosses and lichens. The other control plate that had
gotten air (had the lid off) for 15 seconds stayed clear throughout the whole experiment,
indicating the air in the lab was very clean. The plates that stood out mostly from the rest
were those that had gotten dabbed with moss from Öland: those developed a different kind of
white branching bacteria. The reason for this could be that while both Piteå and Vindeln are
somewhat located fairly close to each other Öland is an island in southern Sweden that is well
separated from the mainland.

4.5 Bacteria from agar plates
Looking at the bacteria from the agar plates after FISH in a fluorescence microscope some
general conclusions can be made (see Appendix 6): red rods of various sizes could be found
in almost all G- samples (Fig. 15). This color indicates the presence of bacteria so they should
(preferably) be present in all samples. Almost all G- samples also had a bit of green color,
indicating there were some Proteobacteria in most samples as well. One G- sample stood out,
however; sample 21 (from Vindeln) had weak greenish rods but no red rods at all. Perhaps
the reason for the lack of red is because these were Archaebacteria instead of the assumed
“ordinary” Bacteria? The G+ samples looked very similar; they all had no red color and just a
hint of blue. Maybe this points to there being a misidentification of G+ bacteria and they
were in fact G- bacteria, or maybe the reason for the weak color could be due to there being
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too little biomass in the samples, or that it these samples were not a pure colony of one
species (could contain a mixture of G+ and G- species).

4.6 Macrobiotus biomarker
Macrobiotus hufelandi is a common tardigrade species, both is Sweden and in the rest of the
world, but even though the Silva SSU dataset included 130 Macrobiotus sequences and the
LSU dataset included 30 Macrobiotus sequences, none of these had been collected in
Sweden. Furthermore, specific Macrobiotus biomarkers are not available according to our
survey, thus there was a need for a Macrobiotus biomarker to be made for Swedish
tardigrades.

4.7 Conclusions
More tardigrade studies are needed from not yet explored parts of the world, for example
from warmer regions. While some countries in Europe have obtained somewhat more
attention in terms of tardigrades, there are several other countries where only one or few
species have been studied. When it comes to Sweden, it is evident that more studies have
been performed in the south compared to the north. Öland has for example been a very
popular island for tardigrade research and collection, while the regions in the north have
obtained less attention during the past 20 years.
Reconstruction of phylogenetic trees of two biomarkers (SSU and LSU) showed clearly that
the quality of the gene sequences of tardigrades are far from perfect. Thus, there is a need for
a better quality, identification and alignment of the so far published gene sequences in the
public databases, and of course of new added sequences as well. Better biomarkers are
needed for tardigrades to improve molecular identification. In this study, we designed one
for the Macrobiotus genus.
Although a rather simple procedure with mixed quality of samples (with regard to sampling
occasion, age of sample etc.) was employed to explore microbes associated with tardigrades,
this work shows that different types of microbes can be found in different moss and lichen
samples; however, we are far from understanding their role for tardigrades. Thus, more
research is needed regarding the Bactecia-Tardigrada relationship.

24

5. References
Altiero, T., Rebecchi, L., and Bertolani, R. 2006. Phenotypic variations in the life history of
two clones of Macrobiotus richtersi (Eutardigrada, Macrobiotidae). Hydrobiologia
558: 33-40.
Amann, R.I,, Binder, B.J., Olson, R.J., Chisholm, S.W., Devereux, R. and Stahl, D.A. 1990.
Combination of 16S rRNA-targeted oligonucleotide probes with flow cytometry for
analyzing mixed microbial populations. Applied and Environmental Microbiology
56: 1919–1925.
Amann, R.I., Ludwig, W., Schleifer, K.H. 1995. Phylogenetic identification and in situ
detection of individual microbial cells without cultivation. Microbiological Reviews
59, 143-69.
Anonymous 2001. Qiagen PCR Cloning Handbook for Qiagen PCR Cloning Kit. Mississauga,
ON: Qiagen, Inc.
Baker, B., Moser, D., MacGregor, B., Fishbain, S., Wagner, M., Fry, N., Jackson, B.,
Speolstra, N., Loos, S., Takai, K., Lollar, B., Fredrickson, J., Balkwill, D., Onstott, T.,
Wimpee, C. and Stahl, D. 2003. Related assemblages of sulphate-reducing bacteria
associated with ultradeep gold mines of South Africa and deep basalt aquifers of
Washington State. Environmental Microbiology, 5(4), pp.267-277.
Bailly, J., Fraissinet-Tachet, L., Verner, M., Debaud, J., Lemaire, M., Wésolowski-Louvel, M.
and Marmeisse, R. 2007. Soil eukaryotic functional diversity, a metatranscriptomic
approach. The ISME Journal, 1(7), pp.632-642.
Baker, B.J., Hugenholtz, P., Dawson, S.C. and Banfield, J.F. 2003b. Extremely acidophilic
protists host Rickettsiales-lineage endosymbionts with an intervening sequence in
their 16S rRNA genes. Applied and Environmental Microbiology 69: 5512-5518.
Baker, G.C., Smith, J.J., Cowan, D.A. 2003. Review and re-analysis of domain-specific 16S
primers. J. Journal of Microbiological Methods 55, 541-555.
Bartels, P., Apodaca, J., Mora, C. and Nelson, D. 2016. A global biodiversity estimate of a
poorly known taxon: phylum Tardigrada. Zoological Journal of the Linnean Society,
178(4), pp.730-736.
Beasley, C. W. 1988. Altitudinal distribution of Tardigrada of New Mexico with the
description of a new species. The American Midland Naturalist Journal 120: 436440.
Bertolani, R. and Rebecchi, L. 1993. A revision of the Macrobiotus hufelandi group
(Tardigrada, Macrobiotidae), with some observations on the taxonomic characters of
eutardigrades. Zoologica Scripta, 22(2), pp.127-152.
Bertolani, R. 2001. Evolution of the reproductive mechanisms in tardigrades – a review.
Zoologischer Anzeiger 240(3-4): 247-252.
Bertolani, R., Guidetti, R., Marchioro, T., Altiero, T., Rebecchi, L. and Cesari, M. 2014.
Phylogeny of Eutardigrada: New molecular data and their morphological support lead
to the identification of new evolutionary lineages. Molecular Phylogenetics and
Evolution 76, pp.110-126.
Blaxter, M., De Ley, P., Garey, J., Liu, L., Scheldeman, P., Vierstraete, A., Vanfleteren, J.,
Mackey, L., Dorris, M., Frisse, L., Vida, J. and Thomas, W. 1998. A molecular
evolutionary framework for the phylum Nematoda. Nature, 392, pp.71-75.
Blaxter, M., Elsworth, B. and Daub, J. 2003. DNA taxonomy of a neglected animal phylum:
an unexpected diversity of tardigrades. The Royal Society.
Blaxter, M., Mann, J., Chapman, T., Thomas, F., Whitton, C., Floyd, R. and Abebe, E. 2005.
Defining operational taxonomic units using DNA barcode data. Philosophical
Transactions of the Royal Society B: Biological Sciences, 360(1462), pp.1935-1943.
Bordenstein, S. 2016. Tardigrades (Water Bears).
http://serc.carleton.edu/microbelife/topics/tardigrade/index.html (2016-09-01)
Borneman, J. and Hartin, R. 2000. PCR Primers That Amplify Fungal rRNA Genes from
Environmental Samples. Applied and Environmental Microbiology, 66(10), pp.43564360.
25

Brusca, R., G, Brusca. 2003 Invertebrates (2nd Edition). Sunderland, MA: Sinauer
Associates.
Budd, G. 2001. Tardigrades as 'Stem-Group Arthropods': The Evidence from the Cambrian
Fauna. Zoologischer Anzeiger. 240 (3–4): 265–279.
Calloway, S., Miller, W., Johansson, C. and Whiting, J. 2011. Tardigrades of North America:
Oreella chugachii, a new species (Heterotardigrada, Echiniscoide, Oreellidae) from
Alaska. Proceedings of the Biological Society of Washington, 124(1), pp.28-39.
Cameron, K., Hodson, A. and Osborn, A. 2012. Structure and diversity of bacterial,
eukaryotic and archaeal communities in glacial cryoconite holes from the Arctic and
the Antarctic. FEMS Microbiology Ecology, 82(2), pp.254-267.
Chatzinotas, A., Schellenberger, S., Glaser, K. and Kolb, S. 2013. Assimilation of CelluloseDerived Carbon by Microeukaryotes in Oxic and Anoxic Slurries of an Aerated Soil.
Applied and Environmental Microbiology, 79(18), pp.5777-5781.
Chigineva, N., Aleksandrova, A., Marhan, S., Kandeler, E. and Tiunov, A. 2011. The
importance of mycelial connection at the soil–litter interface for nutrient
translocation, enzyme activity and litter decomposition. Applied Soil Ecology, 51,
pp.35-41.
Christner, B., Kvitko, B. and Reeve, J. 2003. Molecular identification of Bacteria and Eukarya
inhabiting an Antarctic cryoconite hole. Extremophiles, 7, pp.177–183.
Ciobanu, D., Moglan, I., Zawierucha, K. and Kaczmarek, Ł. 2014. New records of terrestrial
tardigrades (Tardigrada) from Ceahlău National Park with zoogeographical and
taxonomical remarks on Romanian water bears. North-Western Journal of Zoology
10, pp.5-21.
Colgan, D., McLauchlan, A., Wilson, G., Livingston, S., Edgecombe, G., Macaranas, J., Cassis,
G. and Gray, M. 1998. Histone H3 and U2 snRNA DNA sequences and arthropod
molecular evolution. Australian Journal of Zoology, 46(5), p.419.
Colgan, D. J., W. F. Ponder, E. Beacham & J. M. Macaranus, 2003. Gastropod phylogeny
based on six segments from four genes representing coding or non-coding and
mitochondrial or nuclear DNA. Molluscan Research, 23: 123-148.
Coolen, M., van de Giessen, J., Zhu, E. and Wuchter, C. 2011. Bioavailability of soil organic
matter and microbial community dynamics upon permafrost thaw. Environmental
Microbiology, 13(8), pp.2299-2314.
Cooper, K.W. 1964. The first fossil tardigrade: Beorn leggi, from Cretaceous Amber. Psyche –
Journal of Entomology. 71 (2): 41.
Crum, H. 1976. Mosses of the Great Lakes Forest, revised edition. University of Michigan 10:
1-404.
Czechowski, P., Sands, C., Adams, B., D'Haese, C., Gibson, J., McInnes, S. and Stevens, M.
2012. Antarctic Tardigrada: a first step in understanding molecular operational
taxonomic units (MOTUs) and biogeography of cryptic meiofauna. Invertebrate
Systematics, 26(6), p.526.
Dabert, M., Witalinski, W., Kazmierski, A., Olszanowski, Z. and Dabert, J. 2010. Molecular
phylogeny of acariform mites (Acari, Arachnida): Strong conflict between
phylogenetic signal and long-branch attraction artifacts. Molecular Phylogenetics
and Evolution, 56(1), pp.222-241.
Dabert, M., Dastych, H., Hohberg, K. and Dabert, J. 2014. Phylogenetic position of the
enigmatic clawless eutardigrade genus Apodibius Dastych, 1983 (Tardigrada), based
on 18S and 28S rRNA sequence data from its type species A. confusus. Molecular
Phylogenetics and Evolution, 70, pp.70-75.
Dastych, H. 1988. The Tardigrada of Poland. Monografie Fauny Polski. Vol. 16. Institute of
Systematics and Evolution of Animals, Polish Academy of Sciences, Kraków, Poland,
pp. 1-255.
Dawson, S. C., and N. R. Pace. 2002. Novel kingdom-level eukaryotic diversity in anoxic
environments. Proceedings of the National Academy of Sciences USA 99:8324–
8329.
26

Dean, C. 2015. The Tardigrade: Practically Invisible, Indestructible 'Water Bears'.
http://www.nytimes.com/2015/09/08/science/the-tardigrade-water-bear.html New
York Times. (2016-09-02)
Degma, P., Bertolani, R. & Guidetti, R. 2015. Actual checklist of Tardigrada species (Version
29: 15-12-2015).
De Ley, P., De Ley, I., Morris, K., Abebe, E., Mundo-Ocampo, M., Yoder, M., Heras, J.,
Waumann, D., Rocha-Olivares, A., Jay Burr, A., Baldwin, J. and Thomas, W. 2005.
An integrated approach to fast and informative morphological vouchering of
nematodes for applications in molecular barcoding. Philosophical Transactions of the
Royal Society B: Biological Sciences, 360(1462), pp.1945-1958.
DeLong, E.F., Wu, K.Y., Prezelin, B.B., and Jovine, R.V.M. 1994. High abundance of Archaea
in Antarctic marine picoplankton. Nature 371: 695–697.
Devasurmutt, Y. and Arpitha, B. 2016. An Introduction to phylum Tardigrada - Review.
IJLTEMAS, 5(5), pp.48-52.
Diez, B., Pedros-Alio, C. and Massana, R. 2001. Study of Genetic Diversity of Eukaryotic
Picoplankton in Different Oceanic Regions by Small-Subunit rRNA Gene Cloning and
Sequencing. Applied and Environmental Microbiology, 67(7), pp.2932-2941.
Dopheide, A., Lear, G., Stott, R. and Lewis, G. 2008. Molecular Characterization of Ciliate
Diversity in Stream Biofilms. Applied and Environmental Microbiology, 74(6),
pp.1740-1747.
Edgecombe, G. and Giribet, G. 2006. A century later – a total evidence re-evaluation of the
phylogeny of scutigeromorph centipedes (Myriapoda:Chilopoda). Invertebrate
Systematics, 20(5), p.503.
Folmer, O., Black, M., Hoeh, W., Lutz, R. & Vrijenhoek, R. 1994. DNA primers for
amplification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan
invertebrates. Molecular Marine Biology and Biotechnology, 3, 294–299.
Fortin, N., Beaumier, K.L., and Greer ,C.W. 2004. Soilwashing improves the recovery of total
community DNA from polluted and high organic content sediments. Journal of
Microbiological Methods 56, 181–191.
Fox, I. 1966. On the significance of tardigrades in the digestive tract of snails. Proceedings of
the First International Congress of Parasitology 2: 1064.
Freeman, K.R., Martin, A.P., Karki, D., Lynch, R.C., Mitter, M.S., Meyer, A.F., Longcore, J.E.,
Simmons, D.R., Schmidt, S.K. 2009. Evidence that chytrids dominate fungal
communities in high-elevation soils. Proceedings of the National Academy of
Sciences USA 106:18315–18320.
Garey, J. R., McInnes, S. J., and Nichols, P. B. 2008. Global diversity of tardigrades
(Tardigrada) in freshwater. Hydrobiologia 595: 101-106.
Giovannoni, S.J., DeLong, E.F., Olsen, G.J. and Pace, N.R. 1988. Phylogenetic group-specific
oligodeoxynucleotide probes for identification of single microbial cells. Journal of
Bacteriology170: 720-726.
Giribet, G., Carranza, S., Baguna, J., Riutort, M. and Ribera, C. 1996. First molecular
evidence for the existence of a Tardigrada + Arthropoda clade. Molecular Biology
and Evolution, 13(1), pp.76-84.
Glime, Janice M. 2014. Bryophyte Ecology. Volume 2. Bryological Interaction. Ebook
sponsored by Michigan Technological University and the International Association of
Bryologists. http://www.bryoecol.mtu.edu/ (2016-12-21)
Greven, H. 2007. Comments on the eyes of tardigrades. Arthropod structure & development.
Grimaldi D.A. and Engel M.S. 2005. Evolution of the Insects. Cambridge University Press.
pp. 96–97. ISBN 0-521-82149-5.
Guidetti, R., Schill, R., Bertolani, R., Dandekar, T. and Wolf, M. 2009. New molecular data
for tardigrade phylogeny, with the erection of Paramacrobiotus gen. nov. Journal of
Zoological Systematics and Evolutionary Research, 47(4), pp.315-321.
Guidetti, R., Peluffo, J., Rocha, A., Cesari, M. and de Peluffo, M. 2013. The morphological
and molecular analyses of a new South American urban tardigrade offer new insights
27

on the biological meaning of the Macrobiotus hufelandi group of species (Tardigrada:
Macrobiotidae). Journal of Natural History, 47(37-38), pp.2409-2426.
Guidetti, R., Rebecchi, L., Cesari, M. and McInnes, S. 2014. Mopsechiniscus franciscae, a
new species of a rare genus of Tardigrada from continental Antarctica. Polar Biology,
37(9), pp.1221-1233.
Guidetti, R., Jönsson, K. and Kristensen, R. 2015. Tardigrades of Sweden; an updated checklist. Zootaxa, 3981(4), p.491.
Guil, N. and Giribet, G. 2009. Fine scale population structure in the Echiniscus blumicanadensis series (Heterotardigrada, Tardigrada) in an Iberian mountain range—
When morphology fails to explain genetic structure. Molecular Phylogenetics and
Evolution, 51(3), pp.606-613.
Guil, N. and Giribet, G. 2012. A comprehensive molecular phylogeny of tardigrades-adding
genes and taxa to a poorly resolved phylum-level phylogeny. Cladistics, 28(1), pp.2149.
Guil, N., Hortal, J., Sánchez-Moreno, S., and Machordom, A. 2009. Effects of macro and
micro-environmental factors on the species richness of terrestrial tardigrade
assemblages in an Iberian mountain environment. Landscape Ecology 24: 375-390.
Guil, N., Jørgensen, A., Giribet, G. and Kristensen, R. 2013. Congruence between molecular
phylogeny and cuticular design in Echiniscoidea (Tardigrada, Heterotardigrada).
Zoological Journal of the Linnean Society, 169(4), pp.713-736.
Hallingbäck, T. and Holmasen, I. 1985. Mossor. 1st ed. Stockholm: Interpublishing.
Hallmann, C., Friedenberger, H., Hause-Reitner, D. and Hoppert, M. 2015. Depth profiles of
microbial colonization in sandstones. Geomicrobiology Journal, 32(3-4), pp.365379.
Hamilton, H., 2003. A molecular approach to assessing meiofauna diversity in marine
sediments. M.S. thesis, Department of Biology. University of South Florida.
Hamilton, H., Strickland, M., Wickings, K., Bradford, M. and Fierer, N. 2009. Surveying soil
faunal communities using a direct molecular approach. Soil Biology and
Biochemistry, 41(6), pp.1311-1314.
Hebert, P., Cywinska, A., Ball, S. and deWaard, J. 2003. Biological identifications through
DNA barcodes. Proceedings of the Royal Society B: Biological Sciences, 270(1512),
pp.313-321.
Hillis, D. and Dixon, M. 1991. Ribosomal DNA: Molecular Evolution and Phylogenetic
Inference. The Quarterly Review of Biology, 66(4), pp.411-453.
Jönsson, K. I. 2003. Population density and species composition of moss-living tardigrades
in a boreo-nemoral forest. Ecography 26: 356-364.
Jönsson, K., Rabbow, E., Schill, R., Harms-Ringdahl, M. and Rettberg, P. 2008. Tardigrades
survive exposure to space in low Earth orbit. Current Biology, 18(17), pp.R729-R731.
Jørgensen, A., Faurby, S., Hansen, J., Møbjerg, N. and Kristensen, R. 2010. Molecular
phylogeny of Arthrotardigrada (Tardigrada). Molecular Phylogenetics and Evolution,
54(3), pp.1006-1015.
Jørgensen, A., Møbjerg, N. and Kristensen, R. 2011. Phylogeny and evolution of the
Echiniscidae (Echiniscoidea, Tardigrada) - an investigation of the congruence
between molecules and morphology. Journal of Zoological Systematics and
Evolutionary Research, 49, pp.6-16.
Kaczmarek, Ł., Zawierucha, K., Dziamięcki, J., Jakubowska, N. and Michalczyk, Ł. 2014. New
tardigrade records for the Baltic states with a description of Minibiotus formosus sp.
n. (Eutardigrada, Macrobiotidae). ZooKeys 408, pp.81-105.
Kagoshima, H., Imura, S. and Suzuki, A. 2013. Molecular and morphological analysis of an
Antarctic tardigrade, Acutuncus antarcticus. Journal of Limnology, 72(1s).
Kathman, R. D. and Cross, S. F. 1991. Ecological distribution of moss-dwelling tardigrades on
Vancouver Island, British Columbia, Canada. Canadian Journal of Zoology 69: 122129.

28

Kiehl, E.T., Dastych H., D’Haese, J., Greven, H. 2007. The 18S rDNA sequences support
polyphyly of the Hypsibiidae (Eutardigrada). Journal of Limnology 66(Suppl. 1):21–
25.
Kinchin, I. M. 1994. The Biology of Tardigrades. Blackwell Publishing Co., London, 186 pp.
Kristensen, R.M. 1984. On the biology of Wingstrandarctus corallinus nov. gen. et spec., with
notes on the symbiontic bacteria in the subfamily Florarctinae (Arthrotardigrada).
Videnskabelige Meddelelser fra Dansk Naturhistorisk Forening 145: 201-218.
Kushida, A. 2013. Design and Evaluation of PCR Primers for Denaturing Gradient Gel
Electrophoresis Analysis of Plant Parasitic and Fungivorous Nematode Communities.
Microbes and Environments, 28(2), pp.269-274.
Kuske, C., Barns, S., Grow, C., Merrill, L. and Dunbar, J. 2006. Environmental Survey for
Four Pathogenic Bacteria and Closely Related Species Using Phylogenetic and
Functional Genes*. Journal of Forensic Sciences, 51(3), pp.548-558.
Lane, D.J., Pace, B., Olsen, G.J., Stahl, D.A., Sogin, M.L., and Pace, N.R. 1985. Rapiddetermination of 16S ribosomal-RNA sequences for phylogenetic analyses.
Proceedings of the National Academy of Sciences USA 82: 6955–6959.
Lane D,J., 1991. 16S/23S rRNA sequencing. Nucleic Acid Techniques in Bacterial Systematics
(Stackebrandt E & Goodfellow M, eds), pp. 115–175. Wiley, London.
Ley, P., Nadler, S., Thomas, W., Frisse, L., Felix, M. and Sternberg, P. 1999. Molecular and
morphological characterisation of two reproductively isolated species with mirrorimage anatomy (Nematoda: Cephalobidae). Nematology, 1(6), pp.591-612.
Lim, E.L., Amaral, L.A., Caron, D.A. and DeLong, E.F. 1993. Application of ribosomal RNAbased probes for observing marine nanoplanktonic protists. Applied and
Environmental Microbiology 59: 1647-1655.
Lopez-Garcia, P., F. Rodriguez-Valera, C. Pedros-Alio, and D. Moreira. 2001. Unexpected
diversity of small eukaryotes in deep-sea Antarctic plankton. Nature 409:603–607.
Mach, Martin. 2010. The Water Bear web base Still Images I. Overview.
http://www.baertierchen.de/tardigrada.html (2017-01-02)
Mallatt, J., Garey, J. and Shultz, J. 2003. Ecdysozoan phylogeny and Bayesian inference: first
use of nearly complete 28S and 18S rRNA gene sequences to classify the arthropods
and their kin. Molecular Phylogenetics and Evolution.
Marcus, E. 1929. Tardigrada. In H.G. Bronn (ed.) Klassen und Ordnungen des tierreichs. Vol
5, Seciont 4, Part 3: 1-608.
Markmann, M., 2000. Entwicklung und Anwendung einer 28S rDNASequenzdatenbank zur
Aufschlüsselung der Artenvielfalt limnischer Meiobenthosfauna im Hinblick auf den
Einsatz moderner Chiptechnologie. Dissertation zur Erlangung des Doktorgrades der
Naturwissenschaften der Fakultät für Biologie der Ludwig Maximilians Universität
München: 193.
Markmann, M. and Tautz, D. 2005. Reverse taxonomy: an approach towards determining
the diversity of meiobenthic organisms based on ribosomal RNA signature sequences.
Philosophical Transactions of the Royal Society B: Biological Sciences, 360(1462),
pp.1917-1924.
Marley, N., McInnes, S. and Sands, C. 2011. Phylum Tardigrada: A re-evaluation of the
Parachela. Zootaxa, 2819, pp.51–64.
Mathews, G. B. 1938. Tardigrada of North America. The American Midland Naturalist
Journal 19: 619-627.
McArthur, A. and Koop, B. 1999. Partial 28S rDNA Sequences and the Antiquity of
Hydrothermal Vent Endemic Gastropods. Molecular Phylogenetics and Evolution,
13(2), pp.255-274.
McFall-Ngai, M., Hadfield, M., Bosch, T., Carey, H., Domazet-Lošo, T., Douglas, A., Dubilier,
N., Eberl, G., Fukami, T., Gilbert, S., Hentschel, U., King, N., Kjelleberg, S., Knoll, A.,
Kremer, N., Mazmanian, S., Metcalf, J., Nealson, K., Pierce, N., Rawls, J., Reid, A.,
Ruby, E., Rumpho, M., Sanders, J., Tautz, D. and Wernegreen, J. 2013. Animals in a
bacterial world, a new imperative for the life sciences. Proceedings of the National
Academy of Sciences, 110(9), pp.3229-3236.
29

Medlin, L., Elwood, H.J., Stickel, S., Sogin M.L. 1988. The characterization of enzymatically
amplified eukaryotic 16S-like rRNA-coding regions. Gene 71:491-499.
Meininger, C. A. and Spatt, P. D. 1988. Variations of tardigrade assemblages in dustimpacted Arctic mosses. Arctic, Antarctic, and Alpine Research 20: 24-30.
Meldal, B., Debenham, N., De Ley, P., De Ley, I., Vanfleteren, J., Vierstraete, A., Bert, W.,
Borgonie, G., Moens, T., Tyler, P., Austen, M., Blaxter, M., Rogers, A. and
Lambshead, P. 2007. An improved molecular phylogeny of the Nematoda with special
emphasis on marine taxa. Molecular Phylogenetics and Evolution, 42(3), pp.622636.
Meyer, H. A. and Hinton, J. 2007. Limno-terrestrial Tardigrada of the Nearctic Realm. In: G.
Pilato, G. and Rebecchi, L. (eds.). Proceedings of the Tenth International Symposium
on Tardigrada. Journal of Limnology 66 (Suppl. 1): 97-103.
Miller, W. R. and Heatwole, H. 1995. Tardigrades of the Australian Antarctic Territories: The
Mawson Coast, East Antarctica. Invertebrate Biology 114(1): 27-38.
Miller, W. (2011) Tardigrades.
http://www.americanscientist.org/issues/pub/2011/5/tardigrades/1 American
Scientist. (2016-09-02)
Mironov, S., Dabert, J. and Dabert, M. 2012. A new feather mite species of the genus
Proctophyllodes Robin, 1877 (Astigmata: Proctophyllodidae) from the Long-tailed Tit
Aegithalos caudatus (Passeriformes: Aegithalidae)—morphological description with
DNA barcode data. Zootaxa, 3253, pp.54–61.
Moberg, R. and Holmasen, I. 1990. Lavar. 1st ed. Stockholm: Interpublishing.
Mobjerg, N., Jorgensen, A., Eibye-Jacobsen, J., Agerlin Halberg, K., Persson, D. and Mobjerg
Kristensen, R. 2007. New records on cyclomorphosis in the marine eutardigrade
Halobiotus crispae (Eutardigrada: Hypsibiidae). Journal of Limnology, 66(1s),
p.132.
Moon, S. and Kim, W. 1996. Phylogenetic position of the Tardigrada based on the 18S
ribosomal RNA gene sequences. Zoological Journal of the Linnean Society, 116(1-2),
pp.61-69.
Morek, W., Gąsiorek, P., Stec, D., Blagden, B. and Michalczyk, Ł. 2016. Experimental
taxonomy exposes ontogenetic variability and elucidates the taxonomic value of claw
configuration in Milnesium Doyère, 1840 (Tardigrada: Eutardigrada: Apochela).
Contributions to Zoology, 85(2), pp.173-200.
Nakai, R., Abe, T., Baba, T., Imura, S., Kagoshima, H., Kanda, H., Kohara, Y., Koi, A., Niki,
H., Yanagihara, K. and Naganuma, T. 2012. Eukaryotic phylotypes in aquatic moss
pillars inhabiting a freshwater lake in East Antarctica, based on 18S rRNA gene
analysis. Polar Biology, 35(10), pp.1495-1504.
Nelson, D. R. 1975. Ecological distribution of Tardigrada on Roan Mountain, Tennessee North Carolina. In: Higgins, R. P. (ed.). Proceedings of the First International
Symposium on Tardigrades. Memorie Dell'Istituto Italiano Di Idrobiologia, Suppl.
32: 225-276.
Nelson, D. 2002. Current status of the Tardigrada: Evolution and ecology. Integrative and
Comparative Biology, 42/3: 652-659.
Nishida, H., Sugiyama, J., 1993. Phylogenetic relationships among Taphrina, Saitoella, and
other higher fungi. Molecular Biology and Evolution 10, 431–436.
Nold, S., Zajack, H. and Biddanda, B. 2010. Eukaryal and archaeal diversity in a submerged
sinkhole ecosystem influenced by sulfur-rich, hypoxic groundwater. Journal of Great
Lakes Research, 36(2), pp.366-375.
Nubel, U., Garcia-Pichel, F. and Muyzer, G. 1997. PCR Primers To Amplify 16S rRNA Genes
from Cyanobacteria. Applied and Environmental Microbiology, 63(8), pp.3327–
3332.
O'Brien, H., Parrent, J., Jackson, J., Moncalvo, J. and Vilgalys, R. 2005. Fungal Community
Analysis by Large-Scale Sequencing of Environmental Samples. Applied and
Environmental Microbiology, 71(9), pp.5544-5550.
30

Osborn A, M., Moore, E.R.B., and Timmis, K.N. 2000. An evaluation of terminal-restriction
fragment length polymorphism (T-RFLP) analysis for the study of microbial
community structure and dynamics. Environmental Microbiology 2: 39–50.
Otterholt, E., Charnock, C. 2011. Identification and phylogeny of the small eukaryote
population of raw and drinking waters. Water Research 45:2527–2538.
Patterson, D. and Hedley, S. 2009. Free-living freshwater protozoa. 1st ed. London: Manson
Publishing.
Perry, E.S., Miller, W.R. and Lindsay, S. 2015. Looking at tardigrades in a new light: using
epiflourescence to interpret structure. Journal of Microscopy.
Pilato, G. 1979. Correlations between cryptobiosis and other biological characteristics in
some soil animals. Bollettino di Zoologia 46: 319-332.
Pohlad, B. R. and Bernard, E. C. 1978. A new species of Entomophthorales parasitizing
tardigrades. Mycologia 70: 130-139.
Prendini, L., Weygoldt, P. and Wheeler, W. 2005. Systematics of the group of African whip
spiders (Chelicerata: Amblypygi): Evidence from behaviour, morphology and DNA.
Organisms Diversity & Evolution, 5(3), pp.203-236.
Ragon, M., Restoux, G., Moreira, D., Møller, A. and López-García, P. 2011. Sunlight-Exposed
Biofilm Microbial Communities Are Naturally Resistant to Chernobyl IonizingRadiation Levels. PLoS ONE, 6(7), p.e21764.
Ramazzotti, G. and Maucci, W. 1983. Il Phylum Tardigrada. [The phylum Tardigrada – 3rd
edition: English translation by C. W. Beasley.]. Memorie Dell'Istituto Italiano Di
Idrobiologia. 41: 1-1011.
Regier, J.C., Shi, D. 2005. Increased yield of PCR product from degenerate primers with
nondegenerate, nonhomologous 5¢ tails. BioTechniques 38:34–38.
Richters, F. 1904. Beitrag zur Verbreitung der Tardigraden im sudlichen Skandinavien und
an der Mecklenburgischen Kuste. Zoologischer Anzeiger, 28 (9), 347–352.
Robeson, M., Costello, E., Freeman, K., Whiting, J., Adams, B., Martin, A. and Schmidt, S.
2009. Environmental DNA sequencing primers for eutardigrades and bdelloid
rotifers. BMC Ecology, 9(1), p.25.
Romano, F. 2003. On Water Bears. Florida Entomologist, 86(2), pp.134-137.
Ruppert, E., R. Fox, R. Barnes. 2004. Invertebrate zoology: A functional evolutionary
approach (7th Edition). Belmont, CA: Thomson-Brooks/Cole.
Sánchez-Moreno, S., Ferris, H., and Guil, N.. 2008. Role of tardigrades in the suppressive
service of a soil food web. Agriculture, Ecosystems & Environment 124: 187-192.
Sands, C., Convey, P., Linse, K. and McInnes, S. 2008a. Assessing meiofaunal variation
among individuals utilising morphological and molecular approaches: an example
using the Tardigrada. BMC Ecology, 8(1), p.7.
Sands, C., McInnes, S., Marley, N., Goodall-Copestake, W., Convey, P. and Linse, K. 2008b.
Phylum Tardigrada: an ‘‘individual’’ approach. Cladistics, 24, pp.861–871.
Schill, R. O., Jönsson, K. I., Fannkuchen, M., and Brümmer, F. 2011. Food of tardigrades: a
case study to understand food choice, intake and digestion. J. 49 (suppl 1): 66-70.
Schmidt, S. and Darcy, J. 2014. Phylogeny of ulotrichalean algae from extreme high-altitude
and high-latitude ecosystems. Polar Biology, 38(5), pp.689-697.
Schwendinger, P. and Giribet, G. 2005. The systematics of the south-east Asian genus
Fangensis Rambla (Opiliones:Cyphophthalmi:Stylocellidae). Invertebrate
Systematics, 19(4), p.297.
Sogin ,M.L., and Gunderson, J.H. 2006. Structural diversity of eukaryotic small subunit
ribosomal RNAs. Annals of the New York Academy of Sciences 503: 125–139.
Sohlenius, B., Boström, S. and Ekebom, A. 1997. Metazoan microfauna in an ombrotrophic
mire at Abisko, northern Sweden. European Journal of Soil Biology, 33, 31–39.
Steven, B., Gallegos-Graves, L., Yeager, C., Belnap, J. and Kuske, C. 2014. Common and
distinguishing features of the bacterial and fungal communities in biological soil
crusts and shrub root zone soils. Soil Biology and Biochemistry, 69, pp.302-312.

31

Stoeck, T., B. Hayward, S. S. Epstein, G. T. Taylor, and R. Varela. 2006. A multiple PCRprimer approach to access the microeukaryotic diversity in environmental samples.
Protist 157:31–43.
Telford, M., Bourlat, S., Economou, A., Papillon, D. and Rota-Stabelli, O. 2008. The
evolution of the Ecdysozoa. Philosophical Transactions of the Royal Society B:
Biological Sciences, 363(1496), pp.1529-1537.
Teske, A., Hinrichs, K., Edgcomb, V., de Vera Gomez, A., Kysela, D., Sylva, S., Sogin, M. and
Jannasch, H. 2002. Microbial Diversity of Hydrothermal Sediments in the Guaymas
Basin: Evidence for Anaerobic Methanotrophic Communities. Applied and
Environmental Microbiology, 68(4), pp.1994-2007.
Utsugi, K., Hiraoka, T., and Nunomura, N. 1997. On the relations between tardigrade fauna
and bryophyte flora in Toyama Prefecture. Bull. Toyama Science Museum. 20: 57-71.
Vainio, E.J., Hallaksela, A.M., Lippone, K., and Hantula, J. 2005. Direct analysis of
ribosomal DNA in denaturing gradients: application on the effect sof Phlebiopsis
gigantea treatment on fungal communities of conifer stumps. Mycological Research
109, 103–114.
Vecchi, M., Vicente, F., Guidetti, R., Bertolani, R., Rebecchi, L. and Cesari, M. 2016.
Interspecific relationships of tardigrades with bacteria, fungi and protozoans, with a
focus on the phylogenetic position of Pyxidium tardigradum (Ciliophora). Zoological
Journal of the Linnean Society, 178(4), pp.846-855.
Vetriani, C., Tran, H.V., Kerkhof, L.J. 2003. Fingerprinting microbial assemblages the
oxic/anoxic chemocline of the Black Sea. Applied and Environmental Microbiology
69, 6481–6488.
Vilgalys, R. and Hester, M. 1990. Rapid genetic identification and mapping of enzymatically
amplified ribosomal DNA from several Cryptococcus species. Journal of
Bacteriology, 172(8), pp.4238-4246.
Walters, W.A., Caporaso, J.G., Lauber, C.L., Berg-Lyons, D., Fierer, N., Knight, R. 2011.
PrimerProspector: de novo design and taxonomic analysis of barcoded PCR primers.
Bioinformatics. 10.1093/bioinformatics/btr087.
Walz, B. 1982. Molting in Tardigrada. A review including new results on cuticle formation in
Macrobiotus hufelandi. In: Nelson, D. R. (ed.). Proceedings of the Third International
Symposium on the Tardigrada, August 3–6, 1980, Johnson City, Tennessee. East
Tennessee State University P Johnson City, pp. 129-147.
Wang, Y., Qian, P.Y. 2009. Conservative Fragments in Bacterial 16S rRNA Genes and Primer
Design for 16S Ribosomal DNA Amplicons in Metagenomic Studies. PLoS ONE 4,
e7401.
Wełnicz, W., Grohme, M., Kaczmarek, Ł., Schill, R. and Frohme, M. 2011. ITS-2 and 18S
rRNA data from Macrobiotus polonicus and Milnesium tardigradum (Eutardigrada,
Tardigrada). Journal of Zoological Systematics and Evolutionary Research, 49,
pp.34-39.
White, T.J., T. Bruns, S. Lee, and J.W. Taylor. 1990. Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. Pp. 315-322 In: PCR Protocols: A
Guide to Methods and Applications, eds. Innis, M.A., D.H. Gelfand, J.J. Sninsky, and
T.J. White. Academic Press, Inc., New York.
Whiting, M., Carpenter, J., Wheeler, Q. and Wheeler, W. 1997. The Stresiptera Problem:
Phylogeny of the Holometabolous Insect Orders Inferred from 18S and 28S
Ribosomal DNA Sequences and Morphology. Systematic Biology, 46(1), p.1.
Winder, R., Lamarche, J., Constabel, C. and Hamelin, R. 2013. The effects of high-tannin leaf
litter from transgenic poplars on microbial communities in microcosm soils.
Frontiers in Microbiology, 4.
Wright, J. C. 1991. The significance of four xeric parametres in the ecology of terrestrial
Tardigrada. Journal of Zoology 224: 59-77.
Wu, T., Ayres, E., Bardgett, R., Wall, D. and Garey, J. 2011. Molecular study of worldwide
distribution and diversity of soil animals. Proceedings of the National Academy of
Sciences, 108(43), pp.17720-17725.
32

Zantke, J., Wolff, C. and Scholtz, G. 2007. Three-dimensional reconstruction of the central
nervous system of Macrobiotus hufelandi (Eutardigrada, Parachela): implications for
the phylogenetic position of Tardigrada. Zoomorphology 127(1), pp.21-36.
Zhang, Z-Q. 2011. Animal biodiversity: An introduction to higher-level classification and
taxonomic richness. Zootaxa. 3148: 7–12.
Zheng, D., Alm, E.W., Stahl, D.A., Raskin, L. 1996. Characterization of Universal SmallSubunit rRNA Hybridization Probes for Quantitative Molecular Microbial Ecology
Studies. Appl. Environ. Microbiol. 62, 4504-4513.

33

34

