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INTRODUCTION

The importance of soil organisms in global ecosystem services, as well as local
level ecosystem dynamics has been increasingly recognized (Bever et al., 2010).
However, studying them, and the ecosystems they inhabit, is challenging. As they
are belowground, and mostly microscopic in size, many of the methods utilized
aboveground are not applicable to soil ecosystems. The development of DNA
metabarcoding and other molecular techniques has given rise to a massive
accumulation of biodiversity information on soil organisms during the last de-
cades (Tiedje et al., 1999). However, we should not exclusively focus on explo-
rative studies, in which samples are collected and sequenced, and a list of taxa
reported, but attempt to address ecological hypothesis and ultimately gain more
knowledge about the underlying workings of the natural world. Indeed, despite
the accumulation of metabarcoding data, we still know comparatively little about
the biotic drivers affecting soil communities, and about the functions of individual
soil organisms. The development and utilization of a suitable suit of methods is
therefore instrumental for the understanding and maintenance of these eco-
systems and their taxa.

Plant roots are a good starting point for soil ecosystem studies, as they are
directly linked to the aboveground ecosystems (Bever et al., 2010). Roots are also
a site particularly rich in interactions and organisms, as many soil animals, pro-
tists, bacteria and fungi are particularly abundant in and around the roots, in the
area known as the rhizosphere (Izumi & Finlay, 2011). Plants can be considered
foundational species, because genetic and phenotypic changes in their traits may
affect a multitude of interacting organisms including root, rhizosphere and foliar
microbes, pollinators and herbivores, and indirectly the predators (Linhart &
Grant, 1996). Indeed, plant species has been shown to be a major driver of root
fungal community composition (Ishida et al., 2007), and plant genotype has been
shown to influence communities of foliar fungi. On the other hand, soil organisms
can also have profound effects on vegetation dynamics (Y. Liu et al., 2021; Pineda
et al., 2010; Wubs et al., 2016). For example, symbiotic or pathogenic fungi in
and around plant roots form dynamic communities, which may significantly
benefit or hinder the growth and fitness of the plant (Alberton et al., 2009; Begum
et al., 2019; Cahill et al., 2008; Hartley & Gange, 2009; Tedersoo et al., 2020;
Waubs et al., 2016). Furthermore, past vegetation may affect current vegetation
through soil legacies (Hannula et al., 2021; Putten et al., 2013), which may aid or
obstruct the growth of new plants via the microbial communities in the soil.

Among root inhabiting fungi, so-called mycorrhizal fungi are particularly im-
portant (Smith & Read, 2008; Tedersoo et al., 2020) These fungi form a sym-
biosis with plant roots that usually garners nutritional benefits (Smith & Read,
2008), although their mutualistic nature is nowadays not considered a given in all
circumstances (Hoeksema et al., 2010). The mycorrhizal symbiosis is particularly
interesting due to its global and taxonomic prevalence (Davison et al., 2015;
Tedersoo et al., 2014) ancient nature (Bonfante & Genre, 2008; Tedersoo et al.,



2010), and ecological impact (Tedersoo et al., 2020). Indeed, in addition to their
important role in plant nutrition, mycorrhizae can have positive effects for plant
pathogen and stress resistance, as well as pollination and herbivory (M. Chen
et al., 2018; Delavaux et al., 2017; Jung et al., 2012; Koricheva et al., 2009; Pozo
& Azcon-Aguilar, 2007). However, the study of these fungi comes with the addi-
tional challenge that their hyphae can encompass large areas of the soil, while
being extremely fragile (Henriksson et al., 2023; Karst et al., 2023). Furthermore,
fungal taxonomy is under constant change due to the accumulation of DNA-based
information, and species delimitation morphologically, but also genetically. Many
fungi also have a complex reproductive cycle including clonal as well as sexual
reproduction, and hyphae of two individuals are able to fuse together by a process
called anastomosis (Smith & Read, 2008). A recent study on arbuscular mycor-
rhizal (AM) fungi showed that the same fungal cell may possess nuclei of two
different genotypes (Kokkoris et al., 2020). Thus, the study of mycorrhizae comes
with its own set of challenges, which require methods that take into account their
unique features.

Another example of the unique features of fungi, is the concept of so-called
common mycorrhizal networks (CMNs), and their role in plant community
dynamics (Jakobsen, 2004; Leake et al., 2004; Simard et al., 2012). For most of
the 20™ century, it has been commonly accepted that a CMN connects roots of
different plants to each other and acts as a conduit for different molecules (Barto
et al., 2011; Leake et al., 2004; Oelmiiller, 2019; Selosse et al., 2006; Simard
et al., 2012; Van Der Heijden & Horton, 2009; Walder et al., 2012). It has been
suggested that carbon (Avital et al., 2022; Cahanovitc et al., 2022; Carey et al.,
2004; Deslippe & Simard, 2011; Klein et al., 2016; D. Robinson & Fitter, 1999;
Simard, Durall, et al., 1997; Simard, Perry, et al., 1997; Watkins et al., 1996),
nutrients (X. He et al., 2004, 2005, 2006, 2009; Y. He et al., 2019a, 2019b; Meding
& Zasoski, 2008; Mikkelsen et al., 2008; Muneer et al., 2023; Ren et al., 2013;
Rogers et al., 2001; Tuffen et al., 2002; Wilson et al., 2006), water (Egerton-
Warburton et al., 2007; Warren et al., 2008) and chemical messages (Achatz &
Rillig, 2014; Babikova et al., 2013; Barto et al., 2012; Song et al., 2010, 2013,
2014; Thomas & Cooper, 2022) can be transported from one plant to another
through CMNss, enabling the plants of a given ecosystem to “communicate” and
even support each other (Booth & Hoeksema, 2010; Dickie et al., 2002; McGuire,
2007; Nara & Hogetsu, 2004; van der Heijden, 2004). In recent years, this narra-
tive has captivated the public and widely disseminated in the media as factual
(Karst et al., 2023; D. G. Robinson et al., 2023). However, although these net-
works, their structures and functions have been under research for a relatively
long time (Bjorkman, 1960; Newman, 1988; Reid & Woods, 1969), our knowl-
edge on their true nature and ecological significance remains limited. Moreover,
many studies have reported that such CMN resource transfer did not occur
(Pfeffer et al., 2004; Voets et al., 2008; Zabinski et al., 2002), the magnitude of
transfer was ecologically insignificant (Cheng & Baumgartner, 2004; Nakano-
Hylander & Olsson, 2007; Teste et al., 2009) or the transferred compound re-
mained in fungal structures only (Fitter et al., 1998; Graves et al., 1997; Wu et al.,



2001). Yet, the so-called mother tree hypothesis has generally been accepted by the
scientific community and the public. However, a recent meta-analysis revealed a
bias in how CMN related results are cited and warned about the spread of mis-
information on CMNs (Karst et al., 2023). This opener prompted several other
experts to question the narrative (Blatt et al., 2023; Henriksson et al., 2023; D. G.
Robinson et al., 2023), and revived the academic discussion on CMNss.

Critiques about CMNs highlight issues in the isotope labelling methods used
to obtain the results that underline this narrative and question their ability to
justify drawn conclusions (Henriksson et al., 2023; Karst et al., 2023). This criti-
que is not new, as a commentary on the shortcomings of the technique has been
published already two decades ago (D. Robinson & Fitter, 1999). One of the main
issues relates to the separation of transfer via CMNs from transfer via alternative
pathways, such as root grafts between the donor and receiver, or release of isotope
in donor root exudates, which are taken up by receiver plant mycorrhizae or roots
directly or following diffusion through the soil column (X. H. He et al., 2003;
Henriksson et al., 2023; Karst et al., 2023). In isotope labelling experiments, the
presence and magnitude of transfer are typically studied by destructively mea-
suring the concentration of subject isotope in the receiver plant(s) after the label-
ling of a donor plant (X. H. He et al., 2003). Thus, it is not possible to directly
observe the transfer and the way it happens; one can only make assumptions
based on excluding different possibilities (Henriksson et al., 2023; Karst et al.,
2023). Further, in many cases, the measurement of label isotope is done by mass-
spectrometry based approaches, which cannot differentiate isotope content in
plant root tissues from that contained within fungal tissues in and around the roots
(Henriksson et al., 2023). Thus, unless the isotope is found in stems and/or leaves
of the receiver plants, potential interplant transfer cannot be separated from
allocation between fungal structures (Fitter et al., 1998; D. Robinson & Fitter,
1999; Henriksson et al., 2023). Therefore, major improvements on the experi-
mental set-ups of isotopic experiments or entirely novel alternative methods are
needed to get a clear understanding of the transfer.

Indeed, during the 20" century, it became common to utilize different control
treatments such as mesh barriers, rotating growth cores and air gaps, with the aim
to account for alternative transfer pathways. The most common solution for trying
to eliminate non-hyphal transfer pathways, is to establish a metal or nylon mesh
between the donor and receiver plants to manipulate the pathways available
(Barto et al., 2012; Cheng & Baumgartner, 2004; X. He et al., 2004; Song et al.,
2010; Wilson et al., 2006). For example, a mesh with a pore size that is too small
for the roots but not too small for fungal hyphae has been used to exclude root
contact. Similarly, meshes with a pore size smaller than fungal hyphae have been
used as a control treatment for assessing the contribution of soil diffusion only.
Yet, these treatments have been considered inadequate, as roots pushing against
the mesh from both sides might still enable non-mycorrhizal nutrient transfer via
diffusion, and conversely a mycorrhizal connection could form in such roots even
by diffusion through mesh only (Fitter et al., 1998). Furthermore, the lower rate
of transfer in treatments with a non-mycorrhiza permeating mesh could be
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explained by the fact that the ratio of surface area of the mesh material versus the
actual pores is much more favourable when the pore size is bigger (Henrikssen
et al., 2023). In response to these issues, mesocosm experiments with meshes
separated by a gap (Barto et al., 2012; Fall et al., 2022; X. He et al., 2005; Meding
& Zasoski, 2008), mesh bags inserted further away from each other (Deslippe &
Simard, 2011; Mikkelsen et al., 2008), as well as trenching or other means of
severing of the soil, hyphae or roots were implemented (Deslippe & Simard,
2011; Gyuricza et al., 2010; Voets et al., 2008). Still, it has been argued that the
apparent positive effects of CMNs in these cases may be due to the increase in
exploration volume available in the hyphal treatment, and/or due to negative
effects of the lack of space for roots and hyphae in the control (Karst et al. 2023).
Furthermore, ingrowth cores (Johnson et al., 2001; Leitheit et al., 2014) that
enabled regular spinning of the core to sever hyphal connections were developed
to enable a new non-mycorrhizal control treatment (Achatz & Rillig, 2014; Barto
et al., 2012). In many cases, naturally non-mycorrhizal plants, mycorrhizae defi-
cient mutants, or plants of different mycorrhizal type were established as controls.
However, it has been argued, that these are not adequate control treatments, as
the benefits of a particular mycorrhizal type per se may be larger than those of
another type, even if a CMN is not formed (Henrikssen et al., 2023; Karst et al.,
2023). On the other hand, genetic approaches have been used for confirmation of
a hyphal connection between the donor and receiver, to indicate that the mycor-
rhizal transfer pathway between the two is available (Avital et al., 2022; Cahano-
vitc et al., 2022). However, the presence of the same taxonomic unit, or even
fungal genet, in the roots of the plants does not prove that the hyphal connection
is intact (Henriksson et al., 2023; Karst et al., 2023).

To ensure that the carbon or nutrients applied are actually going through the
host plant, improvements have also been made to the labelling methods. For
instance, several low concentration pulses of labelled CO, administered into
bagged donor plants, while the ground around the plant is covered, may help
eliminate direct or soil mediated receiver uptake of label from the air (Philip &
Simard, 2008). Furthermore, a control plant placed near the donor plant can be
used to account for potential leakage from the bag or release through root re-
spiration taking place outside the labelling bag. In a few cases, the isotope content
of fungal fatty acids within plants has been analysed (Nakano-Hylander & Olsson,
2007; Voets et al., 2008). As these fatty acids can only be formed in fungi, their
presence in plants would entail that the carbon came from fungi. However, this
method has so far not shown transfer of labelled fatty acids to plant tissues.
Additionally, instead of adding labelled phosphorus or nitrogen to the donor soil,
it may be given by dipping the leaves or branches of donor plants into tubes of
nutrient solution, which helps to eliminate the possibility of receiver roots or
hyphae taking up the nutrients directly from donor soil (X. H. He et al., 2003).
However, despite how much the experimental set-ups for isotopic labelling have
developed over the years, it has been argued that if this method is used, it may
never be possible to reliably exclude all alternative transfer pathways (Henriksson
et al., 2023; Karst et al., 2023). A novel method that is not based on isotopes is
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therefore needed to concretely assess the existence and magnitude of CMN
interplant resource transfer (Karst et al., 2023).

A potential solution for overcoming the issues of isotope labelling is the utili-
zation of so-called fluorescent nanoparticles (FNPs) as labels for nutrient transfer
(Karst et al., 2023; Whiteside et al., 2009). In terms of the CMN C and nutrient
transfer, the biggest potential advantage of FNP tracking is that the particle move-
ment can be observed in real time, in vivo (Agarwal et al., 2015; Dahan et al.,
2003; S. L. Liu et al., 2016; van’t Padje, Oyarte Galvez, et al., 2020) This entails
the possibility to observe the nutrient movement itself, instead of simply con-
firming that nutrient transport of some sort has occurred (Chan & Nie, 1998). As
the name implies, FNPs are particles ranging in size from a few nanometres to
around 100 nm. FNPs release energy as light upon excitation with a suitable light
source (Bera et al., 2010; Chan & Nie, 1998). The particles are composed of
different inorganic or organic materials, and can emit light in various wavelengths
depending on their composition and size (Bera et al., 2010; Resch-Genger et al.,
2008). Bare FNPs can be used to track individuals or organs (Ekvall et al., 2013;
Minnaar & Anderson, 2019), while particles connected to a molecule of interest,
such as a nutrient compound, enable tracking its movement within organisms
(Brandt et al., 2015; Erland et al., 2019; Whiteside et al., 2019) with an accuracy
of up to a few nanometres (Holtzer et al., 2007; Jonas et al., 2006). However,
while FNPs are intensively researched and developed for technical and medical
applications, only a brave few have applied them to answer physiological or eco-
logical questions (I.). In terms of fungi, the use of FNPs has so far been limited
mostly to arbuscular mycorrhizal fungi, and the work has depended on a parti-
cular person, either directly (Whiteside, Digman, et al., 2012; Whiteside et al.,
2009, 2019; Whiteside, Garcia, et al., 2012), or indirectly (van ’t Padje et al.,
2021, 2022; van’t Padje, Oyarte Galvez, et al., 2020; van’t Padje, Werner, et al.,
2020). Thus, it is important to further assess the suitability of this method for
fungal nutrient tracking, both in theory and in practice, and in relation to other
fungal systems.

Despite the eminent potential of FNP nutrient tracking, this approach has its
own pitfalls. One of the potential issues is that the previously mentioned AM
studies, as most biological studies, utilize only a single type of FNP: a type of
semiconductor quantum dot (QD), which contains the hazardous heavy metal
cadmium (Cd) (L.). There are many studies reporting a multitude of adverse
responses of Cd-containing QDs, and the general census is that their use in bio-
logical systems should be avoided (N. Chen et al., 2012; Oh et al., 2016; Pelley
etal., 2009; Sharma et al., 2017; Wang & Tang, 2018; Winnik & Maysinger, 2013).
Thus, the development of ways to reduce particle toxicity, and the development
of new particle types altogether, is important (Filali et al., 2020; Reiss et al., 2016;
Winnik & Maysinger, 2013; Xu et al., 2016). The properties of FNPs may be
improved by the addition of shells or coatings (Vasudevan et al., 2015), or by
doping, i.e. the incorporation of additional chemical elements into the particle
(Park et al., 2016). Indeed, it has been shown that encasing the Cd-containing
particle core in a shell can markedly reduce the adverse effects (Mei et al., 2014;
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Vasudevan et al., 2015; Winnik & Maysinger, 2013). Yet, these particles remain
difficult and unpleasant to synthesize due to the need for several complex steps
including toxic precursors, and their purchase, especially in quantities needed for
whole-plant experiments, is expensive (I.). Thus, especially long-term, elimi-
nating the need for such hazardous metals in FNPs is a better option.

Among the recently developed cadmium-free FNP types, so-called carbon
quantum dots (CQDs), often referred to simply as carbon dots, have received a
lot of attention (S. N. Baker & Baker, 2010; Li et al., 2012; Lim et al., 2015). As
they consist of biologically abundant elements and are simple and cost-effective
to prepare, they have been dubbed as the new “it” dot that may replace semi-
conductor QDs in the future (Alas et al., 2020; Gayen et al., 2019; Yang et al.,
2009). However, these particles also come with several challenges, including a
lack of clarity on the origin of their fluorescence (Cayuela et al., 2016; Dekaliuk
et al., 2014; Goryacheva et al., 2017; Zhu et al., 2015), major differences in the
properties of CQDs depending on synthesis precursors and methodologies
(Dekaliuk et al., 2014; Esfandiari et al., 2019; Fan et al., 2019) as well as a lack
of general quality standards, application protocols and nomenclature (Cayuela
et al., 2016; Dekaliuk et al., 2014; Essner et al., 2018). Thus, the application of
CQDs requires more preliminary analyses and testing, as well as knowledge of
chemistry and physics, than the application of commercial semiconductor QDs
(I.). Experimental comparisons of Cd-containing QDs and CQDs are rare and
focus solely on the comparison of toxicity profiles of the particles, not on other
aspects of their applicability for biological studies (I.). Thus, it is not only unclear
whether the technique is applicable to CMN research per se, but also unclear
which, if any, particle type is suitable for the purpose.

With this knowledge gap in mind, the main aim of the thesis was to assess the
theoretical (I.) and practical (II1.) applicability of various FNPs for mycorrhizal
nutrient tracking. The theoretical suitability of the particles was assessed by care-
ful familiarisation into the technique and the previous studies utilizing FNPs (L.).
However, as we attempted to execute practical experiments, we encountered
several problems, and were unable to replicate previously reported results. After
several futile attempts with FNPs, mycorrhizae, soil and plants, it became clear
that working experiments in such a complex study system would require con-
siderably more time and more trial and error than what could be fitted into a PhD
degree. Furthermore, the replacement of isotopes for FNPs in fungal nutrient
tracking also received critique (Raven, 2022). The only reasonable option was to
start from the beginning and the basic assumptions that need to be met for the
technique to work. One pertinent assumption is that the FNPs are able to move
into and within fungal systems, preferably in similar ways as the nutrients would
(Kuyper et al., 2023; Raven, 2022). To test this, we utilized the yeast Saccharo-
myces cerevisiae as a fungal model, to assess how different FNPs interact with
fungal cells (IIL.). Like mycorrhizal fungi, S. cerevisiae possesses a rigid cell
wall, which may act as major barrier for FNP uptake. However, due to its short
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life cycle and the vast amount of information on its nutrient dynamics, nano-
particle interactions and imaging, it may serve as proxy for other fungal cells,
without the complexity of CMNs.

As highlighted, the selection of a suitable experimental method is never
simple, as each method presents its own limitations, challenges and drawbacks.
Similarly, there is always a trade-off between the control and precision of lab-
based experiments and the level of comparability between the experimental set-
up and a natural system. Although we were forced to resort to an in vitro proof of
concept study on FNPs, work on plant-fungal interactions continued in parallel,
with the more established metabarcoding method (II). The utilization of this
method allowed for an experiment in near-natural conditions, in a common
garden (de Villemereuil et al., 2015), where we explored the effect plant genotype
has on the community composition of root-inhabiting fungi. In addition, infor-
mation gathered from the unpublished preliminary experiments on FNPs is in-
cluded and discussed, as it adds to the practical knowledge on the utilization of
FNPs. Moving from a theoretical methodological synthesis (I.) to a traditional
ecological experiment (I1.) and zooming into the molecular level (I11.) this thesis
transects the study of plant fungal interactions with a varied set of methods. Thus,
it offers not only results from a metabarcoding study and a proof of concept FNP
study of fungi, but also a chance to reflect on old, established and novel methods,
their development and use and on the best ways of studying plant-fungal inter-
actions now and in the future.

Aims and hypothesis

Each paper had a specific aim, in particular:

1. Assess the usefulness of fluorescent nanoparticles for biological research based
on previous studies and comparisons to other methods (I.)

2. Study whether birch trees originating from different localities or different
individuals of a population would have differences in the fungal interactions
in their roots (I1.)

3. Test whether cadmium-containing quantum dotsand carbon quantum dots are
able to enter yeast cells without causing adverse effects, and whether one type
of quantum dot shows more potential for common mycorrhizal nutrient
tracking than the other (IIL.).

Additionally, the following hypothesis were tested:

1. Trees originating from different localities harbour different root fungal com-
munities as predicted by the ecological mosaic theory (IL.)

2. Individual tree genotypes have differences in their fungal communities due to
the formation of community phenotypes (I1.)
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3. Fungi take up fluorescent nanoparticles only when conjugated to a nutrient
source, as fluorescent nanoparticles on their own are not useful to them (I1L.)

4. Fluorescent nanoparticles with a carbon core are more biocompatible than the
quantum dots containing cadmium (IIL.).
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MATERIALS AND METHODS

Literature review

Literature was mined using a combination of systematic (database search with
relevant keywords) and inductive (extraction of referenced and citing articles
from relevant papers) approaches. For paper I11., a single search of papers from
ISI Web of Science was performed, using the keywords “quantum dot” OR
“carbon dot” AND yeast* OR Saccharomyces OR Candida. For paper I. several
searches from multiple databases (Web of Science, EBSCO and SciFinder) were
performed to ensure best possible coverage of the search. In terms of sensing
applications of FNPs, if multiple papers focused on the sensing of the same ion
or molecule, the paper reporting the lowest limit of detection (LOD) was included
in the review. Relevant medical applications were included in the introduction,
but not thoroughly reviewed and not included in the main body. Relevant
toxicological papers were included in a separate section. Papers from journals
with an impact factor of <1 were excluded, as well as papers from reportedly
predatory journals (1., III).

Experimental set-up and sampling for metabarcoding

For paper I1., four trees of Silver birch (Betula pendula) were sampled from each
of four different localities (Kittild (67°N), Rovaniemi (66°N), Vehmersalmi
(62°N) and Loppi (60°N)) and micropropagated. Four clones of all sampled trees
(N=64) were planted in a common garden field in Joensuu, Finland, in a
randomized block design (Fig. 1). The common garden field was established as a
part of a larger project aimed at studying the acclimation of Silver birch to climate
change, and contained additional birch clones that were not considered in the
experiment at hand.

Trees were planted 1.2 m away from each other in four blocks, each of which
harboured one clone of each genotype. After five growing seasons, roots from two
to three opposite sides of each tree were traced from the trunk and harvested.
Sampled root clumps were stored in a —20 °C freezer until further processing.
Aboveground biomass and tree height, as well as the nutrient levels of the common
garden field were also recorded.
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Fig. 1. A schematic representation of sampled Betula pendula trees in the common garden
field in Joensuu (62°N), Finland. Numbers next to the grid signify distance in meters (m)
and the borders of four blocks are marked with dashed, green lines. The genotype codes
of each tree represent the four geographic origins (provenances) they originate from
(Kittila 67°N, Rovaniemi 66°N, Vehmersalmi 62°N and Loppi 60°N). Figure from
Farkkild et al. 2023.

Root sample processing, DNA extraction and sequencing

Sampled roots (II.) were cleaned, fine roots with a thickness of <2 mm detached,
freeze dried and pulverised. DNA was extracted from the powdered samples
using the Power soil DNA extraction kit, and fungal internal transcribed spacer 2
(ITS2) -regions were amplified by PCR with the fITS7 (GTGARTCATCGAATC
TTTG) (Ihrmark et al., 2012) primer. A uniquely tagged ITS4 primer (CCTCCG
CTTATTGATATGC) (White et al., 1990) was added for multiplexing. The PCR
reaction mixture included 2 pl of template DNA (with a concentration of 5 ug/ul),
9.4 ul of nuclease-free water, 4 pl of buffer solution (5x Phusion High-Fidelty
buffer, Thermo Scientific), 0.4 pl of ANTP’s (10 uM), 2 ul of each primer (2 uM)
and 0.2 ul DNA polymerase (Phusion High-Fidelty DNA Polymerase, 2 U/ul,
Thermo Scientific). The reaction volume was 20 pl and samples were amplified
in duplicate, which were later pooled for sequencing. A negative control with
nuclease free water was included in each microplate. PCR conditions included
1 min at 98 °C followed by 27 cycles with a 10 s denaturation period at 98 °C, a
20 s annealing period at 57 °C, a 30 s elongation period at 72 °C and a final elon-
gation period of 7 mins at 72 °C after all cycles were complete. PCR samples were
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kept at 4 °C prior following analyses. The success of the PCR reaction was con-
firmed by gel-electrophoresis, and the concentration and quality of the DNA
measured. The extracted DNA was purified and sequenced with an Ion Torrent
sequencer.

Bioinformatics and statistics

Sequence data (II.) was processed with the PipeCraft 2 bioinformatics pipeline
(Anslan et al., 2017) prior to statistical analysis. Sequences were demultiplexed,
quality filtered and clustered, and taxonomy was assigned based on the UNITE
database (Nilsson et al., 2019). Singletons and operational taxonomic units (OTUs)
of unknown taxonomy, as well as OTUs identified as non-fungal, were excluded
from analysis. PERMANOVA and PERMDISP tests were performed in PRIMER-¢e
with the PERMANOV A+ extension (Anderson et al., 2008). Tree origin was used
as a fixed term, while genotype was included as a random factor nested within
the origin. The experimental block of the sampled tree was added to the model as
a random factor and the number of reads per sample (Tedersoo et al., 2022) as
well as tree aboveground biomass and coordinate positions in the common garden
field were included as covariates. Accumulation curves of OTUs per origin and
genotype were produced with R’s the iNEXT package (Hsieh et al., 2016). non-
metric multidimensional scaling (NMDS) figures illustrating differences in OTU
composition between origins and genotypes were made with the vegan package
(Oksanen et al., 2020) in R.

Tested FNP types, synthesis of carbon quantum dots (CQDs)
and particle conjugation

Two types of FNPs were selected for practical testing (II1.) based on the literature
review (I.). Commercially prepared CdSe/ZnS semiconductor quantum dots
(QDs), with a carboxylic acid capping were purchased from Thermo Fisher (QDot
ITK 565, Invitrogen, Carlsbad, California, USA). This particle type was selected
because they were found to be the most commonly utilized FNPs in biological
applications, including in the previous studies with AM fungi (I.). Carbon cored
quantum dots (CQDs) were prepared in-house from citric acid and cysteine,
following a hydrothermal microwave method (Suner et al., 2021). CQDs were
selected as a non-cadmium containing alternative to test, as previous studies had
shown that these are under intensive development and have good biocompati-
bility (I.). The synthesis method was selected based on the accuracy of reporting
and ease of synthesis. Cysteine was selected as the amino-acid of interest, as it
has been shown that AM fungi willingly take up cysteine conjugated QDs (White-
side, Garcia, et al., 2012). Thus, the CQD synthesis protocol that was chosen also
included cysteine as one of the precursors. CdSe/Zns QDs were connected to
cysteine in-house, following the protocol of the manufacturer. Prior to this, we
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made several attempts at conjugation according to the previously reported proto-
col (Whiteside et al., 2009), but the resulting particles were extremely aggregated
(Fig. 2), and the XPS (X-ray photoelectron spectroscopy) analysis did not show
evidence for successful conjugation. As previous reports on AM fungi indicated
that fungi would not take up QDs without the amino acid (Whiteside, Digman,
et al., 2012; Whiteside et al., 2009; Whiteside, Garcia, et al., 2012), unconjugated
CdSe/ZnS QDs were used as a control. Thus, the experiment (II1.) included three
particle treatments: bare and conjugated QDs and CQDs.

Fig. 2. Aggregated CdSe/ZnS quantum dots (QDs) under an UV lamp, after conjugation
to cysteine performed according to Whiteside et al. (2009). Pristine solution in the
syringe, QDs filtered through a 0.45 pm syringe filter in the middle and QDs filtered
through 0.22 pm syringe filter in the front. Visual inspection of fluorescence shows that
a considerable part of the particles were too large to pass the 0.45 pum filter, and very few,
if any, passed the 0.22 um filter. Thus, particles are much too large to be taken up by
cells.
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Characterisation of FNP properties

As highlighted by several experts (I.), one of the biggest issues with CQDs is that
the synthesised products are not sufficiently characterized (Cayuela et al., 2016;
Essner et al., 2018). Therefore, for paper I11. self-synthesized CQDs were charac-
terized in terms of their fluorescence properties and chemical composition, by
measuring the emission and excitation spectra and quantum yield, and by charac-
terizing the composition with XPS and FTIR (Fourier transform infrared micros-
copy). Successful conjugation of cysteine to CdSe/ZnS QDs was also confirmed
with XPS. Primary sizes of all particles were assayed with (S)TEM ((scanning)
transmission electron microscopy). The hydrodynamic sizes i.e., the sizes of par-
ticles in solution, and surface charges were assessed with dynamic light scattering
(DLS).

Toxicity and uptake of FNPs

Nanoparticle toxicity, especially for the particles containing Cd, is a relevant con-
cern when working with FNPs. Particle toxicity may vary not only by elemental
composition, but by size, surface charge, shape and synthesis precursors (L.).
Toxic effects are also usually concentration and time dependent, and differ by the
organism (I.). Thus, for the practical experiment (IIL.), we tested the toxicity of all
FNPs in conditions, concentrations and exposure times that matched those used
in the uptake assay. Therefore, a spot test (Suppi et al., 2015) with S. cerevisiae
(strain BY4741) exposed to serial dilutions of 0.1 to 100 mg/L of the different QDs
was conducted. The minimum biocidal concentrations (MBC), in which the growth
of yeast cells is inhibited, were assessed after 1h or 24 h exposure time. Yeast cells
suspended in deionized water were pipetted into the wells of a microplate con-
taining the particle solutions, as well as positive (AgNO3) and negative (deionized
water) controls. After exposure, droplets from each well were pipetted into a stan-
dard yeast-peptone-dextrose (YPD) agar culture plate and the colony formation
in the spots was visually assessed after 72 h.

For uptake estimation, yeast cells were stained with a cell-membrane specific
dye, washed, exposed to 1 or 100 mg/L QDs for 24 h and observed under a confo-
cal laser scanning microscope (CLSM). Stained cells kept in plain deionized
water were used to prepare control slides. Slides were prepared by either directly
pipetting the exposed cells to microscopy slides and drying at 37 °C or by washing
the cells prior to pipetting onto the microscopy slides for drying. This was done
to assess the strength of particle interactions and to remove loosely bound or free
QDs from the solution. After cell suspensions had dried on the slide, a drop of
fixing solution and a cover glass were placed on top. Stacked images of cells in
various areas of the samples were captured with the CLSM, and compared to
images of control cells. The uptake of QDs by yeast cells was confirmed by
moving to the middle of the image stacks and observing whether the QD signal
was present in the cells or only at the sides and/or at the top or bottom of the
image stack.
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FNP interactions with soil (unpublished)

Additionally, a series of unpublished preliminary experiments were conducted.
Amongst these, results related to particle interactions with soil are formally in-
cluded in this thesis. Other observations made during the project are discussed in
later sections when relevant. For the spot measurements from soil, different con-
centrations and volumes of different FNPs were added to the soil. The effect of
the volume/concentration ratio, method of application, sieving and mixing on the
evenness and strength of the fluorescence signal were assessed. Signal per-
sistence in soil was studied by re-measuring the samples and comparing the mea-
sured values to previously obtained ones. The samples were excited using either
405 nm laser diode or the 3rd harmonic of pulsed Nd:YAG laser (355 nm). The
illuminated area was a circular spot of ~4 mm in diameter (unfocused beam). The
sample was placed on a motorised stage, which was scanned either along a line
or in both directions, using step size of 5 or 10 mm. Fluorescence was recorded
with Andor Shamrock (Oxford Instruments, Abingdon UK) SR303i spectrometer
equipped with a cooled Andor Newton EMCCD camera. Depending on the signal
strength, the collection time was 0.5-2 seconds whereas the spectral resolution
was 0.5-1.5 nm. The spectra were corrected to the spectral response of the system.
Where applicable, the measured signal was divided by the product of collection
time and slit width, to make the photoluminescence (PL) intensities comparable
across experiments.
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RESULTS

In paper 1. we presented a tabular database of FNP studies in life sciences,
including ~150 relevant publications for easy referencing in later studies. Based
on these data, most studies have been performed using cadmium-containing
quantum dots, more specifically CdSe/ZnS QDs. For CQDs, the most common
application is sensing of various ions and chemicals. Furthermore, we presented
a table comparing key properties of different FNP types as well as fluorescent
dyes to aid particle selection (Table 1., Farkkila et al. 2021). We also revised the
classification of particle types and presented a uniform terminology for them
(Fig. 3., Farkkila et al. 2021). The reviewed studies revealed some challenges and
discrepancies related to FNPs, but none the less illustrated the potential advan-
tages of FNPs. Information from the paper was also used in the planning of follow-
up experiments, including those presented in paper I11.

Table 1. Key properties of major fluorescent nanoparticle (FNP) types and fluorescent dyes.
Values in parentheses indicate maximums when outliers are included. Table form Farkkila
et al. 2021.

Propert Traditional | Carbon-based Alternative Fluorescent
perty QD (Cd) dot FNP dye
Ease of application high medium low very high
Data availability high medium low very high
Commercial availability high medium low very high
Cost high low low to high low
Difficulty of synthesis high low to medium medium low
Quantum yield (%) 30—<100 0—<95 0-80 <90
Separation of spectra high medium to high | medium to high low
NIR suitability high medium low to high low to medium
Fluorescence lifetime (ns)* 10-100 <100 up to 200 1-10
Signal precision high high ND low
Stability high high ND low
Colour tunability high medium medium not possible
Multimodality yes yes yes (theoretical) no
Biocompatibility low medium to high low to high high
Toxicity high low to medium | low to medium low to high
Water solubility low to medium to high | low to medium low to high
medium
Size (nm) 2-10(20) <10(100) 1.4-25 ~0.5
Type-specific limitation blinking | unreliability of | heterogeneity, sensitivity to
existing data lack of data | microenvironment

*Not taking into account afterglow particles
ND, not experimentally determined; NIR, near-infrared; QD, quantum dot.
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Nanoparticles with graphene lattices

All other carbon-based FNPs, including (fluorescent)
carbon dots (CDs, Cdots, FCDs, CPs), carbon
nanodots (CNDs), carbogenic dots, carbon
nanoclusters, organic dots (O-dots), bioinspired
carbon dots (biodots), NCDs/NCQDs etc.

Dots with group IV elements in the periodic table,
including Si-dots, silicon nanocrystals (SiNCs),
nanocrystalline Si dots (nc-Si)

Dots with group III-V elements in the periodic table,
such as GaAs and InP, including self-assembled QDs
(SAQDs)

Dots with group II-VI elements in the periodic table,
including CdS, CdSe, ZnS etc.

Dots with group IV-VI elements in the periodic table,
such as SnS, and PbSe

Group [-II-VI (e.g. CulnS,)
Group IIIHII-VI (e.g. ZnCulnSe;)
Perovskites (e.g. CsPbBr3)

Nanoparticles with elements of the f-block of the
periodic table that show upconversion fluorescence

such as NaYF,: Yb>", Er**

Nanoparticles with elements of the f-block of the
periodic table that show "traditional" infrared

fluorescence, such as GdVO,:Nd>*

Fig. 3. Proposed classification of fluorescent nanoparticles (FNPs). The major FNP groups
include fluorescent carbon nanoparticles (FCNPs), semiconductor quantum dots (SQDs)
and rare-earth doped nanoparticles (RENPs). Their subgroups and information about pre-
viously used terminology are indicated. Figure from Farkkila et al. 2021.

In paper II. we found that there was a significant difference in the degree of
variation in root fungal communities between genotypes (PERMDISP, Fis 4=
3.30, p(MC) = 0.011). Furthermore, we found that there was a significant dif-
ference between fungal OTU richness between genotypes (Fig. 4., Farkkila et al.
2023), but not between origins. However, neither locality nor genotype had a
significant effect on community composition (PERMANOVA P > 0.5). Tree
location on the field did not explain community composition, nor did the above-
ground biomass of the trees (PERMANOVA P > 0.5). Based on these findings,
the first hypothesis (1.) that trees originating from different localities harbour
different root fungal communities was rejected. Conversely, the data provided
support to the second hypothesis (2. individual tree genotypes have differences in
their fungal communities), as the degree of variation between fungal communities
of particular genotypes differed. Furthermore, as seen in Fig. 4, there were several
genotypes for which the confidence intervals (coloured backgrounds of each line)
do not overlap. Although we did not correct for multiple testing, this indicates
that different genotypes varied in their abilities to accumulate fungal taxa.
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Fig. 4. Sample-size based rarefaction (solid lines) and extrapolation (dashed lines) curves
of OTU (operational taxonomic units) diversity by different genotypes of Betula pendula
grown in a common garden field. Genotypes originating from the same latitude share the
same symbol. Coloured backgrounds of each line represent 95% confidence intervals.
Figure from Férkkila et al 2023.

In paper II1. we showed that the self-synthesised CQDs possessed a quantum
yield of ~65% and were smaller in size than commercial QDs. Furthermore, the
cysteine was successfully connected to CdSe/ZnS QDs, and a corresponding set
of peaks were observed in CQDs but not in pristine CdSe/ZnS QDs (Fig. 5,
Farkkila et al., 2024).
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Fig. 5. The survey XPS spectra of quantum dots. The origins of the main peaks are indi-
cated. The Si signal originates from the substrate and is particularly visible for thin samples.
Figure from Farkkila et al. 2024.
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The CLSM (Fig. 6, Farkkilé et al., 2024) showed that despite being connected to
a nutrient source, the semiconductor QDs were not able to enter yeast cells. They
were observed to adsorb onto the surfaces of yeast cells, but washing of cells
detached them. Conversely, CQD entry to cells and localisation into cell
cytoplasm was observed, and the signal was preserved after washing.

A

Negative control

.
: f i

CdSe/ZnS QDs

CdSe/ZnS-Cyc QDs

CQDs

Fig. 6. Confocal laser scanning microscopy (CLSM) images of cellular interactions of
quantum dots (QDs). S. cerevisiae BY4741 cells stained with CellBrite Fix 555 memb-
rane stain (orange pseudocolour) were incubated with QDs (blue pseudocolour) for 24 h.
After the incubation, cells were either not-washed (A-D) or washed (E-F) with MilliQ
water to assess the strength of interactions. Scale bars correspond to 5 um. Figure from
Farkkila et al., 2024.
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Both particle types showed an MBC value of >100 mg/L as revealed by the spot
test (Fig. 7, Farkkila et al., 2024). All QD exposed colonies grew normally, while
the negative control showed an MBC of 0.5 mg Ag/L.

0 01 1 10 100 mg/L
CdSe/ZnS QDs

CdSe/ZnS-Cy QDs

CQDs

0 025 05 1 2mgAg/l
AgNO;

Fig. 7. A viability assay (spot test) showing the colony-forming ability of yeast S. cerevisiae
BY4741 after 24 h of exposure to CdSe/ZnS quantum dots (QDs), CdSe/ZnS QDs con-
nected to cysteine, and carbon quantum dots (CQDs) and AgNOs (as a positive control)
in MilliQ water at 30 °C. Two replicates per tested compound were presented. Figure
from Farkkila et al., 2024.

Here, hypothesis 3. (fungi take up FNPs only when conjugated to a nutrient source)
was not supported, as nutrient conjugated CdSe/ZnS QDs did not enter fungal
cells. Likewise, hypothesis 4. (FNPs with a carbon core are more biocompatible
than the QDs containing cadmium (Cd)) was not supported by the data, as neither
the CQDs nor Cd-containing QDs negatively affected yeast growth in the tested
concentrations. However, CQDs may still be more suited for fungal nutrient
tracking, as unlike the Cd-containing QDs, they were able to enter the cells. These
observations highlight the need to test any basic assumptions related to FNPs, and
remind us of how little we know about the interactions of FNPs and fungi.

The experiments on the interactions of soil and FNPs showed that the fluores-
cence label distributes unevenly despite mixing and that the fluorescence signal
in the soil weakens over time (Fig. 8). Although a larger solution volume and the
removal of larger material by sieving make the distribution of fluorescence more
even, homogeneous labelling of soil is not possible.
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Fig. 8. Fluorescence intensity of a soil sample measured directly after label application (A)
and re-measured one week later (B). Different curves represent fluorescence signals from
different spots on a standard petri dish filled with live soil. The heterogeneity of the signal
is evident in the large variation of signal strengths in different spots. Comparison of
photoluminescence (PL) intensities in A and B shows a large decrease in signal strength
between the first and second measurements.

27



DISCUSSION

It is no secret that the final thesis is rather different from what was originally
planned. While there are experimental results with some interesting stand-alone
conclusions, which are more thoroughly discussed in the respective papers, the
thesis as a whole invites a discussion on the past and future of the methods to
study plant-fungal interactions. It shows that novel methods may bring novel
challenges, that a simple idea in theory may be more problematic in practice, and
that old methods can give new and interesting results, too.

Although the development and implementation of new methods is essential
for the progress of science, the problems that appeared during the execution of
the FNP experiments showed that such a process may be long and frustrating.
When previous data are scarce and there are no general protocols to follow, many
preliminary tests are needed. In the case of the current project, we lacked basic
knowledge on how the particles behave in the soil column (I). We did not know
if, and how, FNPs would bind to the soil particles, how fast they would diffuse in
the soil, or how moist the soil needed to be for the particles to be able to move.
While we did manage to obtain some information about the interaction of soil and
FNPs, as soil is notoriously heterogeneous and complex, and filled with different
organisms and molecules that all confound experiments (Henriksson et al., 2023),
it was not a reasonable place to start. Before FNP experiments in live soil can
truly work, FNP and soil interactions still need further study. The challenges
I faced while testing the FNP method illustrate that when attempting to implement
novel tools, one should always start from the simple things and basic assump-
tions. In paper III., we showed that even in conditions in which all the con-
founding aspects of soil and interacting species were removed, the semiconductor
quantum dots I had been trying to utilize were unable to enter fungal cells. This
is no doubt one of the reasons why the more complex experiments that were tried
did not yield any results. It is also a perfect example of a basic assumption that
should have been tested in the beginning of the project.

The literature review (I.) showed FNPs as a much more promising tool than
they turned out to be in practice. It is clear that FNPs can and have given answers
that would be difficult to obtain with other methods. However, the vast majority
of the experiments have been done with animal systems (L.). Out of the papers
dealing with plants, many utilize tissue cultures, and very few have incorporated
the soil environment (I.). Similarly, fungi are typically studied in pure cultures
only (I.). Both plants and fungi, unlike animals, possess a cell wall, which may
hinder particle uptake (Sun et al., 2021). The reports on uptake and interaction of
FNPs in animal cells are therefore not necessarily applicable for plants and fungi.
Thus, there is a significant gap between the existing FNP studies and ecologically
relevant experiments with plants and fungi (I.). Until this gap is bridged by se-
quentially increasing the complexity of the experimental set-up, FNPs may be
more suited to answering physiological, rather than ecological questions. Indeed,
Kuyper et al. (2023) also assert that FNPs are useful for visualisation, but not
suitable for mycorrhizal resource tracking at the moment. Furthermore, even the
studies that have been performed in simple, controlled systems often show very
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contrasting results. This is evident even in the case of S. cerevisiae, for which
uptake and toxicity of FNPs varies between different studies (I11.). Therefore, it is
very important to avoid assumptions based on previous studies, unless the particle
(down to synthesis protocol or manufacturer) and experimental system are
identical. This also illustrates that, in practice, we still know very little about the
interactions of fungi and FNPs. Thus, FNP tracking is far from a routine method
in a fungal ecologist’s tool kit. This, like any new method, should not be used just
because it is new. It should only be used if it is truly better suited for answering
a particular question than the previously used methods.

Our results on uptake and toxicity of FNPs to yeast (I11.) include observations
that, on the surface, go against common assumptions about the interactions bet-
ween FNPs and cells. The observation that the tested CdSe/ZnS QDs were non-
toxic in the spot test, shows that the presumption that all Cd-containing QDs are
toxic (1.), does not necessarily hold in all cases. Equally surprising is the fact that
these particles did not enter the cells, despite being commercially produced for
this purpose. The most likely explanation for this is the particle size. It is well
known that the size of nanoparticles is one of the main factors affecting their
toxicity and uptake (Bilal et al., 2019; Oh et al., 2016). Smaller particle size gener-
ally aids uptake but also increases toxicity (Fan et al., 2019; Hardman, 2006).
Although the primary size of the CdSe/ZnS QDs was small (around 10 nm), once
removed from the buffer solution that they came in, they formed large aggregates
(~300 nm). In contrast, the CQDs had a small average size (~6 nm) even in so-
lution. Thus, the observed lack of toxicity and uptake of CdSe/ZnS QDs most
likely relates to their large size, while CQD uptake is explained by their small
size. Particle size is also important because a point of critique for FNP tracking
in the past has been that as cell uptake of nutrient molecules and large particles
like FNPs happens via different mechanisms, FNP-conjugated nutrient move-
ment should not be used to study real nutrient movement (Kuyper et al., 2023;
Raven, 2022). Thus, our results indicate that when choosing particles for mole-
cular tracking purposes, it is important to consider not only the elemental com-
position of the particles but also their hydrodynamic size. On the other hand, the
results show that many of the theoretically promising attributes of CQDs (I.) may
hold also in practice. Indeed, the efficient fluorescence properties, non-toxic com-
position, and small hydrodynamic size of the prepared CQDs are all indicators of
their potential for such tracking applications. Although more research is needed
to understand the specificity of CQD uptake, these particles could provide a viable
option for the study of nutrient dynamics in the future. A reasonable next step
toward that would be to perform a similar test with a filamentous fungus, and if
successful, incorporate a plant into the experiments as well.

I also attempted to replicate protocols from previous papers. In the end, we
had to acknowledge that some of them simply do not work. In this respect, one
of the key lessons is that anyone developing a new protocol or method should pay
the utmost attention on carefully documenting everything they did. In several cases
(Pandit et al., 2019; Whiteside et al., 2009) we set forth to replicate something and
were immediately faced with lots of questions that were not answered in the text
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or supplementaries, nor by the authors, despite several inquiry attempts. Repli-
cability is one of the hallmarks of the scientific method, which is why it is
worrying how impossible many published studies are to replicate. Such problems
in replicability have previously been observed in several other fields in what has
been termed as the “Replication crisis” (M. Baker, 2016). This lack of accurate
reporting and stating of methodological limitations, as well as the unwillingness
of authors to answer questions about their work (Gabelica et al., 2022), increases
the chances of the spread of misinformation and unjustified conclusions and may
ultimately lead to methodological crises, like the one that has recently unfolded
in relation to the CMNs and isotopes (Henriksson et al., 2023, Karst et al., 2023).

In paper II. we employed DNA metabarcoding in a more traditional ecological
study, with the aim to assess the effect of tree genotype on the fungal communities
that they harbour. Although the method is already well established (Tedersoo
et al., 2022), our experimental set-up enabled us to use it to gain novel results. Our
knowledge on how intraspecific genetic variation of plants affects their fungal
symbionts has so far been limited, and most previous studies include no replicates
of plants of the same genotype. Thus, the utilization of micro propagated clonal
trees in our study enabled a more robust analysis of genotype effects. The obtai-
ned results indicated that plant individuals may differ in their ability to accumu-
late fungal taxa to their roots. This could have implications to the survival and
fitness of the trees, as the abundance and diversity of root fungal taxa may reflect
on related benefits, such as nutrient accusation ability, stress tolerance and resis-
tance to pathogens (Wagg et al., 2011). Although studies in more natural environ-
ments are needed to corroborate these findings, they show that the effect of host
genotype on community assembly of root fungi may extend beyond species level
effects. In fact, the effect of genotype could be even stronger in natural forests,
where the species pool of ectomycorrhizal (EM) taxa is likely much richer than
it was in the common garden field, which has previously harboured mostly AM
plants. It has also been shown that site disturbance and urbanization can homo-
genize the fungal species pool (Abrego et al., 2020). Indeed, our samples were
rich in generalist fungi often found in disturbed and urban soils, and these fungi
are likely much less responsive to host genotype effects than many EM fungi found
in natural forests. In that case, there could be yet another factor increasing the
complexity of CMNs, because resource transfer might differ not only due to ge-
netic differences between plant species but due to genetic differences in individual
plants as well. Indeed, the mapping and study of tree genotypes and their related
CMNs has been highlighted as one of the important aspects to be explored in
future studies (Karst et al., 2023). Thus, DNA metabarcoding as well as other
genetic approaches have the potential to compliment the study of CMNs in the
future.

Like the more established metabarcoding method, isotopic methods have, and
can still yield new information on interplant nutrient transfer, even if fully ruling
out all alternative pathways is not possible. It has already been argued that
although some label movement through alternative pathways likely occurs, large
amounts of label cannot move from plant to plant without CMNs (Klein et al.,
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2023). Furthermore, it must not be forgotten that our knowledge on mycohetero-
trophic and mixotrophic plants, including orchid mycorrhizal plants, is largely
based on isotope experiments (Courty et al., 2011; Lerat et al., 2002; McKendrick
et al., 2000; Selosse & Roy, 2009). There are also other counter points being raised
in favour of isotopic methods and the obtained results in relation to common
mycorrhizal networks (Klein et al., 2023). Among these, the complexity of the
CMN s and plant root systems connected to them has been suggested as a possible
culprit for observed lack of transfer. Seeing how much my experiments with FNPs
were hindered by the complexity of this system, it is not impossible that the same
complexity has hindered the observation of the isotopic labels as well.

As no method is perfect, the theoretical best way to approach any research
problem would probably be the use of multiple methods and experiments that
complement each other. In the case of CMN nutrient transfer, this might mean a
combination of quantum dots containing isotopically labelled nutrients, control
treatments with isotopes and quantum dots combined with all relevant controls
for each method, and metabarcoding or molecular genetics analysis to confirm
the presence of the same fungal genets in the roots of the studied plants. Indeed,
a study comparing tracking with isotopes and FNPs has already been called for
(Raven, 2022). In practice though, setting up such experiments would likely be
very difficult, as they would require a big investment as well as numerous col-
laborators from various areas of science. No matter how hard one tries, it is not
possible to plan these kinds of complex experiments with every parameter being
optimal, as what is optimal from one perspective (e.g., anoxic conditions to mini-
mize oxidation of certain functional groups in a molecule) may negatively affect
another aspect (e.g., living plants and fungi).

Karst et al. (2023), have also given some suggestions for future studies. Many
of these involve additional tests and treatments to be added to previously used
experimental set-ups. These recommendations call not only for the proper exclu-
sion of alternative pathways, but also for inclusion of additional parameters, such
as pathogens, genetics, and site history to the investigations (Karst et al., 2023).
Doing so will inevitably increase the level of complexity of the system and the
experiments even further. Among the suggestions is also the use of novel methods,
such as FNPs (Karst et al., 2023). However, based on our results, we are still
extremely far from being able to utilize FNPs in these kinds of experiments. Thus,
while it is true that FNPs might be helpful, it is clear that answering these ques-
tions is currently more feasible with the already established methods. Regardless,
this will take considerable time and effort from the scientific community.

Despite my best efforts, the existence and significance of CMN nutrient trans-
fer remains as unclear as it was before the start of this project, but it is clear that
there is no magic method for studying this topic. Yet, the ongoing conversation
on CMNs brings hope that more answers to this question are coming. More
research on the topic, including the development of old and new methods, is
bound to follow (Karst et al., 2023). As such, this thesis should be approached as
another contribution to the CMN discussion in terms of methods. Hopefully, it
prompts more investigation on the interactions of FNPs and fungi, more appre-
ciation for the established methods and the results they may provide, and above
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all, careful reporting of methodological details and their potential limitations
(Henriksson et al., 2023). An important thing to remember in this conversation is
also that whether such transfer occurs and why such transfer occurs are two dif-
ferent questions (Henriksson et al., 2023), and answering them may not be
possible with the same method. For example, the transfer of a label alone, whether
it be isotopic or fluorescent, does not confirm that the drivers of the transfer are
altruistic, nurturing trees. Indeed, several studies have argued that mycorrhizal
fungi are the true drivers of interplant transfers via CMNs (Lekberg et al., 2010;
van’t Padje, Werner, et al., 2020). Therefore, it is possible that fungi are extracting
nutrients from one plant and transporting them to another plant that is allocating
more carbon to them, while the “donor” plant is simply not stopping it. Indeed, it
has been hypothesised that what has been observed as interplant carbon transfer,
is actually the transfer of nutrient compounds, such as amino acids, which include
carbon by necessity (Klein et al., 2023; Simard et al., 2012). Furthermore, many
studies have reported that CMNs had adverse effects to the plants involved (Carey
et al., 2004; Henriksson et al., 2023; Karst et al., 2023; Kytdviita et al., 2003;
Merrild et al., 2013). Thus, it is likely that the drivers of the potential transfers
would be dynamic and circumstantial. Indeed, evidence of dynamicity of transfer
from individual plants to fungi and fungi to individual plants is strong (Hoeksema
et al., 2010; Kiers et al., 2011; van’t Padje, Oyarte Galvez, et al., 2020). Therefore,
it is important to avoid oversimplification of conclusions drawn about CMNs and
to respect the complexity of these systems, the unique challenges they pose, and
the lack of understanding that we still have of them.
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CONCLUSIONS

This thesis synthesizes insights from diverse scientific methodologies to investi-
gate plant-fungal interactions, especially in the frame of common mycorrhizal
networks (CMN). The current narrative on CMN function and significance, as
well as the traditionally used isotopic labelling method, have received a lot of
critique, and fluorescent nanoparticles (FNPs) have been suggested as a potential
option to circumvent the problems associated with isotopic studies. In this thesis,
a theoretical (I.) and practical (III.) assessment of the suitability of FNPs for such
purposes has been assessed. We conclude that despite the apparent theoretical
potential of FNPs (I.), and their demonstrated usefulness in answering many uni-
que questions in biology (I.), their application in complex experiments of even
more complex systems like CMNss is currently not realistic (L., I1L., unpublished
data). FNP interactions with fungi and soil are largely unexplored (I.) and may be
unpredictable (IIL., unpublished data). Conversely, traditional methods, such as
isotopic labelling, are currently more suited for CMN investigations. The results
from paper II. Indicate that host tree genotypes may differ in their abilities to
interact with root fungi. This may have implications for the growth and survival
of tree individuals. It may also suggest that tree genotypes should be considered
more closely when studying plant-fungal interactions, including CMNs. Thus,
future studies on CMNs may benefit from the incorporation of metabarcoding
approaches, such as those employed in paper II. Regardless of the tools chosen,
the correct and thorough reporting of methods and their limitations is crucial.
Based on the data obtained in papers II. and III. hypothesis 1. (trees from dif-
ferent origins harbour different root fungal communities) 3. (yeast cells take up
FNPs only when connected to a nutrient source) and 4. (CQDs are more bio-
compatible than Cd containing QDs) were not supported. Conversely, hypo-
thesis 2. (individual trees differ in terms of their root fungal communities) was
partially supported by the data. Further studies are needed and expected in this
field and the development of old and novel methods remains paramount. The
current thesis may serve as an important reminder that a novel technique is not
automatically superior to the old ones and may come with unexpected challenges.
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SUMMARY

Soil ecosystems and microscopic organisms inhabiting them are an integral part
of our planet and key providers of several ecosystem services related to the global
carbon and nutrient cycles as well as food and timber production. Many soil orga-
nisms live in close connection with plant roots, which provide a direct link
between aboveground and belowground ecosystems. Furthermore, plant roots are
thought to be linked to each other via mycorrhizal fungi growing in their roots.
The benefits of mycorrhizal symbiosis per se are well documented as fungi aid
plants in nutrient accusation and stress and pathogen tolerance while the plants
provide the fungi with photosynthetically produced sugars, which they use for
growth. However, the extent and significance of the mycorrhizal plant-to-plant
linkages, referred to as common mycorrhizal networks (CMNs), is highly
debated.

The popularized narrative of CMNs entails that forest trees are connected to a
vast network of fungal mycelium, which enables them to transfer resources,
including carbon, nutrients, water, defence signals and allelochemicals, to each
other and therefore support each other in a communal manner. However, critics
of this narrative attain that the evidence are lacking, largely due to the limitations
of the isotopic labelling methods utilized to study CMNs. Indeed, several land-
mark papers related to CMN resource transfer fail to acknowledge the possibility
of resource transfer via pathways other than CMNs, such as root grafts, root
exudates or diffusion through soil. Control treatments involving meshes of dif-
ferent pore sizes, rotating growth cores, air gaps and trenching, have been utilized
in an attempt to account for the limitations of this method, especially the alter-
native transfer pathways. However, it has been argued that none of the treatments
may be used to fully overcome the issues of isotopic labelling. Furthermore, the
low spatial accuracy of the isotope labelling method does not enable the sepa-
ration of isotopes inside plant roots from isotopes contained within fungal tissues
in and around the roots. However, the ecological significance of the observed
transfer is vastly different depending on whether the isotopes enter plant tissues
or not. Thus, the improvement of existing methods and the development of new
ones is instrumental for obtaining concrete answers to the open questions about
CMN:s.

The use of fluorescent nanoparticles (FNPs), microscopic particles that pro-
duce fluorescence upon light excitation, has been suggested as a potential alter-
native method for studying CMN resource transfer. The major benefit of FNPs
compared to isotopes is that their movement can be observed in real-time, in vivo.
This entails that the pathway of nutrient movement and their precise localisation
in tissues can be visually confirmed. This contrasts with isotopic approaches, that
only allow measurements of transferred isotope in the main plant organs after the
transfer has taken place. Although FNPs have been widely used in technical and
medical applications, practical experiments with FNP and fungi are rare. Thus,
their theoretical and practical suitability for CMN research is uncertain.
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The purpose of this thesis was to determine the theoretical and practical suit-
ability of different types of FNPs for the study of plant-fungal interactions, espe-
cially CMNs. The first paper (I.) comprises a comprehensive review on previous
bio experiments utilizing FNPs. It highlights the potential of the particles for
various biological applications, including the study of CMNs, while critically
evaluating the technique, its limitations, and future developmental needs. Dif-
ferent particle types are also introduced and compared. The reviewed literature
reveals that the most commonly used type of FNP in biological studies are CdSe/
ZnS quantum dots. However, as these particles contain the hazardous heavy metal
cadmium, their use in biological experiments, especially long-term, has been
questioned. A promising newer alternative to cadmium containing QDs are car-
bon quantum dots (CQDs), which are expected to be more biocompatible due to
their more natural composition. However, these particles suffer from the lack of
available data, protocols and standardization. Nonetheless, the previous studies
highlight the theoretical potential of this technique.

The third paper (I11.) builds on the information on the review paper and fea-
tures an experimental proof-of-concept study of the toxicity and interactions of
two types of FNPs, commercial CdSe/ZnS quantum dots and self-synthesised
carbon quantum dots, with yeast cells. The obtained results, as well as previous
experimental attempts of ours, highlight the lack of knowledge we still have on
FNP interactions with plants, fungi and soil. Indeed, most previous studies have
been performed on animal cells, which lack cell walls that can hinder the entry of
nanoparticles to cells. We observed that contrary to common assumptions, Cd
containing FNPs did not induce toxic effects. However, they were also not taken
up by fungal cells, likely due to their large aggregate size. Conjugation with the
amino acid cysteine did not affect the uptake of CdSe/ZnS QDs, as both pristine
and conjugated QDs only loosely adsorbed to the surfaces of yeast cells. Further-
more, washing of the cells detached the QDs from the cells, indicating weak and
passive interactions. Contrastingly, the smaller carbon containing FNPs readily
entered fungal cells, and were observed there even after washing of the cells.
Thus, the tested carbon FNPs show potential for future applications related to
fungi. However, due to the considerable gap between our knowledge on FNPs
and the complexity of CMNs, previously used methods are currently more suited
to the study of CMNs. Moreover, the utility of FNPs in the study of plant-fungal
resource transfer has recently been questioned, because although small, FNPs are
much larger than free nutrients, and are thus likely to be taken up by different
transfer pathways than free nutrients. Therefore, the movement of FNP-con-
jugated nutrients may not accurately mimic natural nutrient movement.

In parallel with the FNP studies, we also published a study (Il.) on plant-
fungal interactions utilizing the more established DNA metabarcoding method.
In this study, clonal birch trees originating from different latitudes were grown
together in a common garden, and the effect of tree genotype on root fungal com-
munities was assessed. Previous studies on genotype effects on fungal symbionts
have suffered from a lack of clonal replicates of genotypes. In this respect, our
study enabled a more robust exploration of genotype effects. The results showed
that trees of different genotype differed in the abundance and diversity of fungi
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in their roots, which indicates that tree individuals may have different abilities to
select for the fungi that inhabit their roots. Such differences might affect the com-
petitive abilities of the plants, as the abundance and diversity of root symbionts
may reflect on related benefits. In light of this, tree genotypes may have an effect
on the dynamics of CMN resource transfer, not only on the level of species, but
also on the intraspecific level. Indeed, due to the complexity of the CMNs, their
robust study requires complex experimental set-ups that include several control
treatments and account for a multitude of different factors.

This thesis is a contribution to the active discussion on the study of CMNs and
the methods for studying them. There is no simple solution to the challenges that
CMN studies entail, but the continued development of methods remains integral
also in the future. A combination of various methods, including FNPs, isotopes
and DNA-based techniques may be necessary. However, no matter the method
used, there are always potential confounding factors that cannot be excluded.
Thus, the correct reporting of methods used, as well as clear disclosure of their
potential limitations, is fundamental. Issues related to poor replicability of pre-
vious studies and the unwillingness of authors to answer questions about their
publications hindered the progress of this PhD project and may affect the spread
of misinformation on scientific results in a broader sense.

In the two experimental studies, we set forward four hypotheses. With regards
to the DNA metabarcoding study on birch trees, we hypothesised that 1. root
fungal communities of trees of different origin would differ and 2. root fungal
communities of individual trees would differ. Based on our data, hypothesis 2.
was partially supported, as the within group variation and OTU accumulation
between genotypes differed. The proof-of-concept study with FNPs and yeasts
was executed with the aim to test two additional hypotheses. Hypothesis 3.
assumed that FNPs would enter fungal cells only when connected to a nutrient
source. The final hypothesis (4.) was that FNPs with a carbon core would be more
suited to fungal tracking than Cd-containing QDs, due to their better biocompati-
bility. Neither hypothesis 3. or 4. were supported by the experimental data, high-
lighting how little we still know about the interactions of FNPs with fungal cells.
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SUMMARY IN ESTONIAN

Taimede ja seente interaktsioonide uurimismeetodid:
pilguheit minevikku, olevikku ja tulevikku

Mulladkosiisteemid ja neid asustavad mikroskoopilised organismid on meie pla-
needi lahutamatu osa ning mitmete globaalsete siisiniku- ja toitaineteringlusega
ning toidu- ja puidutootmisega seotud 0kosilisteemiteenuste peamised pakkujad.
Paljud mullaorganismid elavad tihedas ithenduses taimede juurtega, mis loovad
otsese seose maapealsete ja maaaluste 0kosiisteemide vahel. Lisaks arvatakse, et
taimede juured on liksteisega seotud nende juurtes kasvavate miikoriisaseente
kaudu. Miikoriisse siimbioosi eelised on hésti dokumenteeritud, kuna seened
aitavad taimi toitainete omandamise ning stressi- ja patogeenitaluvusega, samas
kui taimed varustavad seeni fotosiinteesi teel toodetud suhkrutega, mida nad
kasutavad kasvamiseks. Siiski vaieldakse tugevalt miikoriisa taimedevaheliste
sidemete ulatuse ja olulisuse iile — seda nimetatakse miikoriisavorgustikuks (i.k.
common mycorrhizal network — CMN).

CMN-ide populariseeritud narratiiv eeldab, et metsapuud on iithendatud tohutu
seeneniidistiku vorgustikuga, mis vdimaldab neil ressursse, sealhulgas siisinikku,
toitaineid, vett, kaitsesignaale ja allelopaatilisi iihendeid , iiksteisele iile kanda ja
seega lksteist kogukondlikult toetada. Selle narratiivi kriitikud leiavad aga, et
toendid puuduvad peamiselt CMN-ide uurimiseks kasutatavate isotoopmaérgistus-
meetodite tehniliste piirangute tdttu. Toepoolest, mitmed CMN-i ressursside iile-
kandmisega seotud olulised uuringud ei tunnista ressursside iilekandmise vdima-
lust muude voimaluste kui CMN-ide kaudu, niiteks juurepoogid, juureeritised
voi difusioon lébi pinnase. Selle meetodi piirangute, eriti alternatiivsete iilekande-
vOimaluste piirangute arvestamiseks, on kasutatud kontrollt6otlusi, mis holma-
vad erineva poorisuurusega vorke, poorlevaid kasvusiidamikke, Shupilusid ja
juurte ldbikaevamist. Siiski on viidetud, et lihtegi meetodit ei saa kasutada iso-
toopmaérgistusega seotud probleemide tdielikuks lahendamiseks. Lisaks ei voi-
malda isotoopide margistamise meetodi madal ruumiline tépsus eraldada taimede
juurtes olevaid isotoope juurte sees ja nende iimber olevates seenckudedes. Tahel-
datud tilekande 6koloogiline tdhtsus on aga suuresti erinev soltuvalt sellest, kas
isotoobid sisenevad taimekudedesse voi mitte. Seega on olemasolevate meetodite
tdiustamine ja uute véljatdotamine abiks konkreetsete vastuste saamiseks CMN-
ide kohta.

Voimaliku alternatiivse meetodina CMN-i ressursside iilekande uurimiseks on
soovitatud kasutada fluorestseeruvaid nanoosakesi (i.k. fluorescent nanoparticles —
FNP), mikroskoopilisi osakesi, mis tekitavad valgusega ergastamisel fluorest-
sentsi. FNP-de peamine eelis vOrreldes isotoopidega on see, et nende liikumist
saab jdlgida in vivo reaalajas. See tdhendab, et toitainete liikkumise teed ja nende
tdpset paiknemist kudedes saab visuaalselt kinnitada. See on vastuolus isotoop-
meetoditega, mis vOimaldavad mdodta iilekantud isotoopi peamistes taime-
organites alles pérast lilekande toimumist. Kuigi FNP-sid on tehnilistes ja medit-
siinilistes rakendustes laialdaselt kasutatud, on praktilised katsed FNP-de ja
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seentega haruldased. Seega on nende teoreetiline ja praktiline sobivus CMN-
uuringuteks ebakindel.

Kéesoleva 10putdo eesmérk oli vilja selgitada erinevat tiitipi FNP-de teoreeti-
line ja praktiline sobivus taim-seen interaktsioonide, eriti CMN-ide uurimiseks.
Esimene artikkel (I.) sisaldab pohjalikku iilevaadet varasematest biokatsetest,
milles kasutati FNP-sid. See tdstab esile osakeste potentsiaali mitmesugustes bio-
loogilistes rakendustes, sealhulgas CMN-ide uurimisel, hinnates samal ajal kriiti-
liselt uurimismetoodikat, selle piiranguid ja tulevasi arenguvajadusi. Samuti
tutvustatakse ja vorreldakse erinevaid osakeste tiilipe. Kirjandusest selgub, et bio-
loogilistes uuringutes kdige sagedamini kasutatav FNP tiitip on CdSe / ZnS kvant-
punktid (QD). Kuna need osakesed sisaldavad aga ohtlikku raskemetalli kaad-
miumi, on nende kasutamine bioloogilistes katsetes, eriti pikaajalistes, kahtluse
alla seatud. Paljutdotav uuem alternatiiv kaadmiumi sisaldavatele kvantpunktidele
on siisiniku kvantpunktid (CQD), mis on eeldatavasti nende naturaalsema koos-
tise tottu biolihilduvamad. Need osakesed kannatavad aga kittesaadavate and-
mete, protokollide ja standardimise puudumise tottu. Sellegipoolest rGhutavad
varasemad uuringud selle tehnika teoreetilist potentsiaali.

Kolmas artikkel (III.) pdhineb esimese artikli (I.) teabel ja sisaldab eksperi-
mentaalset kontseptsiooniuuringut kahte tiilipi FNP-de, kaubanduslike CdSe /
ZnS kvantpunktide ja ise siinteesitud siisiniku kvantpunktide toksilisuse ja koos-
toimete kohta parmirakkudega. Saadud tulemused, nagu ka meie varasemad eks-
perimentaalsed katsed, rohutavad teadmiste puudumist, mis meil endiselt on FNP
koostoimete kohta taimede, seente ja pinnasega. Tdepoolest, enamik varasemaid
uuringuid on tehtud loomarakkudega, millel puuduvad rakuseinad, mis voivad
takistada nanoosakeste sisenemist rakkudesse. Tdheldasime, et vastupidiselt tava-
listele eeldustele ei pShjustanud FNP-sid sisaldav Cd toksilist toimet. Kuid need
osakesed ei sisenenud ilmselt agregaadi suuruse tottu seenerakkudesse. Konju-
gatsioon aminohappe tsiisteiiniga ei mdjutanud CdSe/ZnS kvantpunktide omas-
tamist, kuna nii pdlised kui ka konjugeeritud kvantpunktid adsorbeerusid ainult
16dvalt parmirakkude pindadele. Lisaks eraldas rakkude pesemine kvantpunkte
rakkudest, mis néitab norka ja passiivset interaktsiooni. Vastupidiselt sisenesid
viiksemad siisinikku sisaldavad FNP-d kergesti seenerakkudesse ja neid tdheldati
seal isegi pédrast rakkude pesemist. Seega niitavad testitud siisiniku FNP-d
potentsiaali seentega seotud tulevaste rakenduste jaoks. Kuid kuna meie tead-
mistes FNP-de ja CMN-ide keerukuse vahel on mérkimisvadrne 18he, sobivad
varem kasutatud meetodid praegu CMN-ide uurimiseks paremini. Veelgi enam,
hiljuti on kahtluse alla seatud FNP-de kasulikkus taimede ja seente ressursside
iilekande uurimisel, sest kuigi FNP-d on viikesed, on need palju suuremad kui
vabad toitained ja seega voOetakse need tdoendoliselt kasutusele erinevatel iile-
kandeteedel kui vabad toitained, mistdttu ei pruugi FNP-ga konjugeeritud toit-
ainete litkumine tapselt jédljendada loomulikku toitainete liikumist.

Paralleelselt FNP uuringutega avaldasime ka uuringu (II.) taimede ja seente
interaktsioonide kohta, kasutades véljakujunenud DNA-pohise madramise mee-
todit. Antud uuringus kasvatati samal uuringualal koos erinevatelt laiuskraadidelt
périt kase kloone ning hinnati puude genotiilibi mdju juureseente kooslustele.
Varasemad uuringud genotiiiibi m&ju kohta seente siimbiontidele on kannatanud
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genotiilipide replikatsioonide puudumise tottu. Meie uuring voimaldas genotiiiibi
mdju pohjalikumalt uurida. Tulemused néitasid, et erineva genotiiiibiga puud eri-
nevad seente arvukuse ja mitmekesisuse poolest oma juurtes, mis viitab sellele,
et puuisenditel voib olla erinev vdime selekteerida oma juuri asustavaid seeni.
Sellised erinevused vdivad mojutada taimede konkurentsivdoimet, kuna juur-
siimbiontide arvukus ja mitmekesisus voivad peegeldada seotud eeliseid. Selle
valguses voivad puude genotiilibid avaldada mdju CMN-i ressursside iilekande
diinaamikale mitte ainult liikide, vaid ka liigisisesel tasandil. Téepoolest, CMN-
ide keerukuse tottu nduab nende uurimine keerulisi eksperimentaalseid seadis-
tusi, mis holmavad mitut kontrollkésitlust ja votavad arvesse paljusid erinevaid
tegureid.

Antud doktoritdd on panus aktiivsesse arutelusse CMN-ide uurimise ja selle
metoodika tile. CMN-uuringutega kaasnevatele véljakutsetele lihtsat lahendust ei
ole, kuid meetodite jitkuv arendamine on oluline ka edaspidi. Vajalik v3ib olla
erinevate meetodite, sealhulgas FNP-de, isotoopide ja DNA-pohiste tehnikate
kombineerimine. Kuid olenemata kasutatavast meetodist on alati vdimalikud
segavad tegurid, mida ei saa vilistada. Seega on kasutatud meetodite tépne aru-
andlus ja nende meetodite voimalike piirangute selge avalikustamine iilioluline.
Varasemate uuringute halva korratavusega seotud probleemid ja autorite soovi-
matus vastata oma publikatsioone puudutavatele kiisimustele takistasid kiesoleva
doktorito6 edenemist ning vdivad ka tildisemalt mojutada teadustulemuste kohta
laiemalt leviva valeinformatsiooni levikut.

Kahes eksperimentaalses uuringus esitasime neli hiipoteesi. Kaskede juure-
seente DNA-pShise méddramise uuringu osas piistitasime hiipoteesi, et 1. erineva
péritoluga puude juurekooslused erinevad ja 2. iiksikute puude juurte seenekoos-
lused erinevad. Meie andmetele tuginedes leidis hiipotees 2. osaliselt toetust,
kuna grupisisene variatsioon ja OTU akumulatsioon genotiiiipide vahel erinesid.
Kontseptsiooni tdestamise uuring FNP-de ja parmidega viidi lédbi eesméirgiga
testida kahte tdiendavat hiipoteesi. Hiipotees 3. eeldas, et FNP-d sisenevad seene-
rakkudesse ainult siis, kui need on {ihendatud toitaineallikaga. Loplik hiipotees
(4.) oli, et siisiniku tuumaga FNP-d sobivad paremini seente jalgimiseks kui kaad-
miumi sisaldavad kvantumpunktid, kuna need on parema bioloogilise sobivusega.
Eksperimentaalsed andmed ei toetanud hiipoteese 3. ega 4. See toi esile, kui vihe
me veel teame FNP-de koostoimest seenrakkudega.

39



ACKNOWLEDGEMENTS

I of course wish to thank everyone who has helped me in one way or another to
manage this far. Supervisors: Leho Tedersoo, Raivo Jaaniso and Uno Méeorg;
colleagues, coauthors, and friends. From the mycology work group, I am espe-
cially thankful to Jane Oja, Heidi Tamm, Niloufar Hagh Doust, Vladimir
Mikryokov, Olesya Dulia and Iryna Yatsiuk. You have been my colleagues and
will remain my friends. I also thank Dr. Djuddah Leijen and the Communicating
Science course crew, for giving me a valid excuse to leave the mycology bubble
occasionally. [ owe a special thank you to my mentor Sari-Kontunen Soppela, for
her constant support even though she had no obligation to continue it after I left
UEF. I am also grateful to everyone at KBFI who took me to their lab and cared
about my project. The biggest thanks of all go to my husband Toivo for putting
up with my complaining and my dog Tilke for giving me a reason to smile no
matter how bad things seemed.

Acknowledgement is also given to all the funders that have enabled me to try
to be a scientist and produce the experiments for my publications. These include
Estonian Research Council grants PRG749, STP28, PRG632, MOBERCA4S5,
EMP442, Academy of Finland project 138309 and strategic funding of University
of Eastern Finland (project 931060) and Societas Biologica Fennica Vanamo.

40



REFERENCES

Abrego, N., Crosier, B., Somervuo, P., Ivanova, N., Abrahamyan, A., Abdi, A., Himi-
ldinen, K., Junninen, K., Maunula, M., Purhonen, J., & Ovaskainen, O. (2020). Fungal
communities decline with urbanization—more in air than in soil. The ISME Journal
2020 14:11, 14(11), 2806-2815. https://doi.org/10.1038/s41396-020-0732-1

Achatz, M., & Rillig, M. C. (2014). Arbuscular mycorrhizal fungal hyphae enhance
transport of the allelochemical juglone in the field. Soil Biology and Biochemistry, 78.
https://doi.org/10.1016/j.s0ilbi0.2014.07.008

Agarwal, R., Domowicz, M. S., Schwartz, N. B., Henry, J., Medintz, 1., Delehanty, J. B.,
Stewart, M. H., Susumu, K., Huston, A. L., Deschamps, J. R., Dawson, P. E., Palomo, V.,
& Dawson, G. (2015). Delivery and tracking of quantum dot peptide bioconjugates in
an intact developing avian brain. ACS Chemical Neuroscience, 6(3), 494-504. https://
doi.org/10.1021/acschemneuro.5b00022

Alas, M. O., Alkas, F. B., Aktas Sukuroglu, A., Genc Alturk, R., & Battal, D. (2020).
Fluorescent carbon dots are the new quantum dots: an overview of their potential in
emerging technologies and nanosafety. In Journal of Materials Science (Vol. 55, Issue
31, pp. 15074-15105). Springer. https://doi.org/10.1007/s10853-020-05054-y

Alberton, O., Kuyper, T. W., & Summerbell, R. C. (2009). Dark septate root endophytic
fungi increase growth of Scots pine seedlings under elevated CO2 through enhanced
nitrogen use efficiency. Plant and Soil 2009 328:1, 328(1), 459—470. https://doi.org/
10.1007/S11104-009-0125-8

Anderson, M. J., Clarke, K. R., & Gorley, R. N. (2008). PERMANOVA+ for Primer:
Guide to software and statistical methods. Primer-E : Plymouth, UK.

Anslan, S., Bahram, M., Hiiesalu, 1., & Tedersoo, L. (2017). PipeCraft: Flexible open-
source toolkit for bioinformatics analysis of custom high-throughput amplicon se-
quencing data. Molecular Ecology Resources, 17(6), €234—240. https://doi.org/10.
1111/1755-0998.12692

Avital, S., Rog, L., Livne-Luzon, S., Cahanovitc, R., & Klein, T. (2022). Asymmetric
belowground carbon transfer in a diverse tree community. Molecular Ecology, 31(12).
https://doi.org/10.1111/mec.16477

Babikova, Z., Gilbert, L., Bruce, T. J. A., Birkett, M., Caulfield, J. C., Woodcock, C.,
Pickett, J. A., & Johnson, D. (2013). Underground signals carried through common
mycelial networks warn neighbouring plants of aphid attack. Ecology Letters, 16(7),
835-843. https://doi.org/10.1111/ele.12115

Baker, M. (2016). 1,500 scientists lift the lid on reproducibility. Nature, 533(7604), 452—
454, https://doi.org/10.1038/533452A

Baker, S. N., & Baker, G. A. (2010). Luminescent carbon nanodots: Emergent nanolights.
In Angewandte Chemie — International Edition (Vol. 49, Issue 38, pp. 6726—6744).
https://doi.org/10.1002/anie.200906623

Barto, E. K., Hilker, M., Miiller, F., Mohney, B. K., Weidenhamer, J. D., & Rillig, M. C.
(2011). The fungal fast lane: Common mycorrhizal networks extend bioactive zones
of allelochemicals in soils. PLoS ONE, 6(11). https://doi.org/10.1371/journal.pone.
0027195

Barto, E. K., Weidenhamer, J. D., Cipollini, D., & Rillig, M. C. (2012). Fungal super-
highways: Do common mycorrhizal networks enhance below ground communication?
In Trends in Plant Science (Vol. 17, Issue 11). https://doi.org/10.1016/j.tplants.2012.
06.007

41



Begum, N., Qin, C., Ahanger, M. A., Raza, S., Khan, M. 1., Ashraf, M., Ahmed, N., &
Zhang, L. (2019). Role of Arbuscular Mycorrhizal Fungi in Plant Growth Regulation:
Implications in Abiotic Stress Tolerance. In Frontiers in Plant Science (Vol. 10, p.
1068). Frontiers Media S.A. https://doi.org/10.3389/fpls.2019.01068

Bera, D., Qian, L., Tseng, T. K., & Holloway, P. H. (2010). Quantum dots and their multi-
modal applications: A review. Materials, 3(4), 2260-2345. https://doi.org/10.3390/
ma3042260

Bever, J. D., Dickie, 1. A., Facelli, E., Facelli, J. M., Klironomos, J., Moora, M., Rillig, M. C.,
Stock, W. D., Tibbett, M., & Zobel, M. (2010). Rooting theories of plant community
ecology in microbial interactions. Trends in Ecology & Evolution, 25(8), 468—478.
https://doi.org/10.1016/J.TREE.2010.05.004

Bilal, M., Oh, E., Liu, R., Breger, J. C., Medintz, I. L., Cohen, Y., Bilal, M., Cohen, Y.,
Liu, R., Oh, E., Breger, J. C., & Medintz, 1. L. (2019). Bayesian Network Resource
for Meta-Analysis: Cellular Toxicity of Quantum Dots. Small, 15(34), 1900510.
https://doi.org/10.1002/SMLL.201900510

Bjorkman, E. (1960). Monotropa Hypopitys L. — an Epiparasite on Tree Roots. Physio-
logia Plantarum, 13(2), 308-327. https://doi.org/10.1111/J.1399-3054.1960.TB08034.X

Blatt, M. R., Draguhn, A., Taiz, L., & Robinson, D. G. (2023). A challenge to claims for
mycorrhizal-transmitted wound signaling. Plant Signaling & Behavior, 18(1). https://
doi.org/10.1080/15592324.2023.2222957

Bonfante, P., & Genre, A. (2008). Plants and arbuscular mycorrhizal fungi: an evo-
lutionary-developmental perspective. Trends in Plant Science, 13(9), 492—498. https://
doi.org/10.1016/J. TPLANTS.2008.07.001

Booth, M. G., & Hoeksema, J. D. (2010). Mycorrhizal networks counteract competitive
effects of canopy trees on seedling survival. Ecology, 91(8), 2294-2302. https://
doi.org/10.1890/09-1139.1

Brandt, Y. I., Mitchell, T., Smolyakov, G. A., Osinski, M., & Hartley, R. S. (2015). Quan-
tum dot assisted tracking of the intracellular protein Cyclin E in Xenopus laevis
embryos. Journal of Nanobiotechnology, 13(1), 31. https://doi.org/10.1186/s12951-
015-0092-6

Cahanovitc, R., Livne-Luzon, S., Angel, R., & Klein, T. (2022). Ectomycorrhizal fungi
mediate belowground carbon transfer between pines and oaks. ISME Journal, 16(5).
https://doi.org/10.1038/s41396-022-01193-z

Cahill, J. F., Elle, E., Smith, G. R., & Shore, B. H. (2008). Disruption of a belowground
mutualism alters interactions between plants and their floral visitors. Ecology, 89(7),
1791-1801. https://doi.org/10.1890/07-0719.1

Carey, E. V., Marler, M. J., & Callaway, R. M. (2004). Mycorrhizae transfer carbon from
a native grass to an invasive weed: evidence from stable isotopes and physiology.
Plant Ecology 2004 172:1, 172(1), 133-141. https://doi.org/10.1023/B:VEGE.
0000026031.14086.F1

Cayuela, A., Soriano, M. L., Carrillo-Carrién, C., & Valcarcel, M. (2016). Semiconductor
and carbon-based fluorescent nanodots: The need for consistency. Chemical Com-
munications, 52(7), 1311-1326. https://doi.org/10.1039/c5cc07754k

Chan, W. C. W., & Nie, S. (1998). Quantum dot bioconjugates for ultrasensitive non-
isotopic detection. Science, 281(5385), 2016-2018. https://doi.org/10.1126/science.
281.5385.2016

Chen, M., Arato, M., Borghi, L., Nouri, E., & Reinhardt, D. (2018). Beneficial services of
arbuscular mycorrhizal fungi — from ecology to application. Frontiers in Plant Science,
9(September), 1-14. https://doi.org/10.3389/1pls.2018.01270

42



Chen, N., He, Y., Su, Y., Li, X., Huang, Q., Wang, H., Zhang, X., Tai, R., & Fan, C. (2012).
The cytotoxicity of cadmium-based quantum dots. Biomaterials, 33(5), 1238—1244.
https://doi.org/10.1016/j.biomaterials.2011.10.070

Cheng, X., & Baumgartner, K. (2004). Arbuscular mycorrhizal fungi-mediated nitrogen
transfer from vineyard cover crops to grapevines. Biology and Fertility of Soils, 40(6).
https://doi.org/10.1007/s00374-004-0797-4

Courty, P. E., Walder, F., Boller, T., Ineichen, K., Wiemken, A., Rousteau, A., & Selosse,
M. A. (2011). Carbon and nitrogen metabolism in mycorrhizal networks and myco-
heterotrophic plants of tropical forests: A stable isotope analysis. Plant Physiology,
156(2). https://doi.org/10.1104/pp.111.177618

Dahan, M., Lévi, S., Luccardini, C., Rostaing, P., Riveau, B., & Triller, A. (2003). Dif-
fusion Dynamics of Glycine Receptors Revealed by Single-Quantum Dot Tracking.
Science, 302(5644), 442—445. https://doi.org/10.1126/science.1088525

Davison, J., Moora, M., Opik, M., Adholeya, A., Ainsaar, L., B4, A., Burla, S., Diedhiou,
A. G., Hiiesalu, 1., Jairus, T., Johnson, N. C., Kane, A., Koorem, K., Kochar, M.,
Ndiaye, C., Pértel, M., Reier, Saks, Singh, R., ... Zobel, M. (2015). Global assessment
of arbuscular mycorrhizal fungus diversity reveals very low endemism. Science,
349(6251), 970-973. https://doi.org/10.1126/SCIENCE.AAB1161/SUPPL _FILE/
AABI1161-DAVISON-SM.PDF

de Villemereuil, P., Gaggiotti, O. E., Mouterde, M., & Till-Bottraud, I. (2015). Common
garden experiments in the genomic era: new perspectives and opportunities. Heredity
2016 116:3, 116(3), 249-254. https://doi.org/10.1038/hdy.2015.93

Dekaliuk, M. O., Viagin, O., Malyukin, Y. V., & Demchenko, A. P. (2014). Fluorescent
carbon nanomaterials: “quantum dots” or nanoclusters? Physical Chemistry Chemical
Physics, 16(30), 16075-16084. https://doi.org/10.1039/c4cp00138a

Delavaux, C. S., Smith-Ramesh, L. M., & Kuebbing, S. E. (2017). Beyond nutrients: a
meta-analysis of the diverse effects of arbuscular mycorrhizal fungi on plants and
soils. Ecology, 98(8), 2111-2119. https://doi.org/10.1002/ecy.1892

Deslippe, J. R., & Simard, S. W. (2011). Below-ground carbon transfer among Betula
nana may increase with warming in Arctic tundra. New Phytologist, 192(3). https://
doi.org/10.1111/5.1469-8137.2011.03835.x

Dickie, I. A., Koide, R. T., & Steiner, K. C. (2002). Influences of established trees on
mycorrhizas, nutrition, and growth of Quercus rubra seedlings. Ecological Monographs,
72(4), 505-521. https://doi.org/10.1890/0012-9615(2002)072[0505:I0ETOM]2.0.CO;2

Egerton-Warburton, L. M., Querejeta, J. I., & Allen, M. F. (2007). Common mycorrhizal
networks provide a potential pathway for the transfer of hydraulically lifted water
between plants. Journal of Experimental Botany, 58(6), 1473—1483. https://doi.org/
10.1093/JXB/ERM009

Ekvall, M. T., Bianco, G., Linse, S., Linke, H., Bickman, J., & Hansson, L. A. (2013).
Three-dimensional tracking of small aquatic organisms using fluorescent nano-
particles. PLoS ONE, 8(11), e¢78498. https://doi.org/10.1371/journal.pone.0078498

Erland, L. A. E., Yasunaga, A., Li, I. T. S., Murch, S. J., & Saxena, P. K. (2019). Direct
visualization of location and uptake of applied melatonin and serotonin in living
tissues and their redistribution in plants in response to thermal stress. Journal of Pineal
Research, 66(1), €12527. https://doi.org/10.1111/jpi. 12527

Esfandiari, N., Bagheri, Z., Ehtesabi, H., Fatahi, Z., Tavana, H., & Latifi, H. (2019). Effect
of carbonization degree of carbon dots on cytotoxicity and photo-induced toxicity to
cells. Heliyon, 5(12). https://doi.org/10.1016/j.heliyon.2019.e02940

43



Essner, J. B., Kist, J. A., Polo-Parada, L., & Baker, G. A. (2018). Artifacts and Errors
Associated with the Ubiquitous Presence of Fluorescent Impurities in Carbon Nano-
dots. Chemistry of Materials, 30(6), 1878—1887. https://doi.org/10.1021/acs.chemmater.
7b04446

Fall, F., Ndoye, D., Galiana, A., Diouf, D., & B4, A. M. (2022). Arbuscular mycorrhizal
fungi-mediated biologically fixed N transfer from Vachellia seyal to Sporobolus
robustus. Symbiosis, 86(2), 205-214. https://doi.org/10.1007/S13199-022-00833-
4/TABLES/3

Fan, J., Claudel, M., Ronzani, C., Arezki, Y., Lebeau, L., & Pons, F. (2019). Physico-
chemical characteristics that affect carbon dot safety: Lessons from a comprehensive
study on a nanoparticle library. International Journal of Pharmaceutics, 569, 118521.
https://doi.org/10.1016/J.1IJPHARM.2019.118521

Filali, S., Pirot, F., & Miossec, P. (2020). Biological Applications and Toxicity Mini-
mization of Semiconductor Quantum Dots. In Trends in Biotechnology (Vol. 38,
Issue 2, pp. 163—177). https://doi.org/10.1016/j.tibtech.2019.07.013

Fitter, A. H., Graves, J. D., Watkins, N. K., Robinson, D., & Scrimgeour, C. (1998). Car-
bon transfer between plants and its control in networks of arbuscular mycorrhizas.
Functional Ecology, 12(3). https://doi.org/10.1046/j.1365-2435.1998.00206.x

Gabelica, M., Boj¢i¢, R., & Puljak, L. (2022). Many researchers were not compliant with
their published data sharing statement: a mixed-methods study. Journal of Clinical
Epidemiology, 150, 33—41. https://doi.org/10.1016/J.JCLINEPI.2022.05.019

Gayen, B., Palchoudhury, S., & Chowdhury, J. (2019). Carbon Dots: A Mystic Star in the
World of Nanoscience. Journal of Nanomaterials, 2019, 1-19. https://doi.org/10.
1155/2019/3451307

Goryacheva, 1. Y., Sapelkin, A. V., & Sukhorukov, G. B. (2017). Carbon nanodots:
Mechanisms of photoluminescence and principles of application. Trends in Analytical
Chemistry, 90, 27-37. https://doi.org/10.1016/j.trac.2017.02.012

Graves, J. D., Watkins, N. K., Fitter, A. H., Robinson, D., & Scrimgeour, C. (1997). Intra-
specific transfer of carbon between plants linked by a common mycorrhizal network.
Plant and Soil, 192(2). https://doi.org/10.1023/A:1004257812555

Gyuricza, V., Thiry, Y., Wannijn, J., Declerck, S., & Dupré de Boulois, H. (2010). Radio-
cesium transfer between Medicago truncatula plants via a common mycorrhizal
network. Environmental Microbiology, 12(8). https://doi.org/10.1111/j.1462-2920.
2009.02118.x

Hannula, S. E., Heinen, R., Huberty, M., Steinauer, K., De Long, J. R., Jongen, R., &
Bezemer, T. M. (2021). Persistence of plant-mediated microbial soil legacy effects in
soil and inside roots. Nature Communications 2021 12:1, 12(1), 1-13. https://doi.org/
10.1038/s41467-021-25971-z

Hardman, R. (2006). A toxicologic review of quantum dots: Toxicity depends on physico-
chemical and environmental factors. Environmental Health Perspectives, 114(2),
165—172. https://doi.org/10.1289/EHP.8284

Hartley, S. E., & Gange, A. C. (2009). Impacts of plant symbiotic fungi on insect
herbivores: Mutualism in a multitrophic context. Annual Review of Entomology, 54,
323-342. https://doi.org/10.1146/annurev.ento.54.110807.090614

He, X., Bledsoe, C. S., Zasoski, R. J., Southworth, D., & Horwath, W. R. (2006). Rapid
nitrogen transfer from ectomycorrhizal pines to adjacent ectomycorrhizal and arbus-
cular mycorrhizal plants in a California oak woodland. New Phytologist, 170(1).
https://doi.org/10.1111/j.1469-8137.2006.01648.x

44



He, X., Critchley, C., Ng, H., & Bledsoe, C. (2004). Reciprocal N (15NH4+ or 15NO3-)
transfer between nonN 2-fixing Eucalyptus maculata and N2-fixing Casuarina cun-
ninghamiana linked by the ectomycorrhizal fungus Pisolithus sp. New Phytologist,
163(3). https://doi.org/10.1111/j.1469-8137.2004.01137.x

He, X., Critchley, C., Ng, H., & Bledsoe, C. (2005). Nodulated N2-fixing Casuarina
cunninghamiana is the sink for net N transfer from non-N2-fixing Eucalyptus maculata
via an ectomycorrhizal fungus Pisolithus sp. using 15NH4+ or 15NO3- supplied as
ammonium nitrate. New Phytologist, 167(3). https://doi.org/10.1111/j.1469-8137.
2005.01437.x

He, X. H., Critchley, C., & Bledsoe, C. (2003). Nitrogen transfer within and between
plants through common mycorrhizal networks (CMNSs). In Critical Reviews in Plant
Sciences (Vol. 22, Issue 6). https://doi.org/10.1080/713608315

He, X., Xu, M., Qiu, G. Y., & Zhou, J. (2009). Use of 15N stable isotope to quantify
nitrogen transfer between mycorrhizal plants. Journal of Plant Ecology, 2(3), 107—
118. https://doi.org/10.1093/jpe/rtp015

He, Y., Cornelissen, J. H. C., Wang, P., Dong, M., & Ou, J. (2019a). Nitrogen transfer
from one plant to another depends on plant biomass production between conspecific
and heterospecific species via a common arbuscular mycorrhizal network. Environ-
mental Science and Pollution Research, 26(9), 8828—8837. https://doi.org/10.1007/
s11356-019-04385-x

He, Y., Cornelissen, J. H. C., Wang, P., Dong, M., & Ou, J. (2019b). Nitrogen transfer
from one plant to another depends on plant biomass production between conspecific
and heterospecific species via a common arbuscular mycorrhizal network. Environ-
mental Science and Pollution Research, 26(9), 8828—8837. https://doi.org/10.1007/
s11356-019-04385-x

Henriksson, N., Marshall, J., Hogberg, M. N., Hogberg, P., Polle, A., Franklin, O., &
Nésholm, T. (2023). Re-examining the evidence for the mother tree hypothesis —
resource sharing among trees via ectomycorrhizal networks. New Phytologist, 239(1),
19-28. https://doi.org/10.1111/NPH.18935

Hoeksema, J. D., Chaudhary, V. B., Gehring, C. A., Johnson, N. C., Karst, J., Koide, R. T.,
Pringle, A., Zabinski, C., Bever, J. D., Moore, J. C., Wilson, G. W. T., Klironomos, J. N.,
& Umbanhowar, J. (2010). A meta-analysis of context-dependency in plant response
to inoculation with mycorrhizal fungi. Ecol. Lett., 13(3), 394-407. https://doi.org/
10.1111/.1461-0248.2009.01430.x

Holtzer, L., Meckel, T., & Schmidt, T. (2007). Nanometric three-dimensional tracking of
individual quantum dots in cells. Applied Physics Letters, 90(5). https://doi.org/
10.1063/1.2437066

Hsieh, T. C., Ma, K. H., & Chao, A. (2016). iNEXT: an R package for rarefaction and
extrapolation of species diversity (Hill numbers). Methods in Ecology and Evolution,
7(12), 1451-1456. https://doi.org/10.1111/2041-210X.12613

Thrmark, K., Boédeker, I. T. M., Cruz-Martinez, K., Friberg, H., Kubartova, A.,
Schenck, J., Strid, Y., Stenlid, J., Brandstrom-Durling, M., Clemmensen, K. E., &
Lindahl, B. D. (2012). New primers to amplify the fungal ITS2 region — evaluation by
454-sequencing of artificial and natural communities. FEMS Microbiology Ecology,
82(3), 666—677. https://doi.org/10.1111/J.1574-6941.2012.01437.X

Ishida, T. A., Nara, K., & Hogetsu, T. (2007). Host effects on ectomycorrhizal fungal
communities: insight from eight host species in mixed conifer—broadleaf forests. New
Phytologist, 174(2), 430—440. https://doi.org/10.1111/J.1469-8137.2007.02016.X

Izumi, H., & Finlay, R. D. (2011). Ectomycorrhizal roots select distinctive bacterial and
ascomycete communities in Swedish subarctic forests. Environmental Microbiology,
13(3), 819-830. https://doi.org/10.1111/j.1462-2920.2010.02393.x

45



Jakobsen, 1. (2004). Hyphal fusion to plant species connections - Giant mycelia and com-
munity nutrient flow. In New Phytologist (Vol. 164, Issue 1). https://doi.org/10.1111/
j-1469-8137.2004.01163.x

Johnson, D., Leake, J. R., & Read, D. J. (2001). Novel in-growth core system enables
functional studies of grassland mycorrhizal mycelial networks. New Phytologist,
152(3). https://doi.org/10.1046/j.0028-646X.2001.00273.x

Jonas, M., Yao, Y., So, P. T. C., & Dewey, C. F. (2006). Detecting single quantum dot
motion with nanometer resolution for applications in cell biology. IEEE Transactions
on Nanobioscience, 5(4), 246-250. https://doi.org/10.1109/TNB.2006.886559

Jung, S. C., Martinez-Medina, A., Lopez-Raez, J. A., & Pozo, M. J. (2012). Mycorrhiza-
Induced Resistance and Priming of Plant Defenses. Journal of Chemical Ecology,
38(6), 651-664. https://doi.org/10.1007/s10886-012-0134-6

Karst, J., Jones, M. D., & Hoeksema, J. D. (2023). Positive citation bias and over-
interpreted results lead to misinformation on common mycorrhizal networks in forests.
Nature Ecology & Evolution 2023 7:4, 7(4), 501-511. https://doi.org/10.1038/s41559-
023-01986-1

Kiers, E. T., Duhamel, M., Beesetty, Y., Mensah, J. A., Franken, O., Verbruggen, E.,
Fellbaum, C. R., Kowalchuk, G. A., Hart, M. M., Bago, A., Palmer, T. M., West, S. A.,
Vandenkoornhuyse, P., Jansa, J., & Biicking, H. (2011). Reciprocal Rewards Stabilize
Cooperation in the Mycorrhizal Symbiosis. Science, 333(August), 880—882.

Klein, T., Rog, 1., Livne-Luzon, S., van der Heijden, M. G. A., & Korner, C. (2023).
Belowground carbon transfer across mycorrhizal networks among trees: Facts, not
fantasy. Open Research Europe, 3, 168. https://doi.org/10.12688/OPENRESEUROPE.
16594.1

Klein, T., Siegwolf, R. T. W., & Korner, C. (2016). Belowground carbon trade among tall
trees in a temperate forest. Science, 352(6283). https://doi.org/10.1126/science.
aad6188

Kokkoris, V., Stefani, F., Dalpé, Y., Dettman, J., & Corradi, N. (2020). Nuclear Dynamics
in the Arbuscular Mycorrhizal Fungi. Trends in Plant Science, 25(8), 765—778. https://
doi.org/10.1016/J. TPLANTS.2020.05.002

Koricheva, J., Gange, A. C., & Jones, T. (2009). Effects of mycorrhizal fungi on insect
herbivores: A meta-analysis. Ecology, 90(8), 2088—2097. https://doi.org/10.1890/08-
1555.1

Kuyper, T. W., Jansa, J., Kuyper, T. W., & Jansa, J. (2023). Arbuscular mycorrhiza:
advances and retreats in our understanding of the ecological functioning of the mother
of all root symbioses. Plant and Soil 2023 489:1, 489(1), 41-88. https://doi.org/10.
1007/S11104-023-06045-Z

Kytoviita, M.-M., Vestberg, M., & Tuomi, J. (2003). A Test of Mutual Aid in Common
Mycorrhizal Networks: Established Vegetation Negates Benefit in Seedlings.
Ecology, 84(4), 898-906. https://doi.org/10.1890/0012-9658

Leake, J., Johnson, D., Donnelly, D., Muckle, G., Boddy, L., & Read, D. (2004). Networks
of power and influence: The role of mycorrhizal mycelium in controlling plant com-
munities and agroecosystem functioning. Canadian Journal of Botany, 82(8), 1016—
1045. https://doi.org/10.1139/B04-060

Leifheit, E. F., Verbruggen, E., & Rillig, M. C. (2014). Rotation of hyphal in-growth cores
has no confounding effects on soil abiotic properties. Soil Biology and Biochemistry, 79.
https://doi.org/10.1016/j.50i1bi0.2014.09.006

Lekberg, Y., Hammer, E. C., & Olsson, P. A. (2010). Plants as resource islands and
storage units — adopting the mycocentric viewofarbuscularmycorrhizal networks.
FEMS Microbiology Ecology, 74(2). https://doi.org/10.1111/j.1574-6941.2010.00956.x

46



Lerat, S., Gauci, R., Catford, J. G., Vierheilig, H., Piché, Y., & Lapointe, L. (2002). 14C
transfer between the spring ephemeral Erythronium americanum and sugar maple
saplings via arbuscular mycorrhizal fungi in natural stands. Oecologia, 132(2). https:/
/doi.org/10.1007/s00442-002-0958-9

Li,H.,Kang, Z., Liu, Y., & Lee, S. T. (2012). Carbon nanodots: Synthesis, properties and
applications. Journal of Materials Chemistry, 22(46), 24230-24253. https://doi.org/
10.1039/c2jm34690g

Lim, S. Y., Shen, W., & Gao, Z. (2015). Carbon quantum dots and their applications.
Chemical Society Reviews, 44(1), 362-381. https://doi.org/10.1039/c4cs00269¢

Linhart, Y. B., & Grant, M. C. (1996). Evolutionary significance of local genetic dif-
ferentiation in plants. Annual Review of Ecology and Systematics, 27, 237-277.
https://doi.org/10.1146/annurev.ecolsys.27.1.237

Liu, S. L., Wang, Z. G., Zhang, Z. L., & Pang, D. W. (2016). Tracking single viruses
infecting their host cells using quantum dots. In Chemical Society Reviews (Vol. 45,
Issue 5, pp. 1211-1224). https://doi.org/10.1039/c5¢s00657k

Liu, Y., Li, G., Wang, M., Yan, W., & Hou, F. (2021). Effects of three-dimensional soil
heterogeneity and species composition on plant biomass and biomass allocation of
grass-mixtures. AoB PLANTS, 13(4). https://doi.org/10.1093/AOBPLA/PLABO033

McGuire, K. L. (2007). Common ectomycorrhizal networks may maintain monodomi-
nance in a tropical rain forest. Ecology, 88(3), 567-574. https://doi.org/10.1890/05-1173

McKendrick, S. L., Leake, J. R., & Read, D. J. (2000). Symbiotic germination and
development of myco-heterotrophic plants in nature: Transfer of carbon from ecto-
mycorrhizal Salix repens and Betula pendula to the orchid Corallorhiza trifida through
shared hyphal connections. New Phytologist, 145(3). https://doi.org/10.1046/j.1469-
8137.2000.00592.x

Meding, S. M., & Zasoski, R. J. (2008). Hyphal-mediated transfer of nitrate, arsenic,
cesium, rubidium, and strontium between arbuscular mycorrhizal forbs and grasses
from a California oak woodland. Soil Biology and Biochemistry, 40(1). https://doi.org/
10.1016/.s0ilbi0.2007.07.019

Mei, J., Yang, L. Y., Lai, L., Xu, Z. Q., Wang, C., Zhao, J., Jin, J. C., Jiang, F. L., & Liu, Y.
(2014). The interactions between CdSe quantum dots and yeast Saccharomyces
cerevisiae: Adhesion of quantum dots to the cell surface and the protection effect of
ZnS shell. Chemosphere, 112, 92-99. https://doi.org/10.1016/j.chemosphere.2014.03.071

Merrild, M. P., Ambus, P., Rosendahl, S., & Jakobsen, I. (2013). Common arbuscular
mycorrhizal networks amplify competition for phosphorus between seedlings and
established plants. New Phytologist, 200(1). https://doi.org/10.1111/nph.12351

Mikkelsen, B. L., Rosendahl, S., & Jakobsen, I. (2008). Underground resource allocation
between individual networks of mycorrhizal fungi. New Phytologist, 180(4).
https://doi.org/10.1111/j.1469-8137.2008.02623.x

Minnaar, C., & Anderson, B. (2019). Using quantum dots as pollen labels to track the
fates of individual pollen grains. Methods in Ecology and Evolution, 10(5), 604—614.
https://doi.org/10.1111/2041-210X.13155

Muneer, M. A., Chen, X., Munir, M. Z., Nisa, Z. U., Saddique, M. A. B., Mehmood, S.,
Su, D., Zheng, C., & Ji, B. (2023). Interplant transfer of nitrogen between C3and C4-
plants through common mycorrhizal networks under different nitrogen availability.
Journal of Plant Ecology, 16(2). https://doi.org/10.1093/jpe/rtac058

Nakano-Hylander, A., & Olsson, P. A. (2007). Carbon allocation in mycelia of arbuscular
mycorrhizal fungi during colonisation of plant seedlings. Soil Biology and Bio-
chemistry, 39(7). https://doi.org/10.1016/j.s0i1bi0.2006.12.031

47



Nara, K., & Hogetsu, T. (2004). Ectomycorrhizal fungi on established shrubs facilitate
subsequent seedling establishment of successional plant species. Ecology, 85(6),
1700-1707. https://doi.org/10.1890/03-0373

Newman, E. 1. (1988). Mycorrhizal Links Between Plants: Their Functioning and Eco-
logical Significance. Advances in Ecological Research, 18(C). https://doi.org/10.
1016/S0065-2504(08)60182-8

Nilsson, R. H., Larsson, K.-H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S.,
Schigel, D., Kennedy, P., Picard, K., Glockner, F. O., Tedersoo, L., Saar, 1., Kdljalg, U.,
& Abarenkov, K. (2019). The UNITE database for molecular identification of fungi:
handling dark taxa and parallel taxonomic classifications. Nucleic Acids Research,
47(D1), D259-D264. https://doi.org/10.1093/NAR/GKY 1022

Oelmiiller, R. (2019). Interplant communication via hyphal networks. In Plant Physiology
Reports (Vol. 24, Issue 4, pp. 463—473). Springer. https://doi.org/10.1007/s40502-
019-00491-7

Oh, E., Liu, R, Nel, A., Gemill, K. B., Bilal, M., Cohen, Y., & Medintz, 1. L. (2016).
Meta-analysis of cellular toxicity for cadmium-containing quantum dots. Nature
Nanotechnology, 11(5), 479—486. https://doi.org/10.1038/NNANO.2015.338

Pandit, S., Behera, P., Sahoo, J., & De, M. (2019). In Situ Synthesis of Amino Acid
Functionalized Carbon Dots with Tunable Properties and Their Biological Appli-
cations. ACS Applied Bio Materials, 2(8), 3393-3403. https://doi.org/10.1021/
ACSABM.9B00374/SUPPL_FILE/MT9B00374 SI 001.PDF

Park, Y., Yoo, J., Lim, B., Kwon, W., & Rhee, S. W. (2016). Improving the functionality
of carbon nanodots: Doping and surface functionalization. Journal of Materials
Chemistry A, 4(30), 11582-11603. https://doi.org/10.1039/c6ta04813g

Pelley, J. L., Daar, A. S., & Saner, M. A. (2009). State of academic knowledge on toxicity
and biological fate of quantum dots. Toxicological Sciences, 112(2), 276-296. https://
doi.org/10.1093/toxsci/kfp188

Pfeffer, P. E., Douds, D. D., Biicking, H., Schwartz, D. P., & Shachar-Hill, Y. (2004). The
fungus does not transfer carbon to or between roots in an arbuscular mycorrhizal
symbiosis. New Phytologist, 163(3), 617—627. https://doi.org/10.1111/J.1469-8137.
2004.01152.X

Philip, L. J., & Simard, S. W. (2008). Minimum pulses of stable and radioactive carbon
isotopes to detect belowground carbon transfer between plants. Plant and Soil, 308(1-2).
https://doi.org/10.1007/s11104-008-9603-7

Pineda, A., Zheng, S.J., van Loon, J. J. A., Pieterse, C. M. J., & Dicke, M. (2010). Helping
plants to deal with insects: The role of beneficial soil-borne microbes. In Trends in
Plant Science (Vol. 15, Issue 9, pp. 507-514). Elsevier. https://doi.org/10.1016/
j.tplants.2010.05.007

Pozo, M. J., & Azcon-Aguilar, C. (2007). Unraveling mycorrhiza-induced resistance. In
Current Opinion in Plant Biology (Vol. 10, Issue 4, pp. 393-398). https://doi.org/10.
1016/j.pbi.2007.05.004

Putten, W. H. van der, Bardgett, R. D., Bever, J. D., Bezemer, T. M., Casper, B. B.,
Fukami, T., Kardol, P., Klironomos, J. N., Kulmatiski, A., Schweitzer, J. A., Suding,
K.N.,, Voorde, T. F. J. Van de, & Wardle, D. A. (2013). Plant—soil feedbacks: the past,
the present and future challenges. Journal of Ecology, 101(2), 265-276. https://
doi.org/10.1111/1365-2745.12054

Raven, J. A. (2022). Commentary on the use of nutrient-coated quantum dots as a means
of tracking nutrient uptake by and movement within plants. Plant and Soil 2022 476. 1,
476(1), 535-548. https://doi.org/10.1007/S11104-022-05507-0

48



Reid, C. P. P., & Woods, F. W. (1969). Translocation of C"(14)-Labeled Compounds in
Mycorrhizae and It Implications in Interplant Nutrient Cycling. Ecology, 50(2).
https://doi.org/10.2307/1934844

Reiss, P., Carriére, M., Lincheneau, C., Vaure, L., & Tamang, S. (2016). Synthesis of
Semiconductor Nanocrystals, Focusing on Nontoxic and Earth-Abundant Materials.
Chemical Reviews, 116(18), 10731-10819. https://doi.org/10.1021/acs.chemrev.6b00116

Ren, L., Lou, Y., Zhang, N., Zhu, X., Hao, W., Sun, S., Shen, Q., & Xu, G. (2013). Role
of arbuscular mycorrhizal network in carbon and phosphorus transfer between plants.
Biology and Fertility of Soils, 49(1). https://doi.org/10.1007/s00374-012-0689-y

Resch-Genger, U., Grabolle, M., Cavaliere-Jaricot, S., Nitschke, R., & Nann, T. (2008).
Quantum dots versus organic dyes as fluorescent labels. In Nature Methods (Vol. 5,
Issue 9, pp. 763—775). https://doi.org/10.1038/nmeth. 1248

Robinson, D., & Fitter, A. (1999). The magnitude and control of carbon transfer between
plants linked by a common mycorrhizal network. Journal of Experimental Botany,
50(330). https://doi.org/10.1093/jxb/50.330.9

Robinson, D. G., Ammer, C., Polle, A., Bauhus, J., Aloni, R., Annighdfer, P., Baskin, T. 1.,
Blatt, M. R., Bolte, A., Bugmann, H., Cohen, J. D., Davies, P. J., Draguhn, A.,
Hartmann, H., Hasenauer, H., Hepler, P. K., Kohnle, U., Lang, F., Lof, M., ...
Nisholm, T. (2023). Mother trees, altruistic fungi, and the perils of plant personi-
fication. Trends in Plant Science, 0(0). https://doi.org/10.1016/J.TPLANTS.2023.08.010

Rogers, J. B., Scott Laidlaw, A., & Christie, P. (2001). The role of arbuscular mycorrhizal
fungi in the transfer of nutrients between white clover and perennial ryegrass.
Chemosphere, 42(2). https://doi.org/10.1016/S0045-6535(00)00120-X

Selosse, M. A., Richard, F., He, X., & Simard, S. W. (2006). Mycorrhizal networks: des
liaisons dangereuses? In Trends in Ecology and Evolution (Vol. 21, Issue 11).
https://doi.org/10.1016/j.tree.2006.07.003

Selosse, M. A., & Roy, M. (2009). Green plants that feed on fungi: facts and questions
about mixotrophy. Trends in Plant Science, 14(2). https://doi.org/10.1016/].tplants.
2008.11.004

Sharma, V. K., McDonald, T. J., Sohn, M., Anquandah, G. A. K., Pettine, M., & Zboril, R.
(2017). Assessment of toxicity of selenium and cadmium selenium quantum dots: A
review. Chemosphere, 188, 403—413. https://doi.org/10.1016/j.chemosphere.2017.08.130

Simard, S. W., Beiler, K. J., Bingham, M. A., Deslippe, J. R., Philip, L. J., & Teste, F. P.
(2012). Mycorrhizal networks: Mechanisms, ecology and modelling. In Fungal
Biology Reviews (Vol. 26, Issue 1, pp. 39-60). Elsevier. https://doi.org/10.1016/
j-fbr.2012.01.001

Simard, S. W., Durall, D. M., & Jones, M. D. (1997). Carbon allocation and carbon trans-
fer between Betula papyrifera and Pseudotsuga menziesii seedlings using a 13C pulse-
labeling method. Plant and Soil, 191(1). https://doi.org/10.1023/A:1004205727882

Simard, S. W., Perry, D. A., Jones, M. D., Myrold, D. D., Durall, D. M., & Molina, R.
(1997). Net transfer of carbon between ectomycorrhizal tree species in the field.
Nature, 388(6642), 579-582. https://doi.org/10.1038/41557

Smith, S., & Read, D. (2008). Mycorrhizal Symbiosis. In Mycorrhizal Symbiosis.
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6

Song, Y. Y., Ye, M., Li, C., He, X., Zhu-Salzman, K., Wang, R. L., Su, Y. J., Luo, S. M.,
& Zeng, R. Sen. (2014). Hijacking common mycorrhizal networks for herbivore-
induced defence signal transfer between tomato plants. Scientific Reports, 4. https:/
doi.org/10.1038/srep03915

49



Song, Y.Y., Ye,M, Li,C. Y., Wang, R. L., Wei, X. C., Luo, S. M., & Zeng, R. Sen. (2013).
Priming of Anti-Herbivore Defense in Tomato by Arbuscular Mycorrhizal Fungus and
Involvement of the Jasmonate Pathway. Journal of Chemical Ecology, 39(7), 1036—
1044. https://doi.org/10.1007/s10886-013-0312-1

Song, Y. Y., Zeng, R. Sen, Xu, J. F., Li, J., Shen, X., & Yihdego, W. G. (2010). Interplant
communication of tomato plants through underground common mycorrhizal
networks. PLoS ONE, 5(10). https://doi.org/10.1371/journal.pone.0013324

Sun, H., Wang, M., Lei, C., & Li, R. (2021). Cell wall: An important medium regulating
the aggregation of quantum dots in maize (Zea mays L.) seedlings. Journal of
Hazardous Materials, 403, 123960. https://doi.org/10.1016/J.JHAZMAT.2020.123960

Suner, S. S., Sahiner, M., Ayyala, R. S., Bhethanabotla, V. R., & Sahiner, N. (2021).
Versatile Fluorescent Carbon Dots from Citric Acid and Cysteine with Antimicrobial,
Anti-biofilm, Antioxidant, and AChE Enzyme Inhibition Capabilities. Journal of
Fluorescence, 31(6), 1705-1717. https://doi.org/10.1007/S10895-021-02798-X/
FIGURES/6

Suppi, S., Kasemets, K., Ivask, A., Kiinnis-Beres, K., Sihtmée, M., Kurvet, 1., Aruoja, V.,
& Kahru, A. (2015). A novel method for comparison of biocidal properties of nano-
materials to bacteria, yeasts and algae. Journal of Hazardous Materials, 286, 75-84.
https://doi.org/10.1016/J.JHAZMAT.2014.12.027

Tedersoo, L., Bahram, M., Pélme, S., Koljalg, U., Yorou, N. S., Wijesundera, R., Ruiz,
L. V., Vasco-Palacios, A. M., Thu, P. Q., Suija, A., Smith, M. E., Sharp, C., Salu-
veer, E., Saitta, A., Rosas, M., Riit, T., Ratkowsky, D., Pritsch, K., P6ldmaa, K., ...
Abarenkov, K. (2014). Global diversity and geography of soil fungi. Science, 346(6213),
1256688. https://doi.org/10.1126/SCIENCE.1256688

Tedersoo, L., Bahram, M., Zinger, L., Nilsson, R. H., Kennedy, P. G., Yang, T., Anslan, S.,
& Mikryukov, V. (2022). Best practices in metabarcoding of fungi: From experimental
design to results. Molecular Ecology, 31(10), 2769-2795. https://doi.org/10.1111/
MEC.16460

Tedersoo, L., Bahram, M., & Zobel, M. (2020). How mycorrhizal associations drive plant
population and community biology: Review. Science, 367(6480), 867. https://doi.org/
10.1126/science.abal223

Tedersoo, L., May, T. W., & Smith, M. E. (2010). Ectomycorrhizal lifestyle in fungi:
Global diversity, distribution, and evolution of phylogenetic lineages. In Mycorrhiza
(Vol. 20, Issue 4, pp. 217-263). Springer. https://doi.org/10.1007/s00572-009-0274-x

Teste, F. P., Simard, S. W., Durall, D. M., Guy, R. D., Jones, M. D., & Schoonmaker, A. L.
(2009). Access to mycorrhizal networks and roots of trees: Importance for seedling
survival and resource transfer. Ecology, 90(10), 2808—2822. https://doi.org/10.1890/
08-1884.1

Thomas, M. A., & Cooper, R. L. (2022). Building bridges: mycelium—mediated plant—
plant electrophysiological communication. Plant Signaling & Behavior, 17(1). https://
doi.org/10.1080/15592324.2022.2129291

Tiedje, J. M., Asuming-Brempong, S., Niisslein, K., Marsh, T. L., & Flynn, S. J. (1999).
Opening the black box of soil microbial diversity. Applied Soil Ecology, 13(2), 109-122.
https://doi.org/10.1016/S0929-1393(99)00026-8

Tuffen, F., Eason, W. R., & Scullion, J. (2002). The effect of earthworms and arbuscular
mycorrhizal fungi on growth of and 32P transfer between Allium porrum plants. Soil
Biology and Biochemistry, 34(7). https://doi.org/10.1016/S0038-0717(02)00036-6

van der Heijden, M. G. A. (2004). Arbuscular mycorrhizal fungi as support systems for
seedling establishment in grassland. Ecology Letters, 7(4), 293-303. https://doi.org/
10.1111/5.1461-0248.2004.00577 .x

50



Van Der Heijden, M. G. A., & Horton, T. R. (2009). Socialism in soil? the importance of
mycorrhizal fungal networks for facilitation in natural ecosystems. Journal of
Ecology, 97(6). https://doi.org/10.1111/j.1365-2745.2009.01570.x

van 't Padje, A., Bonfante, P., Ciampi, L. T., & Kiers, E. T. (2021). Quantifying Nutrient
Trade in the Arbuscular Mycorrhizal Symbiosis Under Extreme Weather Events Using
Quantum-Dot Tagged Phosphorus. Frontiers in Ecology and Evolution, 9, 153.
https://doi.org/10.3389/fevo.2021.613119

van ’t Padje, A., Klein, M., Caldas, V., Oyarte Galvez, L., Broersma, C., Hoebe, N.,
Sanders, 1. R., Shimizu, T., & Kiers, E. T. (2022). Decreasing relatedness among
mycorrhizal fungi in a shared plant network increases fungal network size but not plant
benefit. Ecology Letters, 25(2), 509-520. https://doi.org/10.1111/ELE.13947

van’t Padje, A., Oyarte Galvez, L., Klein, M., Hink, M. A., Postma, M., Shimizu, T., &
Kiers, E. T. (2020). Temporal tracking of quantum-dot apatite across in vitro mycor-
rhizal networks shows how host demand can influence fungal nutrient transfer stra-
tegies. ISME Journal. https://doi.org/10.1038/s41396-020-00786-w

van’t Padje, A., Werner, G. D. A., & Kiers, E. T. (2020). Mycorrhizal fungi control phosp-
horus value in trade symbiosis with host roots when exposed to abrupt ‘crashes’ and
‘booms’ of resource availability. New Phytologist, nph.17055. https://doi.org/10.1111/
nph.17055

Vasudevan, D., Gaddam, R. R., Trinchi, A., & Cole, 1. (2015). Core-shell quantum dots:
Properties and applications. Journal of Alloys and Compounds, 636, 395-404.
https://doi.org/10.1016/j.jallcom.2015.02.102

Voets, L., Goubau, ., Olsson, P. A., Merckx, R., & Declerck, S. (2008). Absence of car-
bon transfer between Medicago truncatula plants linked by a mycorrhizal network,
demonstrated in an experimental microcosm. FEMS Microbiology Ecology, 65(2).
https://doi.org/10.1111/j.1574-6941.2008.00503.x

Wagg, C., Jansa, J., Schmid, B., & van der Heijden, M. G. A. (2011). Belowground bio-
diversity effects of plant symbionts support aboveground productivity. Ecology
Letters, 14(10), 1001-1009. https://doi.org/10.1111/J.1461-0248.2011.01666.X

Walder, F., Niemann, H., Natarajan, M., Lehmann, M. F., Boller, T., & Wiemken, A.
(2012). Mycorrhizal networks: Common goods of plants shared under unequal terms
of trade. Plant Physiology, 159(2). https://doi.org/10.1104/pp.112.195727

Wang, Y., & Tang, M. (2018). Review of in vitro toxicological research of quantum dot
and potentially involved mechanisms. In Science of the Total Environment (Vol. 625,
pp- 940-962). https://doi.org/10.1016/j.scitotenv.2017.12.334

Warren, J. M., Brooks, J. R., Meinzer, F. C., & Eberhart, J. L. (2008). Hydraulic redistri-
bution of water from Pinus ponderosa trees to seedlings: evidence for an ecto-
mycorrhizal pathway. New Phytologist, 178(2), 382-394. https://doi.org/10.1111/
J.1469-8137.2008.02377.X

Watkins, N. K., Fitter, A. H., Graves, J. D., & Robinson, D. (1996). Carbon transfer
between C3 and C4 plants linked by a common mycorrhizal network, quantified using
stable carbon isotopes. Soil Biology and Biochemistry, 28(4-5). https://doi.org/10.
1016/0038-0717(95)00189-1

White, T. J., Bruns, T., Lee, S., & Taylor, J. (1990). AMPLIFICATION AND DIRECT
SEQUENCING OF FUNGAL RIBOSOMAL RNA GENES FOR PHYLO-
GENETICS. In PCR Protocols (pp. 315-322). https://doi.org/10.1016/6978-0-12-
372180-8.50042-1

Whiteside, M. D., Digman, M. A., Gratton, E., & Treseder, K. K. (2012). Organic nitrogen
uptake by arbuscular mycorrhizal fungi in a boreal forest. Soil Biology and Bio-
chemistry, 55, 7-13. https://doi.org/10.1016/j.s0ilbi0.2012.06.001

51



Whiteside, M. D., Garcia, M. O., & Treseder, K. K. (2012). Amino Acid Uptake in
Arbuscular Mycorrhizal Plants. PLoS ONE, 7(10), 8-11. https://doi.org/10.1371/
journal.pone.0047643

Whiteside, M. D., Treseder, K. K., & Atsatt, P. R. (2009). The brighter side of soils:
Quantum dots track organic nitrogen through fungi and plants. Ecology, 90(1), 100—
108. https://doi.org/10.1890/07-2115.1

Whiteside, M. D., Werner, G. D. A., Caldas, V. E. A., van’t Padje, A., Dupin, S. E.,
Elbers, B., Bakker, M., Wyatt, G. A. K., Klein, M., Hink, M. A., Postma, M., Vaitla, B.,
Noé, R., Shimizu, T. S., West, S. A., & Kiers, E. T. (2019). Mycorrhizal Fungi
Respond to Resource Inequality by Moving Phosphorus from Rich to Poor Patches
across Networks. Current Biology, 29(12), 2043-2050. https://doi.org/10.1016/
j-cub.2019.04.061

Wilson, G. W. T., Hartnett, D. C., & Rice, C. W. (2006). Mycorrhizal-mediated phosp-
horus transfer between tallgrass prairie plants Sorghastrum nutans and Artemisia ludo-
viciana. Functional Ecology, 20(3). https://doi.org/10.1111/j.1365-2435.2006.01134.x

Winnik, F. M., & Maysinger, D. (2013). Quantum dot cytotoxicity and ways to reduce it.
Accounts of Chemical Research, 46(3), 672—680. https://doi.org/10.1021/AR3000585

Wu, B., Nara, K., & Hogetsu, T. (2001). Can 14C-labeled photosynthetic products move
between Pinus densiflora seedlings linked by ectomycorrhizal mycelia? New Phyto-
logist, 149(1). https://doi.org/10.1046/j.1469-8137.2001.00010.x

Wubs, E. R. J., Van Der Putten, W. H., Bosch, M., & Bezemer, T. M. (2016). Soil inocu-
lation steers restoration of terrestrial ecosystems. Nature Plants 2016 2:8, 2(8), 1-5.
https://doi.org/10.1038/nplants.2016.107

Xu, G., Zeng, S., Zhang, B., Swihart, M. T., Yong, K. T., & Prasad, P. N. (2016). New
Generation Cadmium-Free Quantum Dots for Biophotonics and Nanomedicine.
Chemical Reviews, 116(19), 12234-12327. https://doi.org/10.1021/acs.chemrev.6b00290

Yang, S. T., Wang, X., Wang, H., Lu, F., Luo, P. G., Cao, L., Meziani, M. J., Liu, J. H.,
Liu, Y., Chen, M., Huang, Y., & Sun, Y. P. (2009). Carbon dots as nontoxic and high-
performance fluorescence imaging agents. Journal of Physical Chemistry C, 113(42),
18110-18114. https://doi.org/10.1021/jp9085969

Zabinski, C. A., Quinn, L., & Callaway, R. M. (2002). Phosphorus uptake, not carbon
transfer, explains arbuscular mycorrhizal enhancement of Centaurea maculosa in the
presence of native grassland species. Functional Ecology, 16(6). https://doi.org/
10.1046/j.1365-2435.2002.00676.x

Zhu, S., Song, Y., Zhao, X., Shao, J., Zhang, J., & Yang, B. (2015). The photolumi-
nescence mechanism in carbon dots (graphene quantum dots, carbon nanodots, and
polymer dots): current state and future perspective. Nano Research, 8(2), 355-381.
https://doi.org/10.1007/s12274-014-0644-3

52



PUBLICATIONS



CURRICULUM VITAE

Name: Sanni Maria Aurora Farkkila

Date of Birth: 24.08.1993

Citizenship: Finnish

Email: sannifar@gmail.com

Education:

2019-2024 PhD in Botany and Mycology, University of Tartu

20152018 MSc in General Biology, University of Eastern Finland

20162017 Erasmus Student Exchange, University of Novi Sad, Serbia

20122015 BSc in General Biology, University of Eastern Finland

Employment:

Sep—Dec 2023 Junior Researcher, University of Tartu

May 2017 Nature Conservation Intern, City of Lahti

June—July 2015  Research Assistant, University of Eastern Finland, School of
Forestry

Teaching:

Yearly field course in Botany and Mycology, University of Eastern Finland,
20162018 and 2021-2023.
Communicating Science part II (HVLC.10.009), 2020-2023

Publications:

Farkkild, S. M. A., Kiers, E. T., Jaaniso, R., Méeorg, U., Leblanc, R. M., Tre-
seder, K. K., Kang, Z., Tedersoo, L., 2021. Fluorescent nanoparticles as tools
in ecology and physiology. Biol. Rev. 96, 2392-2424. https://doi.org/10.1111/
BRV.12758

Hagh-Doust N., Farkkild S. M. A, Hosseyni Moghaddam M. S., Tedersoo L.,
2022. Symbiotic fungi as biotechnological tools: Methodological challenges
and relative benefits in agriculture and forestry. Fungal Biology Reviews 42,
34-55.

Farkkild S. M. A., Valtonen A., Saravesi K., Anslan S., Markkola A., Kontunen-
Soppela S., 2023. The effects of geographic origin and genotype on fungal
diversity of silver birch (Betula pendula), Fungal Ecology 63, 101241.
https://doi.org/10.1016/j.funeco.2023.101241

Farkkild S. M. A., Mortimer M., Jaaniso R., Kahru A., Kiisk V., Kikas A.,
Kozlova J., Kurvet 1., Mieorg U., Otsus M., Kasemets K., 2023. Comparison
of toxicity and cellular uptake of CdSe/ZnS and carbon quantum dots for

molecular tracking using Saccharomyces cerevisiae as a fungal model. Nanomaterials
2024, 14, 10.

122



Grants and Awards:

Second place at the University of Tartu 3-minutes thesis (3MT) competition, 2022

Second best popular science talk, The Art of Giving a Popular Science Talk —
training camp, UT, 2022

Best oral presentation, PhD Student Conference of the Department of Botany, UT,
2020

Grant for master’s thesis research, Societas Biologica Fennica Vanamo, 2016

Conferences, workshops, and courses:

XIX Congress of European Mycologists, Perugia, Italy, 2023

ENLIGHT: Impactful Science Communication, University of Gent, Belgium,
2023

3" Global Soil Biodiversity Conference, Dublin, Ireland, 2023

New Phytologist Next Generation Scientists Meeting, UT, 2022

Grano Research and Networking Workshop, UT, 2020

123



ELULOOKIRJELDUS

Nimi: Sanni Maria Aurora Farkkila

Siinniaeg: 24.08.1993

Kodakondsus:  Soome

Meiliaadress: sannifar@gmail.com

Haridustee:

2019-2024 Botaanika ja miikoloogia doktoridpe, TU

2015-2018 Bioloogia magistridpe, University of Eastern Finland, Soome

20162017 Erasmus Opilasvahetus, University of Novi Sad, Serbia

2012-2015 Bioloogia bakalaurusedpe, University of Eastern Finland,
Soome

Tookohad:

Sep—Dets 2023 Nooremteadur, Okoloogia ja maateaduste instituut, Botaanika
osakond, TU

Mai 2017 Keskkonnakaitse praktikant, Lahti Linn, Soome

Juni—Juli 2015 Uurimisassistent, University of Eastern Finland, Soome

Oppetoo:

Aastane vilitodde kursus botaanikas ja miikoloogias, University of Eastern Fin-
land, 2016-2018 ja 2021-2023

Communicating Science II (HVLC.10.009), 2020-2023

Teadusartiklid:

Farkkild, S. M. A., Kiers, E. T., Jaaniso, R., Mieorg, U., Leblanc, R. M., Tre-
seder, K. K., Kang, Z., Tedersoo, L., 2021. Fluorescent nanoparticles as tools
in ecology and physiology. Biol. Rev. 96, 2392-2424. https://doi.org/10.1111/
BRV.12758

Hagh-Doust N., Firkkild S. M. A, Hosseyni Moghaddam M. S., Tedersoo L.,
2022. Symbiotic fungi as biotechnological tools: Methodological challenges
and relative benefits in agriculture and forestry. Fungal Biology Reviews 42,
34-55.

Farkkild S. M. A., Valtonen A., Saravesi K., Anslan S., Markkola A., Kontunen-
Soppela S., 2023. The effects of geographic origin and genotype on fungal
diversity of silver birch (Betula pendula), Fungal Ecology 63, 101241. https://
doi.org/10.1016/j.funeco.2023.101241

Firkkilda S. M. A., Mortimer M., Jaaniso R., Kahru A., Kiisk V., Kikas A.,
Kozlova J., Kurvet 1., Méeorg U., Otsus M., Kasemets K., 2023. Comparison
of toxicity and cellular uptake of CdSe/ZnS and carbon quantum dots for
molecular tracking using Saccharomyces cerevisiae as a fungal model. Nano-
materials 2024, 14, 10

124



Teadusgrandid ja tunnustused:

Teine koht Tartu Ulikooli Kolme minuti loengute konkursil, 2022

Teine koht Reaalteaduste doktorantide konverents-seminaaril, Tartu Ulikool, 2022

Parim suuline ettekanne, doktorandikonverents, Botaanika osakond, Tartu Uli-
kool, 2020

Stipendium magistritdd uurimiseks, Societas Biologica Fennica Vanamo, 2016

Konverentsid, tootoat ja kursused:

XIX Congress of European Mycologists, Perugia, Itaalia, 2023

ENLIGHT: Impactful Science Communication, University of Gent, Belgia, 2023
3rd Global Soil Biodiversity Conference, Dublin, lirimaa, 2023

New Phytologist Next Generation Scientists Meeting, TU, 2022

Grand Research and Networking Workshop, TU, 2020

125



N —

11.

12.

13.

13.

14.
15.

16.

17.

18.

19.

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS

Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.

. Enn K. Seppet. Thyroid state control over energy metabolism, ion transport

and contractile functions in rat heart. Tartu, 1991, 135 p.

. Kristjan Zobel. Epifiilitsete makrosamblike vdirtus Shu saastuse indi-

kaatoritena Hamar-Dobani boreaalsetes miagimetsades. Tartu, 1992, 131 1k.

. Andres Mie. Conjugal mobilization of catabolic plasmids by transposable

elements in helper plasmids. Tartu, 1992, 91 p.
Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.
strain EST 1001. Tartu, 1992, 61 p.

. Allan Nurk. Nucleotide sequences of phenol degradative genes from

Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.

. Ulo Tamm. The genus Populus L. in Estonia: variation of the species bio-

logy and introduction. Tartu, 1993, 91 p.
Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli ribo-
some. Tartu, 1993, 68 p.

. Ulo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
. Arvo Kaird. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.
Lilian Jirvekiilg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p.

Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.

Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.

Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.

Ulo Puurand. The complete nucleotide sequence and infections in vitro
transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
Peeter Horak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit (Parus
major). Tartu, 1995, 118 p.

Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.

Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.

Ulo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody taxa.
Tartu, 1996, 150 p.

126



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.

Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.

Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor
transcription factors in neurogenesis. Tartu, 1996, 109 p.

Maido Remm. Human papillomavirus type 18: replication, transformation
and gene expression. Tartu, 1997, 117 p.

Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.

Kalle OIli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p.

Meelis Pirtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.

Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania: dis-
tribution, morphology and taxonomy. Tartu, 1997, 186 p.

Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.

Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.

Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of
23S rRNA. Tartu, 1997, 134 p.

Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga
ecosystem. Tartu, 1997, 138 p.

Lembi Lougas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.

Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,
galanin-based chimeric peptides. Tartu, 1998, 110 p.

Andres Saag. Evolutionary relationships in some cetrarioid genera (Liche-
nized Ascomycota). Tartu, 1998, 196 p.

Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.

Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.

Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on
the competition and coexistence of calcareous grassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keropla-
tidae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae). Tartu,
1998, 200 p.

Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.

Arnold Kristjuhan. Studies on transcriptional activator properties of tumor
suppressor protein p53. Tartu, 1998, 86 p.

Sulev Ingerpuu. Characterization of some human myeloid cell surface and
nuclear differentiation antigens. Tartu, 1998, 163 p.

127



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Vortsjarv. Tartu, 1998, 118 p.

Kadri Példmaa. Studies in the systematics of hypomyces and allied genera
(Hypocreales, Ascomycota). Tartu, 1998, 178 p.

Markus Vetemaa. Reproduction parameters of fish as indicators in envi-
ronmental monitoring. Tartu, 1998, 117 p.

Heli Talvik. Prepatent periods and species composition of different Oeso-
phagostomum spp. populations in Estonia and Denmark. Tartu, 1998, 104 p.
Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.

Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.

Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.

Juan Jose Cantero. Plant community diversity and habitat relationships in
central Argentina grasslands. Tartu, 1999, 161 p.

Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.

Sulev Kdoks. Cholecystokinin (CCK) — induced anxiety in rats: influence of
environmental stimuli and involvement of endopioid mechanisms and
serotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of Oz and CO, on wheat,
clover and pasture. Tartu, 1999, 123 p.

Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p.

Andres Valkna. Interactions of galanin receptor with ligands and G-pro-
teins: studies with synthetic peptides. Tartu, 1999, 103 p.

Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.

Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.

Tiina Tamm. Cocksfoot mottle virus: the genome organisation and trans-
lational strategies. Tartu, 2000, 101 p.

Reet Kurg. Structure-function relationship of the bovine papilloma virus
E2 protein. Tartu, 2000, 89 p.

Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p.

Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS. Tartu,
2000, 88 p.

Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu, 2000, 106 p.

Kai Vellak. Influence of different factors on the diversity of the bryophyte
vegetation in forest and wooded meadow communities. Tartu, 2000, 122 p.

128



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.
80.

81.

82.

83.

Jonne Kotta. Impact of eutrophication and biological invasionas on the
structure and functions of benthic macrofauna. Tartu, 2000, 160 p.

Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner
sea the West-Estonian archipelago. Tartu, 2000, 139 p.

Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.

Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000, 96 p.

Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu, 2001,
111 p.

Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu, 2001, 122 p.

Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu, 2001, 80 p.

Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu, 2001, 112 p.

Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus
major, breeding in Nothern temperate forests. Tartu, 2002, 126 p.

Rita Horak. Regulation of transposition of transposon Tn4652 in Pseudo-
monas putida. Tartu, 2002, 108 p.

Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community. Tartu,
2002, 74 p.

Krodt Aasamaa. Shoot hydraulic conductance and stomatal conductance
of six temperate deciduous tree species. Tartu, 2002, 110 p.

Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002, 112 p.
Neeme Tonisson. Mutation detection by primer extension on oligonucleo-
tide microarrays. Tartu, 2002, 124 p.

Margus Pensa. Variation in needle retention of Scots pine in relation to
leaf morphology, nitrogen conservation and tree age. Tartu, 2003, 110 p.
Asko Lohmus. Habitat preferences and quality for birds of prey: from
principles to applications. Tartu, 2003, 168 p.

Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003, 160 p.

Jaana Ménnik. Characterization and genetic studies of four ATP-binding
cassette (ABC) transporters. Tartu, 2003, 140 p.

Marek Sammul. Competition and coexistence of clonal plants in relation
to productivity. Tartu, 2003, 159 p

Ivar Ilves. Virus-cell interactions in the replication cycle of bovine
papillomavirus type 1. Tartu, 2003, 89 p.

Andres Minnik. Design and characterization of a novel vector system
based on the stable replicator of bovine papillomavirus type 1. Tartu, 2003,
109 p.

129



84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Ivika Ostonen. Fine root structure, dynamics and proportion in net primary
production of Norway spruce forest ecosystem in relation to site conditions.
Tartu, 2003, 158 p.

Gudrun Veldre. Somatic status of 12—15-year-old Tartu schoolchildren.
Tartu, 2003, 199 p.

Ulo Vili. The greater spotted eagle Aquila clanga and the lesser spotted eagle
A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004, 159 p.
Aare Abroi. The determinants for the native activities of the bovine
papillomavirus type 1 E2 protein are separable. Tartu, 2004, 135 p.

Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004, 116 p.

Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspension
feeders and mesograzers in the northern Baltic Sea. Tartu, 2004, 117 p.
Maarja Opik. Diversity of arbuscular mycorrhizal fungi in the roots of
perennial plants and their effect on plant performance. Tartu, 2004, 175 p.
Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004, 109 p.
Kristiina Tambets. Towards the understanding of post-glacial spread of
human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004, 163 p.

Arvi Jéers. Regulation of pS3-dependent transcription. Tartu, 2004, 103 p.
Lilian Kadaja. Studies on modulation of the activity of tumor suppressor
protein p53. Tartu, 2004, 103 p.

Jaak Truu. Oil shale industry wastewater: impact on river microbial
community and possibilities for bioremediation. Tartu, 2004, 128 p.

Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu, 2004,
105 p.

Ulo Maivili. Studies on the structure-function relationship of the bacterial
ribosome. Tartu, 2004, 130 p.

Merit Otsus. Plant community regeneration and species diversity in dry
calcareous grasslands. Tartu, 2004, 103 p.

Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus,
Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004, 167 p.
Ilmar Tonno. The impact of nitrogen and phosphorus concentration and
N/P ratio on cyanobacterial dominance and N, fixation in some Estonian
lakes. Tartu, 2004, 111 p.

Lauri Saks. Immune function, parasites, and carotenoid-based ornaments
in greenfinches. Tartu, 2004, 144 p.

Siiri Rootsi. Human Y-chromosomal variation in European populations.
Tartu, 2004, 142 p.

Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative
plasmid pEST4011. Tartu, 2005. 106 p.

Andres Tover. Regulation of transcription of the phenol degradation
pheBA operon in Pseudomonas putida. Tartu, 2005, 126 p.

Helen Udras. Hexose kinases and glucose transport in the yeast Hansenula
polymorpha. Tartu, 2005, 100 p.

130



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005, 162 p.

Piret Lohmus. Forest lichens and their substrata in Estonia. Tartu, 2005,
162 p.

Inga Lips. Abiotic factors controlling the cyanobacterial bloom occurrence
in the Gulf of Finland. Tartu, 2005, 156 p.

Krista Kaasik. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005, 121 p.

Juhan Javois. The effects of experience on host acceptance in ovipositing
moths. Tartu, 2005, 112 p.

Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae
mitochondrial DNA helicase Hmil. Tartu, 2005, 103 p.

Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae):
distribution, population structure and ecology. Tartu, 2005, 112 p.

Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA
operon in Pseudomonas putida. Tartu, 2005, 106 p.

Mait Metspalu. Through the course of prehistory in India: tracing the
mtDNA trail. Tartu, 2005, 138 p.

Elin Léhmussaar. The comparative patterns of linkage disequilibrium in
European populations and its implication for genetic association studies.
Tartu, 2006, 124 p.

Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006, 126 p.

Heili Tlves. Stress-induced transposition of Tn4652 in Pseudomonas
Putida. Tartu, 2006, 120 p.

Silja Kuusk. Biochemical properties of Hmilp, a DNA helicase from
Saccharomyces cerevisiae mitochondria. Tartu, 2006, 126 p.

Kersti Piissa. Forest edges on medium resolution landsat thematic mapper
satellite images. Tartu, 2006, 90 p.

Lea Tummeleht. Physiological condition and immune function in great tits
(Parus major 1.): Sources of variation and trade-offs in relation to growth.
Tartu, 2006, 94 p.

Toomas Esperk. Larval instar as a key element of insect growth schedules.
Tartu, 2006, 186 p.

Harri Valdmann. Lynx (Lynx lynx) and wolf (Canis lupus) in the Baltic
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p.
Priit Joers. Studies of the mitochondrial helicase Hmilp in Candida albi-
cans and Saccharomyces cerevisia. Tartu, 2006. 113 p.

Kersti Lillevili. Gata3 and Gata2 in inner ear development. Tartu, 2007,
123 p.

Kai Riink. Comparative ecology of three fern species: Dryopteris carthu-
siana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007, 143 p.

131



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

146.

Aveliina Helm. Formation and persistence of dry grassland diversity: role
of human history and landscape structure. Tartu, 2007, 89 p.

Leho Tedersoo. Ectomycorrhizal fungi: diversity and community structure
in Estonia, Seychelles and Australia. Tartu, 2007, 233 p.

Marko Migi. The habitat-related variation of reproductive performance of
great tits in a deciduous-coniferous forest mosaic: looking for causes and
consequences. Tartu, 2007, 135 p.

Valeria Lulla. Replication strategies and applications of Semliki Forest
virus. Tartu, 2007, 109 p.

Ulle Reier. Estonian threatened vascular plant species: causes of rarity and
conservation. Tartu, 2007, 79 p.

Inga Jiiriado. Diversity of lichen species in Estonia: influence of regional
and local factors. Tartu, 2007, 171 p.

Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based
cooperation. Tartu, 2007, 112 p.

Signe Saumaa. The role of DNA mismatch repair and oxidative DNA
damage defense systems in avoidance of stationary phase mutations in
Pseudomonas putida. Tartu, 2007, 172 p.

Reedik Migi. The linkage disequilibrium and the selection of genetic
markers for association studies in european populations. Tartu, 2007, 96 p.
Priit Kilgas. Blood parameters as indicators of physiological condition and
skeletal development in great tits (Parus major): natural variation and
application in the reproductive ecology of birds. Tartu, 2007, 129 p.

Anu Albert. The role of water salinity in structuring eastern Baltic coastal
fish communities. Tartu, 2007, 95 p.

Kirt Padari. Protein transduction mechanisms of transportans. Tartu, 2008,
128 p.

Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu,
2008, 125 p.

Ulle Jogar. Conservation and restoration of semi-natural floodplain mea-
dows and their rare plant species. Tartu, 2008, 99 p.

Lauri Laanisto. Macroecological approach in vegetation science: gene-
rality of ecological relationships at the global scale. Tartu, 2008, 133 p.
Reidar Andreson. Methods and software for predicting PCR failure rate in
large genomes. Tartu, 2008, 105 p.

Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008, 175 p.
Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea.
Tartu, 2008, 98 p.

Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008,
190 p.

Daima Ord. Studies on the stress-inducible pseudokinase TRB3, a novel
inhibitor of transcription factor ATF4. Tartu, 2008, 108 p.

Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria
(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p.

132



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Ulvi Karu. Antioxidant protection, carotenoids and coccidians in green-
finches — assessment of the costs of immune activation and mechanisms of
parasite resistance in a passerine with carotenoid-based ornaments. Tartu,
2008, 124 p.

Jaanus Remm. Tree-cavities in forests: density, characteristics and occu-
pancy by animals. Tartu, 2008, 128 p.

Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. gra-
nulosus in Estonia: phylogenetic relationships and occurrence in wild
carnivores and ungulates. Tartu, 2008, 82 p.

Eve Eensalu. Acclimation of stomatal structure and function in tree ca-
nopy: effect of light and CO, concentration. Tartu, 2008, 108 p.

Janne Pullat. Design, functionlization and application of an in Situ synthe-
sized oligonucleotide microarray. Tartu, 2008, 108 p.

Marta Putrin$. Responses of Pseudomonas putida to phenol-induced
metabolic and stress signals. Tartu, 2008, 142 p.

Marina SemtSenko. Plant root behaviour: responses to neighbours and
physical obstructions. Tartu, 2008, 106 p.

Marge Starast. Influence of cultivation techniques on productivity and
fruit quality of some Vaccinium and Rubus taxa. Tartu, 2008, 154 p.

Age Tats. Sequence motifs influencing the efficiency of translation. Tartu,
2009, 104 p.

Radi Tegova. The role of specialized DNA polymerases in mutagenesis in
Pseudomonas putida. Tartu, 2009, 124 p.

Tsipe Aavik. Plant species richness, composition and functional trait
pattern in agricultural landscapes — the role of land use intensity and land-
scape structure. Tartu, 2009, 112 p.

Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying
the replication and interactions of alphaviruses and hepaciviruses. Tartu,
2009, 104 p.

Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic
Instability in its Host Cell. Tartu, 2009, 126 p.

Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of
young duplicated genes. Tartu, 2009, 168 p.

Ain Vellak. Spatial and temporal aspects of plant species conservation.
Tartu, 2009, 86 p.

Triinu Remmel. Body size evolution in insects with different colouration
strategies: the role of predation risk. Tartu, 2009, 168 p.

Jaana Salujée. Zooplankton as the indicator of ecological quality and fish
predation in lake ecosystems. Tartu, 2009, 129 p.

Ele Vahtmie. Mapping benthic habitat with remote sensing in optically
complex coastal environments. Tartu, 2009, 109 p.

Liisa Metsamaa. Model-based assessment to improve the use of remote
sensing in recognition and quantitative mapping of cyanobacteria. Tartu,
2009, 114 p.

133



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Pille Sailik. The role of endocytosis in the protein transduction by cell-
penetrating peptides. Tartu, 2009, 155 p.

Lauri Peil. Ribosome assembly factors in Escherichia coli. Tartu, 2009,
147 p.

Lea Hallik. Generality and specificity in light harvesting, carbon gain
capacity and shade tolerance among plant functional groups. Tartu, 2009,
99 p.

Mariliis Tark. Mutagenic potential of DNA damage repair and tolerance
mechanisms under starvation stress. Tartu, 2009, 191 p.

Riinu Rannap. Impacts of habitat loss and restoration on amphibian po-
pulations. Tartu, 2009, 117 p.

Maarja Adojaan. Molecular variation of HIV-1 and the use of this know-
ledge in vaccine development. Tartu, 2009, 95 p.

Signe Altméie. Genomics and transcriptomics of human induced ovarian
folliculogenesis. Tartu, 2010, 179 p.

Triin Suvi. Mycorrhizal fungi of native and introduced trees in the
Seychelles Islands. Tartu, 2010, 107 p.

Velda Lauringson. Role of suspension feeding in a brackish-water coastal
sea. Tartu, 2010, 123 p.

Eero Talts. Photosynthetic cyclic electron transport — measurement and
variably proton-coupled mechanism. Tartu, 2010, 121 p.

Mari Nelis. Genetic structure of the Estonian population and genetic
distance from other populations of European descent. Tartu, 2010, 97 p.
Kaarel Krjut$kov. Arrayed Primer Extension-2 as a multiplex PCR-based
method for nucleic acid variation analysis: method and applications. Tartu,
2010, 129 p.

Egle Koster. Morphological and genetical variation within species comp-
lexes: Anthyllisvulnerarias. 1. and Alchemilla vulgaris(coll.). Tartu, 2010,
101 p.

Erki Ounap. Systematic studies on the subfamily Sterrhinae (Lepidoptera:
Geometridae). Tartu, 2010, 111 p.

Merike Joesaar. Diversity of key catabolic genes at degradation of phenol
and p-cresol in pseudomonads. Tartu, 2010, 125 p.

Kristjan Herkiil. Effects of physical disturbance and habitat-modifying
species on sediment properties and benthic communities in the northern
Baltic Sea. Tartu, 2010, 123 p.

Arto Pulk. Studies on bacterial ribosomes by chemical modification
approaches. Tartu, 2010, 161 p.

Maria Pollupiiii. Ecological relations of cladocerans in a brackish-water
ecosystem. Tartu, 2010, 126 p.

Toomas Silla. Study of the segregation mechanism of the Bovine
Papillomavirus Type 1. Tartu, 2010, 188 p.

Gyaneshwer Chaubey. The demographic history of India: A perspective
based on genetic evidence. Tartu, 2010, 184 p.

134



186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

205.

Katrin Kepp. Genes involved in cardiovascular traits: detection of genetic
variation in Estonian and Czech populations. Tartu, 2010, 164 p.

Virve Séber. The role of biotic interactions in plant reproductive per-
formance. Tartu, 2010, 92 p.

Kersti Kangro. The response of phytoplankton community to the changes
in nutrient loading. Tartu, 2010, 144 p.

Joachim M. Gerhold. Replication and Recombination of mitochondrial
DNA in Yeast. Tartu, 2010, 120 p.

Helen Tammert. Ecological role of physiological and phylogenetic diver-
sity in aquatic bacterial communities. Tartu, 2010, 140 p.

Elle Rajandu. Factors determining plant and lichen species diversity and
composition in Estonian Calamagrostis and Hepatica site type forests.
Tartu, 2010, 123 p.

Paula Ann Kivistik. ColR-ColS signalling system and transposition of
Tn4652 in the adaptation of Pseudomonas putida. Tartu, 2010, 118 p.
Siim Séber. Blood pressure genetics: from candidate genes to genome-
wide association studies. Tartu, 2011, 120 p.

Kalle Kipper. Studies on the role of helix 69 of 23S rRNA in the factor-
dependent stages of translation initiation, elongation, and termination.
Tartu, 2011, 178 p.

Triinu Siibak. Effect of antibiotics on ribosome assembly is indirect. Tartu,
2011, 134 p.

Tambet Tonissoo. Identification and molecular analysis of the role of
guanine nucleotide exchange factor RIC-8 in mouse development and
neural function. Tartu, 2011, 110 p.

Helin Ridgel. Multiple faces of cell-penetrating peptides — their intra-
cellular trafficking, stability and endosomal escape during protein trans-
duction. Tartu, 2011, 161 p.

Andres Jaanus. Phytoplankton in Estonian coastal waters — variability,
trends and response to environmental pressures. Tartu, 2011, 157 p.

Tiit Nikopensius. Genetic predisposition to nonsyndromic orofacial clefts.
Tartu, 2011, 152 p.

Signe Virv. Studies on the mechanisms of RNA polymerase II-dependent
transcription elongation. Tartu, 2011, 108 p.

Kristjan Vilk. Gene expression profiling and genome-wide association
studies of non-small cell lung cancer. Tartu, 2011, 98 p.

Arno Pollumiie. Spatio-temporal patterns of native and invasive zoo-
plankton species under changing climate and eutrophication conditions.
Tartu, 2011, 153 p.

Egle Tammeleht. Brown bear (Ursus arctos) population structure, demo-
graphic processes and variations in diet in northern Eurasia. Tartu, 2011,
143 p.

Teele Jairus. Species composition and host preference among ectomy-
corrhizal fungi in Australian and African ecosystems. Tartu, 2011, 106 p.

135



206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Kessy Abarenkov. PlutoF — cloud database and computing services sup-
porting biological research. Tartu, 2011, 125 p.

Marina Grigorova. Fine-scale genetic variation of follicle-stimulating
hormone beta-subunit coding gene (FSHB) and its association with repro-
ductive health. Tartu, 2011, 184 p.

Anu Tiitsaar. The effects of predation risk and habitat history on butterfly
communities. Tartu, 2011, 97 p.

Elin Sild. Oxidative defences in immunoecological context: validation and
application of assays for nitric oxide production and oxidative burst in a
wild passerine. Tartu, 2011, 105 p.

Irja Saar. The taxonomy and phylogeny of the genera Cystoderma and
Cystodermella (Agaricales, Fungi). Tartu, 2012, 167 p.

Pauli Saag. Natural variation in plumage bacterial assemblages in two wild
breeding passerines. Tartu, 2012, 113 p.

Aleksei Lulla. Alphaviral nonstructural protease and its polyprotein sub-
strate: arrangements for the perfect marriage. Tartu, 2012, 143 p.

Mari Jérve. Different genetic perspectives on human history in Europe and
the Caucasus: the stories told by uniparental and autosomal markers. Tartu,
2012, 119 p.

Ott Scheler. The application of tmRNA as a marker molecule in bacterial
diagnostics using microarray and biosensor technology. Tartu, 2012, 93 p.
Anna Balikova. Studies on the functions of tumor-associated mucin-like
leukosialin (CD43) in human cancer cells. Tartu, 2012, 129 p.

Triinu Koressaar. Improvement of PCR primer design for detection of
prokaryotic species. Tartu, 2012, 83 p.

Tuul Sepp. Hematological health state indices of greenfinches: sources of
individual variation and responses to immune system manipulation. Tartu,
2012, 117 p.

Rya Ero. Modifier view of the bacterial ribosome. Tartu, 2012, 146 p.
Mohammad Bahram. Biogeography of ectomycorrhizal fungi across dif-
ferent spatial scales. Tartu, 2012, 165 p.

Annely Lorents. Overcoming the plasma membrane barrier: uptake of
amphipathic cell-penetrating peptides induces influx of calcium ions and
downstream responses. Tartu, 2012, 113 p.

Katrin Ménnik. Exploring the genomics of cognitive impairment: whole-
genome SNP genotyping experience in Estonian patients and general popu-
lation. Tartu, 2012, 171 p.

Marko Prous. Taxonomy and phylogeny of the sawfly genus Empria
(Hymenoptera, Tenthredinidae). Tartu, 2012, 192 p.

Triinu Visnapuu. Levansucrases encoded in the genome of Pseudomonas
syringaepv. tomato DC3000: heterologous expression, biochemical charac-
terization, mutational analysis and spectrum of polymerization products.
Tartu, 2012, 160 p.

Nele Tamberg. Studies on Semliki Forest virus replication and patho-
genesis. Tartu, 2012, 109 p.

136



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

Tonu Esko. Novel applications of SNP array data in the analysis of the
genetic structure of Europeans and in genetic association studies. Tartu,
2012, 149 p.

Timo Arula. Ecology of early life-history stages of herring Clupea haren-
gus membras in the northeastern Baltic Sea. Tartu, 2012, 143 p.

Inga Hiiesalu. Belowground plant diversity and coexistence patterns in
grassland ecosystems. Tartu, 2012, 130 p.

Kadri Koorem. The influence of abiotic and biotic factors on small-scale
plant community patterns and regeneration in boreonemoral forest. Tartu,
2012, 114 p.

Liis Andresen. Regulation of virulence in plant-pathogenic pectobacteria.
Tartu, 2012, 122 p.

Kaupo Kohv. The direct and indirect effects of management on boreal
forest structure and field layer vegetation. Tartu, 2012, 124 p.

Mart Jiissi. Living on an edge: landlocked seals in changing climate. Tartu,
2012, 114 p.

Riina Klais. Phytoplankton trends in the Baltic Sea. Tartu, 2012, 136 p.
Rauno Veeroja. Effects of winter weather, population density and timing
of reproduction on life-history traits and population dynamics of moose
(Alces alces) in Estonia. Tartu, 2012, 92 p.

Marju Keis. Brown bear (Ursus arctos) phylogeography in northern Eura-
sia. Tartu, 2013, 142 p.

Sergei Pdolme. Biogeography and ecology of alnus- associated ecto-
mycorrhizal fungi — from regional to global scale. Tartu, 2013, 90 p.

Liis Uuskiila. Placental gene expression in normal and complicated
pregnancy. Tartu, 2013, 173 p.

Marko Lodoke. Studies on DNA replication initiation in Saccharomyces
cerevisiae. Tartu, 2013, 112 p.

Anne Aan. Light- and nitrogen-use and biomass allocation along pro-
ductivity gradients in multilayer plant communities. Tartu, 2013, 127 p.
Heidi Tamm. Comprehending phylogenetic diversity — case studies in
three groups of ascomycetes. Tartu, 2013, 136 p.

Liina Kangur. High-Pressure Spectroscopy Study of Chromophore-
Binding Hydrogen Bonds in Light-Harvesting Complexes of Photo-
synthetic Bacteria. Tartu, 2013, 150 p.

Margus Leppik. Substrate specificity of the multisite specific pseudo-
uridine synthase RluD. Tartu, 2013, 111 p.

Lauris Kaplinski. The application of oligonucleotide hybridization model
for PCR and microarray optimization. Tartu, 2013, 103 p.

Merli Pédrnoja. Patterns of macrophyte distribution and productivity in
coastal ecosystems: effect of abiotic and biotic forcing. Tartu, 2013, 155 p.
Tonu Margus. Distribution and phylogeny of the bacterial translational
GTPases and the Mqsr/YgiT regulatory system. Tartu, 2013, 126 p.

Pille Miind. Light use capacity and carbon and nitrogen budget of plants:
remote assessment and physiological determinants. Tartu, 2013, 128 p.

137



246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Mario Plaas. Animal model of Wolfram Syndrome in mice: behavioural,
biochemical and psychopharmacological characterization. Tartu, 2013,
144 p.

Georgi HudjaSov. Maps of mitochondrial DNA, Y-chromosome and tyro-
sinase variation in Eurasian and Oceanian populations. Tartu, 2013, 115 p.
Mari Lepik. Plasticity to light in herbaceous plants and its importance for
community structure and diversity. Tartu, 2013, 102 p.

Ede Leppik. Diversity of lichens in semi-natural habitats of Estonia. Tartu,
2013, 151 p.

Ulle Saks. Arbuscular mycorrhizal fungal diversity patterns in boreo-
nemoral forest ecosystems. Tartu, 2013, 151 p.

Eneli Oitmaa. Development of arrayed primer extension microarray assays
for molecular diagnostic applications. Tartu, 2013, 147 p.

Jekaterina Jutkina. The horizontal gene pool for aromatics degradation:
bacterial catabolic plasmids of the Baltic Sea aquatic system. Tartu, 2013,
121 p.

Helen Vellau. Reaction norms for size and age at maturity in insects: rules
and exceptions. Tartu, 2014, 132 p.

Randel Kreitsberg. Using biomarkers in assessment of environmental
contamination in fish — new perspectives. Tartu, 2014, 107 p.

Krista Takkis. Changes in plant species richness and population per-
formance in response to habitat loss and fragmentation.Tartu, 2014, 141 p.
Liina Nagirnaja. Global and fine-scale genetic determinants of recurrent
pregnancy loss. Tartu, 2014, 211 p.

Triin Triisberg. Factors influencing the re-vegetation of abandoned
extracted peatlands in Estonia. Tartu, 2014, 133 p.

Villu Soon. A phylogenetic revision of the Chrysis ignita species group
(Hymenoptera: Chrysididae) with emphasis on the northern European
fauna. Tartu, 2014, 211 p.

Andrei Nikonov. RNA-Dependent RNA Polymerase Activity as a Basis
for the Detection of Positive-Strand RNA Viruses by Vertebrate Host Cells.
Tartu, 2014, 207 p.

Eele Ounapuu-Pikas. Spatio-temporal variability of leaf hydraulic conduc-
tance in woody plants: ecophysiological consequences. Tartu, 2014, 135 p.
Marju Minniste. Physiological ecology of greenfinches: information
content of feathers in relation to immune function and behavior. Tartu,
2014, 121 p.

Katre Kets. Effects of elevated concentrations of CO, and O; on leaf photo-
synthetic parameters in Populus tremuloides: diurnal, seasonal and inter-
annual patterns. Tartu, 2014, 115 p.

Kiilli Lokko. Seasonal and spatial variability of zoopsammon communities
in relation to environmental parameters. Tartu, 2014, 129 p.

Olga Zilina. Chromosomal microarray analysis as diagnostic tool: Estonian
experience. Tartu, 2014, 152 p.

138



265.

266.

267.

268.

2609.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

Kertu Lohmus. Colonisation ecology of forest-dwelling vascular plants
and the conservation value of rural manor parks. Tartu, 2014, 111 p.

Anu Aun. Mitochondria as integral modulators of cellular signaling. Tartu,
2014, 167 p.

Chandana Basu Mallick. Genetics of adaptive traits and gender-specific
demographic processes in South Asian populations. Tartu, 2014, 160 p.
Riin Tamme. The relationship between small-scale environmental hetero-
geneity and plant species diversity. Tartu, 2014, 130 p.

Liina Remm. Impacts of forest drainage on biodiversity and habitat quality:
implications for sustainable management and conservation. Tartu, 2015,
126 p.

Tiina Talve. Genetic diversity and taxonomy within the genus Rhinanthus.
Tartu, 2015, 106 p.

Mehis Rohtla. Otolith sclerochronological studies on migrations, spawning
habitat preferences and age of freshwater fishes inhabiting the Baltic Sea.
Tartu, 2015, 137 p.

Alexey Reshchikov. The world fauna of the genus Lathrolestes (Hymenop-
tera, Ichneumonidae). Tartu, 2015, 247 p.

Martin Pook. Studies on artificial and extracellular matrix protein-rich
surfaces as regulators of cell growth and differentiation. Tartu, 2015, 142 p.
Mai Kukumaégi. Factors affecting soil respiration and its components in
silver birch and Norway spruce stands. Tartu, 2015, 155 p.

Helen Karu. Development of ecosystems under human activity in the
North-East Estonian industrial region: forests on post-mining sites and
bogs. Tartu, 2015, 152 p.

Hedi Peterson. Exploiting high-throughput data for establishing relation-
ships between genes. Tartu, 2015, 186 p.

Priit Adler. Analysis and visualisation of large scale microarray data,
Tartu, 2015, 126 p.

Aigar Niglas. Effects of environmental factors on gas exchange in deci-
duous trees: focus on photosynthetic water-use efficiency. Tartu, 2015,
152 p.

Silja Laht. Classification and identification of conopeptides using profile
hidden Markov models and position-specific scoring matrices. Tartu, 2015,
100 p.

Martin Kesler. Biological characteristics and restoration of Atlantic
salmon Salmo salar populations in the Rivers of Northern Estonia. Tartu,
2015, 97 p.

Pratyush Kumar Das. Biochemical perspective on alphaviral nonstruc-
tural protein 2: a tale from multiple domains to enzymatic profiling. Tartu,
2015,205p

Priit Palta. Computational methods for DNA copy number detection.
Tartu, 2015, 130 p.

Julia Sidorenko. Combating DNA damage and maintenance of genome
integrity in pseudomonads. Tartu, 2015, 174 p.

139



284.

285.

286.

287.

288.

2809.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

Anastasiia Kovtun-Kante. Charophytes of Estonian inland and coastal
waters: distribution and environmental preferences. Tartu, 2015, 97 p.

Ly Lindman. The ecology of protected butterfly species in Estonia. Tartu,
2015, 171 p.

Jaanis Lodjak. Association of Insulin-like Growth Factor I and Corti-
costerone with Nestling Growth and Fledging Success in Wild Passerines.
Tartu, 2016, 113 p.

Ann Kraut. Conservation of Wood-Inhabiting Biodiversity — Semi-Natural
Forests as an Opportunity. Tartu, 2016, 141 p.

Tiit Ord. Functions and regulation of the mammalian pseudokinase TRIB3.
Tartu, 2016, 182. p.

Kairi Kiiro. Biological Quality According to Macroinvertebrates in Streams
of Estonia (Baltic Ecoregion of Europe): Effects of Human-induced
Hydromorphological Changes. Tartu, 2016, 126 p.

Leidi Laurimaa. Echinococcus multilocularis and other zoonotic parasites
in Estonian canids. Tartu, 2016, 144 p.

Helerin Margus. Characterization of cell-penetrating peptide/nucleic acid
nanocomplexes and their cell-entry mechanisms. Tartu, 2016, 173 p.
Kadri Runnel. Fungal targets and tools for forest conservation. Tartu,
2016, 157 p.

Urmo Vosa. MicroRNAs in disease and health: aberrant regulation in lung
cancer and association with genomic variation. Tartu, 2016, 163 p.
Kristina Miemets-Allas. Studies on cell growth promoting AKT signaling
pathway — a promising anti-cancer drug target. Tartu, 2016, 146 p.

Janeli Viil. Studies on cellular and molecular mechanisms that drive normal
and regenerative processes in the liver and pathological processes in
Dupuytren’s contracture. Tartu, 2016, 175 p.

Ene Kook. Genetic diversity and evolution of Pulmonaria angustifolia L.
and Myosotis laxa sensu lato (Boraginaceae). Tartu, 2016, 106 p.

Kadri Peil. RNA polymerase II-dependent transcription elongation in
Saccharomyces cerevisiae. Tartu, 2016, 113 p.

Katrin Ruisu. The role of RIC8A in mouse development and its function
in cell-matrix adhesion and actin cytoskeletal organisation. Tartu, 2016,
129 p.

Janely Pae. Translocation of cell-penetrating peptides across biological
membranes and interactions with plasma membrane constituents. Tartu,
2016, 126 p.

Argo Ronk. Plant diversity patterns across Europe: observed and dark
diversity. Tartu, 2016, 153 p.

Kristiina Mark. Diversification and species delimitation of lichenized
fungi in selected groups of the family Parmeliaceae (Ascomycota). Tartu,
2016, 181 p.

Jaak-Albert Metsoja. Vegetation dynamics in floodplain meadows: in-
fluence of mowing and sediment application. Tartu, 2016, 140 p.

140



303.

304.

305.

306.

307.

308.
309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

Hedvig Tamman. The GraTA toxin-antitoxin system of Pseudomonas
putida: regulation and role in stress tolerance. Tartu, 2016, 154 p.

Kadri Piértel. Application of ultrastructural and molecular data in the
taxonomy of helotialean fungi. Tartu, 2016, 183 p.

Maris Hindrikson. Grey wolf (Canis lupus) populations in Estonia and
Europe: genetic diversity, population structure and -processes, and hybridi-
zation between wolves and dogs. Tartu, 2016, 121 p.

Polina Degtjarenko. Impacts of alkaline dust pollution on biodiversity of
plants and lichens: from communities to genetic diversity. Tartu, 2016,
126 p.

Liina Pajusalu. The effect of CO, enrichment on net photosynthesis of
macrophytes in a brackish water environment. Tartu, 2016, 126 p.

Stoyan Tankov. Random walks in the stringent response. Tartu, 2016, 94 p.
Liis Leitsalu. Communicating genomic research results to population-
based biobank participants. Tartu, 2016, 158 p.

Richard Meitern. Redox physiology of wild birds: validation and appli-
cation of techniques for detecting oxidative stress. Tartu, 2016, 134 p.
Kaie Lokk. Comparative genome-wide DNA methylation studies of healthy
human tissues and non-small cell lung cancer tissue. Tartu, 2016, 127 p.
Mihhail KuraSin. Processivity of cellulases and chitinases. Tartu, 2017,
132 p.

Carmen Tali. Scavenger receptors as a target for nucleic acid delivery with
peptide vectors. Tartu, 2017, 155 p.

Katarina Oganjan. Distribution, feeding and habitat of benthic suspension
feeders in a shallow coastal sea. Tartu, 2017, 132 p.

Taavi Paal. Immigration limitation of forest plants into wooded landscape
corridors. Tartu, 2017, 145 p.

Kadri Ounap. The Williams-Beuren syndrome chromosome region protein
WBSCR22 is a ribosome biogenesis factor. Tartu, 2017, 135 p.

Riin Tamm. In-depth analysis of factors affecting variability in thiopurine
methyltransferase activity. Tartu, 2017, 170 p.

Keiu Kask. The role of RIC8A in the development and regulation of mouse
nervous system. Tartu, 2017, 184 p.

Tiia Méller. Mapping and modelling of the spatial distribution of benthic
macrovegetation in the NE Baltic Sea with a special focus on the eelgrass
Zostera marina Linnaeus, 1753. Tartu, 2017, 162 p.

Silva Kasela. Genetic regulation of gene expression: detection of tissue-
and cell type-specific effects. Tartu, 2017, 150 p.

Karmen Siild. Food habits, parasites and space use of the raccoon dog
Nyctereutes procyonoides: the role of an alien species as a predator and
vector of zoonotic diseases in Estonia. Tartu, 2017, p.

Ragne Oja. Consequences of supplementary feeding of wild boar — concern
for ground-nesting birds and endoparasite infection. Tartu, 2017, 141 p.
Riin Kont. The acquisition of cellulose chain by a processive cellobio-
hydrolase. Tartu, 2017, 117 p.

141



324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

3309.

340.

341.

342.

Liis Kasari. Plant diversity of semi-natural grasslands: drivers, current
status and conservation challenges. Tartu, 2017, 141 p.

Sirgi Saar. Belowground interactions: the roles of plant genetic relatedness,
root exudation and soil legacies. Tartu, 2017, 113 p.

Sten Anslan. Molecular identification of Collembola and their fungal
associates. Tartu, 2017, 125 p.

Imre Taal. Causes of variation in littoral fish communities of the Eastern
Baltic Sea: from community structure to individual life histories. Tartu,
2017, 118 p.

Jiirgen Jalak. Dissecting the Mechanism of Enzymatic Degradation of
Cellulose Using Low Molecular Weight Model Substrates. Tartu, 2017,
137 p.

Kairi Kiik. Reproduction and behaviour of the endangered European mink
(Mustéla lutreola) in captivity. Tartu, 2018, 112 p.

Ivan Kuprijanov. Habitat use and trophic interactions of native and
invasive predatory macroinvertebrates in the northern Baltic Sea. Tartu,
2018, 117 p.

Hendrik Meister. Evolutionary ecology of insect growth: from geographic
patterns to biochemical trade-offs. Tartu, 2018, 147 p.

Ilja GaidutSik. Irc3 is a mitochondrial branch migration enzyme in
Saccharomyces cerevisiae. Tartu, 2018, 161 p.

Lena Neuenkamp. The dynamics of plant and arbuscular mycorrhizal
fungal communities in grasslands under changing land use. Tartu, 2018,
241 p.

Laura Kasak. Genome structural variation modulating the placenta and
pregnancy maintenance. Tartu, 2018, 181 p.

Kersti Riibak. Importance of dispersal limitation in determining dark
diversity of plants across spatial scales. Tartu, 2018, 133 p.

Liina Saar. Dynamics of grassland plant diversity in changing landscapes.
Tartu, 2018, 206 p.

Hanna Ainelo. Fis regulates Pseudomonas putida biofilm formation by
controlling the expression of lapA. Tartu, 2018, 143 p.

Natalia Pervjakova. Genomic imprinting in complex traits. Tartu, 2018,
176 p.

Andrio Lahesaare. The role of global regulator Fis in regulating the
expression of lapF and the hydrophobicity of soil bacterium Pseudomonas
putida. Tartu, 2018, 124 p.

Mirt Roosaare. K-mer based methods for the identification of bacteria and
plasmids. Tartu, 2018, 117 p.

Maria Abakumova. The relationship between competitive behaviour and
the frequency and identity of neighbours in temperate grassland plants.
Tartu, 2018, 104 p.

Margus Vilbas. Biotic interactions affecting habitat use of myrmecophi-
lous butterflies in Northern Europe. Tartu, 2018, 142 p.

142



343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

3509.

360.

361.

Liina Kinkar. Global patterns of genetic diversity and phylogeography of
Echinococcus granulosus sensu stricto — a tapeworm species of significant
public health concern. Tartu, 2018, 147 p.

Teivi Laurimie. Taxonomy and genetic diversity of zoonotic tapeworms
in the species complex of Echinococcus granulosus sensu lato. Tartu, 2018,
143 p.

Tatjana Jatsenko. Role of translesion DNA polymerases in mutagenesis
and DNA damage tolerance in Pseudomonads. Tartu, 2018, 216 p.

Katrin Viigand. Utilization of a-glucosidic sugars by Ogataea (Hanse-
nula) polymorpha. Tartu, 2018, 148 p.

Andres Ainelo. Physiological effects of the Pseudomonas putida toxin grat.
Tartu, 2018, 146 p.

Killu Timm. Effects of two genes (DRD4 and SERT) on great tit (Parus
major) behaviour and reproductive traits. Tartu, 2018, 117 p.

Petr Kohout. Ecology of ericoid mycorrhizal fungi. Tartu, 2018, 184 p.
Gristin Rohula-Okuneyv. Effects of endogenous and environmental factors
on night-time water flux in deciduous woody tree species. Tartu, 2018,
184 p.

Jane Qja. Temporal and spatial patterns of orchid mycorrhizal fungi in
forest and grassland ecosystems. Tartu, 2018, 102 p.

Janek Urvik. Multidimensionality of aging in a long-lived seabird. Tartu,
2018, 135 p.

Lisanna Schmidt. Phenotypic and genetic differentiation in the hybridizing
species pair Carex flava and C. viridula in geographically different regions.
Tartu, 2018, 133 p.

Monika Karmin. Perspectives from human Y chromosome — phylogeny,
population dynamics and founder events. Tartu, 2018, 168 p.

Maris Alver. Value of genomics for atherosclerotic cardiovascular disease
risk prediction. Tartu, 2019, 148 p.

Lehti Saag. The prehistory of Estonia from a genetic perspective: new
insights from ancient DNA. Tartu, 2019, 171 p.

Mari-Liis Viljur. Local and landscape effects on butterfly assemblages in
managed forests. Tartu, 2019, 115 p.

Ivan Kisly. The pleiotropic functions of ribosomal proteins eL 19 and eL.24
in the budding yeast ribosome. Tartu, 2019, 170 p.

Mikk Puustusmaa. On the origin of papillomavirus proteins. Tartu, 2019,
152 p.

Anneliis Peterson. Benthic biodiversity in the north-eastern Baltic Sea:
mapping methods, spatial patterns, and relations to environmental gradients.
Tartu, 2019, 159 p.

Erwan Pennarun. Meandering along the mtDNA phylogeny; causerie and
digression about what it can tell us about human migrations. Tartu, 2019,
162 p.

143



362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.
375.

376.

377.

378.

379.

380.

Karin Ernits. Levansucrase Lsc3 and endo-levanase BT1760: characteri-
zation and application for the synthesis of novel prebiotics. Tartu, 2019,
217 p.

Sille Holm. Comparative ecology of geometrid moths: in search of contrasts
between a temperate and a tropical forest. Tartu, 2019, 135 p.

Anne-Mai Ilumie. Genetic history of the Uralic-speaking peoples as seen
through the paternal haplogroup N and autosomal variation of northern
Eurasians. Tartu, 2019, 172 p.

Anu Lepik. Plant competitive behaviour: relationships with functional
traits and soil processes. Tartu, 2019, 152 p.

Kunter Téatte. Towards an integrated view of escape decisions in birds
under variable levels of predation risk. Tartu, 2020, 172 p.

Kaarin Parts. The impact of climate change on fine roots and root-
associated microbial communities in birch and spruce forests. Tartu, 2020,
143 p.

Viktorija Kukuskina. Understanding the mechanisms of endometrial
receptivity through integration of ‘omics’ data layers. Tartu, 2020, 169 p.
Martti Vasar. Developing a bioinformatics pipeline gDAT to analyse
arbuscular mycorrhizal fungal communities using sequence data from
different marker regions. Tartu, 2020, 193 p.

Ott Kangur. Nocturnal water relations and predawn water potential disequi-
librium in temperate deciduous tree species. Tartu, 2020, 126 p.

Helen Post. Overview of the phylogeny and phylogeography of the
Y-chromosomal haplogroup N in northern Eurasia and case studies of two
linguistically exceptional populations of Europe — Hungarians and Kalmyks.
Tartu, 2020, 143 p.

Kristi Krebs. Exploring the genetics of adverse events in pharmacotherapy
using Biobanks and Electronic Health Records. Tartu, 2020, 151 p.

Kirt Ukkivi. Mutagenic effect of transcription and transcription-coupled
repair factors in Pseudomonas putida. Tartu, 2020, 154 p.

Elin Soomets. Focal species in wetland restoration. Tartu, 2020, 137 p.
Kadi Tilk. Signals and responses of ColRS two-component system in
Pseudomonas putida. Tartu, 2020, 133 p.

Indrek Teino. Studies on aryl hydrocarbon receptor in the mouse granulosa
cell model. Tartu, 2020, 139 p.

Maarja Vaikre. The impact of forest drainage on macroinvertebrates and
amphibians in small waterbodies and opportunities for cost-effective
mitigation. Tartu, 2020, 132 p.

Siim-Kaarel Sepp. Soil eukaryotic community responses to land use and
host identity. Tartu, 2020, 222 p.

Eveli Otsing. Tree species effects on fungal richness and community
structure. Tartu, 2020, 152 p.

Mari Pent. Bacterial communities associated with fungal fruitbodies. Tartu,
2020, 144 p.

144



381.

382.

383.

384.

385.

386.

387.

388.

3809.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

Einar Kirgenberg. Movement patterns of lithophilous migratory fish in
free-flowing and fragmented rivers. Tartu, 2020, 167 p.

Antti Matvere. The studies on aryl hydrocarbon receptor in murine
granulosa cells and human embryonic stem cells. Tartu, 2021, 163 p.
Jhonny Capichoni Massante. Phylogenetic structure of plant communities
along environmental gradients: a macroecological and evolutionary
approach. Tartu, 2021, 144 p.

Ajai Kumar Pathak. Delineating genetic ancestries of people of the Indus
Valley, Parsis, Indian Jews and Tharu tribe. Tartu, 2021, 197 p.

Tanel Vahter. Arbuscular mycorrhizal fungal biodiversity for sustainable
agroecosystems. Tartu, 2021, 191 p.

Burak Yelmen. Characterization of ancient Eurasian influences within
modern human genomes. Tartu, 2021, 134 p.

Linda Ongaro. A genomic portrait of American populations. Tartu, 2021,
182 p.

Kairi Raime. The identification of plant DNA in metagenomic samples.
Tartu, 2021, 108 p.

Heli Einberg. Non-linear and non-stationary relationships in the pelagic
ecosystem of the Gulf of Riga (Baltic Sea). Tartu, 2021, 119 p.

Mickaél Mathieu Pihain. The evolutionary effect of phylogenetic neigh-
bourhoods of trees on their resistance to herbivores and climatic stress.
Tartu, 2022, 145 p.

Annika Joy Meitern. Impact of potassium ion content of xylem sap and of
light conditions on the hydraulic properties of trees. Tartu, 2022, 132 p.
Elise Joonas. Evaluation of metal contaminant hazard on microalgae with
environmentally relevant testing strategies. Tartu, 2022, 118 p.

Kreete Liill. Investigating the relationships between human microbiome,
host factors and female health. Tartu, 2022, 141 p.

Triin Kaasiku. A wader perspective to Boreal Baltic coastal grasslands:
from habitat availability to breeding site selection and nest survival. Tartu,
2022, 141 p.

Meeli Alber. Impact of elevated atmospheric humidity on the structure of
the water transport pathway in deciduous trees. Tartu, 2022, 170 p.
Ludovica Molinaro. Ancestry deconvolution of Estonian, European and
Worldwide genomic layers: a human population genomics excavation.
Tartu, 2022, 138 p.

Tina Saupe. The genetic history of the Mediterranean before the common
era: a focus on the Italian Peninsula. Tartu, 2022, 165 p.

Mari-Ann Lind. Internal constraints on energy processing and their con-
sequences: an integrative study of behaviour, ornaments and digestive
health in greenfinches. Tartu, 2022, 137 p.

Markus Valge. Testing the predictions of life history theory on anthropo-
metric data. Tartu, 2022, 171 p.

Ants Tull. Domesticated and wild mammals as reservoirs for zoonotic
helminth parasites in Estonia. Tartu, 2022, 152 p.

145



401.

402.

403.
404.

405.

406.

407.

408.

4009.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

Saleh Rahimlouye Barabi. Investigation of diazotrophic bacteria asso-
ciation with plants. Tartu, 2022, 137 p.

Farzad Aslani. Towards revealing the biogeography of belowground
diversity. Tartu, 2022, 124 p.

Nele Taba. Diet, blood metabolites, and health. Tartu, 2022, 163 p.

Katri Piarna. Improving the personalized prediction of complex traits
and diseases: application to type 2 diabetes. Tartu, 2022, 190 p.

Silva Lilleorg. Bacterial ribosome heterogeneity on the example of bL31
paralogs in Escherichia coli. Tartu, 2022, 189 p.

Oliver Aasmets. The importance of microbiome in human health. Tartu,
2022, 123 p.

Henel Jiirgens. Exploring post-translational modifications of histones in
RNA polymerase II-dependent transcription. Tartu, 2022, 147 p.

Mari Tagel. Finding novel factors affecting the mutation frequency: a case
study of tRNA modification enzymes TruA and RIuA. Tartu, 2022, 176 p.

Marili Sell. The impact of environmental change on ecophysiology of
hemiboreal tree species — acclimation mechanisms in belowground. Tartu,
2022, 163 p.

Kaarin Hein. The hissing behaviour of Great Tit (Parus major) females
reflects behavioural phenotype and breeding success in a wild population.
Tartu, 2022, 96 p.

Maret Gerz. The distribution and role of mycorrhizal symbiosis in plant
communities. Tartu, 2022, 206 p.

Kristiina Noomaa. Role of invasive species in brackish benthic community
structure and biomass changes. Tartu, 2023, 151 p.

Anton Savchenko. Taxonomic studies in Dacrymycetes: Cerinomyces and
allied taxa. Tartu, 2023, 181 p.

Ahto Agan. Interactions between invasive pathogens and resident myco-
biome in the foliage of trees. Tartu, 2023, 155 p.

Diego Pires Ferraz Trindade. Dark diversity dynamics linked to global
change: taxonomic and functional perspective. Tartu, 2023, 134 p.

Madli Joks. Biodiversity drivers in oceanic archipelagos and habitat
fragments, explored by agent-based simulation models. Tartu, 2023, 116 p.
Ciara Baines. Adaptation to oncogenic pollution and natural cancer defen-
ces in the aquatic environment. Tartu, 2023, 164 p.

Rain Inno. Placental transcriptome and miRNome in normal and compli-
cated pregnancies. Tartu, 2023, 145 p.

Daniyal Gohar. Diversity, genomics, and potential functions of fungus-
inhabiting bacteria. Tartu, 2023, 138 p.

Sirli Rosendahl. Fitness effects of chromosomal toxin-antitoxin systems in
Pseudomonas putida. Tartu, 2023, 154 p.

Mathilde Frédérique E. André. New Guinea, a hotspot for Human evo-
lution: settlement history and adaptation in northern Sahul. Tartu, 2023,
202 p.

146



422.

423.

424.

425.

426.

427.

428.

Vlad-Julian Piljukev. Biochemical characterization of Irc3 helicase. Tartu,
2023, 137 p.

Gerli Albert. Carbon use strategies of macrophyte communities in the
northeastern Baltic Sea: implications for a high CO, environment. Tartu,
2023, 128 p.

Mariann Koel. The molecular interactions between trophoblast and endo-
metrial cells in embryo implantation. Tartu, 2023, 171 p.

Robin Gielen. Diversity and ecological role of pathogenic fungi in insect
populations. Tartu, 2023, 139 p.

Kaspar Reier. Quantity, stability and disparity of ribosomal components
in Escherichia coli stationary phase. Tartu, 2023, 151 p.

Linda Rusalepp. The impact of environmental drivers and competition on
phenolic metabolite profiles in hybrid aspen and silver birch. Tartu, 2023,
153 p.

Eliisa Pass. The effect of managed forest-wetland landscapes on forest grouse
and nest predation. Tartu, 2023, 115 p.



	Fungal_Ecology_SF.pdf
	The effects of geographic origin and genotype on fungal diversity of silver birch (Betula pendula)
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Sampling
	2.3 Sample preparation
	2.4 DNA extraction
	2.5 Amplification of ITS-sequences by PCR and DNA sequencing
	2.6 Bioinformatics
	2.7 Statistical analyses

	3 Results
	3.1 Observed taxa
	3.2 Community composition and richness of OTUs

	4 Discussion
	4.1 Community composition
	4.2 Community diversity

	5 Conclusions
	Author contributions
	Data statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


	FNP_review.pdf
	Fluorescent nanoparticles as tools in ecology and physiology
	I.  INTRODUCTION
	II.  TYPES OF FLUORESCENT NANOPARTICLES (FNPs)
	(1)  Semiconductor quantum dots (SQDs)
	(a)  Cadmium-containing QDs
	(b)  Other semiconductor QDs

	(2)  Fluorescent carbon nanoparticles (FCNPs)
	(3)  Rare-earth doped nanoparticles

	III.  FLUORESCENT NANOPARTICLES IN BIOLOGICAL RESEARCH
	(1)  Cadmium-containing quantum dots (Cd-QDs)
	(a)  Ecology
	(b)  Plants
	(c)  Animals
	(d)  Fungi
	(e)  Biosensing

	(2)  Other semiconductor QDs
	(3)  Fluorescent carbon nanoparticles (FCNPs)
	(4)  Upconversion nanoparticles

	IV.  QUANTIFICATION OF FNPs
	V.  THE PROS AND CONS OF VARIOUS FLUORESCENT TOOLS
	(1)  FNPs compared with other fluorescence tools
	(2)  Relative benefits and shortfalls of various FNPs
	(a)  Toxicity of FNPs
	(b)  Unexpected positive effects of FNPs
	(c)  Pros and cons of FNP types


	VI.  RECOMMENDATIONS FOR FNP USERS AND DEVELOPERS
	(1)  Experimental considerations
	(2)  Towards a standardised terminology
	(3)  Towards comparability and reproducibility
	(4)  Perspectives of FNPs in biological applications

	VII.  CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES





