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CHAPTER 1

Soil, the heterogeneity of C sources and bacterial lifestyles

The very existence of microorganisms has a long-standing influence on life on Earth, as
they are involved in many of the life support functions of ecosystems. A vast majority of
the microorganisms resides in the living soil, which can be characterized as an intricate
‘motor system’ that sustains the form of life as we know it on earth. In reality, the living
soil is an extremely complex environment, with a number of “players” such as bacteria,
fungi, protozoa, nematodes, plants and small animals that have interactions of different
kinds (Standing and Killham 2007). The nature of the interactions among these living
soil organisms is strongly affected by the physical and chemical properties of the soil that
determine the nature of the soil habitats. However, the activities of microorganisms in
soil also bring about continuous changes in these habitats and so local conditions are
commonly highly dynamic (Standing and Killham 2007).

Bacteria show a range of different lifestyles in soil (Van Elsas et al. 2007). In eco-evo-
lutionarily terms, bacterial populations in soil — as they are subjected to changing sur-
rounding conditions — will show adaptation to these — provided they are endowed
with the capacity to be selected (selectability) — over evolutionary time. Such adapta-
tions to soil environment may be characterized by an accumulation of capacities that
enable a bacterium to deal with fluctuating environmental conditions, in particular with
respect to the often low supply of carbon and energy sources (Konstantinidis and Tiedje
2004). The genomes of such bulk-soil-adapted bacteria are often large, and that may be
overloaded with a diversity of substrate uptake and utilization systems. Thus, the occu-
pation of niches in the soil by different organisms is probably directed by their capacities
of efficient utilization of the different resources in soil. In theoretical (1:1) competitive
situations, this precludes the co-existence of different organisms in the shared (or semi-
shared) niches (Van Elsas et al. 2007).

The soil system, despite being carbon (C) scarce in an overall sense, possesses micro-
habitats that support enhanced organismal activities and are termed ‘hotspots’. Such soil
‘hotspots’ are nutritionally privileged, as they can host a number of microorganisms that
can co-exist on the basis of diverse resources and thus thrive. Soil under the influence of
plant roots (the rhizosphere) is one of these ‘hotspots’, as ca. 10 to 40% of the plant pho-
tosynthates are deposited there, in the form of organic substrates and plant mucilage (De
Boer et al. 2005; Sgrensen and Sessitsch 2007). The rhizosphere therefore attracts a vast
majority of microorganisms, including bacteria and fungi, to reside in the plant-root
proximity. Whereas the rhizosphere has been relatively well studied, other activity
hotspots in soil have received less attention. One such hotspot, i.e. the soil zone under
the direct influence of fungi, has been coined the ‘mycosphere’ (Warmink and van Elsas
2008). In this microhabitat in soil, potentially ‘selected’ microorganisms dwell and inter-
act ‘tightly’ with each other. The presence and activity of fungal hyphae as the ‘drivers’ of
the local activity in this hotspot is thought to be dependent on the provision of coloniz-
able surfaces (the fungal highway; Kohlmeier et al. 2005) next to nutritive compounds
(carbon and energy nutrition).
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GENERAL INTRODUCTION

Soil bacteria undergo an enhancement of activity, and potentially of interactions,
when they dwell in niches in the rhizosphere, the mycosphere or the mycorrhizosphere
(defined as a site influenced by combination of plant roots and fungal hyphae). In these
niches, bacteria may reveal particular paths of adaptation that relate to their prior inter-
actions in the hotspots or even in bulk soil. Disentangling these interactions and under-
standing the underlying mechanisms that have been responsible for such ecological and
evolutionary success represents a great challenge to current-day microbiology research.
In the research, the power of genomics and transcriptomics is to be unleashed on natural
as well as model systems, thus allowing to interrogate these with respect to the eco-evo-
lutionary questions on the microbial populations that are addressed.

The Burkholderia terrae — fungal interactome as a paradigm of soil
bacterial-fungal interactions

The genus Burkholderia was described as early as 1942 by Walter Burkholder, and in its
first description encompassed bacterial pathogens of carnation and onion (Burkholder
1942). In a second step, Yabuuchi et al. (1992) proposed a revamping of the genus Burk-
holderia, establishing a seven-species genus. After these initial efforts, the number of
species belonging to the genus has increased enormously, as — (according to www.bac-
terio.net) — in May 2016 it was reported to contain 100 species that were obtained from
a wide range of different ecosystems.

Burkholderia terrae (ter'rae. L. gen. n. terrae of the earth) is a Gram-negative, motile,
slightly curved rod, which for the first time was isolated from forest soil near the Korea
Advanced Institute of Science and Technology (KAIST), Daejeon, South Korea. The first
isolate was named KMY02T (Yang et al. 2006). Strain KMY02T was described as an aero-
bic heterotrophic bacterium, which was able to grow on R2A medium in a temperature
range of 25-30°C (mesophile). Nitrogen fixation is a known trait of strain KMY02T while
it does not reduce nitrate. It was reported to utilize a wide range of C compounds (Yang
et al. 2006).

Another B. terrae strain, denoted BS001, was isolated as an occupant of the mycos-
phere of Laccaria proxima in the Netherlands. Moreover, it was found to be a co-migrant
based on its capacity of movement along the hyphae of Lyophyllum sp. strain Karsten in
controlled soil microcosm experiments (Warmink and van Elsas 2008, Warmink and van
Elsas 2009). The migratory behaviour of B. terrae BSO01 was posited as a ‘trademark’
phenomenon as it underlies the very concept of viable niche exploration, bearing on the
Darwinian struggle for fitness and existence. This conceptualization was further
strengthened by the finding of the ability of strain BSO01 to form biofilms on the sur-
faces of Lyophyllum sp. strain Karsten during the co-cultivation of the two partners on
water agar (Warmink and van Elsas 2009). The higher abundance of the BS001 popula-
tion on young hyphal tips as opposed to older tips further corroborated the fact that
migration along the growing hyphae was mediated by bacterial motility. Such motility
presumably took place in water films around the fungal hyphae (Warmink and van Elsas

11‘



CHAPTER 1

2009). Another intriguing property of B. terrae BS001 lies in its ability to ‘support’ non-
migrant bacterial species to hitchhike along the growing fungal hyphae in soil settings
(Warmink et al. 2011). Based on such capacities, strain BS001 was selected for further
studies in order to ascertain its potential and success as a ‘generic’ mycosphere dweller.
B. terrae BS001 was later found to induce the release of C compounds — such as glyce-
rol — during its interaction with Lyophyllum sp. strain Karsten in liquid microcosms
(Nazir et al. 2013). Such interactions also led to the suppression of primordium forma-
tion in Lyophyllum sp. strain Karsten, a phenomenon that was postulated to have impor-
tant ecophysiological implications. A striking feature of B. terrae BS001 was its ability to
associate with a number of fungal species, which highlights its successful colonization of
the ‘mycosphere’ as well as other potential soil microhabitats (Nazir et al. 2014). As a
potential pay-back to the fungi, strain BSO01 was reported to have a role in the protec-
tion of fungi against antagonists in the soil (Nazir et al. 2014).

The interaction of B. terrae BS001 with fungi could be tracked back to an ectomycor-
rhizal fungus that occurs at Dutch hazel trees. A Laccaria proxima (phylum Basidiomy-
cota) was thus identified. This fungus is commonly found in forests with acidic soil where
it forms symbiotic relationships with the forest hazel trees (Warmink and van Elsas 2009,
O'Reilly 2011). It also goes by the synonyms Laccaria laccata var. proxima, Clitocybe prox-
ima and Laccaria proximella (O'Reilly 2011). The cap of the L. proxima mushroom is 2 to
8 cm in diameter; it is convex in the initial stages and becomes flat-topped at maturity
(O'Reilly 2011). The younger gills are deep and pinkish-lilac which are interspersed with
shorter gills. The stem of L. proxima ranges from six to 10 mm in diameter and is six to
12 cm tall (O'Reilly 2011). Lyophyllum sp. strain Karsten was reported to be a close
saprotrophic relative of the ectomycorrhizal L. proxima (Warmink and van Elsas 2009).

Other systems involving Burkholderia species

The interactive lifestyle of Burkholderia species has been observed in other host organ-
isms, involving various species. First, interactions of different Burkholderia species with
plants, in particular in the rhizosphere, but extending to galls on leaves, have been well
described (Salles et al. 2004, Salles et al. 2006, Weisskopf et al. 2011, Carlier and Eberl
2012, Paungfoo-Lonhienne et al. 2014, Kost et al. 2014, Stopnisek et al. 2014). More-
over, Burkholderia species have also been found in association with fungi, albeit from a
perspective different from the above. For instance, fierce competition between Burk-
holderia species and soil fungi has been described. This includes the competitive behav-
iour towards different fungi, i.e. Alternaria sp., Fusarium sp., Rhizoctonia sp., and Asper-
gillus sp. (Groenhagen et al. 2013, Palumbo et al. 2007, Li et al. 2007, Quan et al. 2006).
Such competitive interactions between Burkholderia (different species) and distinct fungi
is apparently either antibiotic-or volatile-mediated (Groenhagen et al. 2013).

Some Burkholderia species have also been reported to reside in confined (secure)
environments, i.e. within other organisms. One example is that of B. rhizoxinica — an
endosymbiont of the rice pathogenic fungus Rhizopus microsporus (Partida-Martinez and
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GENERAL INTRODUCTION

Hertweck 2007). The interaction incites the bacterial production of rhizoxin, which Rhi-
zopus (Schmitt et al. 2008) uses to cause rice blight. Others have reported that Burk-
holderia specie can have roles in the weathering of minerals in the mycorrhizosphere of
Scleroderma citrium (Lepleux et al. 2012), an activity that has lasting benefits for fungi
and plants during their growth (Uroz et al. 2007, Uroz et al. 2009).

Motivation of this study

From the foregoing, it is apparent that the genus Burkholderia encompasses a highly
diverse group of organisms with widely divergent life styles. In a living soil, Burkholderia
species are likely confronted with temporally and spatially fluctuating conditions, and
the prior knowledge on the interactivity of B. terrae with soil fungi represents a token of
a highly specific evolutionary path.

Thus, I here took organism from this genus as my study object. In effect, I established
a model system representing mycosphere- and soil-isolated B. terrae strains, Lyophyllum
sp. strain Karsten and Trichoderma asperellum 302.

Outstanding questions with respect to the B. terrae - fungal interactions

Although bacterial motility and the type 3 secretion system (T3SS) have implicitly been
mentioned in previous studies of our model bacterial-fungal interaction (Warmink and
van Elsas 2008, Warmink and van Elsas 2009), the definite proof for the involvement of
such systems was lacking at the start of this study. Moreover, a suite of B. terrae strains
was found to be fungal-interactive (Nazir et al. 2012), with a single strain (BSO01) inter-
acting positively with diverse fungal hosts (Nazir et al. 2014). However, no robust mech-
anistic information on these interactions was available at the start of this study. I thus
asked specific questions about the B. terrae — fungal interactions, as follows:

1. What types of genetic systems are carried and potentially used by fungal-
interactive B. terrae strains?

This first and foremost question about the interactivity of B. terrae BSO01 with a wide
range of fungi (Nazir et al. 2014) inspired us to first look at the genetic potential of
strain BSO01. Taking into account all previous studies, our questions focused on the
genetic systems that might be involved and have broad roles in the interaction with soil
fungi. In particular, what makes strain BS001 such a successful dweller of the mycos-
phere and beyond? Do the protein secretion systems — in particular the T3SS — play
vital roles in the interaction? Do we see any horizontal genetic acquirements over the
trackable evolutionary life history of strain BSO01 and would these guarantee its suc-
cessful adaptation to the fungal-defined niches and other potential hosts? And, with ref-
erence to the findings of Nazir et al. (2013), does B. terrae BS001 harbor any identifiable
genetic potential to reap benefits from the ecological conditions offered by the fungus in
terms of released glycerol or other compounds?
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CHAPTER 1

2. What type of transcriptional responses are revealed by B. terrae BS001

during its interaction with Lyophyllum sp. strain Karsten?

Addressing questions regarding the presence or absence of genetic systems that presum-
ably play roles in the interactivity of strain BSO01 with different soil fungi needs a fol-
low-up by more focused attention to the transcriptional responses of such systems.
Therefore, to obtain a clear picture of the state of events during the interaction of B. ter-
rae BSO01 with Lyophyllum sp. strain Karsten, I interrogated the genes and operons that
might be responsive to the presence of the fungus during a confrontation experiment. To
put that in an ecological perspective, the transcriptional responses were assessed in a
soil-mimicking system at different time points and physical distances between the two
partners. I specifically asked the questions: what are the transcriptional responses at the
early stages of the interaction when the two partners are physically apart? Do such
responses change when physical interactions take place? Is this interactive process
dynamic or does it follow a certain trend? What are the effects of the medium used on
the outcome of the interaction?

3. Which chemical parameters provide the cues triggering a response?
Interactions between bacteria and fungi in any system would not be feasible without
chemical cross-talk between the two partners. To obtain insights into which chemical
cues take part in such communication and signalling, I asked the following question:
Does chemotaxis of the bacterial cell population take place during the interaction
between B. terrae BSO01 and two selected soil fungi, i.e. Lyophyllum sp. strain Karsten
and T. asperellum 302? The second line of investigation was to explore the putative
chemical cues that are released by the two fungal strains and perceived by a cohort of B.
terrae strains, including the type strain 17804T. The potential role of oxalic acid/oxalate
in the interaction of bacteria and fungi was then addressed by asking whether it is pres-
ent in the system and acts as a signalling molecule or a potential carbon source. Are the
chemical cues and carbon sources released by the two fungi similar or different?

4. What type of physical interactions may take place?

Earlier observations about the formation of a biofilm by B. terrae BSO01 around the
hyphae of Lyophyllum sp. strain Karsten by Warmink and van Elsas (2009) and Nazir et
al. (2014) led us to ask the question: what are the potential anchoring sites on the fun-
gal cell wall that strain BSO01 attaches to? In collaboration with Prof. Barreto-Bergter’s
group (UFRJ, Brazil), I placed an emphasis on the potential of fungal cell envelope
ceramide monohexosides (CMH) to serve as such anchors.

Summary
I placed a focus on: (1) the ability of B. terrae strains to reap the ecological benefits

offered by soil fungi under carbon- and energy-limiting conditions, (2) the role of
chemotaxis and metabolic signalling in the establishment of interactions with Lyophyl-
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GENERAL INTRODUCTION

lum sp. strain Karsten and T. asperellum 302, (3) the genetic potential of B. terrae BSO01
and (4) the gene expression patterns of strain BSO01 during the onset and establishment
of its interaction with Lyophyllum sp. strain Karsten. Using these model organisms (B.
terrae strains, Lyophyllum sp. strain Karsten, and T. asperellum 302), this thesis took two
approaches (1) explorative — using comparative genomics and transcriptomics, and (2)
hypothesis-driven — assessing chemotaxis, fungal exudation, the role of oxalic acid/
oxalate and the intricate physical associations between B. terrae cells and the target
fungi. On the basis of the broad fungal interactivity of B. terrae strain BS001, I here posit
that the findings reported in this thesis have significant impacts in advancing our funda-
mental understanding of the mechanisms underpinning bacterial-fungal interactions
even in a broader eco-evolutionary context.

Objectives of this thesis

The objectives of this thesis are to dissect the complexity of the interactions between B.
terrae and its target fungi in soil, with emphasis on the bacterial behaviour. Thus, I
hypothesized that B. terrae is a soil bacterium that has part of its lifestyle in the bulk soil
and that has ‘learned’ to take advantage of the benefits offered by the hyphae of diverse
fungi should these appear in its vicinity expanding its niche. It is important to notice that
soil bacteria, even if they are equipped with flagellar and other motility systems (i.e.
twitching or gliding motility), normally cannot explore large distances due to a generic
lack of connectivity of the water-linked pores in soil. Taking advantage of classical micro-
biological approaches and more advanced ‘omics’ tools, I here aimed at advancing our
understanding of the B. terrae BS0O01 — Lyophyllum sp. strain Karsten and T. asperellum
302 interactions in soil or soil-mimicking systems.

General research questions:

1. What are the genome size and composition of B. terrae BS001 and to what extent do
the genes and operons underpin the interactivity of BSO01 with diverse fungi in soil?

2. What genes and operons of B. terrae BS001 are transcribed and thus important for its
survival and interaction with Lyophyllum sp. strain Karsten at different time points
during the interaction in soil?

3. How do partners in the bacterial-fungal interaction sense the presence of each other?
And, are there any communication channels between the two partners?

4. What potential anchoring sites do fungi possess on their cell walls that fungal-inter-
active Burkholderia species attach to?

5. To what extent are fungal-interactive soil Burkholderia species attracted towards fun-
gal-released compounds?

6. What is the role of oxalic acid/oxalate in the interaction between Burkholderia
species and soil fungi?

15



CHAPTER 1

Hypotheses:

1. A myriad of genetic systems is present on the genome of B. terrae BS001, enabling it
to be ecologically flexible and successfully interact with fungi. The ample genetic
potential of strain BS001 is necessary for niche adaptation/differentiation during
changing local environmental conditions.

2. The interaction between B. terrae BS001 and Lyophyllum sp. strain Karsten is com-
plex and depends on local conditions, the physical distance between the two partners
and the available resources.

3. Ecological tradeoffs (growth and tolerance) are at the basis of the interactions
between B. terrae BSO01 and Lyophyllum sp. strain Karsten, with the local niche con-
ditions (availability of nutrients) determining the outcome of such interactions.

4. Specific fungal cell surface structures constitute an anchorage site for B. terrae enabling
the organism to ‘hang on’ to these during the physical bacterial-fungal interaction.

5. Fungi release different compounds that serve as signalling molecules as well as
potential C sources for B. terrae BSO01 and related strains.

Outline of the thesis

This thesis sequentially addresses the questions and hypotheses discussed in the forego-
ing in chapters 2 through 6. A flow chart of the thesis questions is given in Fig. 1.1.

In order to understand the nature of the interactions between bacteria and fungi in
detail, a solid background discussion regarding previous work carried out in this area is
provided in chapter 2. This chapter provides an elaborate review of the literature related
to bacterial-fungal interactions, and highlights that such interactions are complex in
nature, pinpointing a number of genetic systems — from a bacterial point of view — that
may drive the bacterial-fungal interactions in soil. The information gathered in chapter
2 led to the hypothesis that the exceptionally large genome of B. terrae BSO01 possesses
ample genetic information — of complex nature — that is necessary for its successful life
in soil and the interaction with other soil organisms such as fungi.

Chapter 3 analyzes the B. terrae BS001 genome, focusing on the genetic systems that
are potentially involved in the interaction of strain BSO01 with soil fungi. A comparative
genomics approach was followed and questions about the commonality and differences
of strain BSO01 and other Burkholderia species are posed. This chapter also highlights
some conspicuous horizontal gene transfer events that presumably occurred in the evolu-
tionary life history of strain BS001. Furthermore, chapter 3 provides a glimpse of the
metabolic potential of B. terrae BSO01 and addresses questions concerning the impor-
tance of membrane transporters (key to perceiving the surrounding environment) as well
as metabolic systems that make part of the genome?

Chapter 4 addresses questions about the activity of particular genes and operons of
B. terrae BS001 during its interaction with Lyophyllum sp. strain Karsten. These ques-
tions are answered with the perspective of the two partner organisms dwelling in a nutri-
tionally-poor environment (posing stressful conditions to them) taking into account the
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GENERAL INTRODUCTION

Chapter2 —> Chapter 3 —>» Chapter4 —>  Chapter 5

—>

Chapter 6

What theoretical
description of
bacterial-fungal
interactions can
be given, on the
basis of the
model system
Burkholderia

Does B. terrae
BS001 possess
the genetic
potential to adapt
to soil niches,
including
fungal-related
ones?

What genetic
systems are
expressed
differentially
during the inter-
action of B. terrae
BS001 with
Lyophyllum sp.
strain Karsten?

Does chemotaxis
towards fungal hyphae
occur?

What mechanisms drive

the physical interaction

between B. terrae BS001
and Lyophyllum sp. strain

Karsten / Trichoderma
asperellum 302?

Is chemotactic behaviour widespread within the
species B. terrae?

What potential signalling molecules are there and
what is the role of oxalate in the interaction of

B. terrae BS001 with fungi?

To what extent is the metabolite release of
Lyophyllum sp. strain Karsten and T. asperellum 302
similar and how wide is the range of compounds
they release?

terrae -soil fungi?

Figure 1.1 A schematic flow chart of thesis questions. Graphic resources for this figure were
obtained from www.freepik.com, available as free vectors and used after modifications.

physical distance between B. terrae BSO01 and Lyophyllum sp. strain Karsten, at different
time points. Using RNA-based high-throughput sequencing, the transcriptome of strain
BS001 is thus analyzed over time. A suite of differentially expressed genetic systems are
highlighted (chapter 4), pointing at the involvement of bacterial motility (chemotaxis),
stress relief, secondary metabolites production and specific metabolism, during the inter-
action of strain BS001 with Lyophyllum sp. strain Karsten.

In chapter 5, further questions regarding the chemotaxis of B. terrae towards two
selected soil fungi, Lyophyllum sp. strain Karsten and T. asperellum 302, and the involve-
ment of potential fungal cell envelope anchorage sites during the physical interactions
with the two counterparts, are answered. By providing different carbon sources in a mini-
mal medium, the chemotactic behavior of B. terrae BS001, towards Lyophyllum sp. strain
Karsten and T. asperellum 302, was investigated. I further shifted the focus towards the
physical interaction of B. terrae BS001 and the aforementioned fungi, and in collabora-
tion with Prof. Barreto-Bergter’s group (UFRJ, Brazil), elucidated the biochemistry of the
presumed anchorage sites on the fungal cell surface and the binding capacity of B. terrae
BS001.
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CHAPTER 1

Chapter 6 presents a detailed analyses of the compounds exuded by two selected
fungi (Lyophyllum sp. strain Karsten and T. asperellum 302). This chapter addresses four
main research questions: (1) Do fungal-interactive B. terrae strains show chemotactic
behaviour towards oxalic acid/oxalate in different concentrations? (2) Does a similar
chemotactic response occur towards fungal exudates? (3) Do both Lyophyllum sp. strain
Karsten and T. asperellum 302 release oxalic acid/oxalate, next to other compounds? (4)
Does oxalic acid/oxalate act as a carbon source for B. terrae BSO01? Chapter 6 focuses
on the conundrum of whether B. terrae BS001 perceives oxalic acid/oxalate as a signal-
ing molecule and/or as a carbon source, in dependency of the concentration.

Chapter 7 presents a synthesis of all observations gathered and analyzed during the
course of this study. The results and observations obtained are presented from the
broader perspective of bacterial-fungal interactions in soil. Future perspectives and new
research lines in the field of bacterial-fungal interactions in general, and fungal-interac-
tive Burkholderia strains in particular, are discussed.
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The interactions of bacteria with
fungi in soil: emerging concepts

Irshad Ul Haqg, Miaozhi Zhang, Pu Yang, Jan Dirk van Elsas

Abstract

In this chapter, we review the existing literature on bacterial-fungal interactions in
soil, exploring the role fungi may play for soil bacteria as providers of hospitable
niches. A focus is placed on the mycosphere, i.e., the narrow zone of influence of
fungal hyphae on the external soil milieu, in which hypha-associated bacterial cells
dwell. Evidence is brought forward for the contention that the hyphae of both myc-
orrhizal and saprotrophic fungi serve as providers of ecological opportunities in a
grossly carbon limited soil, as a result of their release of carbonaceous compounds
next to the provision of a colonizable surface. Soil bacteria of particular nature are
postulated to have adapted to such selection pressures, evolving to the extent that
they acquired capabilities that allow them to thrive in the novel habitat created by
the emerging fungal hyphae. The mechanisms involved in the interactions and the
modes of genetic adaptation of the mycosphere dwellers are discussed, with an
emphasis on one key mycosphere-adapted bacterium, Burkholderia terrae BS001.
In this discussion, we interrogate the positive interactions between soil fungi and
bacteria, and refrain from considering negative interactions.
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CHAPTER 2

Introduction and the importance of microhabitats in the living soil

The living soil provides a natural habitat to diverse communities of organisms, which
play important roles in the decomposition of soil organic matter as well as in the cycling
of plant nutrients (Coleman et al. 2004, Wardle et al. 2004). These processes represent
key ecosystem services with massive impacts on global ecology. The living soil has thus
been mentioned as a hotspot in soil science, given its complex nature and the role it
plays in global biogeochemical cycling processes (Van Elsas et al. 2007).

The heterogeneous nature of the living soil governs the vast diversity of the soil
microbiota (Standing and Killham 2007). Soil is biologically very rich and diverse, as
compared to other natural habitats (Dance 2008). The prokaryotic abundance, which is
largely bacterial (Torsvik et al. 2002), can be as high as 4.8x107 to 2.1x1010 cells cm™3,
with, in some cases, up to 8,800 different species genomes, depending on the soil type.
Next to bacteria, other organisms such as archaea, fungi, protozoans, and nematodes are
abundant in soil (Nazir et al. 2010). Key factors in the soil, such as nutrient status, soil
type, pH, moisture, and plant species and age, direct the activity, diversity, and commu-
nity composition of soil organisms (Graystone et al. 1998). Among the soil organisms, in
particular bacteria and fungi are important, as they are by far most numerous and also
because of their essential roles in the functioning of soil (De Boer et al. 2005, Frey-Klett
et al. 2007, Johansson et al. 2004, Poole et al. 2001, Uroz et al. 2007).

How is the microbiota distributed in soil? We know that soil consists of different
microenvironments, also called “microhabitats”. For instance, depending on local influ-
ences, we can distinguish the rhizosphere (zone of influence of plant roots), mycosphere
(zone of influence of fungal hyphae; Warmink and van Elsas 2008), mycorrhizosphere
(zone of influence of roots and hyphae), next to the residuesphere (zone determined by
decaying organic matter) and bulk soil. A particular form of the mycosphere occurs at
the dense fungal hyphae in soil immediately under fungal fruiting bodies (Warmink and
van Elsas 2008), often of mycorrhizal fungi. In this mycosphere, bacterial growth is stim-
ulated, as photosynthates from plants become available via the hyphal network of the
fungi, in the form of exudates or lysed and sloughed-off cells. Such compounds will then
be used by soil bacteria for their growth and clonal expansion in the mycosphere. The
bacterial abundances in the mycosphere have been shown to be higher than the bulk soil
(Warmink and van Elsas 2008), indicating a selective effect of fungi on soil bacteria.
Although we understand the mycosphere effect in simple terms (i.e. as provider of car-
bon), we know very little of the underlying bacterial-fungal interactions and hence the
fungal-soil interface needs to be explored comprehensively.

In addition, the mycorrhizosphere is defined as the microhabitat in soil where plant
roots are surrounded by fungal hyphae and the two living entities affect their surround-
ings (Rambelli 1973). Both the plant roots and the associated fungal networks are driv-
ers of the microbial communities in the mycorrhizosphere (Nazir et al. 2010). The myc-
orrhizosphere is often quite persistent along the plant’s life span, as mycorrhizal
associations are vital for many plants (Frey-Klett et al. 2007). Therefore, mycorrhizal
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fungi have a great influence on mycorrhizosphere-dwelling bacterial communities and
vice versa (Johansson et al. 2004).

In contrast to the mycorrhizosphere, the mycosphere may be rather transient, as it is
affected by the growth, survival, aging, and death of the fungal hyphae that built the
structure. The conditions in this microhabitat are shaped, in different ways, by fungi as
well as their associated bacteria. Generally speaking, the ecological effects exerted by
both the mycorrhizosphere and mycosphere on inhabitant soil bacteria could be positive,
neutral, or detrimental, depending on how the local conditions are affected by the fungi
(Nazir et al. 2010). In this review, we focus on the positive effects of soil fungi on
bacteria, as great progress has been made in recent years. However, we recognize the
important developments made in studies on negative interactions. For instance, it has
recently been shown that the polyyne-like collimomycins produced by Collimonas fungi-
vorans Ter331, inhibited the growth of Aspergillus niger, indicating detrimental associa-
tion (Fritsche et al. 2014).

Bacterial-fungal interactions in soil

Prevalent bacterial communities associated with soil fungi

Bacterial communities associated with soil fungi, including saprotrophic and mycorrhizal
ones, have been explored according to microbiological (cultivation-based) as well as
molecular (DNA-based) methods (Table 2.1). What makes bacterial species so apt to
occupy niches in soil that are influenced by fungi (mycosphere; transient) or both fungi
and plants (mycorrhizosphere)? Is there a selection of bacterial types by fungi or is the
association process totally random? Irrespective of the type of microhabitat, it appears
logical that bacteria are selected by fungi that are locally present. Here, we review some
earlier work that at least highlights those bacterial genera that are associated with fungi.
In early work, several bacterial taxa, i.e. members of the genera Burkholderia, Pseudo-
monas, and Bacillus, were found to be associated with soil fungi (De Boer et al. 2005).
Among these, Burkholderia and Pseudomonas types may be the most abundant colonizers
of fungi in soil, in terms of relative abundances and species composition (Frey-Klett et al.
2005, Rangel-Castro et al. 2002, Timonen and Hurek 2006, Warmink and van Elsas
2009). However, rather specific bacterial types stand out by their capacity to migrate
with growing hyphae of Lyophyllum sp. strain Karsten, namely Burkholderia terrae, Dyella
japonica, and Ralstonia basilensis (Nazir et al. 2012, Warmink et al. 2011, Warmink and
van Elsas 2009). The finding of such bacterial occupants of fungal surfaces is very likely
not coincidental, as was shown by Warmink et al. (2009).

Moreover, Boersma et al. (2009) described the selection of Sphingomonadaceae family
members and in particular, Variovorax types by the ectomycorrhizal (EM) fungi Laccaria
proxima and Russula exalbicans. In other work on oak forest soil, numerous bacterial
species were isolated from the Scleroderma citrinum mycorrhizosphere. These belonged
to the genera Burkholderia, Collimonas, Pseudomonas, and Sphingomonas (Uroz et al.
2007). Moreover, particular streptomycetes were found to be associated with EM fungi,
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which can act as modulators of symbiosis with the plant (Schrey and Tarkka 2008). Also,
bacterial populations in the mycosphere (Fig. 2.1) of L. proxima encompassed, among
others, members of Pseudomonas fluorescens, Chryseobacterium piscium and Mycobac-
terium sp.. Concerning the mycorrhizosphere, EM fungi like Paxillus involutus and Suillus
bovinis have been shown to host diverse bacterial communities, indicating the existence
of different “territories” in their mycorrhizospheres (Nurmiaho-Lassila et al. 1997). Thus,
bacterial community structures in such mycorrhizospheres are thought to rely more on
the type of fungus than on the host plant (Roesti et al. 2005, Singh et al. 2008). More-
over, soil pH influences the bacterial assemblages in the mycosphere (Nazir et al. 2010),
which were found to be spatially organized. On the basis of all of these data, we con-
clude that the bacterial community structure in the mycorrhizosphere is determined by
both the fungal host and the bacterial types that are locally present, and so is
bacteria—mycorrhiza specific. Moreover, we here would like to postulate that determinis-
tic processes most likely lie at the basis of most of the microbial community structures
seen in association with soil fungi.

Interactome of soil fungi and their associated bacteria
Interactions between bacteria and fungi in soil are important, as the nutritional dynam-
ics they confer, strongly affects soil health/quality. Nutritional interactions imply that

Table 2.1 Different bacterial genera associated with fungi in soil.

Main genera Fungal host(s) References

Burkholderia, Rahnella,
Chryseobacterium, Dyella
and Pseudomonas

Warmink & van Elsas (2008)
Warmink & van Elsas (2009)

Laccaria proxima, Russula exalbicans,
Lactarius hepaticus, Laccaria
ochropurpurea and Scleroderma citrina

Chondromyces, Cellvibrio,
Lysobacter, Flexibacter
and Pseudomonas

Streptomyces

Collimonas, Sphingomonas,
Burkholderia and Pseudomonas

Bacillus, Pseudomonas,
Paenibacillus and Arthrobacter

Pseudomonas

Bacterium-like objects (BLOs),
Candidatus Glomeribacter
gigasporarum

Burkholderia

Collimonas

24

Glomus geosporum
and Glomus constrictum

Amanita muscaria

Scleroderma citrinum

Glomus sp. MUCL 43205 and
Glomus intraradices MUCL 43194

Gigaspora rosea

Glomus catedonius, Gigaspora
margarita, Scutellospora persica,
Scutellospora castanea

and Glomaceae

Gigaspora decipiens

Chaetomium globosum,
Fusarium culmorum, Mucor hiemalis
and Aspergillus niger

Roesti et al. (2005)

Schery et al. (2007)
Uroz et al. (2007)

Toljander et al. (2006)

Gamalero et al. (2008)

MacDonald & Chandler (1981)
Scannerini & Bonfante (1991)
Bianciotto et al. (1996)
Bianciotto et al. (2003)

Levy et al. (2003)

De Boer et al. (2005)
Fritsche et al. (2014)
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either bacteria feed on fungi or their released products (De Boer et al. 2005, Leveau and
Preston 2008) or, vice versa, fungi feed on bacteria or their released products (Hilde-
brandt et al. 2002, Hildebrandt et al. 2006). Bacteria can obtain their nutrients from
fungi by (1) living as endosymbionts inside the fungal host, (2) feeding on dying or dead
fungal tissue, or (3) taking profit of compounds exuded by the fungi. The latter is likely
to be a very prominent mechanism, and it may imply commensalism or true mutualism
(Nazir 2012). In this context, it has been reported that Burkholderia sp. of a particular
type can colonize and penetrate senescing spores of the mycorrhizal fungus Gigaspora
decipiens. They may also attach to fungal hyphae following germination, as was found
using green fluorescent protein-tagged bacteria (Levy et al. 2003). Similarly, members of
the genera Bacillus, Pseudomonas, Paenibacillus, and Arthrobacter were found to attach to
living or non-living Glomus sp. hyphae, suggesting that attachment of bacteria to hyphae
is controlled by fungal vitality and is species-specific (Toljander et al. 2006). Moreover,
several bacterial types, i.e. Chondromyces, Cellvibrio, Lysobacter, Flexibacter, and Pseudo-
monas, were shown to feed on the outer hyaline spore layer of arbuscular mycorrhizal
(AM) fungi (Roesti et al. 2005). The underlying mechanisms determining this bacterial
feeding on fungi are poorly understood. On the positive side, two mutant strains of P
fluorescens CHAO showed enhanced capacities to synthesize extracellular polysaccharides
as compared to the wild type, enabling them to adhere to the surface of AM fungi. Thus,
these bacteria apparently acquired an enhanced capacity to occupy the ‘fungal’ niche.
This finding emphasized the importance of outer cell surface structures for successful
attachment of bacteria to fungal surfaces (Bianciotto et al. 2001).

Figure 2.1 The microbial “loop” in the mycosphere. Different bacteria show different abundances in
the mycosphere. Some bacteria can attach to fungal cells (A) and stimulate the production of fungal
exudates (B). They can also mediate the adhesion of other bacteria (C). Moreover, some of them
can form a biofilm along the fungal hyphae (D).
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Akin to attachment to plant roots, lectins secreted by truffles allow binding of cells of
Rhizobium sp.. Thus lectins constitute a molecular determinant of rhizobial attachment
(Cerigini et al. 2008). Other associations of bacteria with soil fungi have also been
found. For instance, in situ hybridization revealed the occurrence of a cryptic bacterium,
belonging to Paenibacillus sp., in the culture pool of Laccaria bicolor S238N (Bertaux et
al. 2003). The organism was found in fungal mats and fruiting bodies and was able to
grow with living and dead fungal cells. However, it was rarely found inside fungal
hyphae (Bertaux et al. 2005). Interestingly, Paenibacillus validus has been shown to sup-
port the growth and spore formation of Glomus intraradices independently of the plant
species with which this fungus associated (Hildebrandt et al. 2002). The probable
release of raffinose and an unidentified trisaccharide made the organism efficient in sus-
taining fungal growth until new germinating spores emerged (Hildebrandt et al. 2006).
Thus, this AM fungus could develop and complete its life cycle, possibly at the expense
of bacteria and independently of the plant host.

Mycorrhization helper bacteria and interactions

Particular bacteria in soil can assist mycorrhizal fungi in the establishment of a mycor-
rhizal association with the plant. This led to the concept of mycorrhization helper bacte-
ria (MHB), as first described and confirmed by Duponnois and Garbaye (1991). MHB are
currently a well investigated group of bacteria (Frey-Klett et al. 2007). Importantly, they
can exert a key role in symbiotic associations that are under stress due to drought (Vivas
et al. 2003b) or heavy metals like cadmium (Cd (II)) (Kozdroj et al. 2007), zinc (Zn)
(Vivas et al. 2006), and lead (Pb) (Vivas et al. 2003a).

Mechanisms involved in the MH effect include the production of factors that stimu-
late the growth of mycelia, fungal spore germination, increased root colonization and
reduction of stress by detoxification of substances that are antagonistic. For instance, 1-
aminocyclopropane-1-carboxylate deaminase producing Pseudomonas putida UW4 (blocks
ethylene release by acting on an ethylene precursor) was found to stimulate the associa-
tion of the AM fungus Gigaspora rosea with cucumber. However, mutant P. putida UW4
lacking ACC-deaminase activity could not block ethylene synthesis and, as a result, was
less capable of stimulating mycorrhization (Gamalero et al. 2008).

MHB can also incite changes in gene expression of mycorrhizal fungi. Thus, P. fluores-
cens BBc6R8 was shown to stimulate the growth of L. bicolor S238N and change its gene
expression, activating genes involved in transcription regulation, recognition and synthe-
sis of primary metabolism proteins (Deveau et al. 2007). Hyphal growth and association
with the host plant by the EM fungus Amanita muscaria was stimulated by Streptomyces
sp. AcH 505. Morphological changes in the actin cap of the hyphae in the presence of
bacteria were observed through immunofluorescence microscopy (Schrey et al. 2007).
From these observations, we may infer that, in the establishment of bacterial-fungal
interactions, diffusible molecules are important, second to the physical contact between
partners. Recently, volatile organic compounds (VOCs) were also pinpointed as key
agents affecting the communication and interactions among the soil biota (Tarkka and
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Piechulla 2007). Thus, bacterial VOCs may affect soil fungi (including mycorrhiza) as
well as soil bacteria. These bioactive molecules are considered to be very important driv-
ers of symbioses. To fully understand the mechanisms underlying the interactions of
MHB and fungi, identification of the bioactive molecules and their mode of action needs
to be done.

Endobacteria and their interactions with mycorrhizal fungi

Already in early work, so-called bacterium-like objects (BLOs) were found inside the
hyphae of endomycorrhizal fungi (MacDonald and Chandler 1981, Scannerini and Bon-
fante 1991). Interestingly, in later work Burkholderia-related bacteria were found to live
inside different members of the Gigasporaceae based on 16S rRNA gene analysis (Bian-
ciotto et al. 1996). The key representative BLO, which presumably has conquered a key
ecological role in the host fungus goes by a new suggestive name, Candidatus Glomerib-
acter gigasporarum. So far, this organism could not be cultured (Bianciotto et al. 2003).
However, confocal and electron microscopy coupled with molecular tools confirmed that
the organism is a bacterium, possibly on its way to become a true endosymbiont or even
further down the road to turning into an organelle (Bianciotto et al. 1996).

Sequence of events in bacterial-fungal interactions, taking the B. terrae
BS001-Lyophyllum sp. strain Karsten interaction as the model

In our own work, we have taken the interaction between the mycosphere dweller B.
terrae BS001 and the reference fungus Lyophyllum sp. strain Karsten as the basis for the
emerging theories and concepts about the fungal-bacterial interactome. This, as several
key features of this interaction have been, or are being, unveiled in our recent work. On
the basis of the observations so far, we surmise that the process of bacterial-fungal inter-
actions in soil is either truly dependent or relatively independent of cell-to-cell contact
between the partners in the association, resulting in different and divergent processes of
interaction. This is further explored hereunder (Fig. 2.2).

Cell-to-cell contact-independent interaction

In this interaction, there is no dependency on physical contact between the interacting
partners (Fig. 2.2A). The perception of one partner by the other one is presumed to
come about as a result of secreted or volatilized signaling molecules. We discern the fol-
lowing steps:

SECRETION

Sender cells (of either partner) release signalling molecules to the external milieu. These
molecules could be quorum-sensing molecules, antibiotic-like substances, metabolites, as
well as VOCs. VOCs may confer an advantage, as they extend the “reach” of interaction
(Garbeva et al. 2014).
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CAPTURE

Recipient cells first sense and then utilize or process the signal molecules in the cell. In
this step, there is contact between the signal and the recipient cell, which starts up a
reaction to this signal by modulating its signal response system.

RESPONSE
The recipient cells fully respond to the signal molecules, altering their gene expression
patterns, and resulting in diverse effects such as organic compound releases (Nazir et al.
2013), or growth inhibition or stimulation.

This first set of steps may then result in an interaction which keeps cells distant from
each other (“platonic” interaction) or which incites cell-to-cell approximation (“intimate”
interaction) much like described below.
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Figure 2.2 The process of bacterial-fungal interactions. (A) Cell-to-cell contact independent inter-
action. (B-H) Cell-to cell contact-dependent interaction; (B) approximation; (C) recognition and
attachment; (D) effector injection; (E) EPS alteration; (F) bacterial growth; (G) biofilm formation;
(H) cell wall degradation.
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Cell-to-cell contact-dependent interaction

In this interaction, the perception of an interaction partner is presumed to depend on
direct cell-to-cell (physical) interaction. Hence, physical contact between the interacting
partners has to establish first, before any other step is undertaken. The following steps
can be discerned:

APPROXIMATION

Bacterial cells swim close to fungal hyphae or fungal hyphae extend to sites close to the
bacterial cells. Following either or both of these steps, the partners get in touch with
each other (Fig. 2.2B). The approximation step may be random/stochastic or it may be
“directed,” i.e. either or both of the partners sense a signal produced by the other one
(akin to the above mechanism).

RECOGNITION

Cells of the two partners in close proximity directly recognize signal molecules at the cell
wall of their interacting partner. For bacteria like B. terrae BS001, diverse cellular appen-
dages may be involved, whereas for fungi glycolipids, glycoproteins, or even chitin may
be essential for recognition (Fig. 2.2C).

ATTACHMENT

Bacterial cells attach to fungal hyphae, possibly in two steps, i.e. a reversible (loose)
interaction first, followed by an irreversible (strong) one later. They may also adhere to
the fungal cell wall on the basis of shared hydrophobicity/hydrophilicity levels, accord-
ing to the “like-dissolves-like” principle. Additionally, bacteria start to “walk” along fun-
gal hyphae by i.e. twitching motility (Fig. 2.2C).

EFFECTOR INJECTION
Bacteria can modulate fungal cell physiology by injection of effector proteins (Fig. 2.2D).

EXTRACELLULAR POLYMERIC SUBSTANCE ALTERATION

When bacteria attach to fungal surfaces, they may change the composition of their extra-
cellular polymeric substance (EPS) to facilitate subsequent processes such as intermittent
adherence and (twitching) motility. Additionally, fungi may form water films to promote
bacterial motility (Fig. 2.2E).

BACTERIAL GROWTH
Bacteria may grow at the surface of fungi (Fig. 2.2F), possibly at the expense of fungal-
released compounds.

BIOFILM FORMATION

Bacteria can form biofilms around fungal hyphae. EPS production and possible alteration
may play a crucial role in this step (Fig. 2.2G).
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CELL WALL DEGRADATION
Bacteria may start to secrete enzymes that degrade fungal cell walls such as chitinases
(Fig. 2.2H).

Selected mechanisms involved in bacterial fitness in fungal-affected
microhabitats

As proposed in the foregoing, several bacterial mechanisms may act in bacterial-fungal
interactions in soil (Table 2.2). In the light of the likely complexity of the interaction of
soil bacteria with emerging fungal hyphal tissues in the soil, we by no means would like
to suggest that the selected mechanisms are exhaustive. However, there is emerging evi-
dence for the involvement of these mechanisms in some of the steps in bacterial-fungal
interactions, and therefore these are briefly discussed in the following text.

Secretion systems

In order to productively infect fungal hosts, bacteria may excrete effector proteins into
the host cytoplasm or into the milieu. Seven different types of secretion systems, num-
bered I through VII, have been identified in bacteria (Beeckman and Vanrompay 2010).
We here discuss just the systems that are deemed to be most important in bacterial-fun-
gal interactions, i.e., the type three and type four secretion systems (T3SS; T4SS).

Type three secretion system

Among the secretion systems, the T3SSs can facilitate the export of particular virulence
proteins from Gram-negative bacteria into eukaryotic cells (Arnold et al. 2010). The
T3SS is a complex protein secretion system that is composed of up to 25 proteins (Beeck-
man and Vanrompay 2010). It is based in the bacterial inner membrane, spans this as
well as the outer membrane, reaching out to the exterior on one side and the bacterial
cytoplasm on the other. It may be involved in antagonistic interactions, as revealed by
the fact that P aeruginosa needs a T3SS to kill Acanthamoeba castellanii (Abd et al.
2008). Additionally, the biocontrol activity of P. fluorescens against Pythium ultimum on
cucumber was strongly reduced in the hrcV deficient mutant strain (hrcV is a key gene of
the T3SS) that was used (Rezzonico et al. 2005). Moreover, Burkholderia rhizoxinica uses
a T3SS in its interaction with its fungal host to establish a stable symbiosis (Lackner et
al. 2011). Finally, the B. terrae BSO01 strain, an excellent colonizer of fungal hyphae,
was shown to contain a T3SS (Warmink and van Elsas 2008) and there is circumstantial
evidence that it may play a role in the interaction.

The effector molecules that are potentially introduced into fungal cells may have
essential roles, and, as we understand very little, we are in need of tools to detect them.
Several methods have been developed to predict these effectors in genome sequences
(Arnold et al. 2010). However, actual proof of effector activity should come from experi-
ments. Moreover, in some cases, flagella and pili were indicated to play essential roles in
effector molecule transport (He et al. 2012, O’'Boyle et al. 2013).
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From work with non-fungal eukaryotic hosts, we know that expression of T3SS genes
is influenced by environmental conditions, including Ca2*, contact with host cells, meta-
bolic stress, DNA damage, Cu?* and osmolarity (Yahr and Wolfgang 2006). Moreover,
quorum sensing, such as via the Pseudomonas quinolone signal (PQS), may be involved
(Singh et al. 2010). Such chemical signals may be primordial, as cis-2-dodecanoic acid
played a vital role in T3SS expression as well as biofilm formation in P. aeruginosa (Deng
et al. 2013). Possibly, they regulate the expression of T3SS by modulating the SOS
and/or QS systems (Mellies et al. 2007, Singh et al. 2010). Additionally, the production
of PQS was inhibited by farnesol, which is found in many organisms, including Candida
albicans (Singh et al. 2010). As a consequence, the expression of T3SS can be regulated
by fungi through farnesol, next to PQS. We here conclude that, although there is accu-
mulating information about the complex regulation of the T3SS across systems, we still
lack substantial specific data on this regulation in bacterial-fungal interactions.

Type four secretion system

It has been reported that type four secretion systems (T4SSs) can act as secretors of viru-
lence proteins to host cells (Voth et al. 2012). However, T4SSs are traditionally known to
be involved in conjugation, allowing the transfer of conjugative plasmids into target
cells. Whereas such gene transfer has been known for quite some time for bacterial-bac-
terial interactions, particular bacteria have also been found to be able to introduce plas-
mids into fungi. The most prominent organism involved was Agrobacterium, which was
shown to transfer its Ti plasmid into the soil fungi Aspergillus awamori (Gouka et al.
1999), Agaricus bisporus (Chen et al. 2000) and L. bicolor (Kemppainen and Pardo 2011),
albeit under laboratory conditions. These observations reveal one key point, and that is
that the T4SS allows cytoplasmic bridges between bacterial and fungal cells to be formed.
With this possibility as the basis, we can have an open view for what the genomes of

Table 2.2 Candidate systems involved in B. terrae BSO01-Lyophyllum sp. strain Karsten interaction.

Systems Role References

Type three secretion system (T3SS)  Attachment, effector protein injection Warmink & van Elsas (2008)
Type four secretion system (T4SS) DNA secretion, biofilm formation Hagq et al. (2014)

(extracellular DNA)

Flagella Attachment, swimming Hagq et al. (2014)

Type 4 pili Attachment, swarming Nazir (2012)

Chitinase Fungal cell wall degradation Nazir (2012)

Glycerol uptake system Glycerol uptake and growth promotion Hagq et al. (2014)
Glucose-rich exopolysaccharide Biofilm formation Hagq et al. (2014)

biosynthesis (Pel)

Poly-beta-1,6-N-acetyl-D- Biofilm formation Hag et al. (2014)
glucosamine (PGA) biosynthesis
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mycosphere-dwelling bacteria offer us. For instance, the T4SS harbored by the genome
of the mycosphere-competent B. terrae BSO01, which resides on a genomic island of 72.4
kb, might be involved in conjugation (Haq et al. 2014), across bacteria in the mycos-
phere, or even from the bacterial host into the fungus. However, we do not know if this
system can also transfer effector molecules into its fungal host. Given the possibility that
genomic islands, such as the one discussed here, may play important roles in
bacterial-fungal interactions, it is vital that more emphasis is placed on studying these.

Pili and flagella

Pili of different types, as well as flagella, are appendages that occur at the outer surface
of the cells of many bacterial species. Among these, type IV pili (T4P) are key factors
involved in the attachment to host cells. Such attachment allows twitching motility and
subsequent virulence (Lemkul and Bevan 2011). The T4P is about 3-4 um long and
adhesion of T4P to a surface is normally mediated by its tip (Bakkali 2013). Host glycol-
ipids and glycoproteins are the principal anchoring points for pilus mediated attachment
(Lo et al. 2013). It has further been indicated that T4P may be associated with biofilm
formation (Heijstra et al. 2009). In the absence of fungal cells, a non-flagellated mutant
Pseudomonas strain exhibited a higher level of fitness than the wild-type strain (Pion et
al. 2013). However, the opposite situation was observed in the presence of fungal
mycelia, thus indicating that the presence of flagella offers an advantage for bacteria
when occurring at fungal surfaces (Pion et al. 2013). Flagellin, the structural unit of the
flagellum, may act as an adhesive factor for binding to the surface (Tran et al. 2011).
Flagella can also be involved in biofilm formation and cell-to-cell interactions and play
crucial roles in the adaptation of bacteria to non-water saturated environments (Pion et
al. 2013). Supporting this view was the finding that swimming and/or swarming motil-
ity of bacteria is crucial for bacterial movement along fungal mycelia (Kohlmeier et al.
2005). Moreover, our own group also reported that motility was, in all cases, correlated
with the ability of mycosphere bacteria to comigrate with the reference fungus Lyophyl-
[um sp. strain Karsten (Nazir et al. 2012). Bacterial cells can use flagella to swim to sites
close to a surface through hydrodynamic interactions. When they attach to the surface,
they can “walk” on the latter by twitching motility using their T4P (Conrad 2012). Fungi
can form liquid water films around their hyphae, which support the bacterial motility.
However, a mutant strain of P. aeruginosa PAO1, which lacked both pili and flagella, was
not able to swim or twitch, yet showed swarming motility on swarming motility plates.
Also, flagella-mutant strains could not swarm on such a plate, whereas pilus-mutant
strains showed increased spreading ability (Murray and Kazmierczak 2008). Similar
results were obtained in a study on P. aeruginosa strain PAK. The rate of association of a
mutant P. aeruginosa strain PAK (lacking pili) with a surface was similar to that of the
wild-type strain and was fourfold that of a pilU mutant strain (twitching motility nega-
tive and surface pili overexpression). Thus, pili may not be required for binding and
hyperpilation may hinder binding to a surface in P. aeruginosa strain PAK (Tran et al.
2011). So, this is still a controversial issue. Swarming ability is further affected by the
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carbon and glucose sources that are available (Murray and Kazmierczak 2008). In cer-
tain strains, the pilus may act as a lectin, mediating bacterial adherence to the host
(O’Boyle et al. 2013). The B. terrae BSO01 genome was found to carry gene clusters that
encode flagella and pili biosynthesis. It is likely that these systems are also required in
the B. terrae BSO01-Lyophyllum sp. strain Karsten interaction.

Chitinase

Chitin is an insoluble linear (3-1,4-linked polymer of N-acetylglucosamine (GlcNAc) and
it is an essential structural component of fungal cell walls. Chitinases are hydrolytic
enzymes that catalyze the degradation of chitin (Ubhayasekera and Karlsson 2012).
They occur as free proteins in open environments or as surface-bound protein (Jagmann
et al. 2012). Hjort and coworkers identified a novel chitinase, Chi1l8H8, from disease-
suppressive soil cropped with cabbage, and the enzyme showed antifungal activity (Hjort
etal. 2014). Similarly, studying a metagenomic library produced in fosmids from a
chitin-treated soil, Cretoiu and colleagues in our group recently found a gene for a fam-
ily-18 ChiA protein (fosmid clone 53), which expressed chitobiosidase activity in
Escherichia coli (Cretoiu et al. 2015). Moreover, the abundance of fungal plant pathogens
was shown to decrease in chitin-amended soil (Cretoiu et al. 2013), whereas chitinase
activity was enhanced in this treatment (Kielak et al. 2013). Additionally, a recombinant
strain of Burkholderia vietnamiensis, containing a new chitinase gene in its chromosome,
decreased the growth of various fungi by 15-21% when compared to the wild-type strain
(Zhang et al. 2012). Thus, chitinase, when expressed in bacterial associates of soil fungi,
may play a crucial role (controlling or parasitizing the fungal host) in bacterial-fungal
interactions. Additionally, N-acetylglucosamine, the product of the action of chitinase on
chitin, can induce the release of antifungal volatiles by Collimonas pratensis and C. fungi-
vorans, further inhibiting fungal growth (Garbeva et al. 2014). A range of soil fungi and
bacteria can produce chitinases. In fact, fungal cell wall chitinases have essential roles
during growth, morphogenesis, and sporulation (Adams 2004). It was suggested that
chitinase orthologs can evolve under different selective constraints following horizontal
gene transfer (HGT) between bacteria and fungi (Ubhayasekera and Karlsson 2012). In
previous work in our lab, it was found that the expression level of the B. terrae BSO01
chiA gene increased significantly in liquid microcosms with fungal mats in the so-called
compartment “E,” which is closely linked to the Lyophyllum sp. strain Karsten surface, as
compared to compartment “B” (Nazir 2012). These data indicate that the chiA gene
product may be involved in the inhibition of hyphal growth, potentially related to mush-
room formation.

Biofilm formation genes

Bacteria such as B. terrae BS001 can form biofilms along growing fungal hyphae
(Warmink and van Elsas 2009), as was shown with the reference fungi Lyophyllum sp.
strain Karsten, as well as with Trichoderma harzianum. Studies on other systems con-
firmed that EPSs, which consist of polysaccharides, proteins, nucleic acids, and lipids can
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facilitate biofilm formation, surface adhesion and biofilm stability (Flemming and
Wingender 2010). EPSs may also mediate fungal-bacterial interactions (Toljander et al.
2006). Particularly, hydrophobic EPSs were correlated with attachment of the biofilm
layers to surfaces (Ras et al. 2013). Among the different compounds that make part of
the biofilm matrix, extracellular DNA (eDNA) has attracted a lot of attention. In Bacillus
cereus, eDNA-RNA complex was present in a biofilm population, but it was absent from a
planktonic population. Mutant strains that could not release eDNA lost the capability to
attach and form a biofilm (Vilain et al. 2009). Similarly, almost no biofilm was detected
in the presence of the enzyme exonuclease I, which specifically degrades single-stranded
DNA (Zweig et al. 2013). Remarkably, Novotny and coworkers found that eDNA and
nucleic acid-binding protein were essential for biofilm stability in Burkholderia cenoce-
pacia (Novotny et al. 2013). Another study showed that eDNA plays a primary role in
initial bacterial attachment, but had little effect on mature biofilm (Tang et al. 2013). So,
eDNA can play diverse roles in distinct strains and we need more information to eluci-
date its role in biofilm formation and stability. eDNA also acted as a layer that protects
against the action of actinomycin D, a DNA-interacting antibiotic agent (Vilain et al.
2009). In some cases, eDNA was similar to chromosomal DNA, as it was derived from a
lysed subpopulation of the bacteria or from membrane vesicles (Allesen-Holm et al.
2006, Renelli et al. 2004). Remarkably, the involvement of T4SS in the secretion of
eDNA has recently been suggested (Zweig et al. 2013), which is consistent with the
recent finding in our lab that plasmids of the IncP-1 type were able to strengthen the
biofilms formed by the mycosphere dweller Variovorax paradoxus (Zhang et al. 2015b).
Extracellular polysaccharides (exopolysaccharides) are also important, as in Myxococcus
xanthus the attachment of eDNA to surfaces was mediated by these compounds (Hu et
al. 2012). Exopolysaccharides are abundant in fungi and may thus play vital roles in the
biofilm formation of bacteria around fungal mycelia.

With respect to bacterial adhesion and induction of activities, a particular case is
formed by chitin. It was shown that Francisella novicida can form biofilms on a chitin
surface (crab shell pieces). Moreover, chitinase was essential for biofilm formation by
this bacterium. So, activation of a specific biofilm formation program in a bacterium on a
chitin surface may result in the degradation of chitin, spurring bacterial growth and
survival. In addition, adhesion of the bacterium to the substrate was mediated by the so-
called ‘Sec’ translocon (Margolis et al. 2010). In other cases, T4P (Frischkorn et al. 2013)
or cellulose (Brandl et al. 2011) were required for biofilm formation by bacteria on chitin.
Bacteria that use different chitin degradation mechanisms might also coexist by formation
of a mixed-species biofilm (Jagmann et al. 2012). As fungal cell walls are composed of
chitin, such chitins may constitute true anchoring points for the attachment of bacteria to
fungal mycelia. This may result in directed gene expression, including biofilm formation.

Indeed, the fungal-interactive bacterium B. terrae BS0O01 was shown to contain genes
for two systems involved in biofilm formation, i.e. the poly-beta-1,6-N-acetyl-D-glucosa-
mine (PGA) as well as glucose-rich exopolysaccharide (Pel) biosynthetic systems Table
2.2 (Haq et al. 2014). As mentioned, B. terrae BS001 also contains a T4SS, which may
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secrete eDNA into the milieu and mediate biofilm formation. Moreover, chitin, a compo-
nent of the Lyophyllum sp. strain Karsten cell wall, could be used as an anchoring surface
inciting biofilm formation.

Fungal-released compounds in bacterial-fungal interactions

As indicated in the foregoing, the utilization of fungal-released compounds, in particular
low-molecular-weight carbonaceous compounds, is a major driver of the life of those
bacteria that associate with fungal hyphae. The release of trehalose and polyols such as
mannitol by EM fungi is certainly of influence on the local selection of bacteria (Danell
et al. 1993, Frey et al. 1997, Rangel-Castro et al. 2002a, Rangel-Castro et al. 2002b). For
instance, the use of fungal-released trehalose by fungal-associated Pseudomonas sp. is
considered to be an important element of bacterial growth in the mycosphere of the EM
fungus Cantharellus cibarius (Danell et al. 1993). Particular bacteria associated with fungi
in soil are thus selected preferentially over others. Moreover, V. paradoxus-like bacteria
(for example strain HB44) from the mycosphere of L. proxima were shown to be able to
grow on compounds released by Lyophyllum sp. strain Karsten, particularly glycerol. The
study also reported the release of other compounds, such as acetic acid and formic acid,
by the fungus (Boersma et al. 2010). More recently, it was found that Lyophyllum sp.
strain Karsten releases glycerol-rich exudates due to a stimulatory effect exerted by B.
terrae BS001, which is also an avid glycerol consumer. This phenomenon may be of great
significance for the fitness of strain BS001 in the mycosphere (Nazir et al. 2013). The
selection of particular bacterial groups in the mycosphere and other fungal-influenced
habitats in soil has thus been, at least partially, attributed to fungal-exuded carbona-
ceous compounds. Interestingly, we recently found that the genome of B. terrae BS001
possesses a set of genes that encode membrane-bound glycerol uptake (GUP) trans-
porters, next to genes responsible for glycerol metabolism (Haq et al. 2014). The gup
gene was located in a region of genome plasticity, which led to the hypothesis that it
might have been acquired through HGT, allowing survival value in the mycosphere.

Genomics of the interactome of B. terrae BS001 and Lyophyllum sp.
Strain Karsten

To better understand the ecophysiology of B. terrae BS001 interacting with the fungus
Lyophyllum sp. Karsten, we here review recent findings from analyses of the B. terrae
BS001 genome. The exceptionally large size of this genome (~11.5 Mb) suggests that a
patchwork of diverse genetic systems drives the interaction of this organism with its
environment, including fungal counterparts. Indeed, strain BSO01 harbors genetic sys-
tems involved in flagellar biosynthesis, chemotaxis and biofilm formation, next to the
T3SS (Haq et al. 2014). This is consistent with the occurrence of physical interactions
between the two entities of the interactome. However, the exact nature of this physical-
ity can only be understood when mutational analyses of selected gene regions of strain
BS001 is carried out.
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Our analyses further unveiled the presence of a repertoire of membrane bound trans-
porters in strain BSO01 that may be involved in capturing nutrients from the fungal
counterpart. This includes carbohydrates, amino acids, fatty acids, glycerol, and cell wall
detritus. In addition, the genome of strain BS001 was found to carry a plethora of
genomic islands, which together, constituted 16.48% of the total genome size. This
included the aforementioned integrated 70.4 kb plasmid-like stretch containing a com-
plete T4SS next to some other plasmid-typical genes (Haq et al. 2014). B. terrae BS001,
in its life in soil, may have faced situations or conditions, in which the acquisition of cer-
tain genetic traits allowed it to survive under the highly demanding soil conditions. It is
likely that survival and adaptation to the mycosphere of different soil fungi is one deter-
mining facet of its lifestyle in the soil.

Mutational analysis to understand bacterial-fungal interactions in soil

In order to further promote our understanding of the exact role of particular genetic sys-
tems in bacterial-fungal interactions, mutational analysis followed by ecological experi-
ments needs to be applied. Rezzonico and colleagues inactivated the hrcV gene in P
fluorescens KD, which encodes the T3SS inner membrane channel protein. This resulted
in the biocontrol activity of P. fluorescens KD against P. ultimum on cucumber being
strongly reduced (Rezzonico et al. 2005). In addition, T3SS-defective B. rhizoxinica can-
not establish a stable symbiosis with its fungal host Rhizopus microsporus (Lackner et al.
2011), whereas the wild-type strain can, showing that the T3SS has a definite function
in the symbiosis. 