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Verhoogde concentraties aan zware metalen in bodems, zoals zink en
cadmium, zijn toxisch voor de meeste organismen. Vele organismen
kunnen dan ook niet overleven in bodems verontreinigd met zware
metalen. In enkele zeldzame gevallen zorgt deze selectiedruk voor
evolutionaire aanpassingen aan metaalhomeostase mechanismen. Dit
fenomeen is goed bestudeerd voor planten, maar slechts weinig is geweten
over adaptieve metaaltolerantie bij schimmelsoorten die in associatie met
deze planten leven. In hoofdstuk twee wordt een genetische studie
gepresenteerd met als doel een beter inzicht te krijgen in de genetische
structuur van zinktolerantie bij Suillus luteus. In deze studie werden
verschillende zinktolerantie fenotypes waargenomen in dikaryote ouderlijke
stammen, in monokaryote nakomelingen van deze stammen en in
kruisingen tussen monokaryote nakomelingen. Op basis van deze
fenotypes werd geconcludeerd dat zinktolerantie in S. luteus wordt
overgedragen door onvolledige dominantie. Enkele mogelijke modellen die
de genetische architectuur van zinktolerantie in S. /uteus kunnen verklaren,
werden in deze studie getest en werden besproken in hoofdstuk twee.
Verder heeft een door metalen-geinduceerde selectiedruk tot gevolg dat
populaties van gevoelige organismen plaats zullen ruimen voor meer
resistente soorten of soorten die adaptieve metaaltolerantie hebben
ontwikkeld. Hierdoor zullen op de meest verontreinigde bodems zich slechts
een beperkt aantal soorten kunnen vestigen, waardoor specifieke
gemeenschappen ontstaan. Zulke metaal-specifieke gemeenschappen zijn
ook sinds lange tijd bekend in het plantenrijk. Met deze
plantengemeenschappen zijn vermoedelijk ook specifieke
schimmelgemeenschappen geassocieerd. Hiernaar is echter aanzienlijk
minder onderzoek verricht in het verleden omdat het bestuderen van
(hoofdzakelijk) ondergrondse schimmelgemeenschappen veel moeilijker is
dan het bestuderen van plantengemeenschappen. Echter, recente

ontwikkelingen in  moleculaire biologie hebben gedetailleerde



SAMENVATTING

beschrijvingen van schimmelgemeenschappen mogelijk gemaakt. In het
derde hoofdstuk wordt een technische studie gepresenteerd waarin het
optimaliseren van de vereiste moleculaire technieken voor het bestuderen
van ondergrondse schimmelgemeenschappen als doel werd gesteld. De
amplificatie-eigenschappen van de primers die het best presteerden in deze
verkennende studie werden getest en vergeleken met andere primers die
courant worden gebruikt voor het bestuderen van
schimmelgemeenschappen. In hoofdstuk vier worden de in hoofdstuk drie
geoptimaliseerde technieken gebruikt voor het bestuderen van
schimmelgemeenschappen in de bodem van een pioniersdennenbos in een
met zink en cadmium vervuild studiegebied. Naast het karakteriseren van
de schimmelgemeenschappen aanwezig in dit vervuilde gebied, werd ook
de invloed van metaalverontreiniging op de diversiteit en structuur van de
schimmelgemeenschapen bestudeerd. Hoewel duidelijke correlaties tussen
de concentraties aan zware metalen en de samenstelling van
schimmelgemeenschappen werden waargenomen, werden deen
consistente effecten vastgesteld op de schimmeldiversiteit. De
aanwezigheid van de meest dominante soorten in dit studiegebied werd
besproken. In het vijfde hoofdstuk wordt een studie gepresenteerd waarin
de schimmelgemeenschappen die voorkomen in vervuild gebied werden
vergeleken met schimmelgemeenschappen in een controlegebied,
eveneens in pioniersdennenbos. De soortensamenstellingen van de
schimmelgemeenschappen in beide studiegebieden kwamen grotendeels
overeen, maar de relatieve abundanties duidden op een verschuiving in de
dominantie van aanwezige soorten. Opnieuw werden geen effecten van
gemeten omgevingsfactoren op de schimmeldiversiteit vastgesteld.
Veranderingen in de relatieve abundanties van aanwezige schimmels over
verschillende jaren, duidden bovendien op dynamische ecosystemen in de
bestudeerde pioniersbossen. Een opvallende dynamiek is de verdringing
van ascomyceet fungi door basidiomyceet fungi in de ectomycorrhizatips
van Pinus in de aanplanting op verontreinigde bodem. Mogelijk heeft het

dynamische karakter van deze ecosystemen een belangrijke rol gespeeld
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in het ontstaan van metaaltolerante schimmels zoals S. /uteus. Ten slotte
worden in het zesde en laatste hoofdstuk de meest belangrijke bevindingen
van de vier studies die tijdens dit project werden uitgevoerd samengevat
en bediscussieerd. Ook worden perspectieven geboden waarop

toekomstige studies zich zouden kunnen toespitsen.
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SUMMARY

SUMMARY

High concentrations of heavy metals in soils, such as zinc and cadmium,
are toxic to most organisms. Many organisms are unable to survive in
metal-polluted soils. In rare occasions, this selection pressure may cause
evolutionary adaptations in the metal homeostasis mechanisms of
organisms exposed to increased concentrations of heavy metals. This
phenomenon is well studied for plants, but only limited information is
available on adaptive metal tolerance in symbiotic fungi that live together
with these plants. In chapter two, a genetics study is presented aiming to
provide insight in the genetic architecture of zinc tolerance in Suillus luteus.
In this study, contrasting zinc tolerance phenotypes were observed in
dikaryotic, parental strains, in monokaryotic offspring of these strains and
in crosses between monokaryotic strains. Based on these phenotypes, it
was concluded that zinc tolerance in S. /luteus is inherited through
incomplete dominance. Some potential models for the genetic architecture
of zinc tolerance in S. luteus were tested and are discussed in chapter two.
Furthermore, metal-induced selection pressure may cause populations of
sensitive organisms to collapse, leaving only adapted species. Hence, on
most polluted sites, only a limited number of organisms may thrive, giving
rise to unique communities. Such (pseudo-)metallophyte plant associations
have been studied extensively in the past. However, also specific fungal
communities are likely to be associated with these plant communities.
Nevertheless, much less research has been conducted on these fungal
communities in the past, since studying (mainly) belowground fungal
communities is more difficult than studying plant communities. Recent
developments in molecular biology, however, enabled detailed
identification of fungal communities. In the third chapter, a technical study
is presented aiming to optimize the required molecular tools for studying
belowground fungal communities. The amplification-efficiencies of the
primers that were found to be the most efficient in amplifying a broad range

of fungal taxa were compared to other primers that are frequently used to
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study fungal communities. In chapter four, the optimized techniques
described in chapter three were used to study fungal communities in soils
of pioneer pine forests thriving on a zinc and cadmium polluted site. Beside
characterizing the fungal communities in this study site, also the influence
of metal pollution on fungal diversity and fungal community structures were
analysed. Whereas clear correlations were found between fungal
community compositions and metal concentrations, no consistent effects
on fungal diversity were detected. The presence of the most dominant
species in this site were discussed. In the fifth chapter, a study is presented
in which the fungal communities in a metal polluted site were compared to
fungal communities in a control site, both associated with a pioneer pine
forest. The species composition of the fungal communities in both sites was
very similar. However, the relative abundances of these species indicated
a dominance shift. Striking community dynamics in which basidiomycetes
replaced ascomycetes in the ectomycorrhizal root tips of pine trees were
observed. Again, no effects of measured environmental factors on fungal
diversity were observed. Moreover, changes in the relative abundances of
present species indicated that the studied pioneer ecosystems are very
dynamic. The dynamics of these pioneer ecosystems potentially played an
important role in the evolution of metal-tolerant fungi such as S. luteus.
Finally, in the sixth, and last chapter, the most important conclusions of the
current project were summarized and discussed and perspectives for future

studies are given.
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CHAPTER 1

Chapter 1: Introduction

History of metal pollution in the Campine region

Since the onset of the Industrial Revolution in the mid-18th century, metals
such as zinc (Zn) and lead (Pb) have been extracted on an industrial scale
through pyrometallurgical processes. The first zinc smelters were built in
the United Kingdom around 1740 (Morgan, 1985). When the Industrial
Revolution spread to mainland Europe, the pyrometallurgical industry
initially started growing around Liége in Belgium and in Silesia (Silesia
corresponded to an area covering a large part of current Poland, Germany
and the Czech Republic). Flue gasses exited the plants unfiltered and had
a devastating impact on the health of many people in densely populated
areas such as Liége. Therefore, new zinc smelters were built in low-
populated areas such as the Campine region in Belgium and the
Netherlands in the early and mid-nineteenth century. The pyrometallurgical
industry continued to operate in these areas until the mid-20t century. In
Belgium, zinc smelters were built in Overpelt (1880), Balen (1885) and
Lommel (1904) and near the Belgian border in the Netherlands in Budel
(1892) (Colpaert et al., 2004). The pyrometallurgical process developed in
Belgium was initially adopted throughout Europe and was later also adopted
in the United States. It was the main pyrometallurgical method that was
used during the first 100 years of large-scale Zn and Pb production. In this
so-called Belgian-type horizontal retort process, ores containing ZnS, PbS,
ZnO and PbO were heated together with charcoal to 1400 °C in ceramic
retorts. In the ceramic retorts, charcoal reduced Zn and Pb containing
minerals to Zn + CO and Pb + CO to prevent their oxidation. At 1400 °C,
most Zn and Pb are converted to gasses and S is converted to SO,. Gaseous
Zn and Pb were subsequently collected in water-cooled condensers and CO
and SO, gasses exited the plants as flue gas (Morgan, 1985).
Unfortunately, this early pyrometallurgical process was very inefficient. It
proved to be very difficult to tightly regulate the temperatures during the

entire process. Consequently, large quantities of Zn and Pb gasses exited
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the plants as flue gas as well. Beside Zn and Pb, the ores used for metal
extraction, typically also contained high concentrations of cadmium (Cd).
Since Cd has a melting point of 321 °C and a boiling point of 767 °C, also
most Cd was converted to a gas in the ceramic retorts. During the 18t and
19t century, Cd was not collected because its physical properties did not
allow Cd to be used in construction or to manufacture tools and equipment.
Only later, in the 20t century, Cd would be collected in metal smelters and
used in Nickel-Cadmium batteries and to stabilize plastics. As a
consequence, large quantities of S, Zn, Pb and Cd were emitted from zinc
smelters in the Campine region during the period between 1880 and 1973.
Through precipitation, metal ions in the industrial vapours settled in the
near vicinity of zinc smelters, polluting vast areas in the vicinity of the zinc
smelters. Moreover, despite its high metal concentrations, water that had
been used to cool condensers was discharged in nearby rivers and creeks.
Used retorts, condensers and ores (metal slugs) still contained large
quantities of Zn, Pb and Cd as well. In the 20t century, this industrial waste
has been widely used for road and railway construction, on school and farm
yards, for stabilization of industrial terrains or private properties, spreading
the pollution even further throughout Belgium and the Netherlands (Verlaek
and Weynants, 2006). It is estimated that 290 km of roads have been
constructed with metal-polluted waste from zinc smelters and that a total
area of 700 km? has been polluted with high concentrations of metals in
the Campine region of Belgium alone (Hogervorst et al., 2007). Since 1973,
electrochemical processes replaced pyrometallurgical processes. Since the
switch to this new technology, Cd emissions from the zinc smelter in
Overpelt, for example, decreased from 125,000 kg per year to 130 kg per
year (Verlaek and Weynants, 2006). However, since metal ions are not
degradable, they remain present in high concentrations in the environment
to date. The toxicity of these metals is most visible on the vegetation at
polluted sites. So-called metal deserts in the Campine region, some of
which span several square kilometres, are still devoid of most vegetation,

decades after emissions from zinc smelters have been cut.
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Why are metal ions toxic?

To understand why metals are toxic at specific concentrations, first a
distinction between two groups of metals needs to be made. Some metal
ions are required for growth and repair of cells. They are, for example, co-
factors in many enzymes or they can be structural components of cell walls,
cell organelles and cell- or endomembranes. These metals are collectively
called “essential nutrients” and their concentrations in cells are tightly
regulated. However, when the concentrations of these metals in cells
become too high, they become toxic. Examples of essential metal ions are
zinc (Zn), iron (Fe), copper (Cu), magnesium (Mg), manganese (Mn), etc.
(Gadd, 1993). Other metal ions are not required for normal growth and
repair by most organisms and they are denoted as “non-essential
nutrients”. Examples include lead (Pb), cadmium (Cd), arsenic (As),
mercury (Hg), caesium (Cs), etc. (Gadd, 1993). They can become toxic at
even lower concentrations when compared to essential elements.

Toxic concentrations of metal ions exert high levels of stress to cells mainly
because they replace other bound metals from their binding sites. Hence,
proteins my become inhibited or denatured and cell structures may become
disrupted, potentially causing membrane leakage (Hall, 2002). Indirectly,
metal ions may also cause oxidative stress to cells by engaging in chain
reactions, with for example cell membranes, causing lipid peroxidation. This
potentially results in cell leakage and eventually cell death (Dietz et al.,
1999). Finally, metal ions that are present in excess may replace essential
metal ions, resulting in deficiency effects (Van Assche and Clijsters, 1990).
It is clear that increased concentrations of metals in cells can cause high
levels of stress in various ways. This increased cellular stress, may in turn
lead to a decrease in the fitness of organisms living in metal polluted
environments. If the metal-induced stress indeed causes a reduction in the
fecundity of an organism, this organism will have a selective disadvantage
compared to other organisms of the same species and its genotype will be
selected against. This metal-induced selection pressure does not only act

on individual species, it will also select for those species in a community
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that have the capacity to adapt to toxic environments. Even though the
impact of metal pollution is also widely studied for invertebrates such as
nematodes (Salamun et al., 2012) and Collembola (Janssens et al., 2009)
and for prokaryotes (Porter and Rice, 2013), the current project will focus
on the effects of metal pollution on fungi in terrestrial environments and,
where possible, comparisons to what is known about the impact of metal

pollution on plant species and plant communities will be made.

Effects of metal-induced selection pressure at the species level
Both fungi and plants will typically avoid the accumulation of toxic
concentrations in the cytoplasm, rather than develop proteins or cell-
structures that resist high concentrations of metals or reactive oxygen
species (Hall, 2002). A large number of genes are known to be involved in
preventing the build-up of toxic concentrations of metal ions or to reduce
or repair damage caused by metal ions in both plants and fungi. A detailed
description of known genes involved in these mechanisms is beyond the
scope of the current introduction and can be found in Schat et al. (1996),
Schat and Vooijs (1997), Hall (2002) and Verbruggen et al. (2009) for
plants, in Bellion et al. (2006) for filamentous fungi and in Li et al. (1997)
and Clemens and Simm (2003) for yeast. Instead, an overview will be given
of the potential mechanisms that may be selected for under metal-induced
selection pressure.

A first defence mechanism that can be employed by plants and fungi is the
exudation of organic acids, such as oxalic acid, to sequester and precipitate
metal ions extracellularly. However, it needs to be noted that many
exudates in fact increase the availability of metals and are therefore not
likely to occur as defence mechanisms against high concentrations of
metals (Li et al., 2005). Next, the cell wall and cell membrane can also
prevent the accumulation of excess metal ions in the cytoplasm. Negative
charges on proteins and polysaccharides in the cell wall can bind large
amounts of metal ions and cell wall components, such as pectins, may

become more methylated in the cell wall, reducing its metal binding
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capacity, in response to metal exposure (Colzi et al., 2011). In Paxillus
involutus, a reduction in the production of hydrophobins suggested that
cysteine, that would be used in the production of hydrophobins under
normal growth conditions, was used for the production of cysteine-rich
molecules in the cytoplasm. These cysteine-rich molecules could
subsequently sequester excess metal ions in the cytoplasm of Paxillus
involutus cells exposed to high metal concentrations (Jacob et al., 2004).
Moreover, transport proteins in the cell membrane of both plants and fungi
have been shown to be actively involved in the efflux of metal ions,
preventing the build-up of high intracellular metal concentrations (Hall,
2002; Bellion et al., 2006). However, as soon as too many metal ions enter
the cell, they have to be sequestered to prevent them from causing
damage. Both in plants and fungi, metallothioneins, glutathione and
phytochelatins can perform this role in the cytoplasm. Metal-ligand
complexes can subsequently be stored intracellularly in vacuoles (Hall,
2002; Bellion et al., 2006). When cells are exposed to such high
concentrations of metals that even these mechanisms are insufficient to
protect the cell, damage will be inflicted to cell structures and DNA and the
redox balance of the cell will be disrupted. In these cases, repair
mechanisms such as the production of heat shock proteins may be
upregulated to protect and repair damaged proteins. The redox balance, in
turn, can be restored through superoxide dismutases, ascorbate,
glutathione, peroxidases and catalases (Cuypers et al., 2011). The up- or
down regulation of genes involved in the general homeostasis, such as the
ones describes above, are considered to be metal resistance mechanisms
and they are present in all plants and fungi.

Random mutations and genetic recombination in species with sexual
reproduction cause new genotypes to be formed in natural populations
continuously. Hence, individuals that can tolerate increased concentrations
of metals can be present at low frequencies in natural populations. This
has, for example, been shown for grasses where 0.1% to 0.5% of grass

populations growing on non-polluted soils were found to be metal- tolerant
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(Bradshaw and McNeilley, 1981; Al-Hiyaly et al., 1993). However, when
metal-induced selection pressure is present, genotypes of a given species
that exhibit metal tolerance may have an increased fecundity relative to
other genotypes of that same species. Consequently, the genotype with an
increased fecundity may become more frequent in a population. The
negative impact of metals on spore production or mycelial growth in fungi
and flower or seed production in plants have been shown in the past,
indicating that increased metal concentrations may indeed reduce the
fecundity of plants (Hancock et al., 2012) or fungi (Andrade et al., 2004;
Sridhar et al., 2005). As soon as individuals of a given species with a
particular genetic trait become frequent in a population, a new ecotype is
said to have been formed. Only in those cases where substantial differences
exist in the metal tolerance between different ecotypes of a given species,
that species is said to have developed adaptive metal tolerance. Only
few examples of true adaptive metal tolerance in mycorrhizal fungi have
been reported (Colpaert, 2008). The few known examples of adaptive metal
tolerance in mycorrhizal fungi include: aluminium tolerance, which was
found in Pisolithus tinctorius (Egerton-Warburton and Griffin, 1995); nickel
tolerance in Pisolithus albus (Jourand et al., 2010) and Cenococcum
geophilum (Goncalves et al., 2009) and zinc tolerance in Suillus bovinus,
Rhizopogon luteolus and Suillus luteus (Colpaert et al., 2000; 2004). In
higher plants, the most well-known examples of true adaptive metal
tolerance can be found in grass species such as Agrostis capillaris (Al-Hiyaly
et al., 1993) but also a few dicotyledonous plants have been found to
develop adaptive metal tolerance. Examples of the latter group are Silene
vulgaris, Noccaea caerulescens (formerly known as Thlaspi caerulescens)
and Arabidopsis halleri (Alford et al., 2010). The genetic basis for adaptive
metal tolerance has been thoroughly studied in plants and was reviewed by
Schat et al. (1996), Schat and Vooijs (1997), Hall (2002) and Verbruggen
et al. (2009), but the genetic architecture for adaptive metal tolerance in
fungi is poorly understood. Therefore, in the current project, a genetic

study was conducted to investigate the genetic architecture of zinc
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tolerance in Suillus luteus (L.: Fr.) Roussel (Chapter 2). Suillus luteus is a
basidiomycete that forms ectomycorrhizal associations with trees of the
genus Pinus. Fruiting bodies of this fungus can be frequently found on sandy
soils both in metal-polluted and non-polluted young pioneer pine forests in
the Campine region of Belgium. Zn- and Cd- tolerant ecotypes of this
species have been described from different populations in the northern part
of Limburg, Belgium in the past (Colpaert et al., 2004; Krznaric et al., 2009)
and Cu- tolerant ecotypes have been described from Cu mine spoils in
Norway (Adriaensen et al., 2005). In most cases, adaptive metal tolerance
in plants and fungi has been found to be metal-specific. Hence, different
metals may select for different genes, even within the same species. Also
for Suillus luteus, Zn and Cd tolerance appear not to be linked to one
another. The current project will be focused on the genetic architecture of
Zn tolerance in Suillus luteus. In this study, two major questions were
investigated. (i) How many genes are involved and to what extent does
every gene affect the zinc tolerance trait? Theoretically, a continuous
number of genes may be involved in an adaptive metal tolerance
mechanism and the contribution of each gene may be scaled on a
continuous scale as well. However, in practice one would attempt to
distinguish between a discrete set of possible genetic determinants to gain
an idea of the genetic organization of adaptive metal tolerance in a given
species. Three discrete models may be distinguished and compared to
observed heredity patterns (following Macnair, 1993). (a) The tolerance
trait may be determined by one major gene with the possibility of minor
modifier genes adjusting the expression of that major gene. (b) A multi-
genic model may be found in which a small nhumber of genes strongly
determine the tolerance trait. (c) A polygenic model in which a more or less
large number of genes determine the tolerance trait and in which each of
these genes has a small relative contribution to that tolerance trait. (ii) The
second question that can be investigated is how different alleles of a gene
and the different genes of a trait interact with each other. For example: are

alleles dominant, recessive, co-dominant or is there incomplete dominance
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and do different genes act additively or epistatically? The study featured in
chapter 2 attempts to give an answer to both questions for the zinc
tolerance trait in S. /uteus.

Effects of metal-induced selection pressure at the community level
The effects of metal pollution are most visible on plant communities. Plant
communities thriving on metal-enriched soils largely consist of well-
adapted plant species and/or ecotypes unique to metalliferous soils. Across
different metals and over a wide geographical range, it is striking that the
same plant species are capable of developing pioneer metallophytes
(Antonovics et al., 1971). For example Silene vulgaris, Arabidopsis halleri
and Noccaea caerulescens can be frequently found in metal-polluted sites
where other plant species fail to build stable populations. An example of a
unique plant community that is specifically associated with metal polluted
sites can be found in La Calamine in Belgium. In La Calamine, a number of
zinc mines were constructed since rock formations rich in Zn and Pb surface
in this region. The plant community that thrives on these metalliferous soils
was first described by Schwickerath (1944). This so-called Violetum
calaminariae association harbours plant species with ecotypes endemic to
a single or only a few sites in La Calamine. Examples are Viola lutea subsp.
calaminaria, Noccaea cearulescens var. calaminaria, Armeria maritima var.
calaminaria, Festuca aquisgranensis, Minuartia verna subsp. hercynica and
Silene vulgaris subsp. humilis. Some other plant species that can be found
in this association, but that are not restricted to metal-polluted sites in La
Calamine, include Cochleaira pyrenaica, Cardaminopsis halleri and Festuca
ovina subsp. ophioliticola. In Germany, in Siegerland and eastern
Westphalia, specific zinc grassland flora can be found as well. This plant
association is characterized by the occurrence of other subspecies of
Armeria maritima such as Armeria maritima subsp. bottendorfensis at
Bottendorf in Saxony-Anhalt and Armeria maritima subsp. hornburgensis
at Eisleben in Sachen-Anhalt. Armeria maritima subsp. halleri also occurs

in Mechernich in the Eifel. This plant association is called Armerietum halleri
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and can not only be recognized by the occurrence of this typical A. maritima
subspecies, but also by the lack of Viola lutea subsp. calaminaria and
Noccaea caerulescens subsp. calaminaria. These examples illustrate that
only a limited number of plant species can specifically adapt to metal-rich
environments, giving rise to specific plant associations. Both examples of
well-characterized plant communities also illustrate our vast and long-
standing knowledge of (pseudo-) metallophytes. In sharp contrast, very
little is known about which fungal species occur in metal-polluted soils since
the lifestyle of most fungi is much more cryptic than that of most vascular
plants. Nevertheless, mycorrhizal fungi have been shown to be able to
protect their plant partners from excessive metals and they may even
promote the growth of host plants under stressful conditions (Adriaensen
et al., 2003). Especially during plant establishment and early growth of
saplings in metal-polluted environments, mycorrhizal fungi are vital
partners (Wilkinson and Dickinson, 1995). Hildebrandt (1999), for example
described that Viola Iutea subsp. calaminaria from the Violetum
calaminariae association is unable to grow on metal-polluted soils without
the presence of a specific arbuscular mycorrhizal fungal strain (Glomus
Brl). To better understand ecosystem development and functioning in
stressful environments, it would therefore be interesting to also gain an
idea of the fungal species that occur in metal-polluted sites and which
species are unable to colonize these sites. To further understand the
development of mycorrhizal and plant communities in metal-polluted
environments, also the impact of high metal concentrations on fungal
communities needs to be assessed.

Metal pollution or the experimental introduction of high concentrations of
metal ions to soil-born fungal communities have been shown to adversely
affect fungal communities in numerous ways. A strong reduction in, for
example, microbial activity (Azarbad et al., 2013), microbial biomass
(Azarbad et al., 2013; Rieder and Frey, 2013), number of cultivable fungi
(B33th et al., 2005), soil fungal diversity (Hui et al., 2012), soil fungal
richness (Hui et al., 2012; Xu et al., 2012), fungal growth and root
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colonization (Hagerberg et al., 2011; Xu et al., 2012) and enzyme activity
(Mackie et al., 2013) have been observed in previous studies. Also changes
in the fungal community composition have been observed (Chodak et al.,
2013; Corneo et al., 2013; Hui et al., 2011; Jumpoonen et al., 2010;
Macdonald et al., 2011). An equally large number of studies, however,
indicated that metal pollution may also have a more neutral impact on
fungal communities. For example, Anderson et al. (2008) and Kandeler et
al. (2000) both observed that fungal community compositions remain
unaltered under metal stress. Furthermore, neutral effects of metal
pollution have been observed by Huang et al. (2012), where fungal
richness, diversity, rank abundance and root colonization remained
unaffected by metal pollution. In some cases, even an increase in soil fungal
presence (PLFA: Frostegaard et al., 1993; 1995), diversity (Wu et al.,
2010) and enzyme activity (Rajapaksha et al., 2004) have been found due
to increased metal concentrations. Whereas, many of these studies mainly
focused on the impact of metals on fungal communities, studies also taking
the variation into account of present vegetation, found that plant species
present in polluted sites and plant diversity may be more important factors
shaping fungal communities in metal-polluted sites than the present metal
concentrations (Shao et al., 2012; Thion et al., 2012). Also soil pH (Chodak
et al., 2013), soil moisture, soil structure (Corneo et al., 2013) and organic
matter content in metal-polluted soils (Gomes et al., 2010) may alter the
way fungal communities respond to high concentrations of metal ions. From
these studies, it is clear that the interaction of fungi with their environment
is very complex and dependant on a number of biotic and abiotic factors.
Very few of these studies, however, also identified the fungal species that
were present in polluted soils or on mycorrhizal roots of plants. Since the
number of cases of true adaptive metal tolerance in fungi is as limited as is
the case for plants, probably only few fungal species are capable to adapt
to growth in metalliferous soils. Hence, it would be interesting to obtain a
picture of which fungal species increase or decrease in abundance with

increasing metal pollution. With the development of a whole new range of
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molecular techniques (collectively called next-generation sequencing),
determining the composition of microbial communities at a species-level
has recently become possible. One of these techniques, 454
pyrosequencing (Margulies et al., 2005), was employed in the current
project and optimized for studying below-ground fungal communities. 454
pyrosequencing requires the amplification of DNA barcode regions, followed
by sequencing of the obtained amplicons (*metabarcoding”: Taberlet et al.,
2012). The fungal internal transcribed spacer region (ITS) of the rDNA
operon has been recognized as the formal fungal barcode (Schoch et al.,
2012). Recent 454 pyrosequencing studies usually relied on primer pairs
that were designed in the 90s to amplify target rDNA regions. However,
these primers were designed based on a limited number of known fungal
ITS sequences and were shown to efficiently amplify fungal ITS sequences
only of DNA extracted from pure cultures. In order to amplify target rDNA
regions in environmental samples, primer pairs have to overcome a number
of constraints that could reduce PCR efficiency, such as the presence of
humic acids and fenols that may be co-extracted with DNA. Moreover, they
have to efficiently and specifically amplify target DNA regions in the
presence of high concentrations of non-target DNA. Hence, in the current
project, different primers were initially tested using 454 pyrosequencing,
real-time PCR (gqPCR) and in silico analyses. The most promising primer
pair was shown to amplify the ITS2 region of the fungal rDNA much more
efficiently and robustly than other tested primer pairs (Ihrmark et al.,
2012; Toju et al., 2012) and was therefore selected to be used in our fungal
community studies (Chapter 3).

Using the results of 454 pyrosequencing optimization, the impact of soil
metal pollution on fungal communities thriving in a site polluted with Zn
and Cd and in a control site was investigated. Both sites had very similar
soil structures (dry sandy soils) and the dominating plant species was Scots
pine (Pinus sylvestris). Beside the impact of metal pollution, also local
spatial and temporal variations and the impact of physical and chemical soil

parameters on fungal communities were investigated to understand the
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importance of metal pollution in shaping the studied fungal communities.
In a first study, a selected polluted site in Lommel-Maatheide was
investigated, allowing for a detailed comparison between fungal
communities thriving in soil patches that mainly differed in their Zn- and
Cd-content, but that were very similar for other environmental factors
(Chapter 4). In chapter 5, this study site was compared to a control site,
located in Hechtel-Eksel. This allowed us to compare the fungal
communities of two pioneer pine forests with contrasting soil chemistry and
to get a picture of naturally occurring fungal communities associated with

pioneer pine forests in the Campine region.
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CHAPTER 2

Chapter 2: Heredity of zinc tolerance in Suillus Iuteus: an
ectomycorrhizal basidiomycete adapted to heavy

metal tolerance

Op De Beeck M, Schat H, Vangronsveld J, Colpaert JV

SUMMARY

In rare cases, selection pressure imposed by high metal concentrations in
soils triggers evolutionary adaptation of metal homeostasis mechanisms.
This phenomenon has been studied thoroughly in some plant species but
hardly any knowledge is available on adaptive metal tolerance in
mycorrhizal fungi. To gain further insight in adaptive metal tolerance in
mycorrhizal fungi, the genetic architecture of zinc tolerance in Suillus luteus
was investigated using dose-response experiments. The ratios of zinc-
tolerant versus zinc-sensitive monokaryotic isolates were studied for thirty
families of spore cultures. Crosses between monokaryotic strains were
established in vitro and tested as well. Varying proportions of zinc-tolerant
monokaryotic sibling strains were found for eighteen out of thirty families.
Six families consisted of only zinc-sensitive siblings and six families
consisted of only tolerant siblings. A strong correlation was found between
the average ECsp-values of contributing monokaryotic strains and the ECso-
values of resulting crosses. Zinc tolerance in S. luteus was found to be
inherited through incomplete dominance and is under control of a limited
number of genes. Possible models for the genetic architecture of zinc

tolerance in S. luteus are discussed.

Keywords: adaptive metal tolerance, heredity, metals, mycorrhiza, zinc
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INTRODUCTION

Soils polluted with high concentrations of metals induce high levels of stress
not only to plants, but also to the plant-associated soil-borne micro-
organisms. A large number of studies have investigated how plants cope
with toxic levels of metal ions (reviewed by Hall, 2002; Verbruggen et al.,
2009 and Nagajyoti et al., 2010). Some well-studied examples of plant
species that can tolerate and in some cases even hyper-accumulate metal
ions include Noccaea cearulescens (formerly Thlaspi caerulescens), Silene
vulgaris and Arabidopsis halleri (Alford et al., 2010). Relatively few studies
have investigated the contribution of plant-associated micro-organisms,
including mycorrhizal fungi, in the plant defence against elevated metal
concentrations (reviewed by Meharg, 2003 and Colpaert et al., 2011). Soil
micro-organisms playing an active role in alleviation of metal-induced
stress in plants, need themselves sufficient protection against metal
toxicity. A number of mechanisms can help to protect mycorrhizal fungi
from toxicity at intermediate concentrations of metal ions. Such
mechanisms are considered to be resistance mechanisms and they include
up- or down regulation of genes involved in metal homeostasis and stress
responsive genes. Binding of metal ions to the fungal cell wall or
extracellular sequestration of metal ions with organic chelators may also
help to reduce metal exposure (Bellion et al., 2006). However, eventually,
high concentrations of metal ions in the cytoplasm result in severe toxicity,
leading to a decreased fitness. Reduced growth and reduced spore
production due to elevated levels of metal ions have been reported for a
number of fungal species (Andrade et al., 2004; Sridhar et al., 2005).
Elevated concentrations of metal ions are also known to reduce fruit and
seed production in plants (Hancock et al., 2012). Hence, it is clear that
metal toxicity imposes a strong selection pressure. In few cases, this
selection pressure gives rise to metal-tolerant ecotypes. Only those cases
where marked differences exist in the metal tolerance of different ecotypes

of a species are considered to be cases of true adaptive metal tolerance
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(Meharg, 2003). Adaptive metal tolerance and associated molecular
mechanisms are, again, better documented for plant species (Macnair,
1993; Verbruggen et al., 2009; Willems et al., 2010) than for their
associated symbionts. In most cases, a few “strategic” plant genes are
found to play important roles in adaptive metal tolerance and tolerance
mechanisms in plants are typically found to be metal specific (Schat et al.,
1996; Schat & Vooijs, 1997). Only few examples of true adaptive metal
tolerance in mycorrhizal fungi have been reported (Colpaert, 2008) and
underlying molecular mechanisms are poorly understood. The few known
examples of adaptive metal tolerance in mycorrhizal fungi include:
aluminium tolerance, which was found in Pisolithus tinctorius (Egerton-
Warburton & Griffin, 1995); nickel tolerance in Pisolithus albus (Jourand et
al., 2010) and Cenococcum geophilum (Goncalves et al., 2009) and zinc
tolerance in Suillus bovinus, Rhizopogon Iuteolus and Suillus luteus
(Colpaert et al., 2000; 2004). To gain more insight in the genetic basis of
adaptive metal tolerance in mycorrhizal fungi, the current study aimed to
characterize the genetic architecture of zinc tolerance in S. /uteus. We
hypothesized that zinc tolerance in S. /uteus is a heritable trait and that
this trait is controlled by only one or a few genes. We assume that the key
mechanism of metal tolerance in S. luteus is relatively simple as the
evolution of zinc tolerance in the studied population should have started no

more than 150 years ago.

MATERIALS AND METHODS

Culturing of Suillus luteus strains

The standard growth medium used for growing S. /uteus cultures was a
slightly modified Fries medium (Fries, 1978). The medium used in the
current study contained 5.43 mM (NH4)zetartrate, 0.41 mM MgSQO4e7H;0,
0.22 mM KH,PQOg4, 0.18 mM CaCl,e2H,0, 0.34 mM NaCl, 1.34 mM KCL, 0.24
mM H3BOs3, 20 pM ZnS04¢7H,0, 5.01 pM CuSO4¢5H>0, 50.29 uM
MnSO4e¢H;0, 0.16 pM (NH4)sM07024¢7H,0, 73.99 UM FeClze6H,0, 33.3 mM
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D-glucose, 55.51 pyM myo-inositol, 0.3 uM thiamineeHCI, 0.1 uM biotin,
0.59 pM pyridoxine, 0.27 uM riboflavin, 0.82 uM nicotinamide, 0.73 uM p-
aminobenzoic acid, 0.46 uM Ca-pantothenate. The pH was corrected to 4.8.

Agar was added to 1% (w/v). Cultures were grown at 23°C.

Isolation of Suillus Iuteus cultures and description of study sites
Suillus Iluteus (L.: Fr.) Roussel is a basidiomycete that forms
ectomycorrhizal associations with conifers from the genus Pinus. Both
partners typically occur during early colonization stages on nutrient-poor
sandy soils. S. luteus cultures used in this study were collected during the
autumns of 2009, 2010 and 2011 from three populations in the northern
part of Limburg, Belgium. Two populations were sampled growing on metal-
contaminated sites in Lommel-Maatheide (LM; 51°14'12.12" N,
5°15'45.90" E) and Lommel-Sahara (LS; 51°14'43.85" N, 5°16'42.99" E).
Both sites are contaminated mainly with zinc, cadmium and lead due to
pyrometallurgical activities in the area that started at the end of the
nineteenth century. The third population was sampled in Paal (P; 51°
3'33.62" N, 5°10'30.96" E). This last site has no elevated concentrations of
metal ions and isolates collected here served as a control population. The
LS and P populations were previously sampled in 1992 (Colpaert et al.,
2004), though present isolates are probably from different genets (young
trees). The Lommel-Maatheide population must be different from our
previous studies because the original pine plantation at LM was clear cut.
New pine trees were planted on an adjacent plot in 2008. A more detailed
description of the study sites can be found in Colpaert et al., 2004. Zinc
concentrations in pine needles collected from the LM site ranged between
170 and 550 pg g Zn. Pine needles collected from LS contained between
100 and 200 pg g Zn and in the control site in P, pine needles contained
between 20 and 50 ug gt Zn.

Ten basidiocarps were collected from each population. In the field, stems
and any debris were removed from the caps. Caps were subsequently

sealed in plastic bags to protect them from desiccation during
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transportation. In the lab, cleaned caps were placed over Petri dishes
containing solid Fries medium for five minutes to collect spores. This was
repeated ten times for each cap. The resulting culture plates were
incubated for twenty to thirty days at 23°C. Between day twenty and thirty,
spores started germinating and germinating spores were isolated under a
binocular loupe. Isolated spores were put on fresh solid Fries media
resulting in monokaryotic, haploid strains. Monokaryotic strains from the
same cap (parent) are denoted as sibling strains in the remainder of the
text. Twenty sibling strains were isolated from each basidiocarp. After
collecting spores, sterile mycelium was isolated from parent caps and
cultured on solid Fries medium to obtain dikaryotic cultures. These cultures
are denoted as parental strains. A dikaryotic parental strain together with
its twenty monokaryotic sibling strains are denoted as a family. Crosses
between monokaryotic strains were obtained by placing two monokaryotic
strains, originating from different families, on culture media at a distance
of 0.5 cm from each other. Crosses were made between zinc-tolerant
monokaryons of different families, between zinc-sensitive monokaryons of
different families and between zinc-tolerant and zinc-sensitive
monokaryons of different families. In this way, three crossing groups were
created: sensitive x sensitive, sensitive x tolerant and tolerant x tolerant.
For this experiment, four zinc-tolerant and four zinc-sensitive monokaryotic
strains were selected from each of three families (one family for each of
the three studied S. luteus populations). All crosses between monokaryotic
strains of different families were established for each of these 24 selected
monokaryons. No crosses between siblings were established (Fig. S2.1).
After ten days of incubation, the contact zone was transferred to fresh Fries
medium. After another ten days of incubation, dikaryotized mycelium was
transferred to fresh Fries medium. To ensure complete dikaryotization,
mycelia were subcultured another three times before cultures were tested
for their ploidy and zinc tolerance. All pair-wise crosses resulted in 192
potentially crossed strains (there are eight crossing combinations for each

of the 24 monokaryons that were selected for this experiment). From these,
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120 fully dikaryotized crosses were selected and tested, including 37
crosses between two tolerant monokaryons, 35 crosses between two
sensitive monokaryons and 48 crosses between a zinc-sensitive and a zinc-

tolerant monokaryon.

Testing the ploidy of cultures

To ensure that all dikaryotic strains (parental strains and crosses) were
diploid and to ensure that all monokaryotic strains (sibling strains) were
haploid, the ploidy of all strains was checked using microsatellite markers.
To this end, DNA was extracted from cultures using the DNeasy Plant Mini
Kit according to the manufacturer’s instructions (Qiagen, Venlo,
Netherlands). Isolated DNA was amplified with microsatellite markers
Sulu08 and SululO using PCR (Table S2.1; Muller et al., 2006). PCR
conditions were as follows: initial denaturation at 95°C for two minutes,
followed by 35 cycles of 95°C (30s), 55°C (30s) and 72°C (60s) and a final
extension phase at 72°C for 10 minutes. Reactions were carried out in 25
pl reaction volumes using the FastStart High Fidelity PCR System (Roche
Applied Science, Mannheim, Germany). Each reaction contained 2.75 ul
FastStart 10x reaction buffer, 1.8 mM MgCl, 0.2 mM dNTP mix, 0.4 uM of
each primer, 1.25 U FastStart HiFi polymerase and 50 ng template DNA (as
measured by a Nanodrop spectrophotometer). Amplified DNA was
separated using gel electrophoresis on 4% agarose gels. Gels were run at
70 V for 6 hours.

Dose-response experiments

Monokaryotic strains were grown for fourteen days on cellophane covered
Fries medium enriched with zinc in the following concentrations: 0 mM, 1.5
mM, 3.1 mM, 6.2 mM, 12.3 mM and 18.5 mM. Zinc was added to the
standard growth medium as ZnSO04e¢7H,0. Dikaryotic strains (parental
strains and crosses) were exposed to the same zinc concentrations for ten
days. All strains were tested in triplicate. At harvest, mycelia were collected

from the treatment plates, lyophilized and their dry weights were measured
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with an accuracy of 0.1 mg. ECsp-values (the zinc concentrations which
inhibit growth by 50%; Colpaert et al., 2004) were calculated from the dry
weights using non-linear regression in R 3.0.3 (The R Foundation for
Statistical Computing, Vienna, Austria). No extrapolations were allowed,
setting the maximum for ECsp-values at 18.5 mM. After weighing, the dried
mycelia that had been exposed to 1.5 mM additional zinc were wet digested
at 120°C three times with HNO3 65% and finally with HCl 37%. The mycelia
of the 1.5 mM Zn treatment were selected for element analyses because of
the low toxicity of this treatment, allowing for good growth of all isolates.
Concentrations of zinc (Zn), iron (Fe), copper (Cu), manganese (Mn),
magnesium (Mg), calcium (Ca), phosphorus (P) and sulphur (S) were
measured in the mycelium digests using inductively-coupled plasma optical

emission spectroscopy (ICP-OES).

Statistical analyses

Statistical analyses were performed in R 3.0.3. Normal distributions of the
residuals of models were checked with the Shapiro-Wilk test, while the
homoscedasticity of variances was analysed using either Bartlett’s or the
Fligner-Killeen test. Depending on the distribution of the estimated
parameters, either ANOVA or the Kruskal-Wallis Rank Sum Test was used
to check for significant differences in variances of parameters. Two-by-two
comparisons were performed using either Tukey Honest Significant
Differences (HSD) tests or Pairwise Wilcoxon Rank Sum Tests. Box-Cox
power transformations were performed using the package MASS 7.3-29 in
R. Cluster analyses were performed using the package mclust 4.2 (Fraley
and Raftery, 2002) in R.
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RESULTS

Testing the ploidy of cultures

Of the microsatellite locus targeted by Sulu8, 5 alleles are known from the
S. luteus populations studied here, whereas 16 alleles are known for the
microsatellite locus targeted by Sulul0 (Muller et al., 2006). A dikaryon
can be recognized by the presence of two DNA bands after gel-
electrophoresis if both nuclei carried a different allele for the tested locus.
Both microsatellite alleles differ in sequence length and therefore appear
as two separate bands on a gel. In case both nuclei carry the same allele
for a given microsatellite locus, only a single band is visible. Monokaryons
display only a single band for each microsatellite after gel-electrophoresis
since they carry only a single allele of each microsatellite locus. Crossed
strains contain both microsatellite alleles of the haploid strains that were
used to establish the respective crossed strain. Using the Sulu08 and
Sulul0 microsatellite markers (Muller et al., 2006), monokaryotic and
dikaryotic strains could be successfully distinguished from each other using
gel electrophoresis. These results also confirmed the successful in vitro

dikaryotization in selected crossed strains (Fig. S2.2).

Description of zinc tolerance phenotypes

Zn tolerance phenotypes were determined based on ECsg-values and
mycelial Zn concentrations. Both parameters were plotted relative to each
other for the parental strains (Fig. 2.1A) and monokaryotic strains (Fig.
2.1B). The ECsp-values and mycelial Zn concentrations had a relationship
best described by a power function (Box-Cox power transformation: A =
0). Indeed, when both the ECsp-values and mycelial Zn concentrations were
log transformed, a significant linear correlation was observed, both for the
monokaryotic (Pearson’s product moment correlation coefficient (R2): R2 =
-0.71, p < 0.01) and for the parental strains (R2 = -0.88, p < 0.01).
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Figure 2.1 Correlation between ECso-values and mycelial zinc concentrations
measured by inductively-coupled plasma - optical emission spectroscopy (ICP-OES)
on acid digested Suillus luteus mycelia. A. Parental strains (n = 30). B. Monokaryotic
strains (n = 600). Results from non-linear regressions are given in insets. Clusters
identified by Cluster Analysis are indicated in different colours. Strains originating
from Paal are indicated with circles. Strains originating from Lommel-Sahara are
indicated with triangles and strains originating from Lommel-Maatheide are indicated

with squares.

Using model-based (Bayesian Information Criterion) Cluster Analysis,
discrete clusters were determined (Fig. 2.1). The optimal number of
clusters to describe collected data was 5 for the monokaryotic strains and

2 for the parental strains. Assuming these clusters can be interpreted as
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Zn tolerance phenotypes, the following phenotypes were distinguished for
the monokaryotic strains: strains clustering into phenotype 1 had ECso-
values ranging from 18 mM to 18.6 mM and mycelial Zn concentrations of
0.1 to 3 mg g! dry weight; strains belonging to phenotype 2 had ECso-
values ranging from 12.5 to 18 mM and mycelial Zn concentrations of 0.1
to 3 mg gt dry weight; strains belonging to phenotype 3 had ECso-values
ranging from 5 to 12.5 mM and mycelial Zn concentrations ranging from
0.1 to 3 mg gt dry weight; phenotype 4 strains had ECsp-values ranging
between 3 to 5 mM and mycelial Zn concentrations between 3 to 6 mg g!
dry weight; phenotype 5 strains had ECsp-values ranging between 0 to 3
mM and mycelial Zn concentrations ranging between 3 to 12 mg g! dry
weight. The tolerance phenotypes observed for the parental strains were
the following: phenotype 1 with ECso-values ranging between 5 and 13 mM
and mycelial Zn concentrations ranging between 1.6 and 4.5 mg g'! dry
weight and phenotype 2 with ECso-values ranging between 0 and 5 mM and
mycelial Zn concentrations ranging between 4.5 to 7 mg g! dry weight.
Whereas ECsp-values differed significantly between all five phenotypes of
monokaryons (Tukey HSD: p < 0.01 for all pairwise comparisons; Fig.
2.2C), mycelial Zn concentrations were the same for phenotypes 1, 2 and
3 (Tukey HSD: p > 0.05 for all pairwise comparisons; Fig. 2.2D). The two
phenotypes observed for parental strains also differed significantly from
each other in their ECso-values (t-test: p < 0.01; Fig. 2.2A) and mycelial
Zn content (t-test: p < 0.01; Fig. 2.2B). Based on our previous population
studies, tolerance phenotypes 1, 2 and 3 can be described as Zn-tolerant
phenotypes (having ECso-values > 5 mM and mycelial Zn concentrations <
3 mg gt dry weight), whereas phenotypes 4 and 5 are Zn-sensitive
phenotypes (having ECsp-values < 5 mM and mycelial Zn concentrations
between 3 and 12 mg g! dry weight) (Colpaert et al., 2004). For a small
portion of the data (< 5%) the description of phenotypes as either Zn-
tolerant or Zn-sensitive was not unambiguous. Beside differences in ECso-
values and mycelial Zn concentrations, also mycelial Fe, Mg, Mo and S

content differed between phenotypes (one-way ANOVA: p < 0.01; Fig.
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S2.3). Furthermore, a significant positive correlation was found between
mycelial Zn and Fe concentrations (R? = 0.80, p < 0.01 for parental strains
and R? = 0.51, p < 0.01 for monokaryotic strains; Fig. S2.4).

>
]

0 - a b 8 - a b
S8 1 g 7
=7_ §C6'
=6 A E.ES_
L5 - o .2
S 4 g2
T3 T 8}.3'
(=] —
"2 U—OZ'
@) 2
M1 1 SR
O T 1 EMO T 1
3 > 3 & 3 %
g = N -
S g - S S
g 2 2 8
=~ ~ ~ ~
Cc D
20 a b ¢ d e — 14 a a a b c
g - S 12
E
215 %l E210 -
Y 58 g -
310- %gé—
1 (]
%5— 2%4'
2 g+ 2-$$$
N b
O T 1 EE‘LO T 1
— (o} o =T wy - —'Nt"‘:‘ﬂ'lf‘)
QL 5] [:H] 9] 9] o .= [ 9] ] 2] 5]
%% QE 5 & =8 B E
S 5 S ¢ o 2 5 8 5 5 g
g 2 2 g @8 2 2 2 2 8
P -V -V - -9 [~V R - VI O

Figure 2.2 Differences in mycelial zinc concentration and ECso-values between
observed zinc tolerance phenotypes. A. ECso-values of parental strains (n = 30). B.
Mycelial zinc concentrations of parental strains. C. ECso-values of monokaryotic
strains (n = 600). D. Mycelial zinc concentrations of monokaryotic strains. Significant

differences at the 95% confidence level are indicated with different letters.
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Calculation of the genetic component of phenotypic variation

Large variations in ECso-values were observed, especially within Zn-tolerant
phenotypes. To estimate the relative contribution of the Zn tolerance trait
to observed variations in ECsp-values, two-way ANOVA analyses were
performed for each family. In this way, the variation in ECso-values was
divided into four components: a genetic component attributable to Zn
tolerance (“"Genotype”), a genetic component that contains part of the
genetic component of Zn tolerance but that also contains other genetic
factors that influence the growth of isolates (“"Genotype:Treatment
interaction”), variation introduced by Zn treatments (“Treatment”) and
random variation introduced by environmental variables ("Environment”)
(Table 2.1). On average, a large proportion (91% £ 1% SE) of the
phenotypic variation in families with only Zn-sensitive siblings could be
explained by the Zn treatment. For families with mostly tolerant siblings
and families with varying proportions of tolerant siblings, Zn treatment was
responsible for a smaller proportion of the total phenotypic variation (49%
+ 7% SE and 53% £ 3% respectively). 26% * 6% SE and 25% + 2% SE
of the phenotypic variation was accounted for by differences in genotypes
(differences in Zn tolerance) in families with mainly tolerant siblings and
families with both tolerant and sensitive sibling strains respectively,
whereas only 3% = 1% SE of the phenotypic variation was accounted for
by genotypic differences in families with only Zn-sensitive siblings. 23% =+
4% SE, 21% % 1% SE and 5% % 1% of the total variation was accounted
for by genotype:treatment interactions in families with mainly Zn-tolerant
siblings, families with varying proportions of Zn-tolerant siblings and
families with only sensitive siblings respectively. Only a small proportion of
the phenotypic variation could be explained by environmental factors (3%
+ 0.4% SE, 1% + 0.2% SE and 1% + 0.1% SE for families with mainly
tolerant siblings, families with only sensitive siblings and families with
varying proportions of tolerant siblings respectively). Results from two-way
ANOVAs can be found in Table S2.2 for the parental strains and in Table
S2.3 for the monokaryotic strains.
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Table 2.1 Proportion of tolerant offspring for each tested family of Suillus luteus
cultures and the relative contribution to differences in ECso-values of the factors
Genotype (G), Treatment (T) and Environment (E) (see Results section for more
details). Strains originating from the sampled populations in Paal, Lommel-Maatheide

and Lommel-Sahara are indicated with “P”, *LM” and “LS"” respectively.

Proportion zinc GXT

. Parental . . . E
Family phenotype toIerar('n(l):/os)lbllngs (%) (%) mte(r;oc)tlon (%)
LM07 Tolerant 45 23 56 19 1
LM08 Tolerant 45 35 36 27 2
LM10 Tolerant 65 10 73 16 1
LM17 Tolerant 90 41 38 19 2
LM19 Tolerant 100 19 56 22 3
LM22 Tolerant 85 12 71 14 3
LM24 Tolerant 100 50 17 32 2
LM26 Tolerant 55 13 72 14 1
LM32 Tolerant 45 26 50 22 1
LM33 Tolerant 50 18 55 24 2
LS01 Tolerant 35 22 57 20 1
LS02 Tolerant 35 15 65 18 1
LS03 Tolerant 55 29 49 21 1
LS04 Tolerant 50 29 52 19 1
LS05 Tolerant 45 33 39 27 1
LS06 Tolerant 45 22 59 18 1
LS08 Tolerant 55 27 47 25 1
LS11 Tolerant 100 19 66 13 2
LS20 Tolerant 40 21 59 19 1
LS26 Tolerant 85 15 44 36 5
PO1 Tolerant 50 45 34 20 1
PO5 Tolerant 50 40 36 23 1
P07 Tolerant 45 22 56 20 2
P28 Tolerant 40 17 62 19 1
P02 Sensitive 0 7 85 8 1
P08 Sensitive 0 2 93 4 1
P13 Sensitive 0 2 94 4 1
P14 Sensitive 0 2 93 5 0
P23 Sensitive 0 2 91 5 1
P30 Sensitive 0 3 89 6 2
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Phenotypic variation in mycelial Zn concentrations was evaluated with one-
way ANOVAs. Variations in mycelial Zn concentrations between parental
genotypes accounted for 98% of the total variation in mycelial Zn
concentrations for the Lommel-Maatheide population and for 98% and 99%
of variation in mycelial Zn concentrations for the Lommel-Sahara and Paal
population respectively. For the monokaryotic strains, differences in
genotypes accounted for 92.7% to 99.6% of the total variation in mycelial
Zn concentrations. Results from one-way ANOVAs can be found in Table

S2.4 for the parental strains and in Table S2.5 for the monokaryotic strains.

Model testing to determine the potential genetic architecture of
zinc tolerance in Suillus luteus

The distribution of the above-described phenotypes of monokaryotic strains
were studied for each family (n = 30) of S. /uteus strains individually, taking
into account that phenotypes 1, 2 and 3 are considered to be Zn-tolerant
phenotypes and phenotypes 4 and 5 are considered to be Zn-sensitive
phenotypes. The number of Zn-tolerant phenotypes were subsequently
counted for each family and potential segregation patterns were tested
against observed proportions of Zn-tolerant phenotypes (Table 2.1).
Theoretically, a continuous number of genes could be involved in the Zn
tolerance mechanism in Suillus luteus. However, from a practical point of
view, Mendelian heredity patterns can be studied, considering a discrete
number of genes, in order to obtain an overview of the genetic architecture
of metal tolerance (Macnair, 1993). Therefore, in the following analyses,
two possible Mendelian heredity patterns were tested against observed
segregation patterns. Both models were selected based on the observed
proportions of Zn-tolerant phenotypes in each family. Model 1: According
to a first potential model, the observed Zn tolerance phenotypes are
determined by a single gene with two tolerance alleles: a Zn-sensitive allele
and a Zn-tolerant allele, resulting in two phenotypes. According to this
model, three segregation patterns could be observed, resulting in either

0%, 50% or 100% tolerant siblings per family. Model 2: According to a
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second potential Mendelian heredity model, two genes could be involved,
each with two different alleles. This last model would give rise to five
phenotypes, each phenotype with an increasing level of Zn tolerance.
Possible segregation patterns in families according to this model include:
0%, 25%, 50%, 75% and 100% tolerant siblings per family. For 25 out of
30 tested families, chi-squared tests revealed that model 1 was a highly
suitable model to describe the genetic architecture of Zn tolerance in S.
luteus. For the remaining 5 families (the ones with 65% to 85% tolerant
offspring), model 2 was more suitable although model 1 still had a
significant fit to the observed data (Chi-squared tests: all p > 0.05). For six
families collected in the control-site in Paal, the parental strains had Zn-
sensitive phenotypes and 100% of the siblings were sensitive to Zn. For
another six families (two collected in Lommel-Sahara and four in Lommel-
Maatheide), the parental strains were found to be tolerant to Zn and nearly
100% of their offspring were Zn-tolerant as well. For the remaining 18
families, varying proportions of tolerant siblings were found (range: 35%
to 65%; Table 2.1).

Crossing-experiments

Crosses were established between Zn-tolerant monokaryons (phenotypes
1, 2 and 3) and Zn-sensitive monokaryons (phenotypes 4 and 5). The
averages of the ECsg-values of the monokaryotic strains that were used to
establish a specific crossed strain were calculated as the “expected ECso-
values”. The actual ECso-values of the crossed strains were calculated from
the dose response curves as the “observed ECso-values”. Expected and
observed mycelial Zn concentrations were calculated in the same way. A
strong positive correlation was found between observed and expected ECso-
values (R? = 0.91; p < 0.01; Fig. 2.3A) and observed and expected mycelial
Zn concentrations (R? = 0.73; p < 0.01; Fig. 2.3B). This indicates that the
tolerance phenotypes of two contributing monokaryotic strains are

averaged out in the Zn tolerance phenotype of the resulting crossed strain.
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Figure 2.3 Correlations between observed (experimentally measured) and expected
(average of tolerance measure of two monokaryotic strains that contributed to the
crossed strain) ECso-values and myecelial zinc concentrations of crosses between
monokaryotic Suillus luteus strains. A. Correlation between observed and expected
ECso-values of crossed strains (n = 120). B. Correlation between observed and
expected mycelial zinc concentrations of crossed strains (n = 120). The population
a family originated from is indicated as follows: “P” for Paal, “LM” for Lommel-
Maatheide and “LS” for Lommel-Sahara. Results from linear regressions are given in
insets. Crosses between monokaryons from families LM10 and LS2 are indicated with
circles. Crosses between monokaryons from families P5 and LM10 are indicated with
squares. Crosses between monokaryons from families LS2 and P5 are indicated with
triangles.
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Hence, there is an equal contribution of each nucleus in the Zn tolerance
and Zn uptake in S. luteus (incomplete dominance of potential “tolerance
alleles”). From Fig. 2.4 it is also clear that, on average, crosses between
sensitive monokaryons resulted in sensitive crosses with low ECso-values
and high mycelial Zn concentrations. Crosses between two Zn-tolerant
strains resulted in highly tolerant crossed strains with high ECsp-vlaues and
low mycelial Zn concentrations. Crosses between sensitive and tolerant

strains had intermediate ECso-values and Zn concentrations (Fig. 2.4).
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Figure 2.4 Results from dose-response experiments conducted on crosses of
monokaryotic Suillus Iluteus strains. A. Relationship between ECsc-values and
mycelial zinc concentrations for crossed strains (n = 120). Sensitive x sensitive
crosses are indicated in green. Sensitive x tolerant crosses are indicated in orange.
Tolerant x tolerant crosses are indicated in red. B. Differences in mycelial zinc
concentrations between crossing types (sensitive x sensitive n = 35, sensitive x
tolerant n = 48, tolerant x tolerant n = 37). C. Differences in ECso-values between
crossing types (sensitive x sensitive n = 35, sensitive x tolerant n = 48, tolerant x
tolerant n = 37). Significant differences at the 95% significance level are indicated

with different letters.
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DI1SCUsSSION

Previous research indicated the existence of Zn- and Cd-tolerant ecotypes
of the ectomycorrhizal basidiomycete Suillus luteus in the northern part of
Limburg, Belgium (Colpaert et al., 2000; 2004; Krznaric et al., 2009) and
of Cu-tolerant ecotypes growing on mine spoils in Norway (Adriaensen et
al., 2005). Metal tolerance mechanisms were shown to be metal specific for
S. luteus (Adriaensen et al., 2005). Element profiles, furthermore,
suggested that Zn tolerance in Suillus species is based on an exclusion
mechanism (Colpaert et al., 2005; Ruytinx et al., 2013). To gain insight in
the genetic architecture of Zn tolerance in S. luteus, the heredity of Zn
tolerance in S. luteus was investigated in the current study.

Prior to studying the heredity of Zn tolerance in S. luteus, the ploidy of
tested strains was checked. Using the Sulu08 and Sulul0 microsatellite
markers described by Muller et al. (2006) it was possible to distinguish
monokaryotic (haploid) strains from dikaryotic (diploid) strains (Fig. S2.2).
These results confirmed the successful isolation of monokaryotic strains
grown from single spores. They also confirmed that the in vitro crossing of
monokaryotic strains was successful, resulting in dikaryotic strains. S.
luteus is known to have a bipolar (unifactorial) mating system (Fries &
Neumann, 1990) as opposed to most other Basidiomycota, who have a
tetrapolar (bifactorial) mating system. The inbreeding potential (potential
crossing ratio between siblings) therefore is 50%, but the outbreeding
potential (potential crossing ratio between two monokaryons originating
from a different family) is nearly 100% (Carlile et al., 2006).

To study the genetic architecture of Zn tolerance in S. /luteus, we collected
sporulating basidiocarps from Zn-polluted and non-polluted areas.
Although we expected to find homogeneously Zn-tolerant or Zn-sensitive
S. luteus populations in all areas, as was observed in our previous study
(Colpaert et al., 2000), some reciprocal introgression was detected in this
study. Six out of ten parental strains that originated from the control

population in Paal, were found to be sensitive to elevated Zn
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concentrations, whereas four strains showed some Zn tolerance. The fact
that four tolerant isolates were collected in the control population in Paal is
not too surprising however. S. [uteus is a typical pioneer species that relies
mainly on wind and animals for the dispersal of its spores. Spores can
therefore be easily dispersed over several kilometres. Muller et al. (2004,
2007) investigated the genetic variability of the same S. /uteus populations
investigated here. They found surprisingly large genetic variability in the
Paal and Lommel populations as well as a significant gene-flow between
the S. luteus populations. Therefore, it is possible that Zn tolerance genes
got established in the gene pool of the control population in Paal at the time
of sampling, as long as these genes do not reduce the fitness of individuals.
Parental strains collected in Lommel-Maatheide and Lommel-Sahara were
all found to be tolerant to some degree to increased concentrations of Zn
(Fig. 2.1A).

The heredity models that were most suitable to explain our data imply
either the presence of two genes, each potentially having two alleles or the
presence of a single gene with multiple alleles. However, a heredity model
implying the presence of a single gene with two alleles could not be rejected
based on our data. Whereas significant differences between ECso-values of
all monokaryotic phenotypes were observed, no differences were found in
the mycelial Zn content of tolerant phenotypes (Fig. 2.2C). These results
suggest the presence of a single gene locus that is responsible for the major
differences in mycelial Zn concentrations and ECsp-values between Zn-
tolerant and Zn-sensitive strains, whereas a second gene locus could be
responsible for additional differences in ECso-values. A genetic architecture
based on the presence of a single or two Zn tolerance loci would correspond
to the genetic patterns of metal tolerance described for many plant species
(Macnair, 1993). However, the significant  contribution of
genotype:treatment interactions (Table 2.1) to differences in ECso-values
in families with mainly tolerant siblings and families with varying
proportions of tolerant siblings indicate that other genetic factors, which

are not necessarily linked to the observed Zn tolerance trait, further
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influenced the response of S. /uteus strains to increasing Zn concentrations.
For example, intracellular sequestration of Zn with metallothioneins,
glutathione or phytochelatins, storage in vacuoles, etc. may influence the
growth of both sensitive and tolerant S. /uteus strains, but these
mechanisms are not necessarily part of the adaptive zinc tolerance trait in
S. luteus. Increased concentrations of S in phenotype 3 of the monokaryons
suggest that, at least for this phenotype, sulphur-rich compounds could be
present in higher concentrations than in other phenotypes (Fig. S2.3H).
Since Zn is an essential nutrient, intracellular Zn concentrations are tightly
regulated. Hence, minor modifier genes are expected to play an important
role in maintaining Zn homeostasis as well. Furthermore, it is also possible
that multiple copies of a “tolerance gene” exist in the genome of S. /uteus.
In metal-tolerant plants, variability in metal tolerance and accumulation
among different populations has been partly explained by copy-number
expansion of genes involved in metal tolerance and homeostasis. Most of
these multi-copy genes code for metal transporters (Craciun et al., 2012).
To elucidate which genes are involved and to what extent they contribute
to adaptive Zn tolerance in S. luteus, targeted molecular and proteomics
studies need to be conducted in the future. Element profiles of the parental
and monokaryotic strains revealed a correlation between mycelial Zn and
Fe contents (Fig. S2.4). Since Zn and Fe ions resemble each other
chemically and use similar transporters, it is possible that Zn transport
mechanisms also translocate some Fe through low-affinity transport and
vice versa (Gadd, 1993). ECsp-values and mycelial Zn concentrations were
strictly inversely correlated, both in parental (Fig. 2.1A) and monokaryotic
strains (Fig. 2.1B). The presence of low Zn concentrations in tolerant
isolates and high Zn concentrations in sensitive isolates supports previous
findings that metal tolerance in Suillus species can be attributed to an
exclusion mechanism (Colpaert et al., 2004; Ruytinx et al., 2013).

To study the contribution of individual nuclei in the Zn tolerance of S.
luteus, crosses were established between monokaryons of different

families. When the average ECsg-values and mycelial Zn concentrations of
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monokaryons that were crossed, were plotted against the measured ECsp-
values and mycelial Zn concentrations of the resulting dikaryons, a strong
positive correlation was found for the ECso-values (Fig. 2.4A) as well as for
the mycelial Zn concentrations (Fig. 2.4B). These results indicate that the
tolerance phenotype of a dikaryon is the result of the phenotypes of both
contributing monokaryotic strains and hence, that Zn tolerance in S. luteus
is inherited through incomplete dominance.

Conclusions

The goal of the current study was to gain insight in the genetic architecture
of the Zn tolerance trait in S. /uteus. Based on the segregation patterns
observed in this study, it is expected that either one or two genes are
responsible for the major difference in Zn tolerance between different
isolates of S. luteus. Other genes or variable copy numbers of a tolerance
gene could account for variations in the tolerance level of isolates.
Furthermore, dose-response experiments conducted on crosses between
monokaryotic strains indicated that Zn tolerance is inherited through
incomplete dominance in S. luteus. Finally, support was found for the
exclusion mechanism that was shown to be responsible for Zn tolerance in

Suillus in previous studies.
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SUPPORTING INFORMATION

Supporting Information Figure S2.1 Schematic representation of the crossing
scheme used to establish diploid crosses between haploid Suillus luteus strains. All
pairwise crosses (n = 192) were established between haploid strains of different
families. No crosses between siblings were established. All pairwise combinations are

illustrated for three out of twenty-four haploid strains. Haploid strains are indicated
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Supporting Information Figure S2.2 Gel-electrophoresis results of PCR
amplification with Sulu08 and Sulul0 microsatellite markers. These microsatellite
markers were used in the current study to determine the ploidy of parental,
monokaryotic and crossed Suillus luteus strains in the current study (Muller et al.,
2006). A. Microsatellite marker Sulu08. B. Microsatellite marker Sulul0. “n+n”
indicates a dikaryotic, parental strain. “n” indicates a monokaryotic strain. “x”
indicates a crossed strain. Two bands in a single lane indicate the presence of two
alleles of the specified marker in a strain, while the presence of a single band is
indicative for a single allele of a given microsatellite marker. Left and right of the

sample lanes are 50 base pair (bp) ladders.
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Supporting Information Figure S2.3 Correlations between mycelial zinc and iron

concentrations of Suillus luteus strains. A. Parental strains (n = 30). B. Monokaryotic

strains (n = 161). Results of linear regressions are given in insets.
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Supporting Information Figure S2.4 Differences in element concentrations
between sensitive and tolerant monokaryotic Suillus luteus strains (n = 161). A.
Iron. B. Magnesium. C. Manganese. D. Copper. E. Molybdenum. F. Calcium. G.
Phosphorus. H. Sulphur. Differences in mycelial element concentrations at the 95%

confidence level are indicated with different letters.

54



CHAPTER 2

Supporting Information Table S2.1 Selected microsatellite markers from Suillus

luteus (Muller et al., 2006). Both microsatellite markers were used in this study to

check the ploidy of strains used in dose-response experiments.

p.o. . a'(?‘;r' Ta EMBL
Locus Array o Primer sequence (5'-3") (bp) ) a(.7r)1.
(5)
Suluo8  (GAC)s F @  GATAGCTTTCATGCCAATCG 129368‘ g A';'g?
R® GACTAGGCGTGTTGGAGACG
Sulil0  (GAT)s F@ CGAGCTCCAGCAGTTACACG aor 2 AlDSS
R®  AAAACGCTTCTTCTGGTTGG

M) p.o.: primer orientation
@) F: forward
() R: reverse
4 a.s.r.: allele size range

) bp: base pairs

® T,: annealing temperature (°C)

) EMBL a.n.: EMBL accession number.
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Supporting Information Table S2.2 Results of two-way ANOVAs used to calculate
the relative contribution of genotype-, treatment-, or environmentally-induced
variation in observed ECso-values between dikaryotic Suillus luteus strains (n = 30)
collected from two metal-polluted sites (Lommel-Maatheide: LM and Lommel-

Sahara: LS) and a control site (Paal: P).

Relative

Family Part of phgnotyplc Variance  F-value p-value contrlbutloq

variation to phenotypic

variation (%)
Genotype 37.65 53.09 < 0.01 7
LM Treatment 428.01 965.75 < 0.01 79
Genotype:Treatment 66.99 18.89 < 0.01 12
Environment 11.17 2
Genotype 95.70 177.85 < 0.01 9
Ls Treatment 757.97 5634.69 < 0.01 75
Genotype:Treatment 155.36 57.75 < 0.01 15
Environment 6.78 1
Genotype 71.54 256.69 < 0.01 10
p Treatment 520.20 3733.00 < 0.01 76
Genotype:Treatment 93.75 67.28 < 0.01 14
Environment 3.68 1
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Supporting Information Table S$S2.3 Results of two-way ANOVAs used to calculate
the relative contribution of genotype-, treatment-, or environmentally-induced
variation in observed ECso-values between monokaryotic Suillus luteus strains (n =
600) collected from two metal-polluted sites (Lommel-Maatheide: LM and Lommel-

Sahara: LS) and a control site (Paal: P).

Relative

. contribution
Family Part St;rpigteiggtyplc Variance F-value p-value to

phenotypic

variation (%)
Genotype 373.60 200.25 < 0.01 23
LMO7 Treatment 909.13 2213.73 < 0.01 56
Genotype:Treatment 311.95 34.14 < 0.01 19
Environment 23.18 1
Genotype 633.01 213.10 < 0.01 35
LM08 Treatment 662.92 1071.21 < 0.01 36
Genotype:Treatment 495.64 33.37 < 0.01 27
Environment 37.13 2
Genotype 180.18 111.98 < 0.01 10
LM10 Treatment 1320.06 3117.70 < 0.01 73
Genotype:Treatment 285.16 35.45 < 0.01 16
Environment 20.32 1
Genotype 470.80 310.66 < 0.01 41
LM17 Treatment 442.11 1050.20 < 0.01 38
Genotype:Treatment 224.12 29.58 < 0.01 19
Environment 19.20 2
Genotype 101.76 79.57 < 0.01 19
LM19 Treatment 299.51 936.77 < 0.01 56
Genotype:Treatment 120.81 18.89 < 0.01 22
Environment 16.11 3
Genotype 92.45 43.23 < 0.01 12
LM22 Treatment 547.40 972.62 < 0.01 71
Genotype:Treatment 109.37 10.23 < 0.01 14
Environment 27.01 3
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Genotype:Treatment
Environment
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Genotype:Treatment
Environment
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Genotype:Treatment
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Genotype
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Genotype:Treatment
Environment

Genotype
Treatment
Genotype:Treatment
Environment

Genotype
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Genotype:Treatment
Environment

Genotype
Treatment
Genotype:Treatment
Environment
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192.34

358.93
17.31
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1211.43

242.87
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654.95

286.06
17.99

230.07

694.48

304.05
25.86

291.54

766.80

263.87
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218.43

935.91

261.81
13.16

376.14

634.24

273.38
15.30

415.18

744.02

269.79
10.35
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453.47
52.89

165.26
3615.83
38.15
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2202.88
50.62

113.05
1160.20
29.88

295.29
2395.37
50.01

209.67
3413.97
50.26

353.75
2234.16
51.09

506.57
3449.62
65.84

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01
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17
32
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72
14
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55
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18
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Genotype:Treatment
Environment
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Genotype:Treatment
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Environment
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Environment
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Genotype
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Genotype:Treatment
Environment

Genotype
Treatment
Genotype:Treatment
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228.43

274.92

190.67
6.01

203.81

532.40

166.44
7.11

384.26

665.38

355.87
10.25

124.88

443.08
86.41
16.71

345.48

964.77

303.64
12.11

54.98
162.95
134.97

19.04

600.99

450.84

260.60
13.01

506.66

452.61

295.35
16.50

491.35
1537.45
82.03

361.91
3592.55
59.11

473.77
3117.39
87.75

94.39
1272.57
13.06

359.40
4014.66
63.18

36.47
410.82
17.91

581.84
1745.88
50.46

388.88
1250.61
45.34

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
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P7
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P8
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Treatment
Genotype:Treatment
Environment
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Treatment
Genotype:Treatment
Environment

Genotype
Treatment
Genotype:Treatment
Environment
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Treatment
Genotype:Treatment
Environment

Genotype
Treatment
Genotype:Treatment
Environment

Genotype
Treatment
Genotype:Treatment
Environment

Genotype
Treatment
Genotype:Treatment
Environment

Genotype
Treatment
Genotype:Treatment
Environment

294.00

742.23

263.60
24.22

267.11

961.96

298.44
20.73

69.65
895.83
80.31
12.50

19.34
1166.84
51.40
12.65

40.54
1875.78
70.94
16.93

36.35
1710.66
89.37
9.17

36.78
1439.09
84.10
17.24

42.46
1125.96
71.71
20.77

153.33
1470.88
27.49

162.78
2227.63
36.37

70.58
3268.08
16.28

19.32
4427.80
10.27

30.24
5317.27
10.58

49.73
10296.75
24.45

27.03
3806.87
12.36

25.89
2471.52
8.75

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

< 0.01
< 0.01
< 0.01

22
56
20

17
62
19

91

89
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Supporting Information Table S2.4 Results of one-way ANOVAs used to calculate
the relative contribution of genotypic differences in mycelial Zn concentrations
between dikaryotic Suillus luteus strains (n = 30) collected from two metal-polluted

sites (Lommel-Maatheide: LM and Lommel-Sahara: LS) and a control site (Paal: P).

Relative
Part of huti
. . . contribution to
Family phenotypic Variance F-value p-value .
L phenotypic
variation -
variation (%)
LM Genotype 1.44 107.52 < 0.01 98
Environment 0.03 2
Ls Genotype 1.18 88.47 < 0.01 98
Environment 0.03 2
p Genotype 5.84 230.31 < 0.01 99
Environment 0.06 1
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Supporting Information Figure S2.5 Results of one-way ANOVAs used to
calculate the relative contribution of genotypic differences in mycelial Zn
concentrations between monokaryotic Suillus luteus strains (n = 600) collected from
two metal-polluted sites (Lommel-Maatheide: LM and Lommel-Sahara: LS) and a

control site (Paal: P).

Relative
Part of A
. . . contribution to
Family phenotypic Variance F-value p-value .
L phenotypic
variation .
variation (%)

LM10 Genotype 174.53 483.08 < 0.01 100
Environment 0.76 0

LM17 Genotype 11.50 104.05 < 0.01 98
Environment 0.23 2

LM19 Genotype 22.58 103.03 < 0.01 98
Environment 0.46 2

LM22 Genotype 37.98 154.55 < 0.01 99
Environment 0.52 1

LM24 Genotype 27.18 150.08 < 0.01 99
Environment 0.38 1

LM26 Genotype 374.63 372.39 < 0.01 99
Environment 2.12 1

LM32 Genotype 256.61 266.23 < 0.01 99
Environment 2.03 1

LM33 Genotype 275.29 300.73 < 0.01 99
Environment 1.93 1

LM7 Genotype 269.55 286.94 < 0.01 99
Environment 1.98 1

LM8 Genotype 354.07 350.10 < 0.01 99
Environment 2.13 1

LS1 Genotype 65.46 107.29 < 0.01 98
Environment 1.29 2

LS11 Genotype 5.11 64.09 < 0.01 97
Environment 0.17 3

LS2 Genotype 675.30 404.68 < 0.01 99
Environment 3.51 1

1S20 Genotype 58.73 139.74 < 0.01 99
Environment 0.89 1
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LS26 Genotype
Environment

LS3 ngotype
Environment

LS4 ngotype
Environment

LS5 Ge_notype
Environment

LS6 Ge_notype
Environment

LS8 ngotype
Environment

Genotype

P1 -

Environment

P13 Ge_notype
Environment

P14 ngotype
Environment

Genotype

P2 -

Environment

P23 Ge_'notype
Environment

P28 Genotype

Environment

9.08
0.52
17.82
0.49

196.55
1.63

75.54
1.03

359.84
2.12

497.20
2.29

174.11
1.45

39.92
1.89

107.89
3.73

37.90
3.01

213.21
2.87

287.94
1.89

36.69

76.58

253.78

154.94

358.06

457.96

253.46

44.50

60.97

26.52

156.22

320.58

< 0.01

< 0.01

< 0.01

< 0.01

<0.01

< 0.01

< 0.01

<0.01

< 0.01

<0.01

<0.01

< 0.01
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P30

P5

P7

P8

Genotype
Environment

Genotype
Environment

Genotype
Environment

Genotype
Environment

121.80
2.55

427.30
2.49

321.80
1.87

45.82
2.29

100.39

360.60

363.01

42.13

< 0.01

< 0.01

< 0.01

<0.01

98

99

99

95
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Chapter 3: Comparison and validation of some ITS primer pairs
useful for fungal metabarcoding studies
doi: 10.1371/journal.pone.0097629

Op De Beeck M, Lievens B, Busschaert P, Declerck S, Jaco
Vangronsveld J, Colpaert JV

SUMMARY

Current metabarcoding studies aiming to characterize microbial
communities generally rely on the amplification and sequencing of
relatively short DNA regions. For fungi, the internal transcribed spacer (ITS)
region in the ribosomal RNA (rRNA) operon has been accepted as the formal
fungal barcode. Despite an increasing number of fungal metabarcoding
studies, the amplification efficiency of primers is generally not tested prior
to their application in metabarcoding studies. Some of the challenges that
metabarcoding primers should overcome efficiently are the amplification of
target DNA strands in samples rich in non-target DNA and environmental
pollutants, such as humic acids, that may have been co-extracted with
DNA. In the current study, three selected primer pairs were tested for their
suitability as fungal metabarcoding primers. The selected primer pairs
include two primer pairs that have been frequently used in fungal
metabarcoding studies (ITS1F/ITS2 and ITS3/ITS4) and a primer pair
(ITS86F/ITS4) that has been shown to efficiently amplify the ITS2 region
of a broad range of fungal taxa in environmental soil samples. The selected
primer pairs were evaluated in a 454 amplicon pyrosequencing experiment,
real-time PCR (gPCR) experiments and in silico analyses. Results indicate
that experimental evaluation of primers provides valuable information that
could aid in the selection of suitable primers for fungal metabarcoding
studies. Furthermore, we show that the ITS86F/ITS4 primer pair
outperforms other primer pairs tested in terms of in silico primer efficiency,

PCR efficiency, coverage, number of reads and number of species-level
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operational taxonomic units (OTUs) obtained. These traits push the
ITS86F/ITS4 primer pair forward as highly suitable for studying fungal
diversity and community structures using DNA metabarcoding.

Keywords: community analysis, soil fungi, internal transcribed spacer

(ITS), next generation sequencing, 454 amplicon pyrosequencing,
operational taxonomic unit (OTU), real-time PCR (qPCR)
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INTRODUCTION

Until the late 1980s, microbial ecologists and taxonomists have relied on
culturing and morphological and physiological characteristics to describe
microbial communities and members thereof. In the last two decades, DNA
sequencing has revolutionized the way microbial communities are being
characterized (Stahl et al., 1984; Hugenholtz and Pace, 1996). In addition,
since the introduction of pyrosequencing by Margulies et al. (2005),
characterization of microbial communities has undergone a second
revolution as this technology (used by e.g. Sogin et al. (2006) and Buée et
al. (2009)) enables detailed microbial community characterization at
greater sequencing depth than was deemed possible via cloning and Sanger
sequencing. A number of next-generation sequencing technologies now
enable researchers to identify a large number of organisms from
environmental samples using relatively short DNA sequences. This
molecular identification method has been termed metabarcoding (Taberlet
et al., 2012). Nevertheless, whatever sequencing technology is used, DNA
metabarcoding generally depends on the amplification of barcode regions
using taxon-specific primers (Hebert et al., 2003). Such primers need to be
universal enough to cover a large group of taxa (e.g. the fungal kingdom),
but at the same time have to result in amplicons that are variable enough
to efficiently distinguish between closely related species or to identify
operational taxonomic units (OTUs) (Hebert et al., 2003; Justé et al.,
2008). For fungi and oomycetes, the internal transcribed spacer region
(ITS; spanning the ITS1, 5.8S and ITS2 regions) in the ribosomal RNA
(rRNA) operon has been recognized as the formal DNA barcoding region
(Seifert, 2009; Begerow et al., 2010; Schoch et al., 2012).

The full ITS region in fungi has an average length of 500 and 600 base pairs
(bp) for ascomycetes and basidiomycetes, respectively, and an average
length of 600 bp across all fungal lineages (Porter and Golding, 2011). As
current 454 amplicon pyrosequencing (using Roche’s Genome Sequencer

FLX (GS-FLX) instrument and Titanium chemistry) generates read lengths
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averaging 450 bp, it is impossible to span the entire ITS region in a single
run. Even with recent advances in sequencing technologies that enable
sequencing across the entire ITS region, it will probably remain desirable
for fungal metabarcoding studies to exclude the 5.8S region of the rRNA
operon. The inclusion of conserved regions in DNA sequences are known to
increase the risk of chimera formation during PCR (Haas et al., 2011).
Therefore, generally, either the ITS1 or the ITS2 region is used in ecological
studies aiming at the characterization of fungal communities.

Primers that will be used in metabarcoding studies should be able to
efficiently amplify their target DNA regions in the presence of high
concentrations of non-target DNA and contaminants, such as humic acids,
that may have been co-extracted with DNA (Kosch and Summers, 2013).
Therefore, in silico testing of primers is expected to result in an incomplete
picture of how primers will behave during amplification of DNA extracted
from environmental samples. Comparing the amplification efficiency and
robustness of primers used in metabarcoding studies is important because
differences in primer efficiency may result in strong biases in favour of more
easily amplifiable sequences during PCR reactions, potentially influencing
our view on fungal communities (Polz and Cavanaugh, 1998; Jumpponen,
2007; Engelberktson et al., 2010). Moreover, a primer set that covers a
large proportion of the species that compose a community of interest and
that produces a reliable outcome is desired as ecological metabarcoding
studies typically rely on a single primer pair to map microbial diversity.
The most commonly used primers in fungal ecology for sequence-based
fungal identification at the species level were published by White et al.
(1990): ITS1, ITS2, ITS3 and ITS4, and by Gardes and Bruns (1993):
ITS1F and ITS4B. Whereas the primers developed by White et al. (1990)
had a broad spectrum, ITS1F and ITS4B were developed to be specific for
fungi and basidiomycetes respectively (Gardes and Bruns, 1993). ITS1F is
most frequently combined with ITS2 to amplify the ITS1 region of the
fungal rRNA operon and ITS3 is usually combined with ITS4 to amplify the

ITS2 region. These primer pairs have been used in many branches of
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mycological research in the past twenty years and are popular tools in
recent fungal community studies as well (Buée et al., 2009; Jumpponen
and Jones, 2009; Amend et al., 2010; Ghannoum et al., 2010; Jumpponen
et al., 2010; Tedersoo et al., 2010; also reviewed in Hibbett et al. (2011)).
The aim of the current study was to evaluate the amplification efficiency of
these established primer pairs and to compare them to a selected primer
pair (ITS86F/ITS4) that has been shown to specifically and efficiently
amplify ITS sequences from a broad range of fungal taxa in human blood

samples as well as in environmental soil samples (Vancov and Keen, 2009).

MATERIALS AND METHODS

Study site and soil sampling

A pioneer pine forest on a stabilised sand dune in the northern part of
Limburg, Belgium (Hechtel-Eksel: 51° 7" 33" N, 5° 22’ 22" E) was selected
to obtain samples for this study. The study site is not freely accessible. To
gain access to this study site, please contact the responsible authorities
(Table S3.1). The soil in this study site is a dry sandy soil without a litter
layer, poor in organic matter and slightly acidic. The average organic carbon
content for this site is 0.7% and the average pH is 4.7. The pioneer
vegetation at the study site is dominated by young Scots pine trees (Pinus
sylvestris L.), mosses and lichens, with only few grasses and heather
shrubs (Calluna vulgaris (L.) Hull). Tree ages at the time of sampling
ranged from one to five years. The region has an average annual rainfall of
800 mm per square meter and the average annual temperature is 10°C
(Royal Meteorological Institute, Ukkel, Belgium).

Soil samples for fungal community characterization were collected in
November 2009. Samples were collected at a depth of 0 to 20 cm using a
soil corer with a diameter of 1 cm. Four replicate soil samples were collected
within a distance of ten centimetres from each other for seven sampling
locations. Each sampling location was chosen close to a three to five year

old pine tree randomly selected in the field. Selected pine trees were at
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least 20 m apart from each other. The 4 replicate soil samples were pooled
for each sampling location, resulting in a total of seven pooled samples.
Samples were sealed in plastic bags and tightly closed to prevent
desiccation during transportation. Upon arrival in the lab, soil samples were
sieved using a 2 mm sieve to homogenize the sample and remove roots,
large pieces of organic matter and stones. Samples were subsequently
stored at -80°C until DNA was extracted. No protected species were

sampled during the study.

DNA extraction, PCR amplification and pyrosequencing
Approximately 250 mg of soil was used for each DNA extraction. DNA was
extracted in quadruplicate from each pooled sample using the UltraClean
Soil DNA Isolation Kit according to the manufacturer’s protocol (MoBio,
Carlsbad, CA, USA). This resulted in four replicates for each of seven pooled
soil samples. Subsequently, amplicon libraries were created using barcode-
tagged primers for the primer pairs ITS1F/ITS2, ITS3/ITS4 and
ITS86F/ITS4 (Table 3.1).

Table 3.1 Primers used in the current study.

rRNA operon

i (1) i 20

Primer Primer sequence (5'-3") binding site Reference
ITS1F (F) CTTGGTCATTTAGAGGAAGTAA SSu Gardes and

Bruns, 1993
ITS2 (R) GCTGCGTTCTTCATCGATGC 5.85 Wh'ieg gé al.,
ITS3 (F) GCATCGATGAAGAACGCAGC 5.85 Wh'ieg gé al.,
ITS4 (R) TCCTCCGCTTATTGATATGC LSU Wh'ieg gé al.,
ITS86F (F)  GTGAATCATCGAATCTTTGAA 5.8S T;/rqu"é gef
ITS86R (R)  TTCAAAGATTCGATGATTCAG 5.85 Vancov and

Keen, 2009

ITS86R contains a wrong base at the 3’ end. The G should be replaced by a C (see
Discussion).
M) Primers are indicated as forward (F) or reverse (R).
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Both forward and reverse primers were synthesized with a tail containing
the Roche 454 pyrosequencing adaptors and a sample-specific 10 bp
barcode (multiplex identifiers: MIDs) (Carlsen et al., 2012) enabling sorting
out the obtained sequences after sequencing (Roche Applied Science,
Mannheim, Germany). Fusion primers were designed according to the
scheme provided in Table S3.2.

DNA samples were amplified using a Techne TC-5000 thermocycler (Bibby
Scientific Limited, Staffordshire, UK) under the following conditions: initial
denaturation at 95°C for 2 minutes, followed by 40 cycles of denaturation
at 95°C for 30 seconds, annealing at 55°C for 30 seconds and extension at
72°C during 1 minute; a final extension phase was performed at 72°C
during 10 minutes. Reactions were carried out in 25 pl reaction volumes
using the FastStart High Fidelity PCR System (Roche Applied Science,
Mannheim, Germany). Each reaction contained 2.75 pl FastStart 10x
reaction buffer, 1.8 mM MgCl, 0.2 mM dNTP mix, 0.4 uM of each primer,
1.25 U FastStart HiFi polymerase and 5 ng template DNA (as measured by
a Nanodrop spectrophotometer).

Amplified DNA was cleared from PCR primers and primer dimers using the
Agencourt AMpure XP System according to the manufacturer’s protocol
(Beckman Coulter, Brea, CA, USA). Finally, purified dsDNA was quantified
with the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA,
USA) and a Fluostar Omega plate reader (BMG Labtech, Ortenberg,
Germany) and subsequently pooled in equimolar concentrations. The
resulting amplicon pool, containing all 84 samples, was sequenced on one
fourth of a Pico Titer Plate on a Roche Genome Sequencer FLX System using
Titanium chemistry (Roche Applied Science, Mannheim, Germany)

according to the manufacturer’s instructions.
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Bioinformatics processing

The standard flowgram format (SFF) file that resulted from the interpreted
flowgrams was deposited in the NCBI Sequence Read Archive under
accession number SRP026207 (SRA,
http://www.ncbi.nlm.nih.gov/Traces/sra). From the original SFF file, three
separate quality and fasta files were created with a custom biopython script
according to the three primer pairs used (Table S3.2). Further analyses
were carried out in Mothur 1.31.2 on the individual fastq and fasta files
(Schloss et al., 2009). Quality trimming in Mothur removed reads shorter
than 200 bases, reads longer than 600 bases, reads with homopolymers
longer than 8 bases and reads containing ambiguous bases. Reads were
trimmed when the average Phred quality score dropped below 35 over a
window of 50 bases. Next, sequences were compared to each other and
duplicate sequences were replaced by a single sequence, while archiving
the abundance data of the unique sequences. Subsequently, unique reads
were checked for chimeric sequences using the Uchime tool in Mothur
followed by their removal from the datasets. Unique reads were aligned
with the pairwise alignment tool in Mothur. Finally, species-level OTUs were
defined based on a 97% sequence similarity level, which is within the range
of intraspecific ITS sequence similarity (Blaalid et al., 2013). In order to
further remove potential sequencing errors from the analysis, global
singletons (i.e. OTUs represented by only a single sequence over an entire
dataset) were removed (Tedersoo et al., 2010).

Because the primer pairs resulted in different amounts of reads per sample,
the number of reads per sample were rarefied to 200 reads per sample.
Samples for which less than 200 reads were obtained were removed from
the dataset. For ITS1F/ITS2 14 of 28 samples were removed. For ITS3/ITS4
4 samples were removed and for ITS86F/ITS4 no samples were removed.
Inter-sample rarefaction curves were constructed based on 10,000
iterations. Subsequently, intra-sample diversity, richness and Good’s
coverage estimates were calculated in Mothur 1.31.2 based on 10,000

iterations. BLAST searches for a representative sequence of each OTU (as
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determined by Mothur) were conducted using the PlutoF v2.0 massBLASTer
online tool (Abarenkov et al., 2010). Reads were blasted against the UNITE
(Kdljalg et al., 2005) and INSD (Nakamura et al., 2013) databases.
Resulting HTML files were combined with the abundance data obtained in
Mothur using a custom Python script. This script also acquired the names
of species or genera that resemble Latin binomials with the highest BLAST
score, avoiding unidentified OTUs in the databases to be seen as best
BLAST hits. Unidentified OTUs were indicated as “not applicable (NA)”.

Quantitative real-time PCR

To evaluate the performance of the primer pairs amplifying target DNA from
a heterogeneous pool of DNA in environmental samples, all primer pairs
were tested in a qPCR set-up. A 2-fold dilution series (1:1 to 1:64) was
made from twelve DNA samples (ranging from 5 ng pl't to 78 pg ul?,
including one no-template control (NTC) for each sample). Amplification
was performed in optical 96-well plates using a 7500 Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) and SYBR Green
chemistry. PCR conditions were as follows: initial denaturation at 95°C for
two minutes, followed by 40 cycles of 95°C (30s), 55°C (30s) and 72°C
(60s) and a final extension phase at 72°C for 10 minutes followed by the
generation of a dissociation curve to verify amplification specificity. These
gPCR conditions were chosen to mimic the PCR conditions used during the
PCR step prior to emPCR and amplicon pyrosequencing. Reactions
contained 2.5 pL template DNA, 5 pL 2x Fast SYBR® Green Master Mix
(Applied Biosystems, Foster City, CA, USA), 0.3 pl forward and reverse
primers (3.3 UM each) and 1.9 pL nuclease-free H,0 in a total volume of
10 yL. PCR efficiencies (E) were calculated as E = (10-/slore —1) x 100.

To assess a potential PCR-bias at the phylum level, DNA was extracted from
15 pure cultures including 5 basidiomycetes (Lentinula edodes (MUCL
44827), Agrocybe praecox (MUCL 46727), Coniophora marmorata (MUCL
39471), Suillus luteus (UH-Slu-LM8-nl1) and Antrodia vaillantii (MUCL
54533)), 5 ascomycetes (Cladosporium cladosporioides (MUCL 53652),

73



CHAPTER 3

Cryptosporiopsis radicicola (MUCL 53485), Monilinia laxa (MUCL 30841),
Arthroderma otae (MUCL 39756) and Galactomyces geotrichum (MUCL
52377)), 2 glomeromycetes (Rhizophagus clareus (MUCL 46238) and
Rhizophagus sp. (MUCL 41833)) and 3 zygomycetes (Mortierella verticillata
(MUCL 9658), Absidia corymbifera (MUCL 38907) and Mucor hiemalis
(MUCL 15439)). DNA was extracted from cultures using the DNeasy Plant
Mini Kit according to the manufacturer’s instructions (Qiagen, Venlo,
Netherlands). DNA concentrations extracted from pure cultures used for
gPCR ranged from 5 ng pl! to 20 ng pl-!. PCR bias at the phylum level was

tested according to the gPCR protocol described above.

In silico evaluation of primer pairs

To evaluate the primer-to-target mismatches in silico, primers were tested
with PrimerProspector 1.0.1 (Walters et al., 2011) against sequences
downloaded from NCBI. Three sets of sequences were downloaded from
NCBI containing only full-length fungal 5.8S, 18S and 28S sequences.
Duplicate sequences were removed using Mothur 1.31.2. ITS1F was tested
against 3,748 18S rDNA sequences. ITS2, ITS3 and ITS86F were tested
against 4,421 5.8S rDNA sequences. ITS4 was tested against 4,270 28S
rDNA sequences. For comparison, also all primers described by Ihrmark et
al. (2012) and Toju et al. (2012) were tested. All tests were performed as
described by Walters et al. (2011) using standard settings. Primer scores
were calculated based on the following formula: weighted score = non-3’
mismatches x 0.40 + 3’ mismatches x 1.00 + non-3’' gaps x 1.00 + 3’ gaps
x 3.00. An additional penalty score of 3.00 was assigned if the final 3’ base

of a primer had a mismatch with its target sequence (Walters et al., 2011).
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Statistical analysis

Statistical analyses were conducted in R 2.13.0 (The R Foundation for
Statistical Computing, Vienna, Austria). Normal distributions of the
residuals of models were checked with the Shapiro-Wilk test, while
homoscedasticity of variances was analysed using either Bartlett’s or the
Fligner-Killeen test. Depending on the distribution of the estimated
parameters, either ANOVA or the Kruskal-Wallis Rank Sum Test was used
to check for significant differences in variances of parameters. Two-by-two
comparisons were conducted using either Tukey Honest Significant
Differences tests or Pairwise Wilcoxon Rank Sum Tests. Poisson corrections
were implemented for abundance data. Distributions of ratios were
compared with Pearson’s Chi-squared tests. Non-metric multi-dimensional

scaling (NMDS) was performed using the Vegan 2.0-8 package in R.

RESULTS

Parametrical analysis of 454 amplicon pyrosequencing data

For the three tested primer pairs, GS-FLX sequencing of the amplicon
libraries generated a total of 151,650 reads. For a read to be successfully
assigned to a sample, we required that both the forward and the reverse
MIDs and primers were identified in a read with no more than one
erroneous base in the MIDs and no more than two erroneous bases in the
primer sequences. Based on the primer and MID sequences, 65,133 reads
were assigned to their respective sample and 86,517 reads remained
unassigned. The average length of reads assigned to either ITS1F/ITS2,
ITS3/1ITS4 or ITS86F/ITS4 prior to quality checking and trimming was 314,
331 and 369 bp respectively (excluding primers). The average read length
of the unassigned reads was 116 bp (including primers, data not shown).
Rarefaction curves were constructed showing the rarefied number of OTUs
defined at a 97% sequence similarity threshold relative to the number of
samples (Fig. 3.1). These results indicate that, on average, a higher OTU

richness and a better coverage of the fungal community can be expected

75



CHAPTER 3

for the ITS86F/ITS4 and ITS3/ITS4 primer pairs. The lowest OTU richness
and coverage was predicted for the ITS1F/ITS2 primer pair. As most
rarefaction curves tended towards saturation, the sequencing depth was
assumed to be sufficient to retrieve the most abundant fungal OTUs in
analysed soil samples that are detectable by the respective primers and

454 amplicon pyrosequencing.
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Figure 3.1 Rarefaction curves for each of the three primer pairs used in this study:
ITS1F/ITS2, ITS3/ITS4 and ITS86F/ITS4. In these graphs, the number of samples is
plotted against the rarefied number of operational taxonomic units (OTUs) that were

created based on a 97% sequence similarity cut-off value.

To compare primer pair performance in the 454 amplicon pyrosequencing
experiment, averages of the number of reads were calculated across
replicates (four replicates per sample) and samples (seven samples) for
each primer pair. The average number of reads per sample obtained by
ITS1F/ITS2, ITS3/ITS4 and ITS86F/ITS4 after quality trimming differed
significantly (p < 0.01) and primer pairs yielded on average (% standard
error) 356 (£ 26), 523 (£ 43) and 797 (* 34) high quality reads per

sample, respectively (Fig. 3.2A). The average number of OTUs found for
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each primer pair at a 97% sequence similarity threshold (observed OTU
richness) also differed significantly (p < 0.01). The highest OTU richness
was observed for ITS86F/ITS4 with an average of 62 OTUs per sample (min
= 42; max = 106). ITS1F/ITS2 yielded on average 32 OTUs per sample
(min = 15; max = 60), whereas ITS3/ITS4 resulted in an average of 50
OTUs per sample (min = 27; max = 76) (Fig. 3.2B). Diversity was
estimated with the inverse Simpson index. The inverse Simpson index
differed significantly between ITS86F/ITS4 and ITS1F/ITS2, whereas with
ITS1F/ITS2 a lower diversity was found than with ITS86F/ITS4 (p = 0.04).
However, no significant differences were found between ITS3/ITS4 and
ITS1F/ITS2 or between ITS3/ITS4 and ITS86F/ITS4 (p = 0.31 and p =
0.53, respectively) (Fig. 3.2C). The average Good’s coverage per sample
obtained for ITS1F/ITS2 was 96.8% (min = 93.8%, max = 98.9%),
whereas the average Good’s coverage obtained for ITS3/ITS4 and
ITS86F/ITS4 was 96.5% (min = 93.2%, max = 99.0%) and 97.5% (min =
95.3%, max = 99.6%) respectively (Fig. 3.2D). Significant differences in
Good’s coverage were found between ITS3/ITS4 and ITS86F/ITS4 (p <
0.01). However, no significant differences were found between ITS1F/ITS2
and ITS3/ITS4 (p = 0.81) or between ITS1F/ITS2 and ITS86F/ITS4 (p =
0.31).

Community similarity compared between primer pairs

To compare the fungal community characterized with ITS1F/ITS2,
ITS3/ITS4 and ITS86F/ITS4 at the species and phylum level, a
representative sequence of each OTU (as selected by Mothur) was blasted
against the UNITE and INSD databases using the massBLASTer tool in
PlutoF v2.0 (Abarenkov et al., 2010). Relative frequency distributions of
the obtained species-level OTUs and phyla were analysed with chi-squared
tests for the different primer pairs, based on the average abundances

across replicates (four) and samples (seven).

77



CHAPTER 3

A 1500 .
TE1 ) - ST < * S
w < >T < >
2 © 1000 1
g,
£8&
500 -
2y L
o
L
S0 . . .
ITS1F_ITS2 ITS3_ITS4 ITS86F_ITS4
B 120 _ x .
w2 100 - < > < >
°o 80 -
U9
Eg 60
S g 404
=3
S 20 4
0 ; . .
ITS1F_ITS2 ITS3_ITS4 ITS86F_ITS4
c 25 )
o 20 A < >
v o
sy ] [ |
(]
2810
E
B 0 T I
0 J- 1 1 1
ITS1F_ITS2 ITS3_ITS4 ITS86F_ITS4
D X
__100% < - >
S e — T
S 90%
[=)]
o
g 80%
@)
9]
700/0 T T T 1
ITS1F_ITS2 ITS3_ITS4 ITS86F_ITS4

Figure 3.2 Parametrical comparison between the three primer pairs used in this
study (ITS1F/ITS2, ITS3/ITS4 and ITS86F/ITS4). A. Average number of sequences
obtained after quality trimming. B. Average number of operational taxonomic units
(OTUs), based on a 97% sequence similarity cut-off value. C. Average inverse
Simpson index. D. Average Good’s coverage. Averages were calculated across
replicates (four) and samples (seven) for each primer pair. Differences at the 95%

significance level are indicated with an asterisk “*”.
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Representative reads of OTUs that could not be coupled to an accession of
either the UNITE or INSD databases were considered as unidentified OTUs
(indicated as not applicable "NA” in Appendix A). A total of 51 unidentified
OTUs were found of which 50 were found with ITS86F/ITS4 and 1 with
ITS3/ITS4. BLAST scores and corresponding E-values for all OTUs can be
found in Appendix A. At the species level, differences were observed
between the fungal communities identified by the three primer pairs studied
(p < 0.01). To give an idea of the fungal communities identified by each
primer pair, pie charts displaying the top ten most abundant OTUs were
constructed covering 68%, 62% and 64% of all sequences obtained with
ITS1F/ITS2, ITS3/ITS4 and ITS86F/ITS4, respectively (Fig. 3.3). Using the
ITS1F/ITS2 primer pair (targeting the ITS1 region) a total of 183 OTUs
across all samples were observed, with the most abundant OTUs
corresponding to Sistotrema sp. Fr. (27%), Rhizopogon luteolus Fr. (9%),
Wilcoxina mikolae (Chin S. Yang & H.E. Wilcox) Chin S. Yang & Korf (8%),
Cladophialophora minutissima M.L. Davey & Currah (7%), and Capronia sp.
Sacc. (5%) (Fig. 3.3A). The primer pairs ITS3/ITS4 and ITS86F/ITS4
(targeting the ITS2 region) identified 333 and 346 OTUs across all samples,
respectively. In line with ITS1F/ITS2, the fungal communities identified
with ITS3/ITS4 and ITS86F/ITS4 were also dominated by Sistotrema sp.
(21-19%), but the subdominant OTUs were not exactly the same (Fig.
3.3B,C). Interesting to note is that the soil samples are dominated by
ectomycorrhizal and ericoid mycorrhizal fungi and mycobionts from lichens.
Based on field observations, we assumed that the fungal community in the
pioneer forest that was sampled in this study would be relatively species
poor compared to old forest soils (Buée et al., 2009) and that biotrophic
fungi would dominate over saprotrophic ones. These assumptions were
confirmed by all three primer pairs (Fig. 3.3). At the phylum level,
differences were found between all primer pairs tested (p < 0.01 for all
comparisons) (Fig. 3.4). Nevertheless, the majority of OTUs identified by
all tested primer pairs belonged to the phyla Ascomycota (56% to 71%),
followed by Basidiomycota (14% to 17%). A minority of OTUs identified,
belonged to the Zygomycota (3% to 4%), Chytridiomycota (3% to 4%) and
Glomeromycota (0% to 3%) (Fig. 3.4).
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Figure 3.3 Relative abundance for the top ten most abundant species-level
operational taxonomic units (OTUs), based on a 97% sequence similarity cut-off
value, obtained for each of the three primer pairs studied (ITS1F/ITS2, ITS3/ITS4
and ITS86F/ITS4). Reads that did not result in a BLAST hit against the UNITE or
INSD databases were indicated as “not applicable (NA)”. Ecological functions of OTUs
are indicated between brackets behind the OTU identities (ECM: ectomycorrhizal,
ERM: ericoid mycorrhizal, SAP: saprotrophic, LICH: lichenized, END: endophytic).
OTUs not belonging to the top ten most abundant OTUs were pooled in the category
“Remaining taxa”. OTUs that appear exclusively in a single chart are indicated in
grayscale. OTUs that can be found in multiple pie charts are indicated in colour. OTU
abundance scores were averaged across replicates (four) and samples (seven). A.
ITS1F/ITS2. B. ITS3/ITS4. C. ITS86F/ITS4.
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Figure 3.4 Relative number of OTUs belonging to different fungal phyla. OTUs that
could not be assigned to a phylum were grouped together under “not applicable
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(NA)”. Averages were calculated across replicates (four) and samples (seven). A.
ITS1F/ITS2. B. ITS3/ITS4. C. ITS86F/ITS4.

Repeatability of metabarcoding resuilts

The repeatability of the molecular identification of fungal OTUs from
environmental samples was compared between the three tested primer
pairs to assess their experimental robustness. Replicates of samples were
compared for each primer pair using NMDS with Bray-Curtis dissimilarities.
In this analysis, samples with a similar OTU-composition will have smaller
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Bray-Curtis distances than samples with more dissimilar OTU compositions.
In general, for all three primer pairs, replicates from the same sample
grouped closely together (especially for ITS3/ITS4) (Fig. S3.1). Hence, the
results of molecular identification of fungal OTUs are fairly consistent
between replicated samples using the current experimental set-up. In order
to test the possibility that some OTUs are missed in metabarcoding
analyses based on the amplification and sequencing of target DNA from a
single DNA extraction, results from the four replicated DNA extractions of
the same sample were compared (Fig. S3.2). This assessment was
performed for the four most abundant OTUs, representing Sistotrema sp.,
Rhizopogon luteolus, Cladophialophora minutissima and Wilcoxina mikolae.
From Fig. S3.2, it is clear that in some replicated extractions of the same
sample abundant OTUs can be missed. These results indicate that PCR
amplification and sequencing can best be performed on multiple DNA
extractions from the same environmental sample that are pooled prior to

PCR in order to obtain an accurate picture of a fungal community.

Efficiency of primer pairs studied

To test the amplification efficiency of the three primer pairs in a
heterogeneous pool of DNA (environmental sample) a qPCR experiment
was conducted. More specifically, a 2-fold dilution series, ranging from 1:1
to 1:64 dilutions of twelve randomly selected DNA samples were amplified
with randomly selected ITS1F/ITS2, ITS3/ITS4 and ITS86F/ITS4 primers
with MIDs and 454 adaptors attached. For ITS1F/ITS2, exponential
amplification was obtained between 24 and 32 PCR cycles for ten out of
twelve samples (data not shown). For two samples no exponential
amplification phase was obtained within 40 cycles with this primer pair.
ITS3/ITS4 showed exponential amplification after 22 to 36 cycles for all
twelve samples, whereas ITS86F/ITS4 already showed an exponential
amplification phase after 20 to 31 cycles for all samples (data not shown).
Average PCR efficiencies (% standard error) were calculated to be 76% (£
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4%) for ITS3/ITS4, 82% (% 5%) for ITS1F/ITS2 and 97% (£ 6%) for
ITS86F/ITS4 (Table 3.2).

Table 3.2 Average PCR amplification efficiencies obtained for twelve environmental

DNA samples using quantitative real-time PCR

Primer pair ITS1F_ITS2 ITS3_ITS4 ITS86F_ITS4
Average (%) 82 76 97
Standard error (%) 4 5 6
Minimum (%) 64 67 78
Maximum (%) 97 103 120

Phylum-level PCR bias

gPCR amplification efficiency did not significantly differ between primer
pairs tested (ITS1F/ITS2, ITS3/ITS4 and ITS86F/ITS4), nor between phyla
(Ascomycota, Basidiomycota, Glomeromycota and Zygomycota) (Fig. 3.5).
Two-way ANOVA resulted in p = 0.14 for phylum and p = 0.59 for primer
pair. Primer pair - rDNA target combinations with poor PrimerProspector
scores tended to have slightly lower PCR efficiencies, but these differences
were not significant. Species used for this experiment and PCR efficiencies

can be found in Table S3.4 and Table S3.5, respectively.

In silico evaluation of primers

In a final analysis, the primer-to-target mismatches of the three primer
pairs used in this study were evaluated with PrimerProspector (Walters et
al., 2011). PrimerProspector was used to calculate a score for each primer
based on mismatches between primers and target DNA sequences. The
closer the score of a primer is to 0, the fewer mismatches were detected
between primers and target sequences. The average scores (£ standard
error) for primers used in our study were: ITS1F = 4.55 (£ 0.05), ITS2 =
0.70 (£ 0.03), ITS3 = 0.58 (+ 0.03), ITS4 = 3.96 (£ 0.04) and ITS86F =
0.52 (£ 0.02) (Table 3.3). Moreover, it was found that 44% of the tested
sequences had a mismatch with the last base at the 3’ end of primer ITS1F.

This particular mismatch between the last base at the 3’ end of a primer
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sequence and a target sequence occurred with only 9%, 4%, 16% and 3%
of the tested sequences for ITS2, ITS3, ITS4 and ITS86F respectively
(Table 3.3). For comparison, also the primers suggested by Ihrmark et al.
(2012) and Toju et al. (2012) were tested with PrimerProspector. Also in

this analysis, ITS86F was found to have the best primer score of all tested

primers (Table S3.5).
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Figure 3.5 Phylum-level PCR bias assessed using qPCR. Average PCR efficiencies
were calculated for each phylum using 5 basidiomycetes, 5 ascomycetes, 2
glomeromycetes and 3 zygomycetes. Error bars represent standard errors. No
significant differences between primer pairs and phyla were found at the 95%

confidence level.

Table 3.3 Results of in silico testing of primers using PrimerProspector 1.0.1

(Walters et al., 2011).

Primer (1) Number of sequences 3' end base Average score
tested mismatch (%) + SE
ITS1F (F) 3748 44% 4.6 £ 0.05
ITS2 (R) 4421 9% 0.7 £0.03
ITS3 (F) 4421 4% 0.6 £ 0.03
ITS4 (R) 4270 16% 4.0 £ 0.04
ITS86F (F) 4421 3% 0.0 £ 0.00

Average PrimerProspector scores are shown + standard errors (SE).

M) Primers are indicated as forward (F) or reverse (R).
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DI1SCUsSSION

Amplification and sequencing of short, standard DNA regions
(metabarcoding) is becoming an increasingly popular tool for the
characterization of fungal communities. Nevertheless, in most fungal
metabarcoding studies, primers are generally used without being tested for
their efficiency to amplify heterogeneous DNA pools, which may affect our
view on studied fungal communities. Whereas the most commonly used
primers in fungal metabarcoding studies were designed in the 90s for
species identification of a limited number of focal species, environmental
metabarcoding studies generally aim to characterize diverse communities
in environmental samples. Hence, primers used for fungal metabarcoding
should be able to amplify a broad range of target DNA sequences in a
sample that is also rich in non-target DNA and that may contain
environmental contaminants (Kennedy and Oswald, 2011). Even though
recent efforts have resulted in new primers that could amplify a large
proportion of target fungal DNA sequences (Ihrmark et al., 2012; Toju et
al., 2012), an experimental evaluation of PCR efficiency and primer
performance should be performed on real environmental samples.

Initially, also ITS1F/ITS86R was included in our study design, but this
primer pair was discarded from the study as no amplification was obtained
in exploratory PCR and gel-electrophoresis tests. A plausible explanation
for this failure can be found in the fact that the reverse primer (ITS86R)
used and reported by Turenne et al. (1999) and Vancov and Keen (2009)
contains an incorrect base at the 3’ end of the primer sequence. In order
to be the perfect reverse complement of ITS86F, the sequence of ITS86R
should be 5'-TTCAAAGATTCGATGATTCAC-3’, and not 5'-
TTCAAAGATTCGATGATTCAG-3' as reported. GS-FLX sequencing of the
amplicon pool resulted in 151,650 raw reads prior to quality trimming. Of
these reads, 65,133 were assigned to their respective sample and 86,517
reads remained unassigned. The unassigned reads were investigated

manually revealing that the majority were primer sequences probably
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resulting from primer dimers in our sequenced amplicon pool. Most likely,
these primer dimers were not sufficiently removed during post-PCR clean-
up steps.

Rarefaction curves were constructed for each primer pair (Fig. 3.1). These
rarefaction curves indicate that the highest rarefied OTU richness and best
coverage of the fungal community can be expected for the ITS86F/ITS4
and ITS3/ITS4 primer pairs. The average observed number of reads and
the average observed number of OTUs (derived from these reads at a 97%
sequence identity cut-off) indeed were highest for the ITS86F/ITS4 primer
pair (797 reads and 62 OTUs on average per sample) and the ITS3/ITS4
primer pair (523 reads, 50 OTUs) and were much lower for the ITS1F/ITS2
primer pair (356 reads and 32 OTUs) (Fig. 3.2). The average observed
diversity per sample, estimated by the inverse Simpson index, did not differ
between ITS3/ITS4 and ITS86F/ITS4, but was significantly lower for
ITS1F/ITS2 (Fig. 3.2). Overall, the low number of OTUs per sample found
in the current study, are in sharp contrast with the more than 1000 OTUs
per gram of forest soil found by Buée et al. (2009) based on amplification
with the ITS1F/ITS2 primer pair. This difference in richness may be
explained by the fact that pioneer forests probably contain relatively fewer
fungal species compared to old forest soils (Buée et al., 2009). Additionally,
overestimation or underestimation of species richness can also originate
from data handling and analysis (Bazzicalupo et al., 2013). Based on the in
silico performance and high Good’s coverage calculated for ITS86F, it can
be expected that the 62 OTUs found on average per sample by the
ITS86F/ITS4 primer pair is close to the real species richness for the pioneer
ecosystem growing on stabilised sand dunes which were studied here. The
50 OTUs per sample found by ITS3/ITS4 and the 32 OTUs found by
ITS1F/ITS2, are probably underestimations due to a more narrow primer
spectrum and/or lower PCR efficiencies. The fact that a high Good’s
coverage was found for the ITS1F/ITS2 primer pair despite a low observed
OTU richness indicates that this primer pair is unable to multiply the ITS1
region of a large number of fungi. This is also supported by the in silico
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analysis. In this analysis, ITS1F was shown to have the poorest primer
score of 4.6 and its sequence was shown to have a mismatch at the final
base at the 3’ end of the primer (having a detrimental effect on
amplification efficiency (Lefever et al., 2013)) with no less than 44% of the
tested fungal sequences (Table 3.3). The large number of mismatches
between the ITS1F primer and its target sequences was previously also
addressed by Bellemain et al. (2010) and Ihrmark et al. (2012). In
comparison, the ITS4 primer was given a score of 4.0 and was found to
have a primer-to-target mismatch at the 3’ end of the primer with only
16% of the tested sequences. For the ITS2, ITS3 and ITS86F primers a
score of 0.7, 0.6 and 0.0 was obtained respectively (Table 3.3). These
primers were shown to have a mismatch at the 3’ end of the primer with
only 9%, 4% and 4% of the tested sequences, respectively (Table 3.3),
illustrating their broad amplification potential. Furthermore, our in silico
analyses indicated that the primers suggested by Ihrmark et al. (2012) and
Toju et al. (2012) had more mismatches to their respective target
sequences than ITS86F.

To test how these parametrical differences would translate to amplification
efficiency during PCR amplification preceding emulsion PCR (emPCR) and
pyrosequencing, a first gPCR experiment was conducted. To this end, DNA
was extracted from 12 soil samples and amplified with the same primer
pairs used in the pyrosequencing experiment. The -calculated PCR
efficiencies were 82% for ITS1F/ITS2, 76% for ITS3/1TS4 and 97% for
ITS86F/ITS4 (Table 3.2). From these PCR efficiencies, it is clear that
ITS86F/ITS4 amplified its target ITS regions with greater efficiency than
the other two primer pairs. Contrary to our expectations from the in silico
analysis, ITS3/ITS4 obtained a lower efficiency than the ITS1F/ITS2 primer
pair. This could be explained by the fact that also other factors determine
the amplification efficiency of PCR reactions beside binding and dissociation
of primers to their target DNA sequences. Such factors include the
temperature-dependent properties of target DNA sequences and primer

sequences in the PCR mixture, the temperature-dependent behaviour of
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the used polymerase enzyme mixtures, the use of ROX as an endogenous
reference dye, etc. (Kennedy and Oswald, 2011). Alternatively, the range
of target sequences that ITS1F and ITS2 may bind to during PCR
amplification is smaller, but the sequences that do get bound by these
primers are amplified efficiently.

To see whether differences in amplification efficiency between primer pairs
would also be reflected in the identities of the OTUs identified in the 454
amplicon pyrosequencing experiment, a representative read for each OTU
was blasted against the UNITE and INSD databases and the BLAST hits with
the highest score and a species or genus name were used to reconstruct
the fungal community for each primer pair (Fig. 3.3). According to all three
primer pairs, the soil fungal community was dominated by an OTU
corresponding to Sistotrema sp. Additionally, all primer sets produced a
number of OTUs that were commonly identified by all primer pairs (Fig.
3.3). The community identified by the three tested primer pairs still differed
significantly, however. These differences confirm the finding that targeting
either the ITS1 or the ITS2 region may result in different pictures of the
fungal communities at the OTU level, as was previously assessed by both
in silico (Nilsson et al., 2009) and sequencing studies (Bazzicalupo et al.,
2013; Monard et al., 2013). In addition, it was found that primers targeting
the same ITS region do not necessarily result in the same OTU composition
(Fig. 3.3), highlighting the importance of primer choice in a given study.
However, it needs to be noted that in comparative studies, it has been
shown that an ecological signal can be much stronger than the differences
in community composition originating from primer choice (Monard et al.,
2013).

At the phylum level, significant differences between ITS1F/ITS2, ITS3/ITS4
and ITS86F/ITS4 were found as well (Fig. 3.4). Although in varying
proportions, all three primer pairs identified more OTUs belonging to
ascomycetes (70%, 71% and 56% respectively) than basidiomycetes
(17%, 14% and 15%), but also Chytridiomycota (3%, 4%, 4%),
Glomeromycota (0%, 3% and 2%) and Zygomycota (3%, 3% and 4%)
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were detected (Fig. 3.4). This might suggest that more ascomycetes were
present in the soil at the time of investigation. However, amplification of
DNA from ascomycetes may be favoured relative to amplification of DNA
from basidiomycetes as the ITS sequences for ascomycetes are generally
shorter than basidiomycete ITS sequences (this is especially true for the
ITS2 region (Porter and Golding, 2011)) and amplification of shorter DNA
fragments is favoured during PCR. Whereas in previous in silico analyses
indeed a phylum-level bias was expected for some of the primers used
(Bellemain et al., 2010), no such bias was found in the current study based
on experimental data derived from qPCR of DNA extracted from 15 fungal
species belonging to the major fungal phyla (Fig. 3.5).

Whatever the aim of a metabarcoding study, results obtained from
metabarcoding need to be reliable. To assess the repeatability of the fungal
metabarcoding experiment, we analysed four replicate DNA extractions of
seven soil samples separately. The analysis of all replicates of samples
revealed that replicated analysis of the same sample with a specific primer
pair generally results in similar fungal community compositions (Fig. S3.1).
This is especially true for the ITS3/ITS4 and ITS86F/ITS4 primer pairs as
their replicated samples clustered nicely together. However, this is less true
for the ITS1F/ITS2 primer pair, where replicates of samples tend to have
greater projected Bray-Curtis distances (Fig. S3.1). Moreover, we have
shown that it is possible to miss certain OTUs, even abundant ones, when
one sequences amplicon pools that are constructed from a single DNA
extraction (Fig. S3.2). It is therefore advisable to extract DNA from
environmental samples in multiple replicates, pool the eluates and perform
PCR and sequencing on the DNA from the mixed eluate. This observation is
in line with other studies performed previously, demonstrating that at least
three replicated extractions are required to obtain a DNA pool that is
representative for the microbial community present in a given soil sample
(Feinstein et al., 2009; Lindahl et al., 2013).

Apart from the technical issues that were addressed in this study, our data

also provided a glimpse at the fungal community present in the studied
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site. Based on field observations of above-ground basidiocarps, we
assumed that pioneer pine forests in the Campine region in Belgium are
dominated by biotrophic species (mostly lichens, ectomycorrhizal and
ericoid mycorrhizal fungi) over saprotrophic species. All three primer pairs
confirmed this assumption, but they found different fungal OTUs to be
dominant. According to the results obtained with ITS1F/ITS2, the fungal
community in the studied site was dominated by OTUs corresponding to
Sistotrema sp. (27%), followed by Rhizopogon luteolus (9%), Wilcoxina
mikolae (8%) and Cladophialophora minutissima (7%) (Fig. 3.3) (Davey
and Currah, 2007). These OTUs were also found to be very important
members of the studied community according to ITS3/ITS4 and
ITS86F/ITS4 as they appeared in the top ten of the most abundant OTUs
found by both primer pairs, although in varying proportions (Fig. 3.3).
Sistotrema sp., likely an important member of our studied ecosystem, was
recently shown to be polyphyletic, containing both ectomycorrhizal and
saprotrophic taxa (Minzenberger et al., 2012). The reads that were found
in the current study correspond to Sistotrema strains that were sampled
from ectomycorrhizal root tips of Pinus contorta Dougl. growing on coastal
sand dunes (Ashkannejhad and Horton, 2006). This genus provides a fine
example of the power of molecular tools, such as DNA metabarcoding, to
draw attention to ecologically important, cryptic fungal species. Based on
field observations alone (basidiocarps observations and root tip
morphotying), we never expected this genus to be so abundant in this

pioneer ecosystem.

Concluding remarks

In many fungal metabarcoding studies universal primers from previous
phylogenetic or ecological studies are used without first performing an
evaluation of their spectrum and performance for high-throughput
sequencing, potentially resulting in a biased description of fungal
communities. Whereas in silico PCR analyses on sequences retrieved from

sequence databases may suggest promising primers (Ihrmark et al., 2012;
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Toju et al., 2012), we showed that an experimental set-up to evaluate their
usefulness in practice provides complementary information on the actual
performance of the primers for high-throughput sequencing of
environmental samples. Indeed, here we demonstrated that the choice of
primers has a significant impact on how fungal communities are translated
into OTU communities and subsequent data analysis. As such, before
setting up large scale sequencing experiments, we recommend to first test
a number of promising primer pairs, e.g. selected with in silico analyses,
under real PCR conditions for a subset of the samples under investigation.
In case an in-depth characterization of a fungal community is desired, the
use of more than one primer pair is advisable. We also showed that
quantitative real-time PCR, evaluating the efficiency of selected primer
pairs, may help in selecting the most efficient primer pairs. After all, using
primer pairs that are not very efficient in amplifying DNA from an
environmental sample will undoubtedly result in a low number of reads,
and consequently in biased community descriptions.

In this study, the primer pair ITS86F/ITS4, which amplifies the ITS2 region
of the fungal rRNA operon, was shown to be the most suitable primer pair
for the characterization of fungal communities with metabarcoding. This
primer pair not only resulted in superior amplification efficiency leading to
a significantly higher number of reads, but also yielded a high number of
OTUs belonging to different phyla. In addition, this primer pair resulted in
a robust amplification reaction for the broadest range of samples and across

replicated extractions.
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SUPPORTING INFORMATION

Supporting Information Table S3.1 Contact addresses for access to the study

site.

Lt. Col. Van Reckem

Military Domain Camp Beverloo
Kwartier 4 RCI

Koningin Louisa-Marialaan 3
BE - 3970 Leopoldsburg

Lt. Col. Fuchs

Comm. E. Gorrens

Military Domain Camp Beverloo
Bureel Planning

Koninklijk Park

BE - 3970 Leopoldsburg

Phone: +32 (0) 11 39 53 35
Phone: +32 (0) 11 39 53 36

E-mail: eddy.gorrens@mil.be
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Supporting Information Table S$3.2 Primer and study design used in the 454
amplicon pyrosequencing experiment. Samples (n = 7), replicates of samples (n =
4) and used primers are indicated. Primers used for pyrosequencing are displayed
as their respective components (454 adapter, multiplex identifier (MID) and fungal
ITS primers).

Forward primer Reverse primer
Sa. Re. Am. Fungal Fungal
® @ ® a4 MIDITS a4 MIDITS
(P) ® primer (f) &) primer
(6) (6)

1 A 12 ITS1F B 8 ITS2

1 2 A 12 ITS3 B 8 ITS4
3 A 12 ITS86F B 8 ITS4

4 A 9 ITS1F B 12 ITS2

2 5 A 9 ITS3 B 12 ITS4
1 6 A 9 ITS86F B 12 ITS4
7 A 8 ITS1F B 7 ITS2

3 8 A 8 ITS3 B 7 ITS4
9 A 8 ITS86F B 7 ITS4

10 A 8 ITS1F B 8 ITS2

4 11 A 8 ITS3 B 8 ITS4
12 A 8 ITS86F B 8 ITS4

13 A 12 ITS1F B 9 ITS2

1 14 A 12 ITS3 B 9 ITS4
15 A 12 ITS86F B 9 ITS4

16 A 9 ITS1F B 7 ITS2

2 17 A 9 ITS3 B 7 ITS4
2 18 A 9 ITS86F B 7 ITS4
19 A 8 ITS1F B 9 ITS2

3 20 A 8 ITS3 B 9 ITS4
21 A 8 ITS86F B 9 ITS4

22 A 9 ITS1F B 8 ITS2

4 23 A 9 ITS3 B 8 1ITS4
24 A 9 ITS86F B 8 ITS4

25 A 9 ITS1F B 9 ITS2

1 26 A 9 ITS3 B 9 1ITS4
27 A 9 ITS86F B 9 1ITS4

28 A 10 ITS1F B 12 ITS2

2 29 A 10 ITS3 B 12 1ITS4
3 30 A 10 ITS86F B 12 ITS4
31 A 10 ITS1F B 7 ITS2

3 32 A 10 ITS3 B 7 1ITS4
33 A 10 ITS86F B 7 1ITS4

34 A 8 ITS1F B 10 ITS2

4 35 A 8 ITS3 B 10 1ITS4
36 A 8 ITS86F B 10 ITS4
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37 A 10 ITS1F B 8 ITS2
38 A 10 ITS3 B 8 ITS4
39 A 10 ITS86F B 8 ITS4
40 A 9 ITS1F B 10 ITS2
41 A 9 ITS3 B 10 ITS4
42 A 9 ITS86F B 10 ITS4
43 A 10 ITS1F B 9 ITS2
44 A 10 ITS3 B 9 ITS4
45 A 10 ITS86F B 9 ITS4
46 A 10 ITS1F B 10 ITS2
47 A 10 ITS3 B 10 ITS4
48 A 10 ITS86F B 10 ITS4
49 A 12 ITS1F B 10 ITS2
50 A 12 ITS3 B 10 ITS4
51 A 12 ITS86F B 10 ITS4
52 A 11 ITS1F B 7 ITS2
53 A 11 ITS3 B 7 ITS4
54 A 11 ITS86F B 7 ITS4
55 A 8 ITS1F B 11 ITS2
56 A 8 ITS3 B 11 ITS4
57 A 8 ITS86F B 11 ITS4
58 A 11 ITS1F B 8 ITS2
59 A 11 ITS3 B 8 ITS4
60 A 11 ITS86F B 8 ITS4
61 A 9 ITS1F B 11 ITS2
62 A 9 ITS3 B 11 ITS4
63 A 9 ITS86F B 11 ITS4
64 A 11 ITS1F B 9 ITS2
65 A 11 ITS3 B 9 ITS4
66 A 11 ITS86F B 9 ITS4
67 A 10 ITS1F B 11 ITS2
68 A 10 ITS3 B 11 ITS4
69 A 10 ITS86F B 11 ITS4
70 A 11 ITS1F B 10 ITS2
71 A 11 ITS3 B 10 ITS4
72 A 11 ITS86F B 10 ITS4
73 A 11 ITS1F B 11 ITS2
74 A 11 ITS3 B 11 ITS4
75 A 11 ITS86F B 11 ITS4
76 A 12 ITS1F B 12 ITS2
77 A 12 ITS3 B 12 ITS4
78 A 12 ITS86F B 12 ITS4
79 A 12 ITS1F B 7 ITS2
80 A 12 ITS3 B 7 ITS4
81 A 12 ITS86F B 7 ITS4
82 A 8 ITS1F B 12 ITS2
83 A 8 ITS3 B 12 ITS4
84 A 8 ITS86F B 12 ITS4
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Sequence name

Primer sequence (5'-3")

Reference

A CGTATCGCCTCCCTCGCGCCATCAG
B CTATGCGCCTTGCCAGCCCGCTCAG
ITS1F CTTGGTCATTTAGAGGAAGTAA Gardeslagg% Bruns,
ITS2 GCTGCGTTCTTCATCGATGC Whi;&; geé al.,
ITS3 GCATCGATGAAGAACGCAGC Whii&; sct) al.,
ITS4 TCCTCCGCTTATTGATATGC Whii% 9ect) al.,
ITS86F GTGAATCATCGAATCTTTGAA Vancov and
Keen, 2009
MID7 CGTGTCTCTA
MID8 CTCGCGTGTC
MID9 TAGTATCAGC
MID10 TCTCTATGCG
MID11 TGATACGTCT
MID12 TACTGAGCTA

) sa.: sample
) Am.: amplicon

() Re.: replicate

() A: 454 pyrosequencing adapter A, B: 454 pyrosequencing adapter B
() MID: Multiplex identifier
(®) ITS: Internal transcribed spacer
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MDS1

MDS1

MDS2

MDS1

Supporting Information Figure S3.1 Non-metric multi-dimensional
(NMDS) comparing community dissimilarities (based on Bray-Curtis distances)
between each replicate (n = 4) of a sample (n = 7). Replicates are indicated by the
same icon colour within a graph. Replicates with more similar communities are

plotted more closely together than more dissimilar replicates. A. ITS1F/ITS2. B.

ITS3/1TS4. C. ITS86F/ITSA4.
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Supporting Information Figure S3.2 Bar charts displaying the relative amount of

reads that were assigned to a specific species-level operational taxonomic unit (OTU)
by each primer pair used in this study (ITS1F/ITS2, ITS3/ITS4 and ITS86F/ITS4).

Only the four most abundant species-level OTUs were displayed. The x-axes display

all replicates and samples separately, where replicates appear as bars in the same

colour and samples as different colours. The y-axes show the amount of reads found

by a specific primer pair for one replicate of a sample relative (%) to the total amount

of reads found for that OTU across all primer pairs, replicates and samples. A.

Sistotrema sp. B. Cladophialophora minutissima C. Wilcoxina mikolae and D.

Rhizopogon luteolus.
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Chapter 4: Impact of metal pollution on fungal diversity and

community structures

Op De Beeck M, Lievens B, Busschaert P, Rineau F, Smits

M, Vangronsveld J, Colpaert 1V

SUMMARY

The impact of metal pollution on plant communities has been studied
extensively in the past, but little is known about the effects of metal
pollution on fungal communities that occur in metal-polluted soils. Metal-
tolerant ecotypes of the ectomycorrhizal fungus Suillus Iluteus are
frequently found in pioneer pine forests in the Campine region in Belgium
on metal-polluted soils. We hypothesized that metal pollution would play
an important role in shaping belowground fungal communities that occur in
these soils and that Suillus luteus would be a dominant player. To test these
hypotheses, the fungal communities in a young pine plantation in soil
polluted with zinc and cadmium were studied using 454 amplicon
pyrosequencing. Results show that zinc, cadmium and soil organic matter
content were strongly correlated with the fungal community composition,
but no effects on fungal diversity were observed. As hypothesized, S. luteus
was found to be a dominant member of the studied fungal communities.
However, other dominant fungal species, such as Sistotrema sp., Wilcoxina
mikolae and Cadophora finlandica were found as well. Their presence in
metal-polluted sites is discussed.

Keywords: mycorrhiza, metabarcoding, metal pollution, zinc, cadmium,

fungal diversity
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INTRODUCTION

Due to pyrometallurgical industry, vast areas throughout the world have
been polluted with high concentrations of heavy metals such as zinc (Zn),
cadmium (Cd), lead (Pb) and copper (Cu). Increased concentrations of
metals in soils are known to adversely affect biodiversity. At low metal
exposure, many organisms can still survive through metabolic adjustments.
However, when cellular metal homeostasis becomes disrupted, populations
of more sensitive organisms are expected to collapse, leaving only most
adapted species (Bradshaw and McNeilly, 1981; Al-Hiyaly et al., 1990;
Mergeay et al., 2003). Ernst (1990) for example, observed a decrease in
floristic diversity along transects towards metal smelters. Consequently,
specialized plant communities occur on metal-polluted soils, mainly
consisting of metal-resistant (plants with sufficient phenotypic plasticity to
survive the harsh conditions) and metal-tolerant plant species (plants with
genotypes adapted to high metal concentrations through micro-evolution).
Whereas some plant species are endemic to metal-polluted sites, others
can build stable populations on both polluted and non-polluted sites.
Especially grasses are well-known to develop metal-tolerant ecotypes
(Schat et al., 2000), but also a few dicotyledonous plant species have been
found to flourish on metal-polluted soils (Alford et al., 2010). In sharp
contrast to the vast body of literature that is available on (pseudo-
)Ymetallophytes, little is known about the fungal species that occur in metal-
polluted soils. Studying fungal diversity is crucial to understand
belowground ecosystem functioning. Moreover, the presence or absence of
key mycorrhizal fungi may have a strong impact on the establishment and
fitness of plants on metal-polluted sites (Hildebrandt et al., 1999). Recent
studies focusing on phytoremediation of metal-polluted soils have
illustrated that mycorrhiza can protect their host plants from metal-toxicity
and even enhance the efficiency of phytoremediation by enhancing plant
growth, the mobilization of metal ions and the translocation of metals to

plants (Leung et al., 2013). A better understanding of belowground fungal
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community structures and the factors shaping fungal communities
therefore provide information that will not only help us to understand fungal
ecology in general, they will also help us to develop strategies to reduce or
remediate the human impact on the living environment.

In the past, the impact of metal pollution on microbial communities has
been studied (e.g. Chodak et al., 2013; Corneo et al., 2013). In general,
shifts in microbial community compositions are found, but most studies do
not reveal which species dominate belowground communities in metal-
polluted soils and which species are unable to colonize highly polluted soil
patches. To better understand ecosystem functioning and community
dynamics in stressful environments, it is desirable to identify members of
communities of interest at a species level. For example, basidiocarps of
Zn- and Cd-tolerant strains of the ectomycorrhizal basidiomycete Suillus
luteus (L.) Roussel, can be frequently found in pioneer conditions on Zn-
and Cd-polluted sites in the Campine region in Belgium (Colpaert et al.,
2000; 2004; Krznaric et al., 2009). We therefore hypothesized that S.
luteus would dominate the belowground fungal communities of metal-
polluted sites in the Campine region. Furthermore, we also hypothesized
that metal pollution would be a strong driving factor determining fungal
communities thriving in these soils. To estimate the relative importance of
metal pollution in shaping fungal communities, we also evaluated the
effects of a number of environmental variables that are known to potentially
affect fungal community composition and fungal diversity at the species
level (Hartmann et al., 2012; Azarbad et al., 2013; Uroz et al., 2013).

MATERIALS AND METHODS

Study site and sampling

A study site located in a metal pollution gradient in the Campine region in
the northern part of Belgium (Lommel-Maatheide: 51° 14’ 10” N; 5° 15’
50" E) was selected for this study (Colpaert et al., 2004). The study site is

part of a large area that has been contaminated by a zinc smelter that was
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active from 1904 until 1974. This particular zinc smelter has been shut
down for almost forty years, but still hardly any vegetation had re-colonized
the polluted area by the start of the current study. One year old nursery
seedlings of Scots pine (Pinus sylvestris L.) were planted in 2008 in an area
where topsoil was removed and where no trees have been present for the
past few decades. The disturbance of the topsoil introduced great
heterogeneity in the newly exposed soil and resulted in large differences in
metal concentrations over short distances. Trees were planted in a grid with
a distance of approximately two meters between each tree. Mosses,
lichens, and a few grass species form the accompanying primary pioneer
vegetation at this site. The soil at the study site is a dry sandy soil without
a litter layer, poor in organic matter and slightly acidic. The average soil
organic carbon content was 0.8% % 0.2 % (SE) and the average pH was
4.8 £ 0.1 (SE). Zn concentrations in pine needles, one year after pine trees
were planted, ranged from 176 ug g dry pine needle weight to 545 ug g-
1 with an average of 348 ug gt. Cd concentrations ranged from 0.1 ug gt
to 7 ug gt dry pine needle weight with an average of 2 ug g. In the
Campine region, pines growing on non-polluted soils contain roughly 50 pg
g! Zn and < 0.1 pg gt Cd in their needles. An overview of all measured
environmental variables can be found in Fig. 4.1 and Fig. S4.1. The region
has an average annual rainfall of 800 mm per square meter and the
average annual temperature is 10°C (Royal Meteorological Institute, Ukkel,
Belgium). For the current study, twenty-two pine trees were randomly
selected and marked in 2009 within an area of 40 m by 400 m. Soils were
sampled in November 2009 and again in November 2011. More specifically,
for fungal community analysis soil samples were collected with a soil corer
with a diameter of 1 cm at a depth of 0 to 20 cm. For each tree, five samples
were collected according to the cardinal directions at different distances
from the stem. These included samples collected immediately next to the
stem and at a distance of 25 cm, 50 cm, 75 cm and 100 cm from the stem
bases (Fig. S4.2).
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Figure 4.1 Comparison between sampling years (2009 and 2011) of environmental
variables that correlated with observed fungal community compositions. Significant
differences at the 95% confidence level are indicated with an asterisk (*). A. Soil Zn
concentrations. B. Needle Zn concentrations. C. Soil Cd concentrations. D. Needle

Cd concentrations. E. Soil organic matter (OM) content.
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Samples were pooled for each of these distances and mixed before they
were sealed in plastic bags and brought to the laboratory, resulting in a
total of five pooled samples for each tree with each sample representing a
certain distance from the stem. Additionally, samples for physical and
chemical soil characterization were collected next to each selected tree with
a soil corer with a diameter of 10 cm at a depth of 0 to 20 cm. To estimate
the metal concentrations that pine trees were exposed to in the field, pine
needles were collected from the most recently emerged shoots. Following
arrival 