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file://///Users/Celine/Library/Containers/com.microsoft.Word/Data/Desktop/mémoire/Mémoire.docx%23_Toc16682279
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file://///Users/Celine/Library/Containers/com.microsoft.Word/Data/Desktop/mémoire/Mémoire.docx%23_Toc16682293
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file://///Users/Celine/Library/Containers/com.microsoft.Word/Data/Desktop/mémoire/Mémoire.docx%23_Toc16682295
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file://///Users/Celine/Library/Containers/com.microsoft.Word/Data/Desktop/mémoire/Mémoire.docx%23_Toc16682298
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|. Introduction

|. Global Context

‘There are more species of fungi, bacteria and protozoa in a single scoop of soil than there are
species of plants and vertebrate animals in all of North America’ (Stamets, 2005). Fungi are
everywhere and this, since 3500 million years ago (Taylor et al., 1995). Nowadays, more than
120 000 species are listed, but their number is estimated above 1.5 million (Declerck, 2018).
They are keystone species, contributing in many ways to ecosystems functioning. Examples of
the several services offered by fungi are the structuration of soils, improving nutrients
availability, recycling nutrient and energy, assisting plant primary production, connecting them
and being an intermediate in exchanges, depolluting soils, taking part of the food web,
regulating population and structuring microbial communities (Fortin et al., 2016; Carlile et al.,
2001). According to Stamets (2005), who takes this a little bit further; ‘without fungi, all
ecosystems would fail’. More specifically, mycorrhizal symbioses play an essential role in the
numerous challenges the world is facing nowadays, i.e. a rising population to feed, polluted air
and soils. Indeed, they are key actors in carbon sequestration, nutrient cycling and provision to
plants, plant biodiversity and productivity of natural and agricultural ecosystems (Benner,
2011; Carlile et al., 2001; Hadj-Sahraoui, 2013). Improving our understanding and use of this
belowground microorganisms would help limiting chemical inputs in agriculture, allow a
qualitative and quantitative optimization of plant production and help remediate degraded soils
(Hadj-Sahraoui, 2013).

In the context of research for sustainable development, the production of biofuels and materials
from renewable resources is highly required. Therefore, the demand of biomass of all kinds and
in particular from micro-algae is growing. World production of aquatic plants reached nearly
27 million tonnes in 2013 (FAO, 2015). Microalgae, in addition to their use in innovative
processes (biomethanisation, comethanisation...), produce many molecules/components with
diversified functions. The effects of these bio-sourced compounds on plants and mycorrhizal
associations are relatively unexplored. However, some near-the-subject studies have revealed
stimulatory effects of inter alia microalgal compounds on mycorrhizae opening the door to their
potential uses for stimulatory effects on the arbuscular mycorrhizal (AM) fungi. These obligate
root symbionts improve mineral nutrition of plants and increase their resistance to abiotic and
biotic stresses. Therefore, it would be interesting to know whether micro-algae compounds are
able to stimulate mycorrhizal association, thus helping these fungi in reducing the use of
agrochemicals (i.e. pesticides or fertilizers) in agricultural production. This master thesis is
linked to the MYCO-ALGUE project, contiguous to this approach of seeking durable and
natural agricultural innovations.



Il. MYCO-ALGUE & ALGO-TECH

The project MYCO-ALGUE is itself part of a broader project, called ALGO-TECH, which
aims to set up an integrated platform for the study of the micro-algal sector in order to find
valorisation fields for compounds/molecules produced by unicellular algae. In the MYCO-
ALGUE project, the goal is to evaluate and select molecules/components derived from
microalgae for their bio-stimulation capacities of agricultural and horticultural plants,
arbuscular mycorrhizal fungi (to improve their potential for plant stimulation and bio-
protection) and for their role in the bio-control of major pathogens in agricultural and
horticultural crops.

[l. State of art

I. Mycorrhizal fungi

I.1 Definition and division

The term mycorrhiza stands for a peculiar type of symbiotic relationship between the mycelium
of a fungus and the roots of a plant (Stamets, 2005). Of Greek-Latin origin, the word mycorrhiza
means myco (fungus)- (rhiza) root (Fortin et al., 2016). Mycorrhizae can be divided into two
major subdivisions: the ectomycorrhizae and the endomycorrhizae. (Peterson et al., 2003).
Ectomycorrhizae, are predominant in temperate forest trees. They are characterized by the fact
that they do not penetrate the host plant cells. They form a fungal mantle around the plant roots:
the Hartig network. Inversely, endomycorrhizae enter the cells of the host plant and form
specialized structures, the arbuscules. They are present in an estimate of 80% of plants families
belonging both to herbaceous and tree species. A new subdivision is needed to further divide
this group of mycorrhizae based on a morphological basis of the nature of intracellular hyphal
development. We can distinguish the Arbuscular mycorrhizae (AM), Ericoid mycorrhizae,
Arbutoid mycorrhizae, Sebacinoid mycorrhizae, Ectendomycorrhizae and Orchid mycorrhizae
(Peterson et al., 2003; Fortin et al., 2016). Ectendomycorrhizae, are characterized, as their name
suggests, by both ectomycorrhizal and endomycorrhizal structures (Siddiqui and Pichtel, 2008).
The different types of mycorrhizal association are summarized in Table 1.

I.11 Arbuscular mycorrhizae

A. Definition and generalities

AM fungi are the most common mycorrhizal type and more than 80 % of the terrestrial plants
and almost all cultivated crops associate with them (Hadj-Sahraoui, 2013; Smith and Read,
2008). AM fungi represents only a small group of fungi in the phylum Glomeromycota and
omitting a few exceptions, are heterotrophic for carbon (C) and thus obligatorily associate with
plants to get their carbon and thus accomplish their life cycle (Peterson et al., 2003; Smith and
Read, 2008).



Table 1: Different types of mycorrhizae (from Fortin et al., 2016).

Types of mycorhizzae Fungi involved Host plants Fungal structures  Host structures Physiological impacts
Ectomycorrhiza Superior  fungi: | Gymno- and | Mycelium mantle, | Cortical Enhanced  access to

Basidiomyceta angiosperm  trees | intercellular hypertrophy, minerals, utilization of

Ascomyceta ~5% of actual sp. | mycelium, dichotomic or | organic nitrogen,

~millions sp. rhizomorphs, racemose resistance to pathogens

sclerotia, ramifications and nematodes, tolerance
ascomata, to acid pH and heavy
basidiomata metals
Ectendomycorrhiza Deuteromyceta Pines ~rare Small mycelial | Cortical Idem as Ectomycorrhizal
~few sp. mantle, inter- and | hypertrophy, fungi
intracellular ramifications
mycelium
Endo-mycorrhiza | Arbuscular Microscopic Bryophytes  and | Arbuscules  and | Few changes, | P, Zn supply, resistance to
fungi- vascular plants | intracellular yellow color drought, pathogens,
glomeromyceta ~70% actual sp. vesicles, insects, deep metabolitic
~200 sp. extraradical modifications
mycelium and
spores
Arbutoid Basisiomyceta Ericacea ~rare Small mycelial | Cortical Idem as Ectomycorrhizal
~few sp. mantle, hypertrophy fungi
intracellular
mycelium,
basidiomata
Ericoid Ascomyceta ~few | Ericacea ~5% of | Intracellular Few changes Idem as Ectomycorrhizal
decades sp. actual sp. mycelium, fungi
ascomata
Orchid Basidiomyceta Orchids ~10% of | Intracellular Few changes Often essential to

Little-known actual sp. mycelium morphogenesis,

Sterile mycelium saprophytic nutrition and
protection against
pathogens

Sebacinoid Piriformospora Varied Inracellular Few changes Not well-known

Basidiomyceta mycelium




Arbuscular mycorrhizae are mycorrhizae forming an arbuscular mycorrhizal symbiosis with
plants, which is identified based on intraradical fungal morphology. The term arbuscular refers
to arbuscules, which are finely and highly branched hyphal structures thought to be the principal
site of nutrient exchange, due to their abundant branches and periarbuscular membranes, that
can be found in mycothalli colonized by AM fungi (Akiyama and Hayashi, 2006; Smith and
Read, 2008). From the structural diversity of the arbuscular developmental pattern, determined
by both plants and fungi, we can distinguish two major classes of associations: The Arum and
Paris mycorrhizae, named after the plants in which they were originally observed. The Arum-
B T . N T b D type regroups most of the
e g _ cultivated plants and forms
intercellular hyphae and
arbuscules, while the Paris-type is
typical of many trees and forest
herbs with their intracellular
hyphae, coils and arbusculate
coils (Figure 1). The type of

Mﬂ ‘§0um mycorrhizal ~ colonization s

Figure 1: Typical infection units formed by Glomus intraradices (a) determined by the host plant and
and Gigaspora margarita (b) in association with Lycopersicon €xperiments have shown that the
esculentum. A, arbuscule; IH, intercellular hyphae; AC, same fungus can form both types
arbusculate coil and AB, arbuscule-like branches (Cavagnaro et of colonization, depending on
al., 2001). which plant species it is dealing
with (Cavagnaro et al., 2001; Dickson, 2004). Recent observations in the lab of mycology
showed both form within the same root system of one plant (personal communication).
Arbuscules are not the only characteristic structures of AM fungi. AM fungi also produce
intraradical hyphae forming storage vesicles (lipid containing enlarged portions of hyphae) in
most genera, and extraradical mycelium with spores (Peterson et al., 2003; Smith and Read,
2008).

B. Life cycle

AM fungi are spore producing organisms.
Spores are reproductive bodies able of
differentiation into a new living organism
(Figure 2). They are resistant structures
possessing lipid reserves. Therefore they
constitute the survival structures of the fungi
(Koske and Gemma, 1990). The spores
germinate and thanks to the reserve substances
they possess, produce presymbiotic mycelia. A
diagrammatic representation of  the
germination process of an AM fungal spore can
be found in appendix 1. But spores are not the
only propagules capable of germinating.
Hyphae from already colonized roots or
vesicles can produce presymbiotic hyphae too. In this way, colonization can either arise from a
germinating spore, an already colonized root or a vesicle (Peterson et al., 2003; Smith and Read,
2008). In order to produce this presymbiotic hypha, propagules do not need a host plant
(Ambiwade et al., 2012). To increase the likelihood of an encounter between hyphae and a host
plant, extensive hyphal elongation and branching should occur. Yet this should happen only if

Figure 2: Spore and hyphae of R. irregularis MUCL
41933.




the host plant is of reachable extent. According to Akiyama and Hayashi (2006), hyphal
branching is the most critical developmental step of the AM fungi’s life cycle. Hyphal
branching occurs when certain conditions are reunited and ceases before complete drawing of
spore reserves in cases of non-proximity of host roots (Akiyama and Hayashi, 2006). In order
to avoid drawing of the reserves before reaching a host plant, the pre colonization step of hyphal
branching and elongation is initiated by a mutualistic signal exchange between symbionts
(Akiyama and Hayashi, 2006). Roots exudate compounds that entail an increase in the
metabolic activity of hyphae and hyphal branching (Ambiwade et al.,2012; Akiyama and
Hayashi, 2006). According to Abubaker et al. (2008), root exudates influence both the
membrane activity and the gene expressions of spores during the presymbiotic growth.
Akiyama and Hayashi (2006) speak of branching factors (BF’s) and define them as lipophilic
compounds exudated only by host plants that trigger branching activity of the presymbiotic
hyphae. As a response, it has long been assumed that AM fungi would exudate Myc factors that
leads to molecular and cellular changes necessary to a successful root colonization. The
respiration metabolism would be the first to be stimulated (Akiyama and Hayashi, 2006).

Figure 3: Diagrammatic representation of root colonization by arbuscular mycorrhizal fungi for the Arum-
and Paris-type (Peterson et al., 2003).

Figure 3 pictures the root colonization of an AM fungi. The left hand side image shows the
Arum-type arbuscular mycorrhizal association. Fungal hypha, when it reaches the host plant,
differentiates into a specific appressorium (A), the hyphopodium. From here, hyphae penetrate
the plant roots through the prepenetration apparatus. The hyphae grow towards the cortex,
penetrate the apoplast and move along the root axis to reach the inner root cortical cells. Either
in the epidermal cells (E) or in the first layers of the cortical cells (C) coils (arrows) are formed.
Inside the cortical cells, successive dichotomous ramifications are going to form arbuscules
(double arrowheads) and in some cases, depending on the fungal specie, bulges at the
extremities are going to form storage vesicles (Ambiwade et al., 2012; Peterson et al., 2003;
Smith and Read, 2008). The Paris-type association is represented in the right hand side image
(Figure 3). Root colonization takes the same course as the Arum-type, with some differences.
Here, coiling occurs in both the epidermal and cortical cells and in a more extensive way
(arrows). This has a consequence that the Paris-type lacks intercellular spaces in the root cortex
resulting in a slower intraradical hyphal growth. What’s more, the small branches
characterizing the arbuscules form on the coils. In the Paris-type, those specific arbusculate
structures are called arbusculate coils (arrowheads). For this type of association too, vesicles
may or may not form (Peterson et al., 2003). Fungus is not allowed to enter the cytoplasm and
periarbuscular membranes are formed by the host to ensure that (Ambiwade et al., 2012).



So, as a summary, an extraradical (ERM) and intraradical mycelium (IRM) are formed. These
two mycelia differ morphologically and functionally. The ERM absorbs and transfers nutrients
to the host roots while IRM releases nutrients into the apoplast in exchange of carbon. The
ERM produces spores resulting from local swellings and the cycle is completed. The
reproduction of AM fungi is asexual (Ambiwade et al., 2012; Smith and Read, 2008). Figure 3
is a good capture of this AM life cycle.
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Figure 4: Life cycle of an AM fungus and the different steps during AM development (Ambiwade et al., 2012).

Molecules stimulating hyphal metabolism exudated by plants

The first identified BFs are strigolactones, which is a group of sesquiterpene lactone (Akiayama
et al., 2005). It has been discovered that host plants exudate more BFs in phosphate-limited
conditions. That is not surprising as BFs trigger hyphal branching and root colonization in view
of a mycorrhizal association in which the mycorrhiza can provide phosphorus to the plant.

The BFs are exuded exclusively by host plants, but some other compounds exuded by non-
mycorrhizal plants have been reported to stimulate spore germination, hyphal elongation and
branching. Some of these compounds are quercetin, myricetin, kaempferol and flavonoids
(Akiyama and Hayashi, 2006).




C. Symbiotic relationship

The symbiotic relationship is biotrophic and usually mutualistic, with bidirectional nutrient
transfer as the driving force of this interaction. The AM fungus receives carbon from the host
plant in exchange for macro and micronutrients as well as water transported by the hyphae to
the host root (Smith and Read, 2008). The nutrients exchanged are principally immobile
elements such as P, Zn and Cu, but also mobile elements such as S, Ca, K, Fe, Mg, Mn, Cl, Br
and N (Tinker, 1984).

Besides nutrient transfer, the interaction can also involve other benefits. For instance, the AM
fungus can enhance the drought and disease tolerance of host plants (Smith and Read, 2008).
A higher tolerance to drought stress can be due to an increase in water uptake and/or an altered
physiology of the plant in order to reduce stress response. A higher resistance of mycorrhizal
plants against pathogens can be due to physiological or morphological change. An association
with mycorrhizae can also result in an enhanced ability of the plant to produce roots and it can
also increase the absorptive surfaces of these ones by altering their morphology, due to the
metabolites mycorrhizae can exudate (Linderman, 1988). The mycorrhizal fungus forms a huge
underground network and that’s why Sutton and Sheppard (1976) bring forward the role of
mycorrhizae can have in the soil structure. Mycorrhizal mycelium aggregates soil particles and
thus provide a better soil stability. Besides all, this network is the core of connection and
communication between plants of the same and different species. Mycelium forms a connection
by which messages and nutrients can circulate (Fortin et al., 2016).

The mycorrhizosphere, i.e. the zone of soil that is influenced by mycorrhizal roots, represent a
local particular environment where microbial activity was demonstrated to be enhanced.
Indeed, in presence of the AMF, the physiology and/or morphology of plant roots and thus root
exudates is modified, which impacts qualitatively and quantitatively the microbial flora.
Linderman (1988) noticed that the myriad of microorganisms found in the mycorrhizosphere is
not that different from that found in the rhizosphere. What is different, according to him, are
the quantities. These microbes are heterotrophs, but they live and nourish in an environment
where the nutrient supply is much increased. They are capable of adapting rapidly to such an
improved nutrient supply environment. Mainly sugars, organic acids and amino acids are
largely present (Tinker, 1984). The term mycorrhizal microbiome refers to the totality of those
microorganisms present in the mycorrhizosphere, from the ones that can be present in the fungal
spores, to the ones that form biofilms around the hyphae or that gather around the mycorrhizae
(Fortin et al., 2016). As a matter of fact, some of the microorganisms interact with the AM
fungi (Linderman, 1988; Fortin et al., 2016). For instance, AM fungi closely interact with
bacteria to solubilize minerals in order to release nutriments for the host plant. The university
of Laval identified AM fungi that appended to apatite in order to favorize the development of
bacteria capable of dissolving apatite. By dissolving the mineral, bacteria release phosphorus
(P) which is directly reabsorbed by the fungus (Fortin et al., 2016). In the same field of study,
Zhang et al. (2018) recently discovered a stimulation of the phosphatase activity of a
phosphatase solubilizing bacterium in presence of an AM fungi. This one releases fructose,
which stimulated the phosphatase genes and the protein secretory system. Subsequently, an
enhanced phosphatase activity and thus mineralization of organic phosphorus was observed,
increasing the phosphorus uptake by the extraradical mycelium of the AM fungus. Such results
demonstrate the wide role played by hyphal and their exudates in the mycorrhizosphere. In this
case, fructose doesn’t serve only as food, but also as a signal molecule triggering processes in
order to maintain a good cooperation between AM fungi and bacteria.



And thus, even though the interaction between AM fungi and microorganisms is far from
having revealed all its secrets, several studies have already been made. This does not extend to
the interaction between AM fungi and microalgae.

Il Algae

I1.1 Definition and classification

‘Algae are a large and diverse group of eukaryotic
photosynthetic organisms occurring in almost
every habitat. They exhibit a huge morphological
diversity, ranging from tiny single cells to huge
kelps over 50 meters long (Cocquyt, 2009)’.
Together with the land plants, green algae form
the green lineage or Viridiplantae. They can be
found worldwide, from marine and freshwater
ecosystems to terrestrial environments, thus
presenting a huge cytological diversity (Cocquyt,
2009; Lalucat et al., 1984). On account of this
widespread diversity, algae and in particular
green algae are hard to define (Lewis and Mc
Court, 2004). In the words of Lewis and McCourt (2004), alga is phylogenetically spoken, a
meaningless term. As for green algae (Figure 5), they would define them as ‘photosynthetic
eukaryotes bearing double membrane-bound plastids containing chlorophyll a and b, accessory
pigments found in embryophytes (beta carotene and xanthophylls), and a unique stellate
structure linking nine pairs of microtubules in the flagellar base’.

Figure 5: S. dimorphus on gelled MSR- medium

Viridiplantae can be divided in two major groups, that are morphologically distinct; The
Chlorophyta and the Streptophyta. Green algae belong mostly to the Chlorophyta (Cocquyt,
2009).

I1.11 Nutrition

Most algae get their source of energy from light, by performing photosynthesis. They are called
autotrophs. Some algae are heterotrophic and get their energy source from organic materials
such as proteins, carbohydrates or fats. To do so, the strategies are diverse; Some osmotrophs
absorb dissolved substances, while other phagotrophs engulf prey such as bacteria. Some algae
are capable of switching from an autotroph way of nutrition to a heterotroph way of nutrition,
they are called mixotrophs (Vidyasagar, 2016). Depending on the alga, sugars, acids or alcohols
can be added as feed. Acetate, glucose and ethanol are three common substrates used
(Richmond, 2003; Lalucat et al., 1984). Heterotrophic nutrition is not only a substitution of the
autotrophic nutrition, but it can also happen simultaneously. Hence, the term mixotroph refers
to both of these situations (Lalucat et al., 1984).

Besides carbon, the two major nutrients a microalga needs are nitrogen and phosphorus. The
Redfield ratio of 106: C, 16: N, 1: P gives an estimation of in which concentrations they should
be available (Richmond, 2003).



[1.111 Microalgae

In this master thesis, the studied algae are microscopic algae, called microalgae. They are a
diverse group of unicellular photosynthetic micro-organisms, including cells derived from a
primary endosymbiotic event (similar to land plants) and cells from subsequent secondary
and/or tertiary endosymbiotic events, comprising eukaryotic protists, prokaryotic cyanobacteria
and blue-green algae, living in saline or freshwater environments and converting sunlight, water
and carbon dioxide to algal biomass (Martinez-Porchas et al., 2014; Parker et al., 2008; Ruane
et al., 2010).

A. Use

In the last couple of years, microalgae have been more and more used in diversified sectors.
Microalgae that are grown autotrophically are used to treat municipal, agricultural, food and
industrial effluents as they consume inorganic nutrients such as nitrate and phosphate, which
purifies the water. The algal biomass can then be applied to fields as fertilizers or compounds
can be extracted. Besides nourishing from nitrate and phosphate, they can also be used for
biosorption of heavy metals (Martinez-Porchas et al., 2014; Masojidek and Torzillo, 2008).
Microalgae have, the last couple of years, also been used as a source of CO2 sequestration (Ono
and Cuello, 2006).

Even though these organisms are more and more studied and used, in the words of Raja et al.,
(2008), there is still lots to explore and expect from them as they affirm microalgae are the
untapped resource with more than 25,000 species of which only 15 are in use.

B. Hormones

Microalgae contain phytohormones including auxin, abscisic acid, cytokinine, ethylene and
gibberellins, that serve as chemical messengers to coordinate cellular activities in higher plants.
Although there is much evidence about the positive effects of these hormones in higher plants,
their role in microalgae is still unknown. This hormone system has been suggested to be the
precursor system of higher plants (Figueroa et al., 2018). The first higher plants that associated
with fungi to leave the aquatic environment might have had a similar hormone system than the
aquatic plants today. It is also interesting to note that hormones often play an important role in
the interactions between organisms.

C. The example of Chlorella vulgaris

Definition and classification

Scientific classification: Domain: Eukaryota, Kingdom: Protista, Divison: Chlorophyta, Class:
Tre- bouxiophyceae, Order: Chlorellales, Family: Chlorellaceae, Genus: Chlorella, Specie:
Chlorella vulgaris (Merah et al., 2014).

C. vulgaris (Chlorella vulgaris) is a green, unicellular, freshwater microalga that exists since
2.5 billion years. This microalga is known for its high protein and lipid content, therefore it has
been used primarily as a food source and now for biodiesel production.



Morphology

The microalgal cell is non-flagellated and has a 2 to 10 um diameter. The cell contains different
organelles, similar to those of plants. A scheme of such cell can be found in Figure 6 (Merah et
al., 2014).

Chloroplast envelope

Chloroplast

Mitochondrion Chlorophyll & Carotenoids
Cytoplas Cell wall
Lipid droplets
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Thylakoids
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0
Nucleus

Figure 6: Schematic ultrastructure of C. vulgaris representing different organelles (Merah et al., 2014.)

Reproduction

The reproduction of C. vulgaris is asexual. In good conditions, it takes 24 hours to the
microalgal cell to multiply in 4 distinct cells. This form of asexual reproduction is called
autosporulation. When the 4 cells are formed inside the mother cell, the cell wall of the mother
cell breaks down, releasing daughter cells and residues of the mother cell that will serve as food
for the daughter cells (Merah et al., 2014).

Cultivation

Because of its rapid growth rate and its resistance to bad conditions and invaders, C. vulgaris
is easy to cultivate. It can be cultivated under heterotrophic, autotrophic or mixotrophic
conditions on different organic substrates (Richmond, 2003; Lelucat et al., 1984). Results of
growth rates and efficiency of heterotrophic, autotrophic and mixotrophic conditions are mixed.
According to Merah et al. (2014), heterotrophic and autotrophic growth rates are comparable.
Richmond (2003) also affirms that C. vulgaris is one of the rare microalgae for which
heterotrophic and autotrophic growth rates are comparable. But Degen et al. (2011) affirm a
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regular photobioreactor provides an autotrophic growth rate of 1.55 g/l/day, while Lian et al.
(2019) experienced a heterotrophic growth rate of 0.151 g/l/day and a mixotrophic growth rate
of 0.254 g/l/day with glucose 1%.

What appears to be unanimous, is that specific growth rate of a mixotrophic culture of Chlorella
sp. seems to increase with light intensity, in contrast to an autotrophic culture, due to the
stimulatory effect of light on the sugar metabolism (Martinez F. and Orus M., 1991; Ogawa
and Aiba, 1981; Lee et al.,1996; Lelucat et al. 1984). In mixotrophic conditions and in the words
of Lalucat et al. (1984), the photosynthetic efficiency of autotrophic defective mutants can be
measured as a six-fold of the autotrophic conditions. In this work, the dissipated light and the
fraction used for CO»-fixation during light regime is exploited under both light and sugar
regime as an energy source for carbon assimilation. Figure 6 represents specific growth rates
of C. vulgaris and S. acutus of different initial concentrations of glucose, in presence and non-
presence of light. As mentioned for C. vulgaris before and observed for S. acutus here,
enhanced growth rate in presence of light is observed. For C. vulgaris, a maximum growth rate
at an initial concentration of 10 g/l is demonstrated. For S. acutus, maximum growth rate is
observed at 1 g/l and 1.5 g/l in heterotrophic and mixotrophic conditions. Beyond these
concentrations, growth rates conditions are constant, with a growth rate close to zero for
heterotrophic conditions. Without presence of light, concentrations higher than 1 g/L are
inhibitory.

Besides carbon source and other nutrients, further two important factors influencing the algal
growth and chemical composition are temperature and pH (Goswami, 2011).

Use

The cultivation of the genus Chlorella, both in open ponds and photobioreactors, is widespread
in the industry because it offers a wide range of uses. It can be used for its biomass, for the
synthesis of molecules of interest or in environmental processes such as water treatment. It is
also a food traditionally consumed in the East, a medicine or a dietary supplement and it serves
as food for mollusc and rotifer larvae in aquaculture. It has also been used in the pharmaceutical
field and in the cosmetics sector as a colorant or for another purpose. It is also cultivated for
CO- abatement (Clement-Larosiere, 2014; Merah et al., 2104).

Chiorella vulgaris
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Figure 7: Specific growth rate vs. initial concentration of glucose, SO (batch
culture)(Ogawa and Aiba, 1981).
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D. The case of Scenedesmus dimorphus

Scientific classification: Domain: Eukaryota, Kingdom: Protista, Divison: Chlorophyta, Class:
Chlorophyceae, Order: Sphaeropleales, Family: Scenedesmaceae, Genus: Scenedesmus,
Specie: Scenedesmus dimorphus (https://en.wikipedia.org/wiki/Scenedesmus_dimorphus,
consulted on 14/05/19)

Scenedesmus dimorphus (S. dimorphus) has been less of a study case than C. vulgaris and little
research work can be found online. Scenedesmus (the genus) can exist in unicells or coenobia
of four or eight cells inside a parental mother wall (Lurling, 1999). To replicate, the mother cell
enlarges, multiple divisions happen in order to have a multinucleate mother cell. The mother
cell then cleaves into uninucleate daughter cells, usually developing as non-motile autospores
(Pickett-Heaps and Staehelin, 1975).

No information can be found about the nutrition of S. dimorphus, but some other species of
Scenedesmus had been cultivated mixotrophically. Ogawa and Aiba (1981) cultivated S.
dimorphus with glucose and Kotzabasis et al. (1999) S. obliquus with methanol. Ogawa and
Aiba (1981) also experienced a facilitated assimilation of sugars in presence of light for S.
acutus that has been discussed above. Unlike C. vulgaris, Ogawa and Aiba (1981) obtained a
higher maximum specific growth rate of S. acutus in photosynthetic conditions than in
mixotrophic conditions (Table 2).

Table 2: Comparison of the maximum specific growth rate of C. vulgaris and S. acutus cultured
photosynthetically, heterotrophically and mixotrophically (Ogawa and Aiba, 1981).

Maximum specific growth rate (h™%)

Autotroph Mixotroph Heterotroph
C. vulgaris 0.110 0.198 (glucose) 0.098 (glucose)
S. acutus 0.061 0.048 (glucose) 0.040 (glucose)

E. The choice of microalgae

For the ALGO-TECH project, the primary objective of the microalgae is the production of
biofuels, molecules with diversified vocations and biopolymers. A first selection of microalgal
strains has been made regarding these primary objectives. Then, from a technical point of view,
the selected strains had to be freshwater organisms to avoid the use of salt water, which is
conducive to corrosion of the installations. Another criterion was the tolerance of the strains to
nitrogen hunger, which is necessary at the end of the cultivation period to induce a greater
production of molecules of industrial interest. Finally, a more practical aspect was taken into
consideration, by selecting microalgae that are easy to grow in the laboratory.
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[11. Interaction AM fungi-algae

I11.1 Algal extracts

To date, several studies have shown a wide range of beneficial effects of algal extracts on plants,
such as advanced germination, increased plant growth and yield, increased resistance to biotic
and abiotic stresses (Beckett and van Staden, 1989; Hankins and Hockey, 1990; Blunden, 1991,
Norrie and Keathley, 2006). Although the algae chemical components and their modes of action
remain a little unclear, some scientists suggest the modes of action of seaweed extracts to be a
synergistic activity (Khan et al.,2009). Seaweed extracts are composed of several carbohydrates
that are not found in terrestrial plants.

Microalgal exudates have also been proved to be efficient against numerous fungal and bacterial
plant pathogens. The effects of microalgal exudates on some beneficial microorganisms
associated with plants have also been studied and have provided interesting results (Khan et al.,
2009). But little is known about the effects of microalgal extracts have on AM fungi. Up to
now, the few studies considering algae and AM fungi have been conducted with macroalgae.
For instance, Kuwada et al., (2005) tested different extracts of a brown algae, Laminaria
japonica on AM fungi. They identified mannitol, carrageenan and other sugar alcohols like
xylitol, sorbitol and meso-erythritol that significantly stimulated hyphal growth. Mannitol has
also proven to be a stimulator of root colonization and AM fungal plant host growth. Similarly,
Ishii et al. (2000) observed that oligosaccharides, produced by the enzymatic degradation of
alginic acid, mainly from brown or green algae, significantly stimulated hyphal growth and AM
fungal elongation.

Apart from these few studies experimenting the effects of macroalgal extracts on hyphal
germination and elongation, no further information about experimenting any interaction
between microalgae and mycorrhizae can be found (Figure 8).

-
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Figure 8: Hyphae of R. intraradices MUCL 49410 growing towards S. dimorphus in gelled MSR-medium.
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A special case: the lichen

The oldest fossil lichen found is 460 million years old. A
lichen is an association who ranges from mutualism to control
parasitism between a fungus and an alga or a cyanobacterium
(Taylor et al., 1995). The alga performs photosynthesis and
provides sugars as a source of carbon to the fungus. However,
it is suggested that lichens are also able of getting their source
of carbon from wood residues regarding to the discovery
lichens secrete lignin and cellulose degrading enzymes. This

% A could be of benefit when photosynthesis is not possible,

Figure 9:Lichen
(https://urlz.fr/9Mos, consulted on
12/5/19).

whenever lichens are covered with snow, for example
(Wrede et al., 2014). Beside this, the role of the fungus in this
mutualistic association is providing protection and procuring
water and nutrients (Wrede et al., 2014; Fortin et al., 2016).

Lichens and nowadays ectomycorrhizae too, are able of producing organic acids to dissolve
minerals in regard to extract nutrients like phosphorus or potassium.

The success of this beneficial association led to the fact that lichens were the only form of
terrestrial plant life on earth for a few millions of years. By entering the rock crevices, as a
result of their retraction and expansion related to humification and drought, lichens participated
in the fragmentation of rocks, leading to the formation of sand. Moreover, as they are able to
use nitrogen from the air, by dying they deposited on the rock the first organic matter rich in
minerals and nitrogen. These organic particles mingled with the mineral particles were the basis
for a beginning soil formation (Fortin et al., 2016).
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V. Objectives

The main objective of this master thesis was to study the interaction between an AM fungus
(Rhizophagus irregularis MUCL 41833; Rhizophagus intraradices MUCL 49410;
Rhizophagus aggregatum MUCL 49408 or Rhizophagus clarus MUCL 46238) and a micro-
alga (S. dimorphus or C. vulgaris). Numerous studies (Simon et al., 1993; Remy et al., 1994;
Taylor et al., 1995; Redecker et al., 2000; Heckman et al., 2001) have reported the role of AM
fungi in the colonization of land by plants. The most ancient AM fungi fossil dates back 460
million years ago, which coincides with the colonization of the terrestrial environment by plants
(Declerck, 2018). The rocky seats freshly emerged as a result of volcanic action were the first
glimpse of land plants could evolve onto and be in competition with one another. It is at this
precise moment of evolution that symbiosis played his first act in the development of earthly
life, with a natural selection favorizing association rather than competition (Fortin et al., 2016).
An interaction between aquatic plants and fungi must have taken place and we dare to think
such interaction might still exist nowadays. Furthermore, lichens are a proof interaction
between fungi and algae still exists because they are the result of a beneficial interaction
between fungi and algae or cyanobacteria extending over time (Taylor et al., 1995).

In order to characterize the interaction between AM fungi and microalgae, three main
experiments were set up.

In the first one, we aimed to characterize the effects of molecules/components issued from
microalgae on the germination and hyphal growth of AMF spores. A positive effect would open
doors to a valorisation of microalgae exudates in agriculture. An enhanced mycelial network
means an enhanced association with the plant host and thus enhanced benefits of this
associations like better growth, resistance to pathogens, etc. (see I.11 C. Symbiosis relationship).
Soils that has been conventionally tilled for years are soils with very little biological activity
and often lacking mycorrhizal mycelial networks. In the context of Walloon conventional
agricultural soils, which have been overexploited, farmers are forced to add fertilizers and
pesticides. In these soils, communities of mycorrhizae are seriously reduced. In the topsoil,
diversity and abundance of spores are significantly lower compared to natural or organic farmed
soils (Oehl et al., 2004). An application of microalgal exudates with a view of promoting
mycorrhizal association might not be sufficient; An application of microalgal exudates together
with mycorrhizal spores could be an attempt of reintroducing mycorrhizae that are not present
in the upper soil layers and boost a boom of mycorrhizal associations in the field. A healthy
mycorrhized plant could enjoy many advantages over a non-mycorrhized plant with,
expectantly, as a result that it doesn’t need supply of fertilizers nor pesticides.

The second experiment was set up to evaluate the effectiveness of microalgae filtrates
encapsulated with spores in beads on the plant AM fungi symbiosis. The first experiment
showed us that microalgae exudates have a stimulating effect on the elongation and branching
of hyphae, which are crucial elements for a good colonization of the plant and AM fungus-plant
association. The third experience takes this first experiment a step further; By encapsulating
microalgae exudates with mycorrhizae spores in beads that are applied in the vicinity of roots,
we would like to measure the number of hyphae that have successfully emerged from the beads
and their elongation. This experience is closer to the more applied objective of enhancing the
value of exudates in agriculture. These beads could be applied to the field as
biofertilizer/biopesticide.
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With the third experiment, a more fundamental question is tried to be answered. Many scientists
evoke that microalgae can be found in soils: ‘Anywhere sunlight and water co-occur’ (Sandesh
Suresh et al., 2019). Microalgae can be found on the surface layers of soils, where light passes
through and they can realize photosynthesis. Thus, these microalgae that perform
photosynthesis are, in a natural context, not likely to be in contact with mycorrhizae, as
mycorrhizae don’t like sunlight. What is not known, is if heterotrophic microalgae can be found
in deeper layers of the soil where no light passes through.

So, it is not known if microalgae and mycorrhizae can be found in the vicinity of each other
and if they interact together. However, this is a question a good number of scientists have looked
into. Smith, chief business office of Heliae Development LLC, which is a company that tested
many different microalgae having positive effects on agricultural plants, affirms that
microalgae are entirely part of the soil ecosystem: ‘A lot of what we're doing is actually
restoring what is already present in the soil. A lot of the scientists we work with think this is a
critical component of the whole plant ecosystem below the soil line.” The company developed
a product called PhycoTerra®, which is a whole natural, pasteurized algae-based cell, that is
meant for both organic and conventional soils. In their words, applying algae in the soil can
increase  yields, crop qualities and strengthen soils (Cavanaugh, 2016;
https://heliaeglobal.com/industries/agriculture/, consulted on 25/5/19). Although no scientific
articles have appeared on the underground heterotrophic microalgae community, people
working in this field are convinced there is one.

This experiment pushes the question a little bit further by setting the assumption that it is the
mycorrhizae that provides sugars to the microalgae. One can imagine that the microalgae offer
something else in exchange, such as exudates that triggers mycorrhizal association, as is
experienced in the first part of this thesis work. The objective is thus to observe if microalgae
can prosper in a whole dark environment with no source of sugars, except the one that can
potentially be given by mycorrhizae.
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[11. Materials and methods

|. Biological Material

I.1 Plant roots

» Daucus carota L.
Genetically modified root organ cultures (ROC) of carrot was used. These roots have undergone
a hormonal modification that enables them to grow without the help of a shoot through sub-
cultivation. Root organ cultures of carrot are adequate to study the development of AM fungi
under in vitro culture conditions (Fortin et al, 2002):
- The risk of contamination in lower than with in vitro cultures of plants. Indeed, Petri plates
containing ROC do not need to be opened regularly for feeding, contrarily to plants in vitro
cultures.
- They allow an easy observation of root, fungal and algal growth.
- They are kept under controlled conditions (in the dark). In this master thesis, some
experiments were conducted in the dark and it would have been an additional issue to deal with
plants that need to perform photosynthesis.

- Gain of space for storage in comparison with cultures of plants in pots.

I.11 Arbuscular mycorrhizal fungi

The four selected strains were provided by the Glomeromycota In vitro Collection (GINCO) in
the BCCM/MUCL facilities.

> Rhizophagus irregularis (Blaszkowski, Wubet, Renker & Buscot) C. Walker & A.

SchuRler
Strain number: MUCL 41833
Conditions for growth: Modified Strullu-Romand medium
@ (Declerck et al., 1998)
..~ Origin: Canary Island
A

Spore size: 70-165 pum in diameter.

Spore color: Almost hyaline to yellow brown.

Spore, subtending hyphal and hyphal wall: Spore, subtending
0,1 mm hyphal and hyphal wall contain three layers, formed sequentially.

Figure 10: R. irregularis Occlusion: Recurved septum (from inner lamina of spore wall

spore and hyphae layer), plug, or open.
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R. irregularis is a frequently used strain under in vitro conditions and particularly in the
mycology laboratory of UCLouvain (Voets et al., 2009). Its genome has been fully sequenced
(Beaudet et al., 2018).

» Rhizophagus intraradices ( N.C. Schenck & G.S. Sm.) C. Walker & Schuepler

Strain number: MUCL 49410
Conditions for growth: Modified Strullu-Romand medium
\ (Declerck et al., 1998)
\ «,‘ Origin: America, United States, Florida, Orlando, Clermont-
\ Minneola

Spore size: 40-140um in diameter.
Spore color: White, pale cream to yellow brown, sometimes with
0,1 mm a green tint.

Spore, subtending hyphal and hyphal wall: Subtending hypha and
spore wall contain three layers that are formed sequentially. Spore
wall contains 3 layers.

Occlusion: Innermost sublayer(s) of the third layer of the spore wall which do not extend into
the subtending hypha and occasionally a plug partitions spore from hyphal contents.

Figure 11: R. intraradices
spore and hyphae

» Rhizophagus aggregatum

Strain number: MUCL 49408
Conditions for growth: Modified Strullu-Romand medium
(Declerck et al., 1998)

Spore size: 40-120um in diameter.

Spore color: Hyaline to pale yellow in color.

Spore, subtending hyphal and hyphal wall: Spore wall contains 1
to 2 layers. The subtending hyphae usually is single but
occasionally double. Hyphal wall consists of one or both layers of
the spore wall.

Occlusion: Usually open, sometimes a thin septum, thickening of
the spore wall, or a cytoplasmic plug.

Figure 12: R. aggregatum
spore and hyphae
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» Rhizophagus clarus (T.H. Nicolson & N.C. Schenck) C. Walker & A. Schuler

Strain number: MUCL 46238
Conditions for growth: Modified Strullu-Romand medium

ﬁ (Declerck et al., 1998)

# Origin: America, Cuba, Pinar del Rio, La Palma

” Spore size: 100-260um in diameter.
- Spore color: A continuum from white to yellow-brown, with
many pale yellow to pale yellow brown.
2 A Spore, subtending hyphal and hyphal wall: The spores and
’ hyphal wall contain three layers which may all be adherent but
Figure 13: R. clarus spore and the third layer often separates in mature spores and are formed
hyphae consecutively as the spore wall differentiates. The subtending
hyphal wall has also three layers, with the first layer thinning to invisibility within 5 um of the
spore surface.
Occlusion: Innermost sublayer of the third layer of the spore wall bridges the pore (often it is
so thin that the pore appears to be open), sometimes the spore wall thickens and almost occludes
the pore and a plug is formed with rare frequency.
(http://fungi.invam.wvu.edu/the-fungi/species-descriptions.html, consulted on 24/07/19)

I.111 Microalgae

» Chlorella vulgaris & Scenedesmus dimorphus

The strains were provided by Dr. Anne-Lise Hantson (Umons).

Cell wall of the daughter cell C. vulgaris increases until it reaches 17 to 21 nm and a
microfibrillar layer is formed, composed of glucosamine, which gives the cell wall its rigidity.
After maturation, cell wall thickness and composition change according to growth and external
conditions.

No information was found on the wall structure of S. dimorphus.

Figure 14: C. vulgaris
(https://www.algotherm.com/algu
e/chlorella-vulgaris/, consulted on
11/07/19)
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I1. Methodology

I1.1 In vitro culture methods
A. In vitro root organ culture of Daucus carota

The first step to set up a culture
IS to prepare the growth medium.
Transformed Daucus carota
(DC) roots were cultivated on
the Modified Strullu-Romand
(MSR+) medium containing
sucrose (10 g/L) and vitamins
(Declerck et al., 1998). The pH
was adjusted to 5.5. The MSR+
medium as well as the MSR-
medium (without sucrose and
vitamins) was solidified with 3
g/L of Phytagel. Details about
the composition and preparation
of MSR- and MSR+ can be
found in appendix 2.1.

After autoclaving (121°C during
15 min), the MSR medium was
poured into 90 mm mono-
compartmented Petri  dishes,
under laminar hood. After
solidification of the MSR
medium, two carrot roots of 3 to
4 cm long and containing lateral
apexes, were selected from the stock culture and placed on the MSR medium with their apexes
gently pushed into the solidified medium. The Petri dishes were closed with a cellophane film
and are incubated at 27°C, in the dark. They were turned upside down because the modified
DC have a negative geotropism. New cultures were initiated once a month, in order to have
modified carrot roots stock. Figure 17 represents a 2 weeks old root organ culture.

Figure 15: Petri dish with Daucus carota roots on MSR+ medium
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B. In vitro culture of mycorrhizae

The AM fungi were kept on ROC (Root
organ culture) of carrot in bi-
compartmented Petri dishes (St-Arnaud
et al., 1996; Figure 18). MSR- and
MSR+ media were both prepared in
Erlenmeyer flasks. After autoclaving,
the media were poured into 90 mm bi-
compartmented Petri  dishes until
solidification. 25 ml of each medium
wase poured into the two compartments HC
of the bi-compartmented Petri dishes.

The MSR+ medium was poured in the

root compartment (RC) and MSR-

medium in the hyphal compartment Fungal network

(HC). Each manipulation was made

under sterile conditions. When the

media were solidified, roots were Figure 16: bi-compartmentalized Petri dish with a root
placed in the RC compartment, as compartment containing roots and a fungal network and a

explained in the in vitro culture of DC hyphal compartment containing a fungal network.

roots above. Finally, a dissolved gel inoculum was used to inoculate the root: about 50 spores
of one of the above-mentioned fungi were deposited close to the root as uniformly as possible.
The Petri dishes were then closed with cellophane film, turned upside down and incubated at
27°C, in the dark. Roots crossing the plastic barrier from RC to HC were regularly trimmed
with forceps and scalpels. New cultures were made monthly in order to have an AM fungi stock
to inoculate whenever is needed (Caron et al., 1996).

Host roots

Partition wall

C. In vitro culture of microalgae

In 3N-BBM medium
» Cultures of microalgae in Erlenmeyer flask

Microalgae were cultured in 1L Erlenmeyer flasks at 25°C in the daily light, under agitation
(110 rpm). Active cultures were maintained every 3 weeks by transferring ¥ of the old culture
medium into % of new sterile (autoclave 121°C during 15 min) 3N-BBM medium (pH 7).
Details about the composition and preparation of 3N-BBM can be found in appendix 2.2. The
plateau phase is reached at 3 g/L of dry biomass.

» Culture of microalgae in Petri dishes

In order to initiate Petri dish cultures, microalgae cells were collected in an actively growing
3N-BBM liquid culture medium of the microalgae and resuspended 9 times (dilution 1/10),
followed by 3 cascade dilutions from 10 to 10 until 1/10000, in 3N-BBM. For each dilution,
100 pL of suspension was dispersed on a 90 mm Petri dishes of 3N-BBM containing agar (6
g/L) with 2 replicates for each concentration and strain. Dispersion on the medium surface was
made with a modified Pasteur pipette. The Petri dishes were then stored in the phytotron
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(16h/8h day/night, 21/19°C, relative humidity of 70%, average photosynthetic photon flux
(PPF) of 300 umol m2s™!) and used as back-up for a period of up to 6 months minimum. After
two weeks to up to six months, the Petri dishes were used to initiate new cultures under sterile
conditions. The microalgal colonies were scraped with a flame sterilized scalpel and introduced
into a liquid MSR medium in Erlenmeyer flask.

When the culture is contaminated, going through a Petri dish culture and scraping only a pure
microalgal colony in order to reintroduce it into a liquid medium, is a way to make a new
contaminant-free cultures. What is more, initiating a Petri dish culture allows to detect if the
liquid culture is contaminated. On gelled medium, it is much easier to detect the development
of contaminations as compared to a liquid medium culture. To ensure that the liquid culture is
pure, a Petri dish culture can be launched and if no contamination has developed after 1 to 2
weeks, it is assumed that the liquid culture is pure.

Figure 18: Liquid MSR- culture
of S. dimorphus

Figure 17: Petri dish culture of S. dimorphus on 3N-BBM medium

In MSR(+ and -) medium

To transfer from a 3N-BBM culture medium to the MSR (+ and -) medium, cells from the liquid
3N-BBM solution were resuspended, diluted and dispersed on a 90 mm Petri dish of MSR (+
and -) containing Phytagel (3g/L). The Petri dishes were stored in the phytotron (16h/8h
day/night, 21/19°C, relative humidity of 70%, average photosynthetic photon flux (PPF) of 300
umol m~2 s71). It is then possible to initiate liquid MSR (+ and -) cultures from the MSR (+ and
-) Petri dishes as explained for 3N-BBM cultures above.
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Filtration of microalgae supernatants

In order to obtain microalgal exudates free of microalgae, supernatants were filtered with a
vacuum pump with a series of filters of decreasing porosity to prevent clogging of the latter. To
cross the filter more easily, supernatant was aliquoted in Falcon tubes of 50 ml and centrifuged
at 3000 rpm at 23 °C for 10 minutes prior to the filtration.

The porosity used was as follows:

- 2.7 pm (Whatman®)
- 0.8 um(Pall©)

- 0.45 pm (Pall©)

- 0.2 um (Pall©)

Filters were changed every 10 ml because bigger volumes clog the latter and inhibit the
filtration process. After filtering to the minimum porosity, it was imperative to autoclave 0.2
UM filters and the entire filtration system, including the bottle, to perform a final filtration
under sterile conditions under a laminar flow hood. The supernatant was then aliquoted in
Falcon ® tubes and stored at 4°C (not in the freezer, to avoid degradation of the molecules of
interest).

I1.11 Experimental set-up

A. Impact of microalgal exudates on the germination of spores, hyphal branching
and elongation of germinating hyphae

Effects of microalgae exudates from 3N-BBM medium

» Implementation

Supernatant of S. dimorphus cultivated on 3N-BBM medium was collected at the Umons
laboratory in Duran bottles. The supplied supernatant had previously been centrifuged, in order
to have only a small number of cells left in suspension. It was important to process the samples
quickly enough to prevent the development of contaminations or multiplication of microalgae.
This is why it was imperative to keep the supernatant at 4°C and to carry out filtration as quickly
as possible. Supernatant was filtered as explained above.

In order to evaluate the effect of molecules exudated in the supernatant of 3N-BBM medium,
different concentrations of supernatants were tested. For this, MSR- Petri dishes containing four
different concentrations of microalgae exudates were prepared. The concentrations were the
followings: 25, 2.5, 0.25 and 0% of microalgae exudates.

MSR- medium containing Phytagel (3 g/L) was prepared and autoclaved as explained above.
Four empty sterilized Erlenmeyer flasks were disposed under a laminar flow hood. Seventy-
five % (of the final volume) of MSR- medium was transferred in every Erlenmeyer flask,
together with 25 % (of the final volume) of exudates in the first Erlenmeyer flask, 2.5 % of
exudates and 22.5 % of sterilized water in the second one, 0.25 % of exudates and 24.75 % of
sterilized water and 25 % of sterilized water in the third and fourth Erlenmeyer flasks

23



respectively (see Figure 21 and Table 3). Once the four Erlenmeyer flasks of distinct
concentrations were ready to be used, the contents were poured into Petri dishes. Ten ml
medium was poured into 50 mm Petri dishes. Ten replicates were considered per working
solution (WS) of microalgae exudates.

steril H;O steril H,0

steril H;0

WS W5 steril H,O

W

W5

\ -

Figure 19: Preparation of Petri dishes to investigate the impact of microalgae exudates on AM fungi spore
germination, hyphal branching and elongation. The MSR medium contained 0, 0.25, 2.5 and 25%
supernatants of microalgae.

Table 3:Proportion of working solution (WS) of Micro-algae supernatant.

0% 0,25% 2,50% 25%
Number of replicates 10 10 10 10
Volume of medium 600 mL 600 mL 600 mL 600 mL
Sterile MSR- 450 mL 450 mL 450 mL 450 mL
WS 0mL 1,5mL 15mL 150 mL
H20 150 mL 148,5 mL 135 mL 0mL

The experiments were conducted with the 4 strains of AM fungi (R. irregularis MUCL 41833,
R. intraradices MUCL 49410, R. aggregatum MUCL 49408 and R. clarus MUCL 46238).
After four months of in vitro culture in bi-compartmented Petri dishes, an active fungal
mycelium developed in the HC. A piece of medium (about 4 cm?) from the HC containing
spores of one strain was sampled and placed into an emptied, sterile Petri dish. By mean of a
flame sterilized scalpel, the medium was cut through during 5 minutes in order to cut the hyphae
and release single spores. With a syringe and sterile Acrodisc® filters (0.22 um, Pall), the citrate
buffer (about 4 ml) was applied in order to dissolve the MSR medium. Details about citrate
buffer composition and preparation can be found in appendix 3. The isolated spores were then
transferred to a Petri dish containing sterile water. Spores were finally selected under a
binocular microscope (magnification of 2.5) and transferred to the prepared Petri dishes
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containing 25 % - 2.5 % - 0.25 % - 0% of microalgal exudates. A good selected spore is a hon-
broken spore with a small subtending hypha. Twenty replicates were considered per
concentration. Petri dishes were closed with cellophane film and incubated at 27°C in the dark.

The quality of the spores used was first tested by incubating the spores on MSR- medium and
assessing their germination potential. Six spores were tested and the culture was considered
acceptable when 4 out of the 6 spores germinated within the two weeks.

» Monitoring

Pictures were taken of each spore the day they ‘e — ‘
were placed into the Petri dishes or the day S E©f 4[58 Aa o] Qewd o 2 | |»
after. To take the pictures, a camera with a
special end cap was fixed onto the microscope.
Pictures were taken at 40 to 100 X
magnification. The Petri dishes were observed *&t
under the microscope every two days. After A
germination of a spore, pictures of the hyphae
were taken every two days for a period of 8
days. According to Tommerup (1983),
germination is defined as the production of a
germ-tube up to 5 pm in length. Further
elongation is described as hyphal growth.
After three weeks, the spores that did not
germinate were considered as non-germinating
spores.
Four variables were measured. The two first
relate to spore germination. The first variable
teatment of he same srain,a th end i (g FI9uTe 20: Caluation of gl lngt of 2 %
intraradices MUCL 49410 spore with ImagelJ
three weeks. The second measured variable is  program.
the day at which the spore germinated, with
day 0 = the day the spore was applicated in the Petri dish. The two other variables relate to
hyphal growth of a germinated spore. The first one is the measure of the hyphal elongation. To
this extend, pictures were downloaded and hyphal elongation was measured by mean of the
software imageJ. The last measure is the number of hyphal branches, that has been counted on
the pictures. Hyphal elongation and branching were reported to a daily growth and branching
in order to compare results with other experiments.

L
o

As the implementation and the monitoring of these experiments are time consuming and the
germinating tests were not always conclusive, experiments on the four strains were realised at
different time periods.

Effects of microalgae exudates from MSR+ and - medium

As the culture medium of the supernatant was 3N-BBM, a medium containing nutrients at
higher concentrations than the MSR medium, we hypothesized that the 3N-BBM medium could
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directly have an impact on the germination and growth of AM fungi. It was then decided to use
MSR medium.

» Implementation

In order to conduct this experiment, microalgae were cultured and filtrated in MSR(+ and -)
medium first. For this experience, supernatants of S. dimorphus and C. vulgaris cultured in
autotrophic and heterotrophic conditions were used.

Four cultures of S. dimorphus and C. vulgaris were established under light and dark conditions.

= For the heterotrophic cultures, 1 g/L of glucose was added in the MSR medium. The

erlens were packed in aluminum foil and placed in an agitator under daylight (ambient
termperature, 110 rpm).

= For the autotrophic cultures, no glucose nor vitamines were added in the MSR medium.

The cultures were placed in an agitator in the daylight (ambient room temperature, 110

rpm).

After 45 days, a small volume per culture was sampled and the concentration of microalgae
was measured with a Fuchs-Rosenthal cells. Dilutions were made in order to have the same
number of microalgae in all cultures and thusly the same number of molecules/compounds. As
the liquid MSR culture was made by scrapping some colonies on the MSR Petri dishes, the
number of introduced C. vulgaris and S. dimorphus cells per culture was not the same at the
beginning. For C. vulgaris, an equal development has been observed: counting test revealed the
same concentration of microalgae after 45 days in the heterotrophic and autotrophic culture.
For S. dimorphus on the other hand, microalgae had developed almost twice as much in the
autotrophic culture than in the heterotrophic one. The best grow was observed for S. dimorphus
cultivated in the dark, followed by C. vulgaris cultivated in the dark and in the light and finally
S. dimorphus cultivated in the light.

The cultures were then filtrated, as explained above. The other steps were similar to the
experiment with 3N-BBM exudates, except that MSR + (glucose 1g/L + vitamins) was poured
instead of MSR- in the Petri dishes. Regarding the AM fungal strains used, the germination
tests were realized and all experiments initiated with the first strain that passed the germination
test, which was R. irregularis MUCL 41833.

» Monitoring

The monitoring of this experiment was similar to the experiment with 3N-BBM exudates.

B. Effects of microalgal exudates encapsulated with mycorrhizal spores on the
germination of spores, hyphal branching and elongation of germinating hyphae

By encapsulating microalgae exudates with mycorrhizal spores in beads that are applied in the
vicinity of roots, we would like to measure the number of hyphae that have successfully
emerged from the beads, the elongation of these hyphae and finally the root colonization.
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> Implementation
= The preparation of beads (taken up and modified from Lalaymia, 2013)

The encapsulation of R. irregularis MUCL 41833 spores with microalgae supernatant was
carried out as follows: Four-month in vitro cultures of R. irregularis MUCL 41833 containing
spores and mycorrhizal carrot roots were milled twice with sterile water in a sterile mixer for
about 30 s at 20.000 rpm. The mixture was then distributed in several 50 mL sterile Falcon®
tubes. Each mixture was filtered through a sterile nylon mesh (30 um @). Spores accumulate
on the meshes and were dried before being temporarily stored in a sterile Petri dish. The spores
on the nylon meshes were then recovered by dipping them in a 4% (w/v) solution of sterilized
sodium alginate. The alginate mixture obtained was homogenized and then distributed in 3 Petri
dishes. To make 3 different types of beads, each alginate solution was mixed with 3 different
solutions. Thus, three types of beads were formed with:

» Control beads without supernatant, where an equal volume of a liquid MSR- was added
to the alginate mixture.

> Beads with 100% supernatant, where an equal volume of raw and filtered supernatant
from a culture of S. dimorphus in MSR- medium was added.

> Beads with 10% supernatant, where an equal volume of S. dimorphus supernatant
diluted to 10% in an MSR- liquid medium was added.

The different alginate mixtures were homogenized. Before doing the polymerization of the
beads, several sterile pipette cones were prepared with tips cut with a chisel. This step facilitates
the formation of drops when pipetting the alginate solution. Three drops are placed on a slide
and observed with a binocular magnifying glass to check the average spore quantity per drop.
The polymerization of the beads took place in sterile CaCl, (0.1 M) solution. To form a serie
of beads, 800 puL was sampled from the alginate mixture with a pipette, from which the cone
was cut. This volume was dropped drop by drop into the CaCl; solution under agitation. When
a drop of the alginate mixture came into contact with CaCly, the bead began to polymerize. The
polymerization lasts about 15 minutes. Once the polymerization was complete, the beads were
recovered by draining them with a previously sterilized tea ball. Each batch of beads was then
rinsed with sterile water and stored in separate Petri dishes.

= The preparation of Petri dishes with beads and carrot roots

A total of 30 mono-compartmented 90 mm Petri dishes were poured with MSR+ medium (10
Petri dishes for each treatment). In each Petri dish, five beads were placed with a sterile forceps
in the culture media just medium fusion. Several pieces of carrots were cut and placed around
the beads, about 1 cm away from the beads (Figure 23). The Petri dishes were then closed with
parafilm and cellophane.

» Monitoring

The germination of the AMF from the beads (expressed as a percentage) was measured after 4
and 30 days. The length of hyphae emerging from the beads after 4 days were measured (Figure
24). Three types of lengths were considered: the average length of the hyphae, the total length
of the hyphae per bead, the total length of the hyphae per Petri dish. Pictures of all hyphae were
taken and lengths were measured with the software ImageJ.
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i MR -
beads containing R. irregularis

Figure 21: Petri dish with MSR+medium, Contro
spores and no exudates, and DC roots.

Spore

Figure 22: Bead containing spores and hyphae (and 10% exudates) on MSR+ medium
Petri dish

28



C. Effect of AM fungal hyphae exudates on the microalgae growth

The main objective of these experiments was to determine if microalgae are able to develop
under dark conditions with no source of sugars, except the one potentially provided by hyphal
exudation.

Preliminary assays

All the assays were realized with S. dimorphus. The tests did not always follow each other in
time. Some were launched in parallel or before obtaining the results of the previous ones.

> Determination of adequate dilution to stimulate microalgae growth

In order to see which dilution was needed to obtain only a few colonies of microalgae on Petri
dishes, cells were collected in an active liquid culture and resuspended in 1:9 (1/10), followed
by 3 cascade dilutions from 10 in 10 to 1/10.000 in 3N-BBM. For each dilution, 100 pL of
suspension was dispersed on a 90 mm Petri dishes of 3N-BBM (as explained for the microalgal
culture in the section above). This dilution was needed to facilitate the counting of the colonies
and to follow their development.

» Effects of streptomycin on S. dimorphus growth

In an attend to inhibit photosynthesis and to detect how microalgae develop in heterotrophic
conditions (color, growth ,...), streptomycin was added to the medium. For C. vulgaris,
Streptomycin was found to be an inhibitor of the synthesis of the D1 protein and perhaps other
coded chloroplasts proteins that are part of the electron transport chain, essential in
photosynthesis (Perales-Vela et al., 2016). Concentrations used were based on the scientific
literature (Perales-Vela et al., 2016). Four concentrations of 0, 0.12, 0.24 and 2.4 mg/L were
added to gelled MSR- medium.

» Growth of S. dimorphus in heterotrophic and mixotrophic cultures
a) Liquid cultures

As we did not know if S. dimorphus could grow heterotrophically, which is crucial information
for this experiment, a liquid MSR+ (10 g/L sucrose) culture was started and placed in the dark.
Additionally, two liquid MSR + cultures with 1 g/L and 10 g/L of glucose were initiated and
placed in the dark. Glucose seemed to be a better option as S. acutus and C. vulgaris had both
been successfully cultivated with glucose in heterotrophic conditions before (Richmond, 2004)
and it has been demonstrated that mycorrhizae exudate glucose (Zhang et al., 2018). For S.
acutus, initial concentrations of glucose up to 1 g/L revealed to be appropriate for heterotrophic
nutrition; above this concentration and certainly with 10 g/L, development was inhibited
(Ogawa and Aiba, 1981). As no information was available for S. dimorphus, the two
concentrations were tested.

b) First Petri dishes cultures
In parallel of the liquid cultures, cultures on Petri dishes were initiated. Two replicates of each

of the following combinations of Petri dishes were prepared: 25 ml of MSR-, MSR+S (10 g/L
sucrose), MSR+G1 (1 g/L glucose) or MSR+G10 (10 g/L glucose) with or without streptomycin
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(2.4 mg/L) were added in mono-compartmented Petri dishes. Twice 10 uL of dilutions 1/10
000 and 1/100 000 of S. dimorphus were applied and the Petri dishes were placed in the
phytotron (16h/8h day/night, 21/19°C, relative humidity of 70%, average photosynthetic
photon flux (PPF) of 300 umol m™2 s™!) in the light or in the dark (covered with aluminium
foil).

c) Second Petri dishes cultures

The experiment was replicated, except that streptomycin and glucose at 10 g/L concentration
were kept aside. Streptomycin did not seem to provide the attended results, as for glucose 10
g/L concentration, it seemed to inhibit algal growth. So this concentration was indeed not
wanted for heterotrophic culture of S. dimorphus. For this experiment, the microalgae were first
purified, by mean of an intermediate Petri dish culture, as explained in section C. In vitro culture
of microalgae. Triplicates of mono-compartmented Petri dishes were initiated of two dilutions
1/10 000 and 1/1000 of the combination of MSR, MSR+S, MSR+G1 in the light and in the
dark. A bigger volume (100 uL spots) was also applied on the surface medium.

> Interaction between AM fungal hyphae and microalgae in heterotrophic conditions on
solid medium.

Two to three months old bi-compartmented Petri dishes containing AM fungal cultures of R.
irregularis MUCL 41833 and R. aggregatum MUCL 49408 grown on MSR+ medium in the
RC and MSR- medium in the HC were selected to produce actively growing hyphae on the
surface medium of the HC. Four droplets of 5 uL of 1/100 and 1/1000 dilution of S. dimorphus
were added on the surface medium next to the hyphae. One Petri dish was placed in the light,
the other one in the dark. This was also done for two other Petri dishes that contained no hyphae
in the HC, as control. For this test, it was important to note that some roots had crossed the
plastic barrier and grown in the HC, even if droplets of microalgae did not touch the roots
around.
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Final experiments
> Implementation

The final experiment was composed of three treatments of which two are controls. Figure 25
shows the experimental set-up.
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Figure 23 : Impact of AM fungal hyphae exudates on the growth of microalgae cells. Three treatments are
considered (C), Petri dishes with no roots and AM fungus in the root or hyphal compartment (RC or HC,
respectively), (S) petri dishes with roots and AF fungus in the RC only, and (E) Petri dishes with roots and
AM fungus in the RC and AM fungal hyphae extending in the HC (adapted from Zhang et al., 2018).

In order to refer easily to the different treatments, letters were assigned to each of them. In the
first treatment, no roots nor AM fungi were present in the root compartment. This treatment
was named the Control (C) treatment. In the second treatment, roots and AM fungi were present
in the root compartment (RC), but did not cross the plastic barrier separating RC from HC. This
treatment was named the S treatment. In the last treatment, roots and AM fungi hyphae were
present in the root compartment and hyphae crossed over the plastic barrier to the HC. This
treatment was named the E treatment. In all Petri dishes, microalgae were only deposited in the
HC. The RC and HC were composed of MSR+ (MSR with 10 g/L sucrose) and MSR- medium
respectively. The MSR- medium was either liquid (exp.1) or gelled with Phytagel (exp. 2 and
3).

To make the E (and S) Petri dishes, 105 cultures of the 4 strains of mycorrhizae (R. irregularis
MUCL 41833, R. intraradices MUCL 49408, R. aggregatum MUCL 49410 and R. clarus
MUCL 46238) were initiated, with timing differences, as explained in section Il.I B. In vitro
culture of mycorrhizae, except that the MSR- compartment was not fully filled. Three to four
mL MSR- medium was added in a slope from top to bottom of the plastic barrier. Once the
hyphae of enough Petri dishes have crossed the plastic barrier, about 6 mL MSR- can be poured
in the whole compartment. In view of monitoring growth in a gelled MSR- medium, the reason
of adding the MSR- medium in a slope first permits to reduce the differences of hyphal growth
and expansion in the hyphal compartment. In view of monitoring growth in a liquid MSR-
medium in the microalgal compartment, pouring a slope allows to see when enough Petri dishes
are ready to be used. The slope is then removed and replaced by the liquid medium.
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Twenty Petri dishes without roots and mycorrhizae were prepared at the same time as the ones
with the AM fungal strains, in order to make the C Petri dishes. For the S treatment, the Petri
dishes prepared for the E treatment in which a poor to almost no hyphal growth and expansion
in the RC would occur, would be used. After 3 months of incubation at 27°C in the dark, the
first Petri dishes were ready for use.

Experiment with liquid hyphal compartment

» Further implementation

Fourteen and sixteen Petri dishes inoculated with R. irregularis MUCL 41833 and R.
intraradices MUCL 49410 with well-developed hyphae in the HC, 14 and 16 other Petri dishes
inoculated with 41833 and 4910 that produced few hyphae in the HC and 12 Petri dishes with
no roots nor mycorrhizae in the HC were used to initiate the experiment. Gelled MSR- slopes
were removed with a sterile scalpel and replaced by 10 mL of liquid MSR medium. The Petri
dishes were further incubated as previously described. Every three days, the Petri dishes were
observed for hyphal growth in the liquid medium. The number of replicates per treatment
differed due to contaminations. In the C treatment, 8 Petri dishes for both the strains R.
irregularis MUCL 41833 and R. intraradices MUCL 49410 were used. In the E treatment, 8
and 10 Petri dishes respectively for the strains R. irregularis MUCL 41833 and R. intraradices
MUCL 49410 were used. Finally, in the S treatment, 9 and 9 Petri dishes for the strains R.
irregularis MUCL 41833 and R. intraradices MUCL 49410 were used.

Before applying the microalgae onto the HC, Petri dish cultures were started from the liquid
culture, in order to ensure that the liquid culture was not contaminated, as explained under the
section I1.1 C. In vitro culture of microalgae. After 25 days, liquid MSR- media of the HC was
collected and replaced by 10 ml of liquid MSR medium containing 10~° cells/I of C. vulgaris.
The initial concentration of microalgae applied was based on the one used by Clement-
Larosiére (2012) in her experiment of observing C. vulgaris growth rate under different CO>
concentrations. The Petri dishes were wrapped into aluminum foil and incubated in the dark.

» Monitoring
Several observations were made:

a) Microscopic observation
Petri dishes were observed to see if differences in microalgal growths were perceptible, or if
any interesting interaction could be noticed. Pictures were taken under the microscope
(magnification 40x, 100x, 400x).

b) Counting cells
This method consists in measuring the concentration of C. vulgaris by a Fuchs-Rosenthal
counting cell. Onday 7, 9, 11 and 13, 20 pl of the liquid culture was homogenized with a sterile
tip in the HC and then sampled. For each sample, cells in 18 squares were counted. Their mean
was calculated and was used to find the concentration of that sample. From the number of cells

counted in one square, the microalgae concentration of the sample was deduced with next
formula:
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cell concentration = [total counted cells / number of squares] x80.

The sampled volume was replaced by the same volume of pure MSR- liquid medium. To avoid
falsified results by letting a strand of light pass through that could activate photosynthesis of
algae, the sampling took place in a dark room.

Figure 24: Microscopic picture of C. vulgaris cell on a Fuchs-
Rosenthal cell.

c) OD measurement

After the last sampling on day 13, a part of the volume was used to make OD measurements.
OD measurements were realized with a DU 800 Spectrophotometer. Absorbance of the sample
was measured with single wavelengths readings. Absorbance (A) can be explained by the
following formula (Durfee, 1998) :

A= log(?) PO: Light given off
P: Light being received

The greenest looking sample was selected and a wavelength scan was first realized in order to
detect which wavelength had the highest rate of absorbance. The graph showed a peak
absorbance at 680 nm. In a previous experiment outside this study, algal biomass of C. vulgaris
and S. acutus was been measured with a fixed wavelength of 550 nm (Ogawa and Aiba, 1981).
Fixed wavelengths readings were taken with those two wavelengths.
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To convert absorbance into algal biomass, the next formula was applied (Ogawa and Aiba,
1981):

X [9/L] = ODss0(0.33 £0.01).

In addition, algal mass concentrations were adjusted to the remaining volume, by mean of the
next formula:

Xadjusted [9/L] = ( X[g/LIV[mL] ) / 10[mL].

d) Adjusting to the remaining volume

After the last uptake on day 13, the entire volume of microalgal culture was sampled and
measured with a serological pipet. It was assumed that the final volume of all the HC would
not be heterogeneous after 13 days, for three reasons: The evaporation and the hyphal
absorption, the sampling and the liquid that is inadvertently spilled in the other compartment or
onto the lid of the Petri dish. Since the volumes would not be identical in all Petri dishes at the
end of the experiment, the final concentrations were adjusted to the remaining volume.
Furthermore, in order to reduce the decrease in volume per sample, the sampled volume of
MSR liquid was re-added. This results in a small dilution that can be calculated and therefore
adjusted.

V=20 uL x 3 =60 uL (V=sampled volume before last sampling)
Cna = X/10 000 cells/ uL (Cra=non-adjusted concentration, X=number of microalgae)
Ca = X/(10 000-60) cells/uL (Ca=adjusted concentration)

=> Cna / C5 =10 000/(10 000-60)
=> Cna / Ca :1,006
=> Ca = Cna /1,006

Thus the final concentration should be divided by 1.006 in order to eliminate the effect of
sampling. What is not considered here is that a dilution of microalgae potentially recedes them
into their development cycle and might be at the base of an enhanced growth. A diluted
concentration can bring the microalgae in another phase of their development, for example the
exponential growth phase again if the plateau phase was reached. Anyhow, as it has been
demonstrated the dilution is minim and will not cause any problem of that kind.

Experiment 1 with gelled hyphal compartment

» Further implementation
Five and 6 well-colonized Petri dishes and 5 and 6 poorly-colonized Petri dishes inoculated

with R. clarus MUCL 49408 and R. intraradices MUCL 49410 respectively, as well as 5 Petri
dishes with no roots nor mycorrhizae were chosen for conducting this experiment. Five ml of
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gelled MSR- medium was poured in the continuum of the MSR slope in the HC. The Petri
dishes were incubated as above. Every three days, the growth of mycelium in the HC was
checked. After 21 days, the HC of most of the Petri dishes were well-colonized and the
experiment was launched. Two spots of 5 ul of dilution 1/1000 of both S. dimorphus and C.
vulgaris were applied in the vicinity of hyphae.

» Monitoring

a) Microscopic observation
At day 1, Petri dishes were observed under the microscope and pictures of the microalgal spots
were taken. The Petri dishes were then wrapped in aluminum foil and replaced in the incubation
chamber.
After 14 days of incubation in the dark, the Petri dishes were observed under the microscope.

Pictures of the same microalgal spots that had been photographed before were taken and all the
spots were observed (Figure 27).

Figure 25: Microscopic observation of microalgae c in
the bi-compartmented Petri dish.

b) Phosphorus tests

In order to compare the phosphorus concentrations between the compartments with and without
hyphae, phosphorus measurements were performed. They were performed by Anne Iserantant
of the Mineral and Organic Chemical Analysis Laboratory at the Earth and Life Institute of
Environmental Sciences. Phosphorus was measured after filtration using an inductively coupled
plasma spectrometer (ICAP 6500 duo view) from Thermo Scientific.
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Experiment 2 with gelled hyphal compartment

The previous experiment was repeated with changing certain aspects of the protocol in an
attempt to eliminate certain hypotheses that could have contributed to the unattended results of
that experiment.

In the first gelled experience, 3 weeks had passed between the moment the medium was poured
in the hyphal compartment and the moment the microalgae had been applied on it. Mycorrhizae
could have sampled most of the mineral ions in this compartment. For this experiment,
microalgae were applied right after the solidficatoin of the MSR- medium to decrease the
chances the hyphae have ‘prélevés’ all the minerals from the medium.

Furthermore, as mycorrhizae tend to dive into the medium and that microalgae are applied to
the surface, microalgae were often not in direct contact with mycorrhizae.

In order to maximize the chances of encounter between hyphae and microalgae, the MSR-
medium film was poured as thinly as possible (about 5 mL).

Finally, a slightly more diluted initial concentration was chosen and the microalgae were
applied in a fine line at the boundary between the slope of MSR filled with hyphae and the
freshly poured new solid medium.

» Further implementation

For this experiment, 5 of both well- and poorly-colonized Petri
dishes inoculated with R. intraradices MUCL 49410, as well as
5 Petri dishes with no roots nor mycorrhizae were chosen. The
tiniest possible layer (about 5 mL) of gelled MSR- medium was
poured in the prolongation of the MSR slope. Two lines of 100
pl of S. dimorphus and C. vulgaris of dilution 1/3000 were
applied in both halves of the HC. Petri dishes were photographed
under the microscope (magnification of 40, 100 and 400) before
being wrapped in aluminum foil and placed back to incubation to
obtain 5 plates of treatment E, 4 plates of treatment C, 4 plates of
treatment S.

» Monitoring
After 14 days of incubation in the dark, the Petri dishes were

observed under the microscope and pictures of the same
photographed spots were taken (Figure 28).

Figure 26: camera set-up on the
microscope
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[1.111 Statistical analysis

In order to detect significant differences between increasing concentrations of 3N-BBM
microalgal exudates and between different strains (2 factors) on germination day, daily hyphal
growth and daily hyphal ramification, an ANOVAL was realized between the controls of the
different experiments. If the controls were not significantly different, a non-parametric Kruskal-
Wallis test was used. It analyses the effect of a variable on the measured data. If p<0.05, a
Tukey test is performed. These two tests were realized on the R program.

To detect significant differences in germination day, daily hyphal growth and daily hyphal
ramification between increasing concentrations of MSR (+ and -) exudates and the two strains
(C. vulgaris and S. dimorphus) cultivated in dark on one hand and C. vulgaris cultivated in the
light or in the dark on the other hand (2 factors), the same tests (Kruskal-Wallis test and Tukey
test on the R program) were used.

Additionally for the first experiment testing the effects of microalgal 3N-BBM exudates on
hyphal elongation of germinated spores, two other statistical analyses were conducted. A non-
parametric correlation test followed by a Kruskal-Wallis test was realised in order to ensure
that the length of subtending hypha did not interfere with the results. A one-factor ANOVA
(95% confidence interval), conducted with the SAS program, was supplemented by a Tukey
test, realized on the R program to compare the means respectively, to explain the distribution
of hyphal elongation obtained on the basis of differences caused by supernatant concentration.
To do this, the homogeneity of variances was checked by a Levene test. If these variances were
not homogeneous, then the data were transformed by different functions (logarithmic, inverse
or square root arcsine). This was conducted for different data of R. intraradices MUCL 49410
over time.

ANOVAI1s (SAS program) followed by Tukey tests (R program) were also conducted on the
OD measurements and the microalgal concentrations of the counting tests of the experiments
testing the effect of AM fungal hyphae exudates on microalgae growth and to detect significant
differences between total lengths of emerging hyphae per bead and per Petri dish (containing 5
beads) according to three concentrations of S. dimorphus supernatants in the last experiment
testing the impact of microalgal exudates encapsulated with mycorrhizal spores on germinating
hyphal elongation.

Finally, to compare results obtained by OD measurement and counting cells of the experiments

testing the effect of AM fungal hyphae exudates on microalgae growth, a non-parametric
correlation test (Spearman method) was carried out (with the R program).
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V. Results

I. Impact of microalgal exudates on the germination of spores,
hyphal branching and elongation of germinating hyphae

I.1 Effects of microalgae exudates from 3N-BBM medium

A pre-germination test was conducted with the four strains. Only three (R. irregularis MUCL
41833, R. aggregatum MUCL 49408 and R. intraradices MUCL 49410) showed adequate

germination rates and were selected for the experiment. The strain R. clarus MUCL 46238
was not selected due to the low germination rate during the pre-test.

A. Germination rate

The germination rate is the percentage of germinated spores at the end of the experiment (i.e.
after three weeks).

Table 4: Germination rate [%] of spores of R. intraradices MUCL 49410, R. irregularis MUCL 41833 and R.
aggregatum MUCL 49408 strains with increasing concentrations of S. dimorphus 3N-BBM exudates.

Germination rate [%0]

CTRL 0.25% 2.5% 25%
R.intraracides
MUCL 49410 88 89 85 83
R.irregularis
MUCL 41833 83 58 92 90
R.aggregatum
MUCL 49408 84 69 97 100

For whatever fungal strain, each treatment induced a germination rate above 50%.

B. Germination day

The germination day is the day at which the spore germinated, with day 0 = the day the spore
was placed in the Petri dish. A germination day of 4 means the first germination tube was
observed at day 4. Data of germination day lacks for the strain R. irregularis MUCL 41833.

No significant impact of exudates was noticed for and R. aggregatum MUCL 49408 (p<0.05)
(Table 5). Conversely, exudates induced a significant difference for R. intraradices MUCL
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49410. At concentration 2.5 %, the germination day was significantly higher as compared to
the CTRL and the 0.25% of R. intraradices MUCL 49410, but not as compared to the 25% of
R. intraradices MUCL 49410 and the four treatments of R.aggregatum MUCL 49408. No
significant difference was noticed in germination day between CTRL, 0.25% and 25% exudates
of R.intraracides MUCL 49410 and the four treatments of R.aggregatum MUCL 49408.

Table 5 : Germination day of R. intraradices MUCL 49410 and R. aggregatum MUCL 49408 spores with
increasing concentrations of S. dimorphus 3N-BBM exudates.

Germination Day [Day]

conc.[%] CTRL 0.25% 2.5% 25%
R.intraracides b b a ab

+ + + +
MUCL 40410 +5¥6.121 4.5+6.334 10.642+5.879°  10.133+7.643
R.aggregatum  7.2+3.3% 6.8+4.3% 7.4+6.2% 8.1+4.7%
MUCL 49408

Note: Data are presented as means + SD (standard deviation). Different lower case letters indicate
significant differences between increasing concentrations of S. dimorphus 3N-BBM exudates, as determined
by a Kruskal-Wallis test followed by a Tukey'’s test. (p<0.05)

C. Hyphal elongation

In a first trial with R. intraradices MUCL 49410, some hyphae attached to the selected spores
were particularly long. We hypothesized that this may have impacted the length of germinating
hyphae.

Therefore, to ensure that the length of the subtending hypha did not interfere with the results, a
non-parametric correlation test between the subtending hypha length and the daily growth of
hyphae (after 7 days) was performed. A p of -0.27 was obtained. Although this value was low,
the correlation was negative. A Kruskal-Wallis test was thus conducted. It showed that the
lengths of the subtending hyphae were evenly distributed in the different concentrations (Figure
29). It was therefore decided to not take that into consideration.
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Figure 27: Hyphal elongation at 7 days against the length of
subtending hypha for R. intraradices MUCL 49410 spores for
different concentrations of S. dimorphus 3N-BBM exudates

Three measures of hyphal elongation were taken in a period of 7 days. Daily growth over the
whole 7 days period was derived and the averages of each concentration were reported in Table
6.

Table 6: Daily growth [mm/day] during a period of 7 days of hyphae from germinated spores of R. intraradices
MUCL 49410, R. irregularis MUCL 41833 and R. aggregatum MUCL 49408 strains with increasing
concentrations of S. dimorphus 3N-BBM exudates.

Daily Growth [mm/day]

CTRL 0.25% 2.5% 25%
R.intraracides
MUCL 49410  0.239+0.330° 0.262+0.222° 1.412+1.3262 0.526+0.449°
R.irregularis
MUCL 41833 0.318+0.253° 0.263+0.295° 1.502+0.5542 1.554+1.0512

R.aggregatum
MUCL 49408  0.258+0.165° 0.284+0.176°  0.462+0.438° 1.365+0.765%

Note: Data are presented as means + SD. Different lower case letters indicate significant differences between
increasing concentrations of S. dimorphus 3N-BBM exudates, as determined by a Kruskal-Wallis test followed
by a Tukey test. (p<0.05)

Daily growths of R. intraradices MUCL 49410 2.5 % exudates, R. irregularis MUCL41833
2.5% and 25% exudates and R.aggregatum MUCL 49408 25% exudates were significantly
higher as compared to the controls and the 0.25% exudates of all three strains, the 25% exudates
of R. intraradices MUCL 49410 and the 2.5% exudates of R.aggregatum MUCL 49408. On a
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period of 7 days, the increases were estimated to be about 4 to 5 times as high, by comparison
to the controls.

The highest daily growth was induced by the 25% R.irregularis MUCL 41833 (1.554 mm/day),
followed by the 2.5 % R.irregularis MUCL 41833 (1.502 mm/day), the 2.5 % R.intraracides
MUCL 49410 (1.412 mm/day) and the 25 % R.aggregatum MUCL 49408 (1.365 mm/day).

For the strain R.intraracides MUCL 49410, daily growths over different time periods (0-2, 2-
4, 4-7 and 0-7 days) were calculated and the averages of each concentration were reported in
Table 7. For the other two strains, some missing data on days 2 and 4 did not allow to measure
daily growths over time.

Table 7: Daily growth [mm/day] of hyphae for different periods of 2, 2, 3 and 7 days between day 0 and
day 2, day 2 and day 4, day 4 and day 7, day 0 and day 7 respectively after germination of spores of
R.intraracides MUCL 49410 with varied concentrations of S. dimorphus 3N-BBM exudates.

Daily Growth [mm/day]

CTRL 0.25% 2.5% 25%
0-2 0.165+0.243° 0.183+0.244° 1.198+1.634%  0.658+1.141%
2-4 0.315+0.352° 0.427+0.585° 1.282+1.399%  0.629+1.043%
4-7 0.240+0.313" 0.200:+0.180° 1.630£1.708*  0.383+0.431°
0-7 0.239+0.330° 0.262+0.222° 1.412+1.326®  0.526+0.449°

Note: Data are presented as means + SD. Different lower case letters indicate significant differences between
increasing concentrations of S. dimorphus 3N-BBM exudates, as determined by ANOVAL1 followed by a
Tukey test. (p<0.05)

After two days, there was already a significant difference between hyphal elongation at 2.5%
exudates as compared to the CTRL and 0.25% exudates. However, the 2.5% exudates did not
induce a significant difference in daily growths compared to the 25% exudates. The CTRL and
the 0.25% exudates were not significantly different from each other.

The daily growth between day 2 and day 4 gave the same trends. Daily growth between day 4
and day 7 gave a significant difference between 2.5 % and the three other concentrations. Again,
the CTRL and 0.25% exudates on one hand and the 2.5 and the 25% on the other hand, did not
induce a significant different daily growth. Between day 4 and day 6, daily growth of treatment
2.5% was significantly different from the three other treatments. The later were not significantly
different from each other. This is the same trend than the daily growth taken for the whole 7
days period.

As time progressed, the daily growth of hyphae subjected to treatment 2.5% significantly
differentiated from the daily growth of hyphae subjected to the other treatments. First from the
CTRL and 0.25% exudates (until day 4) and then from the 25% exudates.

In following Figure 30, which reflects hyphal elongation velocities over time, daily growths of
different time periods have been graphically presented. For the four treatments, daily growths
at the beginning (from day 0 to day 2), the middle (from day 2 to day 4), the end (from day 4
to day 7) or for the whole 7 days are not significantly different from each other. From day 0 to
day 2, there is in general less diversity in daily hyphal elongation between the replicates of the
same treatment than from day 2 to day 4 and day 4 to day 7.
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Boxplots of daily hyphal elongation over different time periods for different concentrations of
supernatants
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Figure 28: Boxplots of daily hyphal elongation over different time periods for different concentrations of supernatants. On the x-axis
the time period [-]: from day O to day 2, from day 2 to day 4, from day 4 to day 7 and from day 0 to day 7 and on the y-axis the daily
hyphal elongations [10-® mm/day]. The graph a represents the concentration 0, the graph b the concentration 0.25, the graph c the
concentration 2.5 and the graph d the concentration 25. Different letters indicate significant differences between daily hyphal
elongation over different time periods, as determined by an ANOVAL followed by a Tukey test. (p<0.05)

C. Hyphal branching

Three measures of hyphal branching were taken during a period of 7 days for the three strains
(R. irregularis MUCL 41833, R. aggregatum MUCL 49408 and R. intraradices MUCL 49410).
Daily ramification over the whole 7 days period was derived and the averages of each
concentration were reported in Table 10.

For R. intraracides MUCL 49410 no significant difference between treatments was noticed in
the daily ramification of the growing hyphae. Daily ramification of R.irregularis MUCL 41833
and R.aggregatum MUCL 49408 25% exudates treatment was significantly higher than all the
other treatments, except from the R.irregularis MUCL 41833 2.5% exudates treatment. This
latter treatment was significantly higher than the three CTRL and 0.25% treatments and
R.aggregatum MUCL 49408 2.5% treatment. There is no significant difference perceptible
between the controls and the 0.25% treatments of the three strains.
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Table 8: Daily ramification [Ram/day] for a period of 7 days of hyphae from germinated spores of R.
intraradices MUCL 49410, R. irregularis MUCL 41833 and R. aggregatum MUCL 49408 strains with
varied concentrations of S. dimorphus 3N-BBM exudates.

Daily Ramification [Ram/day]
CTRL 0.25% 2.5% 25%

R.intraracides  0.443+0.183¢ 0.567+0.235°¢ 0.619+0.395"  0.590+0.365"

MUCL 49410

R.irregularis 0.333+0.144° 0.367+0.108° 1.0816+0.681% 1.333+0.9142
MUCL 41833

R.aggregatum  0.153+0.0382° 0.162+0.0911° 0.299+0.0811° 1.296+0.539%
MUCL 49408

Note: Data are presented as means + SD. Different lower case letters indicate significant differences
between increasing concentrations of S. dimorphus 3N-BBM exudates, as determined by a Kruskal-Wallis
test followed by a Tukey test. (p<0,05). Ram= Ramifications

I.11 Effects of microalgae exudates from MSR(+ and -) medium

S. dimorphus and C. vulgaris were incubated in the dark and under light conditions to compare
the effects of exudates on spore germination, hyphal elongation and branching. Unfortunately,
the exudates of S. dimorphus cultivated in the dark were lost. Data are thus only available for
C. vulgaris in the light and in the dark and S. dimorphus in the dark.

Results were displayed in two tables in order to compare the exudates of C. vulgaris cultivated
in the dark and in the light (Table 9) on one side and the exudates of C. vulgaris and S.
dimorphus cultivated in the dark on the other side (Table 10). The results of the control and the
exudates of C. vulgaris cultivated in the dark appear in both tables. The tables present the
germination rate 30 days after the experiment was launched, the averages of spore (R.
irregularis MUCL 41833) germination days and the averages of daily growth and daily
ramification obtained after 7 days of spore germination are for the different treatments.

43



Table 9: Germination rate (%) of spores of R. irregularis MUCL 41833 over 30 days, germination day (day), daily
growth (mm/day) and daily ramification (Ram./day) for a period of 7 days of hyphae from the germinated spores with
increasing concentrations of MSR (+ and -) exudates of C. vulgaris cultivated in light (MSR-) and dark (MSR+)

conditions.
R. irregularis MUCL 41833
Daily Daily
Germination Germination Growth Ramification
Rate [%0] Day [Day] [mm/day] [Ram./day]
CTRL 75 10.933+5.8122 0.0528+0.120° 0.167+0.0610°
0.25% 33 10.667+9.8522 0.0144+0.005° 0.146+0.0510°
light 2.5% 5.6 3b 0.0144° 0.125°¢
25% 84 4.750+9.8522 0.847+0.6312 0.625+0.309°
C. vulgaris
0.25% 35 10.00+7.885? 0.071+0.0607°°  0.188+0.0685"
dark 2.5% 0 0 0 0
25% 67 7.00+6.769°2 0.507+0.295% 0.385+0.164°

Note: Data are presented as means + SD. Different lower case letters indicate significant differences between increasing
concentrations of exudates, as determined by Kruskal-Wallis test followed by a Tukey test. (p<0.05) Ram.=

Ramifications

The treatments 0.25% and 2.5% of C. vulgaris exudates cultivated in the light and in the dark
induced germination rates below 50% (33%, 5.6%, 35%, 0% respectively).

Exudates of C. vulgaris grown in MSR- medium in the light induced a significantly earlier
germination on the spores added at a concentration of 2.5%, as compared to the control, the
0.25% and the 25% of both C. vulgaris grown in MSR+ in the dark and in MSR- medium in
the light. The five latter treatments were not significantly different from each other.

Added at the concentration of 25%, the exudates of C. vulgaris cultivated in the light and in the
dark induce a significant increased daily hyphal growth in comparison to the control, C.
vulgaris cultivated in the light 0.25% and 2.5% treatment. The 25% exudates of C. vulgaris
cultivated in the light end in the dark are not significantly different from each other and the
daily growth they induced is estimated to be respectively about 16 and 9 times as high, as
compared to the control. The control, the 0.25% and the 2.5% treatments of C. vulgaris
cultivated in the light on one side and the 0.25% and the 25% treatments of C. vulgaris
cultivated in the dark on the other side did not induce a different daily growth.

Concerning the daily hyphal ramification, the treatments induced the same significant
differences than for the daily hyphal growth, except that the exudates from C. vulgaris
cultivated in the light induced a significantly higher ramification than the exudates from C.
vulgaris cultivated in the dark at the 25% concentration (about 1.6 times as high).
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Table 10: Germination rate (%) of spores of R. irregularis MUCL 41833 over 30 days, germination day (day),
daily growth (mm/day) and daily ramification (Ram./day) for a period of 7 days of hyphae from the germinated
spores with increasing concentrations of MSR (+ and -) exudates of C. vulgaris and S. dimorphus in dark (MSR+)
conditions.

R. irregularis MUCL 41833

Daily
Germination Germination Daily Ramification
Rate [%0] Day [Day] Growth [mm/day] [Ram./day]
CTRL 75 10.933+5.8122 0.0528+0.120° 0.167+0.0610°
0.25% 35 10.00+7.885° 0.071+0.0607° 0.188+0.0685"
C. vulgaris 25% 0 0 0 0
25% 67 7.00+6.769? 0.507+0.295% 0.385+0.164%
0.25% 78 10.286+6.3052 0.0401+0.0356" 0.152+0.0724°
S. dimorphus |25% 22 9.250+4.088" 0.0121+0.00538"  0.156+0.0625"
25% 90 6.118+0.111% 0.600+0.16262 0.375+1.799?

Note: Data are presented as means + SD. Different lower case letters indicate significant differences between
increasing concentrations of exudates, as determined by Kruskal-Wallis test followed by a Tukey test.
(p<0.05) Ram.= Ramifications

As regards the microalgal exudates of S. dimorphus grown in MSR+ medium in the dark, only
treatment 2.5% induced a germination rate below 50 % (22%).

There was no significant difference in germination day between the control and the 6 C. vulgaris
and S. dimorphus treatments cultivated in the dark.

Treatments 25% of C. vulgaris and S. dimorphus cultivated in the dark induced a significantly
higher daily hyphal growth and branching as compared to the control, the 0.25% treatments of
C. vulgaris and S. dimorphus cultivated in the dark and the 2.5% treatment of S. dimorphus
cultivated in the dark. The latter treatments were not significantly different from each other.

New experiences were launched with the 5 treatments that had a germination rate below 50 %
and a control, in a view to clarify whether the exudates had an inhibitory effect on germination
or whether another factor had played a role. The table displaying those results can be found in
appendix 4. Unfortunately, the controls of the second experience had zero percent germination
rate. Germination rates of the other treatments were also low and under 50%, except the
germination rate of the 2.5% treatment of S. dimorphus cultivated in the dark, which was 57.9%.
As the germination rate of the control was 0, no statistics could be done and the results are
therefore not useable.
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II. Effects of microalgal exudates encapsulated with
mycorrhizal spores on germination of spores and germinating
hyphal elongation

This experiment was set up to test the impact of microalgal exudates encapsulated with
mycorrhizal spores on germination of spores and germinating hyphal elongation. A good
germination was observed for all the beads (containing 0%, 10% or 100% microalgal MSR-
exudates).

After four days, total lengths of the emerging hyphae per bead were calculated (Table 21). The
total hyphal length per bead containing 10% of C. vulgaris exudates was significantly higher
(about more than twice as high) in comparison to the total hyphal length per bead containing
0% and 100% exudates. The latter treatments were not significantly different from each other.

Table 11: Total length of emerging hyphae per bead according to three concentrations of supernatant from
S. dimorphus after 4 days.

Concentration microalgal exudates [%0]

0% 10% 100%

Total hyphal length per bead
[um]
Note: Data are represented as means + SD with n = 50 per treatment. Different letters indicate significant

differences between the 0%, 10% and 100% treatments, as determined by an ANOVAL followed by a Tukey
test. (p<0,05)

1782 + 22342 4277 + 3062° 1991 + 26722

Lengths of the total hyphae emerging inside Petri dishes including 5 beads were also measured
after 4 days (Figure 31). From this point of view, a concentration of 10% microalgal exudates
induced also a significantly higher hyphal elongation per Petri dish, as compared to the 0% and
the 100% exudates. The latter treatments were not significantly different from each other.
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Figure 29: Length (um) of the total hyphae of the strain R. irregularis MUCL 41833 emerging
inside Petri dishes (including 5 beads), according to beads including three supernatant
concentrations (0, 10 and 100%) of S. dimorphus. Different letters indicate significant
differences between the 0%, 10% and 100% treatments, as determined by an ANOVAL followed
by a Tukey test. (p<0,05) Each boxplot includes n = 10 Petri dishes.
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I11. Effects of AM fungal exudates on microalgae growth

[11.1 Preliminary assays

A. Determination of adequate dilution to stimulate microalgae growth

Several dilutions (1/100, 1/1000, 1/10 000, 1/100 000) were tested on S. dimorphus growth in
Petri dishes containing 3N-BBM medium (agar 6g/L). In a first assay, dilutions 1/10 000 and
1/100 000 appeared to be the most adequate. The dilutions permitted to have a few distinct
colonies and to have a good visualisation of their development. But the results could not always
be reproduced and it appeared to be too diluted sometimes, even though cells were collected at
the same time after latest change of medium. Therefore there was decided to apply the
microalgae at a dilution 1/1000 on the Petri dishes of the final experiments.

B. Effects of streptomycin on S. dimorphus growth
Zero, 0.12, 0.24 and 2.4 of streptomycin concentrations were tested on the growth of S.

dimorphus (table 12) in an attend to inhibit photosynthesis and to detect how microalgae
develop in heterotrophic conditions (color, growth ,...).

Table 12 :Effects of different streptomycin concentrations on S. dimorphus growth in gelled MSR-

medium.

Conc[mg/l] O 0.12 0.24 2.4

Growth Normal Normal Slightly reduced
reduced

Development of S. dimorphus was normal when the gelled MSR- medium contained 0.12mg/L
streptomycin. At a concentration of 0.24 mg/L, the growth was slightly reduced while at 2.4
mg/L, growth was markedly reduced. It was thus decided to make further experiments with
streptomycin 2.4 mg/L.

B. Growth of S. dimorphus in heterotrophic and mixotrophic cultures

With these experiments, we wanted to know if S. dimorphus could be cultivated
heterotrophically and mixotrophically, with sucrose 10 g/L or glucose 1g/L and 10g/L in both
liquid and gelled medium.

= Liquid cultures

After 3 weeks, the number of microalgae cells was evaluated with a Fuchs-Rosenthal cell. The
best development of S. dimorphus was observed in the MSR+(glucose 1g/L) culture, followed
by the MSR+(sucrose 10g/L) culture, the MSR+(glucose 10g/L) culture and finally the MSR-
in the dark. The concentration of microalga, between day 1 and day 21, increased in all cultures
except the MSR — culture.
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= First Petri dishes cultures

After 10 days, S. dimorphus growth on the Petri dishes was observed. Following table 13 was
made to support the observations. This table is subjective, no results were calculated. It
approximates the reality and gives the observer's impression. Averages of the replicates of the
development of S. dimorphus are given in the form of +’s and zeros.

Table 13: Development of S. dimorphus on MSR -, MSR+S (10 g/L sucrose), MSR+G1 (1g/L glucose) or
MSR+G10 (10g/L glucose) medium with or without streptomycin (2.4 mg/L) in the light or in the dark.

Growth
Light Dark

- Streptomycin -

Streptomycin

MSR - ++ ++ 10 +++ Oto+ Oto+
MSR + S [10g/L + +++ Oto+ Oto+
sucrose]

MSR + G10 [10g/L Oto + Oto+ + Oto+
glucose]

MSR + G1 [lg/L +++to++++ ++++ Oto+ +
glucose]

0 No Development

+ Low Development

++ Medium development

+++ Good development

++++ Really good development

All the Petri dishes that were in the dark showed no to very small green spots. Unfortunately,
bigger orange and white colonies (contaminations) were also observed (Figure 32). For the Petri
dishes that had incubated in the light, the best growth was observed for MSR + G1, followed
by MSR+S and MSR-. MSR+G1 and MSR+S had bigger green spots, while the spots of MSR
- where often more numerous and smaller. A bad development for all the MSR+G10 Petri
dishes was observed. There was a small perceptible difference between the Petri dishes with
and without streptomycin, but colonies still developed on Petri dishes with streptomycin. The
duplicates were not exact copies, although the same dose was applied and the same conditions
were fulfilled.
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Figure 30: Petri dish of 1/10 000 and 1/100 000 diluted 10 L spots of
S. dimorphus on MSR- medium incubated in the dark after 10 days.

Although the Petri dishes contained contaminations, the results were interesting. As a first, it
allowed to see that S. dimorphus did not grow well with glucose 10 g/L. Secondly, streptomycin
didn’t seem to inhibit growth of S. dimorphus enough. As the morphology and color of S.
dimorphus in heterotrophic conditions was not known, the doubt that the white spots could be
S. dimorphus colonies was there. A new experiment was therefore launched, without the
glucose 10 g/L and the streptomycin, after purification of the microalgal culture.

» Second Petri dishes cultures

After 2 weeks, S. dimorphus growth on the Petri dishes was observed. Similarly as the first
Petri dishes culture, a table (Table 13) was made to support the observations.

After 2 weeks, growth of S. dimorphus on the distinct Petri dishes was observed. The ones that
had incubated in the light, plus MSR + S and MSR+ G1 in the dark, looked very green. MSR+
G1 inthe light and in the dark looked slightly greener than MSR+S in the light and in the dark
and they all looked greener than MSR- in the light. No real distinction could be made between
MSR+ S in the light and in the dark on one side and MSR+ G1 in the light and in the dark on
the other side. On the MSR- Petri dishes from the dark, nothing was perceptible to the naked
eye. This time, no other colors were distinguishable, so the white colonies observed in the dark
Petri dishes in the first Petri dishes culture were contaminations and not S. dimorphus. This
time there was no doubt: S. dimorphus can be cultivated in heterotrophic and mixotrophic
conditions with glucose 1 g/L and sucrose 10 g/L and it does not grow well if no sugar is added
in the dark. In general, glucose 1g/L provided the best microalgae growth, followed by sucrose
10 g/L in the dark especially and also in the light (Figure 30).
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Table 14: Development of S. dimorphus on MSR -, MSR+S (10 g/l
sucrose) or MSR+G1 (1g/1 glucose) in the light or in the dark.

Growth
Light Dark
MSR - +++ 0

MSR + S [10g/l +++to ++++ +++ to ++++
sucrose]

MSR + G1 [1g/l ++++ FH++
glucose]

0 No Development

+ Low Development

++ Medium development

+++ Good development

++++ Really good development

Figure 31 : Petri dishes of 1/1000 diluted 100 ! spots of S. dimorphus on MSR- (a), MSR+S (b) and
MSR+G1 (c) incubated in the dark after 2 weeks

E. Interaction between AM fungal hyphae and microalgae in heterotrophic
conditions on solid medium

Now that it had been determined that S. dimorphus could grow under heterotrophic conditions
in a liquid and gelified medium, that it was known that it could feed on glucose, a by hyphae
exuded sugar, and that a clear difference was observable between cultures with and without
sugar added in the dark, the next step was to see if hyphae could be its sugar supply.

The experiment was conducted with R. irregularis MUCL 41833 and S. dimorphus. After one

week of growth of S. dimorphus in the AM fungal mycelium on the MSR- medium in the HC,
colonies could be observed for the two Petri dishes that had incubated under light conditions.
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Some small spots could also be observed on the MSR- medium with and without hyphae that

had incubated in the dark.

After two weeks, colonies could be observed with the naked eye for
the Petri dishes that had incubated in the light. Under the
microscope, big colonies were observed. The best development was
observed in the HC containing no hyphae (Figure 35). As regards
the Petri dishes that had incubated in the dark, no colonies were
observed with the naked eye on, with and without hyphae in the
hyphal compartment (Figure 35). Under the microscope, the Petri
dishes containing hyphae had developed into colonies of a few cells
(Figure 34). For the Petri dishes without hyphae, the microalgal cells
had developed into bigger cells and some colonies of a few cells
were observed. The development was very poor.

Hy N

\

Figuré 33:

S. dimorphus spots in the HC (MSR- medium)l otaining hyphae of the AM

®
/
microalga
spore
2 =
-~ 01mm

Figure 32: Development
of S. dimorphus after two
weeks in the dark on MSR-
medium with hyphae of R.
irregularis MUCL 41833

R R

fungus R. irregularis MUCL 41833.The Petri dishes were incubated in the dark (a) or in
the light (d). HC without hyphae were also considered incubated in the dark (b) or in the

light (c).
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Furthermore, the microalgae seemed to tend to follow the hyphae and the roots (Figure 36).

Microalga

Microalga

Figure 34: S. dimorphus cells following a root (a) and a R. clarus MUCL 46238 hypha (b) in MSR-
medium after two weeks of incubation in the light

The observation of microalgae following hyphae in the HC in the light four weeks later (i.e. 6
weeks after application of S. dimorphus) allowed to see that S. dimorphus had not developed
further and no further migration along the hyphae was observed (Figure 37). Moreover, on the
following figure 37 a contamination appeared.

Figure 35: Microscopic picture of S. dimorphus élong R. irregularis MUCL 41833 hyphae on
MSR- medium after 2 weeks and 6 weeks

This pretest showed that S. dimorphus grew much better in the presence of light than in the
absence of light, in the presence of AM fungal hyphae and roots or not. In the presence of light,
S. dimorphus had a better grow in the absence of AM fungal hyphae and roots. In the dark, S.
dimorphus growth was very small in comparison with its development in the light, but it seemed
that S. dimorphus grew better in the presence of AM fungal hyphae and roots. This assay had
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promising results, as S. dimorphus seemed to be able to grow better in the dark in the presence
of AM fungal hyphae than in the absence of AM fungal hyphae, but the roots in the HC and the
limited number of replicates did not allow to draw any conclusion.

[11.11 Final experiments

The main objective of these experiments is to observe if microalgae can prosper in a whole dark
environment with no source of sugars, except the one that can potentially be given by
mycorrhizae. Three experiments were set-up. In the first one, HC is composed of liquid
medium. In the latter two HC is composed of solid medium.

A. Experiment with liquid hyphal compartment

Microscopic observations

Before analyzing the Petri dishes under the microscope, a few things were noted to the naked
eye. The first one was that the remaining volumes of the liquid compartments were very
different. At the end of the experiment, the smallest and largest remaining volumes were 5 and
8.9 ml, for an initial volume of 10 ml. However, within the same treatment volumes were quite
heterogeneous. The means and standard deviation of the volumes for each treatment are
represented in Table 11 below. Different treatments induced no significant difference in the
remaining final volumes.

Secondly, some Petri dishes looked much greener than others. Intensities of green of the liquid
compartments were not uniform within the same group. For treatment C (control with no roots
no AM fungus in the RC), microalgal culture of 3 out of the 6 Petri dishes look very green
compared to the microalgal culture in the latter three. The Petri dishes of treatment S (control
with roots and AM fungus in the RC) are the least green overall (Figure 35).

41833 S 41833 E 49410 S C 49410 E

Figure 36: Samples of microalgal compartments volume after 13 days of incubation in the dark in the liquid
MSR compartment for the C (microalgae in the HC/ no roots no mycorrhizae in HC and RC) , S (microalgae
in the HC/ roots and mycorrhizae in the RC) and E (microalgae and mycorrhizae in the HC/ roots and
mycorrhizae in the RC) treatments of R. irregularis MUCL 41833 and R. intraradices MUCL 49410 strains.

In addition, it was observed that microalgae were not evenly distributed in the whole liquid
volume. The content was homogenized using a tip before sampling for the counting tests and
the spectrophotometry measurements.
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Under the microscope, we observed that hyphae accumulated in the liquid compartment close
to the partition wall separating the RC from the HC. The volume occupied by hyphae/spores
was thus very small and only a small percentage of microalgae were in contact with the AMF
fungal hyphae.

Interestingly, these hyphal clusters were in most cases strongly surrounded by microalgae. In
and around these clumps of hyphae and spores, a generally higher concentration of algal cells
was noticed as compared to the rest of the compartment (Figure 39).

Compartment wall

A second observation
was the deposit of
microalgae on the bottom
of the liquid medium
(Figure 40). This was not
observed throughout the
compartment and was
even absent in some Petri
dishes. The same applies
to the accumulation of
microalgae along the
walls, especially along
the one separating the the
RC from the HC. In some
compartments, a deposit
could be observed on the

Figure 37: Abundant development of C. vulgaris cells along a cluster of R, _compartment wall, while
irregularis MUCL 41833 spores and hyphae on the compartment wall of an 1N Others not at all. It was
E (treatment with microalgae and mycorrhizae in the HC and roots and the case in most Petri
mycorrhizae in the RC) Petri plate. dishes containing AM

fungal hyphae.

Microalga

\

Root

L AT 5 Figure 39:C. vulgaris from the liquid MSR
Figure 38:Deposit of C. vulgarison ~ compartment of a S Petri dish that ended
the bottom of a Petri dish up in the root compartment by mistake and

developed along a DC root after 13 days of
incubation in the dark
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OD measurements

Samples were collected at the end of the experiment, on day 13. Absorbance of the samples
was measured at 550 and 680 nm wavelengths. Results obtained with wavelengths 550 nm and
680 nm were similar (Table 15). A non-parametric correlation test between the two sets of
results provided a p of 0.97, which means they are strongly correlated.

Table 15: DOsso and DOsso realized with a DU 800 Spectrophotometer of the hyphal compartment and final
volume after 13 days of incubation in the dark of the C (microalgae in the HC/ no roots no mycorrhizae in
HC and RC), S (microalgae in the HC/ roots and mycorrhizae in the RC) and E (microalgae and mycorrhizae
in the HC/ roots and mycorrhizae in the RC) treatments (with C. vulgaris, R. irregularis MUCL 41833 and
R. intraradices MUCL 49410 strains).

Absorbance
DOsso DOesso Volume [ml]

R.  irregularis|C 6347.48+7077.16° 6754.80+7543.082  6.62+1?
MUCL 41833 S 0.51+0.15P 0.41+0.13° 7.7+1.0552
E 0.23+0.19° 0.19+0.14° 6.33+1.472

R. intraradices|C 6347.48+7077.168 6754.80+7543.082 6.62+1°
MUCL 49410 S 0.39+0.14° 0.30+0.11° 7.25+1.882
E 0.32+0.16° 0.25+0.12° 6.03+1.572

Note: Data are represented as means + SD. Results are those obtained as such, not adjusted to the volume.
Different letters indicate significant differences between C, S and E Petri dishes of the same strain and the
same wavelength, as determined by an ANOVAL followed by a Tukey test. (p<0,05)

Table 16: Algal biomass obtained from the DOssp results and adjusted to the remaining
volumes, after 13 days of incubation in the dark of the C (microalgae in the HC/ no roots no
mycorrhizae in HC and RC) , S (microalgae in the HC/ roots and mycorrhizae in the RC) and
E (microalgae and mycorrhizae in the HC/ roots and mycorrhizae in the RC) treatments (with
C. vulgaris, R. irregularis MUCL 41833 and R. intraradices MUCL 49410 strains).

Algal biomass

X [9/1]
1385,972+1598,823?
R. irregularis MUCL 41833 |S 0,105+0,0472°
0,0577+0,0440P

m

1385,97+£1598,82%
0,0944+0,0609"
0,155+0,0459"

Note: Data are represented as means + SD. Different letters indicate significant differences
between C,S and E Petri dishes of the same strain and the same wavelength, as determined
by an ANOVAL1 followed by a Tukey test. (p<0,05)

R. intraradices MUCL 49410

m v O
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Absorbance was converted into algal biomass and the concentrations were adjusted to the
remaining volume (Table 16).

The C treatment induced a significant higher absorbance (the results obtained suggest it to be
about more than 10 000 times as high) as compared to the S and E treatments of both strains R.
irregularis MUCL 41833 and R. intraradices MUCL 49410.

Counting tests

C. vulgaris concentrations obtained with the counting tests were adjusted to the remaining
volumes (Table 17).

Table 17: Concentrations of C. vulgaris obtained by mean of a Fuchs-Rosenthal counting cell after
7,9,11 and 13 days of incubation in the dark in the liquid MSR compartment for the C (microalgae in
the HC/ no roots no mycorrhizae in HC and RC) , S (microalgae in the HC/ roots and mycorrhizae in
the RC) and E (microalgae and mycorrhizae in the HC/ roots and mycorrhizae in the RC) Petri dishes
of R. irregularis MUCL 41833 and R. intraradices MUCL 49410 strains.

Conc.[10° cells/I]

Sampling day 7 9 11 13
b b
R. irregularis C 0.51+0.18° 1.50+0.41°  3.10+1.14 7.47+3.152
MUCL 41833 |S 0.39+0.18° 0.59+0.33¢ 0.69+0.47¢ 1.27+1.25
E 0.4%0.16° 0.79+0.32¢ 1.051+0.34%¢ 1.89+1.36"
_ _ C 051+0.18°  1.50+0.41°  3.10+1.14° 7.47+3.15°
R. intraradices
MUCL 49410 |S 0.19+0.064°  0.56+0.37¢ 0.81+0.43" 2.13+1.23%
E 0.35+0.085°  0.71+0.26° 0.64+0.37¢ 2.5+2.41°

Note: Data are represented as means = SD. Different letters indicate significant differences between C, S
and E Petri dishes and sampling days 7,9,11 and 13 of the same strain, as determined by a Kruskal-Wallis
test followed by a Tukey test. (p<0,05)

For both R. irregularis MUCL 41833 and R. intraradices MUCL 49410, statistics indicated the
same significant differences on sampling day 7, 9 and 13. On day 7 and day 9, there was no
significantly different microalgal concentration in the three treatments. The treatments also
didn’t induce different microalgal concentration between those two sampling days. On
sampling day 13, microalgal concentration of the C treatment was significantly different from
the two other treatments of that sampling day and the three treatments of sampling days 7, 9
and 11. The S and E treatments were not significantly different from all the treatments of
sampling days 7, 9 and 11. For R. irregularis MUCL 41833, on sampling day 11 the C treatment
was significantly different from the C treatment on sampling day 13, the S treatment on
sampling day 11, the S and E treatments on sampling day 9 and the three treatments on sampling
day 7. For R. intraradices MUCL 49410, on sampling day 11 the C treatment was significantly
different from the C treatment on sampling day 13, the E treatment on sampling day 11, the S
and E treatments on sampling day 9 and the three treatments on sampling day 7.
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The S and E treatments did not induce a significant different microalgal concentration over time
(from day 7 to day 13). In contrast, microalgal concentration of treatment C on day 13 was
significantly higher than the microalgal concentration of treatment C on the other 3 days and
on day 11 it was significantly higher than on day 7.

Sometimes, microalgae form clusters on the Fuchs-Rosenthal cell. Not only does this make
counting not easy, but it proves that microalgae, even on Foch-Rosenthal cells, are not evenly
distributed. This reflects the importance of counting 18 squares per sample (Figure 41).

Figure 40: C. vulgaris cells forming a cluster on a Fuchs-
Rosenthal cell

Comparison of the methods

Whatever the method, the results are going in the same direction. What is common to the
methods is that the Petri dishes of the C group encountered a better development than the other
Petri dishes. A second commonality is that the proliferation of microalgae is heterogeneous
within the same group and even within the same compartment.

A non-parametric correlation test (Spearman method) between the mass concentrations
obtained by ODsso and the cellular concentrations obtained by counting tests at the end of the
experiment was carried out (Figure 42). A p of 0.245 was obtained. When one takes a look at
the plots (Figure 42) with the counting tests results in x-axis and the OD results in y-axis, we
observed for the first plot, that the 3 tremendous high results pull all the other results on the
same line in the y-axis. The second plot, which is the same plot with the 3 high OD results left
aside, reports on the non-linear link between the rest of the ODsso and the counting results. The
same correlation test was carried out on the same data, minus the results obtained for those 3
replicas. A p of 0.0269 was obtained.
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Conc. [g/l] (OD)

Figure 41: Mass concentrations obtained by OD against cell concentrations obtained by counting tests of the development of
C. vulgaris in C (control with microalgae in the HC and no roots no mycorrhizae in HC and RC) , S (control with microalgae
in the HC and roots and mycorrhizae in the RC) and E (treatment with microalgae and mycorrhizae in the HC and roots and
mycorrhizae in the RC) Petri dishes (R. irregularis MUCL 41833 and R. intraradices MUCL 49410) after 13 days of incubation
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in the dark. The second plot is the same as the first plot without the data of the 3 results that are circled in red.

B. Experiment 1 with gelled hyphal compartment

Microscopic observations

As the results of this experiment are in the form of a description of what was observed under
the microscope, a table (Table 18) was made to support what is described in this section. The
table includes a first column that reflects the development of the microalga in the gelled
compartment. These results are in the form of +’s. The other 3 columns show the fraction of
big, average and small colonies of microalgae. This table is subjective, no results were
calculated. It is an approximation of the reality and gives the observer's impression.

For this experience on gelled compartments, the microalgae had again developed best on the C
Petri dishes, followed by the microalgae growing on the two sets of S Petri dishes (R.
aggregatum MUCL 49408 and R. intraradices MUCL 49410). Microalgae on the E Petri dishes
had the poorest development. Although there is still some diversity within the same group, clear
tendencies are observable. In general, S. dimorphus grew better than C. vulgaris. Sometimes
the difference is minimal, sometimes it is important. Another observable difference was that C.
vulgaris seemed to have a slightly faster tendency to form big colonies than S. dimorphus. For
a similar development, C. vulgaris had on average more large colonies. There was more
heterogeneity in the development of C. vulgaris than in that of S. dimorphus; S. dimorphus had
more colonies of the same size. In contrast, C. vulgaris sometimes still had many small colonies
and already very large ones, too. Nevertheless, in general for a good development, more big
colonies were observed, for a medium development more average colonies were observed and
a bad development was usually coupled with a lot of small colonies.
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The global results are similar to those obtained by the previous experiment with liquid
microalgal compartments; there is a clear difference between the C group which has the best
growth, except that this time there seems to be also a clear difference between the S and E
groups.

What was also noted, is that, although care was taken to select hyphae that were near the surface
and to apply the microalgae droplets close to them, microalgae were not everywhere in direct
contact with AM fungal hyphae. When they were in contact with each other, hyphae end up
diving into the medium, leaving the microalga behind, unable to further follow the fungi. In
general, where microalgae are at the same depth as hyphae, they tend to follow them (Figure
43). Microalgae generally gather in a circle, except when they are in contact with the hypha;
Cells follow each other in a more longitudinal way (Figure 43).

’ \ ’ T

4

0,1mm

Figure 42: C. vulgaris and R. aggregatum MUCL 49408 hyphae on gelled MSR- bi-compartmentalized Petri
dish of the E (Microalgae and AM fungal hyphae in the HC, roots and AM fungal hyphae in the RC) treatment
after 14 days of incubation in the dark. The arrows (1) indicate microalgae following a hypha and the arrows
(2) indicate diving hyphae.
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Observation of microalgae in contaminated Petri dishes enabled to see that their development
was highly suppressed in the presence of contaminations.

If microalgae seemed to have difficulties to thrive next to mycorrhizae in this closed
environment, mycorrhizae didn’t seem to have difficulties to further grow. In contrary, they
seemed to blossom. The hyphae expanded in the whole compartment, comparison of pictures
taken on day 1 and day 14 allowed to discover plenty new hyphae and spores. Some microalgal
spots where no hyphae could be seen on the surface on the pictures of day 1 were crossed by
hyphae on the pictures of day 14.

As mentioned before and what can also be deducted from table 18, the microalgae did not
develop the same way in each replica of the same group (Figure 44: The corresponding picture
taken on day 1 of picture a can be found in appendix 5, Figure 45).

Figure 44: C. vulgaris on R. intraradices MUCL 49410 mycorrhized gelled MSR- HC on day 14. Picture a corresponds to the 4th
replica of its group in table 18. Picture b corresponds to the 1th replica of its group in table 18.

group in table 18. Picture b corresponds to the 5th replica of its group in table 18.
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Table 18 : Development and number of small, average-sized and big colonies of S. dimorphus and C. vulgaris in gelled MSR- HC of C (microalgae in the HC/ no roots no AM fungus
in HC and RC) , S (microalgae in the HC/ roots and AM fungus in the RC) and E ( microalgae and AM fungus in the HC/roots and AM fungus in the RC) of R. aggregatum MUCL
49408 and R. intraradices MUCL 49410 treatments after two weeks of incubation in the dark.

S. dimorphus C. vulgaris
Devpt Small c. Average c. Big c. Devpt Small c. Average c. Big c.
1 +++++ 0 0 1 ++++ 0 0 1
2 +++++ 0 0 1 ++++ 0 0 1
CTRL C 3 +++ 0.1 0.6 0.3 +++ 0.20 0.65 0.15
4 +++ 0 0.2 0.8 +++ 0 0.3 0.7
5 ++ 0.2 0.5 0.3 ++ 0 0.5 0.5
1 ++++ 0 0.25 0.75 +++ 0.1 0.3 0.6
2 +++ 0.1 0.7 0.2 +++ 0.1 0.4 0.5
S 3 +++ 0.1 0.7 0.2 +++ 0.15 0.2 0.65
4 +++ 0.2 0.5 0.3 ++ 0 0.5 0.5
5 ++ 0.6 0.4 0 ++ 0.1 0.55 0.35
49408
1 + 1 0 0 + 0.95 0.05 0
2 ++ 0.9 0,1 0 ++ 0.9 0.1 0
E 3 +++ 0.8 0,2 0 ++ 0.75 0.25 0
4 ++ 0.75 0,2 0.05 ++ 0.8 0.2 0
5 ++ 0.8 0,2 0 ++ 0.8 0.2 0
1 +++ 0.1 0.8 0.1 +++ 0.35 0.35 0.3
2 +++ 0.2 0.8 0 ++ 0.2 0.6 0.2
S 3 ++ 0.3 0.7 0 ++ 0.3 0.7 0
4 ++++ 0.05 0.9 0.05 +++ 0.3 0.6 0.1
5 ++ 0 0.9 0.1 ++ 0.2 0.7 0.1
49410
1 +++ 0.30 0.50 0.20 +++ 0.35 0.45 0.20
2 ++ 0.75 0.25 0 ++ 0.85 0.15 0
E 3 ++ 0.7 0.3 0 ++ 0.75 0.25 0
4 ++ 0.85 0.15 0 ++ 0.9 0.1 0
5 + 1 0 0 + 1 0 0

With Dvpt= Development, c.= colonies
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Table 19: Results of phosphorus tests of the gelled MSR- HC of the C (microalgae in the HC/no
roots no mycorrhizae in HC and RC) , S (microalgae in the HC and roots and mycorrhizae in
the RC) and E (treatment with microalgae and mycorrhizae in the HC/ roots and mycorrhizae
in the RC) of R. aggregatum MUCL 49408 and R. intraradices MUCL 49410 treatments after
two weeks of incubation in the dark.

P [mg/kg]

1 2 3 Mean
CTRL C 6.9 6.06 6.6 6.52
S 5.16 5.44 5.55 5.38

R. aggregatum
MUCL 49408 |E 4.44 4.69 6.39 5.17
S 6.64 6.14 6.67 6.48

R. intraradices
MUCL 49410 |E 2.74 2.68 3.32 2.91

Phosphorus tests

Phosphorus concentrations on three replicates of each treatment of the gelled HC at the end of
the 13 days were measured. We observe the highest average phosphorus concentration for the
C treatment (6.52 mg/kg), followed by the S treatments (6.48 mg/kg for R. intraradices MUCL
49410 and 5.38 mg/kg for R. aggregatum MUCL 49408) and the E treatments (5.17 mg/kg for
R. aggregatum MUCL 49408 and 2.91 for R. intraradices MUCL 49410).
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C. Experiment 2 with gelled hyphal compartment

For this experiment as well, a table (Table 20) was written to support the description of the
observations under the microscope. The table contains the same columns as Table 18. The
(subjective) scales are roughly the same, but the conditions in which the two experiments were
realized were not quite the same. As a reminder, microalgae were added at lower initial
concentrations in this experiment.

For this third experiment on the development of microalgae in the dark in the presence and
absence of mycorrhizae, overall results were not very different from the results of the first two
experiments. The main commonality is that there was a better development of the microalgae
from the C and S controls than of the microalgae of the E treatments. The microalgae in the HC
of the E treatments have never become very large. Those Petri dishes contained mainly small
colonies. The replicates of the C treatment were more similar to each other in this experiment
as compared to replicates of the C treatment in the previous experiments and as compared to
the replicates of the S treatment of this experiment. However,
the S treatment is composed of only 3 replicates; In one of the
plates, the AM fungus grew in an unexpected way in the root
compartment, entering the microalgae compartment.
Microalgae had developed very well in this compartment.
Figure 8 illustrates the hyphae growing towards S. dimorphus
in that microalgal compartment. The E Petri dishes had again
a boom of mycorrhizal growth in the hyphal compartment, it
seems even more pronounced than in the previous
experiment. Mycorrhizae that had just entered the microalgal
compartment on day 1, had colonized the whole space after 2
weeks (Figure 47). Furthermore, an intense hyphal branching Figure 45: Intense hyphal branching

was observed (Figure 46). of R. aggregatum MUCL 49408 in HC
( MSR-medium) with microalgae
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Figure 46: S. dimorphus on gelled R. intraradices MUCL 49410 mycorrhized MSR- HC of an E (microalgae and SM fungus in HC/ roots
and AM fungus in RC) treatment on day 1 (a) and day 14 (b). The Pictures correspond to the 3th replica of its group in table 20.
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Taking a look at what happened in the root compartment showed that hyphae were very active
in this compartment, too.

In the globality of the whole experience, S. dimorphus had, here again, developed better than
C. vulgaris. The two microalgae behaved differently, too. For C. vulgaris, more small and large
colonies were observed in comparison with S. dimorphus. The colonies of this latter were of a
more homogeneous size. Figure 48 illustrates well on the one hand the better development of
S. dimorphus and on the other hand their difference in colony size distribution.

Figure 47: S. dimorphus (a) and C. vulgaris (b) on gelled MSR- HC of C (microalgae in HC/no roots no AM fungus
in RC) treatment on day 14. The Pictures correspond to the 1th replica of their group in table 20.
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To conclude, an observation of the HC of the Petri dishes 2 weeks later, i. e. on day 30, revealed
that the microalgae had not changed much since the observations on day 14. Also, in one E
Petri dish, some roots had crossed over to the hyphal compartment. At some places along the
roots, a flow of diffusing microalgae cells could be observed. The ends of the flow closest to
the root diffused at a faster rate than the outer ends, where the microalgae were almost at a
standstill (Figure 49).

Figure 48: Flow of microalgal cells moving along a root that had crossed over in the HC of an E (microalgae
and AM fungus in HC/ roots and AM fungus in RC) treatment after 30 days of incubation in the dark.
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Table 20: Development and number of small, average-sized and big colonies of S. dimorphus and C. vulgaris in gelled MSR- HC of C (microalgae in the HC/no roots no
mycorrhizae in HC and RC) , S (microalgae in the HC and roots and mycorrhizae in the RC) and E (treatment with microalgae and mycorrhizae in the HC/ roots and mycorrhizae
in the RC) of R. intraradices MUCL 49410 treatments after two weeks of incubation in the dark.

CTRL

49410

B OWODN PP A WODN B

O wWNEF

S. dimorphus C. vulgaris
Devpt Small c. Average c. Big c. Devpt Small c. Average c. Big c.
++++ 0,15 0,6 0,25 ++ 0,6 0,15 0,25
++++ 0,25 0,55 0,2 +++ 0,65 0,35 0
++++ 0,4 0,5 0,1 ++ 0,60 0,3 0
++ 0,6 0,4 0 + 0,6 0,3 0,1
++++ 0,1 0,45 0,45 +++ 0,45 0,1 0,45
++ 0,65 0,35 0,1 ++ 0,65 0,35 0
+ 0,90 0,1 0 + 0,95 0,5 0
++++ 0,1 0,35 0,55 +++ 0,6 0,1 0,3
+ 1 0 0 + 1 0 0
++ 0,95 0,05 0 + 0,9 0,1 0
+ 0,95 0,05 0 ++ 0,95 0,05 0
++ 1 0 0 ++ 1 0 0
++ 0,95 0,05 0 ++ 1 0 0

With Devpt= Development, ¢.= colonies

*Petri dish that had a bad colonization of hyphae in the beginning and thus no mycorrhizae in the hyphal compartment, but it underwent a boom of colonization during the
experience and some hyphae passed through the microalgal compartment when the petri dishes were observed. This Petri dish is not to be considered in the S treatment anymore.
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V. Discussion

I. Impact of the microalgal exudates on the germination of
spores, hyphal branching and elongation of germinating hyphae

The findings suggest that the exudates of S. dimorphus cultivated in 3N-BBM medium don’t
have much impact on the germination of AM fungal spores. All the treatments induced a good
germination rate. About the timing at which the spores germinated, only treatment 2.5% of the
strain R.intraracides MUCL 49410 induced a later germination, relative to the control and the
0.25% treatment of the same strain, but not relative to R.aggregatum MUCL 49408 treatments
and the second control.

Results of hyphal elongation and ramification were quite different for R.intraracides MUCL
49410 than for R.irregularis MUCL 41833 and R.aggregatum MUCL 49408. For the two latter
strains, hyphal growth seems to go with hyphal ramification as the treatments who induced an
increased hyphal elongation were the same as the ones who induced a higher ramification of
the hyphae. For both strains, the treatment 25% and for R.irregularis MUCL 41833 the
treatment 2.5% as well, had a significant impact on both hyphal elongation and branching. For
R.intraracides MUCL 49410, it was also the treatment 2.5% who induced a higher hyphal
elongation, but it was not coupled with an enhanced ramification. The surprising part is that the
treatment 25% did not induce an enhanced hyphal growth (and ramification).

Considering the results of R. intraradices MUCL 49410, it could be hypothesised that one or
more molecules exuded by S. dimorphus have a stimulating effect on hyphal growth from a
certain concentration up to a certain concentration, where that or these molecules have no effect
on hyphal growth any more. One could make a similar analogy to glucose, which has a
stimulating effect at low concentration and an inhibitory effect at higher concentration,
according to Siqueira et al. (1985) on spore germination and experienced in this work, on the
growth of S. dimorphus. However, the treatment 25% although not significantly different,
induced on average a twice as high hyphal elongation as compared to the control and the
treatment 0.25% of this strain. If the treatment 25% did not have the same stimulating effect on
hyphal elongation as treatment 2.5%, it did not have an inhibitory effect either. It would
therefore be interesting to conduct tests at even higher concentrations to see whether higher
concentrations inhibit hyphal growth or not and if hyphal growth of the two other strains is also
negatively affected by higher concentrations of exudates.

It is possible that one hypothesis may be tested for one strain and not another, not all strains
react in the same way. But a hypothesis that would support the results obtained for the three
strains would be to say that all strains have different sensibilities to microalgae exudates and
that R. irregularis MUCL 41833 and R. aggregatum MUCL 49408 have a higher threshold of
inhibitory effect than R. intraradices MUCL 49410. We can already see that they have different
stimulation thresholds (i.e. the 2.5% treatment already induces hyphal growth stimulation of R.
irregularis MUCL 41833 and R. intraradices MUCL 49410, but it is only from the 25%
treatment that the exudates have also stimulating effects on hyphal growth of R. aggregatum
MUCL 49408).
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In all cases, this experiment showed that exudates of S. dimorphus grown in a 3N-BBM
medium, added at a certain concentration in a solid MSR- medium, have a stimulating effect
on the hyphal elongation and branching of germinated spores of R. intraradices MUCL 49410,
R. irregularis MUCL 41833 and R. aggregatum MUCL 49408. Furthermore, it allowed to see
that hyphal elongation of R. intraradices MUCL 49410 velocities with increasing
concentrations of S. dimorphus exudates were constant over a time period of 7 days and that
the effects of S. dimorphus exudates on hyphal growth were already significant after 2 days of
hyphal elongation.

However, as the culture medium of S. dimorphus supernatants (3N-BBM) was not the same as
the one used in the Petri dishes (MSR-) and the amount of supernatants added to each treatment
was not equal, it seemed opportune to take a closer look at its composition. There was a concern
that elements from the 3N-BBM medium act on spore germination and hyphal growth. The
mineral composition of a medium is important for the plant-AM fungi association.

Plants allocate more biomass in structures allowing them to acquire the most limiting elements
they need. If the most limiting elements are light and carbon dioxide, the plant will tend to
produce more vegetative apparatus. If, on the contrary, limitations come from underground
(like a phosphorus limitation), the plant will tend to produce more roots. So, this functional
equilibrium model is at the basis of the mycorrhizal association. If the plant needs the
association for limiting resources, it will put energy into it. If not, it will concentrate its energy
into something else. Two crucial elements at the basis of mycorrhizal interaction are nitrogen
and phosphorus. Johnson et al. (2010) developed a trade balance model that predicts
mycorrhizal association regarding to the C-N-P (carbon-nitrogen-phosphorus) stoichiometry
(Figure 50). This model has numerous limitations as it goes without saying that a tremendous
number of other factors may come into play and mycorrhizae have more commodities to carbon
than these two mineral ions, but in this context of controlled environment it permits to recognize
the importance of nitrogen and phosphorus concentrations in the culture medium.

In this trade balance model, the

Trade balance model mycorrhiza trades phosphorus against

? Ill, Commensalism carbon. As three quarter of nitrogen in
E Low plant C supply the leaf is invested in chloroplasts in
L Low P trade benefit Low P trade benefit C . .
%:-. availability of nitrogen permits to
T R : ] produce carbon through
o g :_'EF'THTS ”“““I"H“Sm ||-:| ﬁ’—ﬂm': Té”“ﬂ"r'fm photosynthesis. In the case of a P-
= ow plan supply gher plan supply T .
Z | Lower fungal C demand  High fungal C demand |IMmitation, —carbon is  exchanged
E High P trade benefit High P trade benefit ~ against P and a high N availability
— I enhances  photosynthesis,  which
Limitation N supply Lusury * poosts the carbon production and

trade  for  phosphorus.  This
stoichiometry induces the best
mycorrhizal association. A P- and N-
limitation will also support the beneficial interaction, but the C for P trade will be limited by
limited N availability. If the P and N are both abundant, fungal C demand will only be limited
by the carbon and thus the mycorrhizal demand for C may increase in such a way that one may
speak of parasitism. An abundant P and limited N availability will bring plant fungus in

Figure 49: Trade balance model (Johnson, 2010)

69



competition for nitrogen and carbon and C transfer to the mycorrhiza is going to be limited by
N. As one might see, a limited phosphorus concentration is always beneficial for the
association. Phosphorus is a mycorrhizal crucial element of exchange for carbon. On the other
hand, the most beneficial concentration of nitrogen depends on the availability of phosphorus
(Johnson, 2010).

In the mycology laboratory, low concentrations of phosphorus and average concentrations of
nitrogen are used in the culture media in order to promote the association. When concentrations
of P .and N in the 3N-BBM medium and the MSR- medium are brought aside, one can see that
phosphorus and nitrogen concentration are respectively more than 50 and 2 times higher in the
3N-BBM medium than in the MSR- medium (Table 21).

Table 21: Concentrations of P and N in 3 N-BBM and MSR- media

3N-BBM MSR-
P[mM] 1,72 0,03
N[mM] 8,82 3,98

As the important stoichiometry of these elements has been highlighted above, these differences
are not to be neglected. However, in the course of the ALGOTECH project, it was planned to
induce nitrogen hunger at the end of the cultivation in order to promote the production of lipids
in microalgae. When that happens, there is no need to worry about having a concentration of
mineral nitrogen that would disturb the association. But the supernatants that were used for
experience 1 did not undergo such depletion yet. However, Siqueira et al. (1985) affirm
nitrogen and other salts don’t affect spore germination. In contrast, they say phosphorus has an
inhibitory effect. About the phosphorus, measurements were realized in order to see how much
of the initial concentration was left after microalgal culture and filtration. They were realized
with an inductively coupled plasma spectrometer (ICAP 6500 duo view) form Thermo
Scientific. A filtration was required beforehand. The measurement was carried out at 4 different
wavelengths (177.495, 178.284, 213.618 and 214.924) with 213.618 being the most sensitive.
The supernatant samples were diluted 10 times before measurement. Table 22 assembles
concentrations of P in both 3N-BBM and MSR- media, S. dimorphus supernatants and the
average concentrations of period 2006-2016 in rotating crops and market gardens in Wallonia.

Table 22 : Concentrations of P in MSR- and 3N-BBM media, S. dimorphus supernatants and the average
concentrations of period 2006-2016 in rotating crops and market gardens in Wallonia

[P] (ppm)

MSR- 0.93
3N-BBM 535
S.dimorphus Sample 1 63.5
supernatants Sample 2 33

Sample 3 48.5
Rotating crops (2006-2016 Walloon)* 81.4
Market gardens (2006-2016 Walloon)* 136.1

*http://www.requaconsult.requasud.be/requaconsult sol, consulted on 25/5/19

As we can see, phosphorus concentrations in the supernatants are still very high. Phosphorus
could have contributed to the effects observed by the supernatants on spores and hyphae.
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However, Hepper (1983) tested effects of different concentrations of phosphate on germination
of spores and hyphal elongation of Glomus caledonium. Germination was affected at levels
above 30 mM and hyphal extension was affected at levels above 10 mM. If R. irregularis
MUCL 41833, R intraradices MUCL 49410 and R. aggregatum MUCL 49408 are affected in
a similar way to phosphorus concentrations, even the higher phosphate levels present in 3N-
BBM exudates would not affect their germination and elongation.

Given the applied objective of the project, it is also interesting to note that the levels of
phosphorus present in Walloon soils are also very important. In this context, what is the room
for manoeuvre to promote interaction between the AM fungus and plants of agronomic interest,
if high phosphorus concentrations are an obstacle for AM fungus-plant associations? The
answer may lie in the use of interaction stimulating effectors and it is this approach that is
developed through the search for organic molecules (flavonoids, strigolactones, or others).
Furthermore, the high phosphorus concentration in the Walloon soils are mostly due to the big
amount of fertilizers that are applied, pig manure for example. A legislation that regulates the
amount applied on soils such as nitrogen does not exist for phosphorus (Rennesson, 2018). If
one stops to apply phosphorus-rich fertilizers, the phosphorus concentration will drastically
decrease. As only a small fraction of the phosphorus is assimilable by the plant, plus the
phosphorus is poorly mobile, exchanging a phosphorus-rich fertilizer for a biofertilizer might,
when a new equilibrium has established, have as a result a decrease of phosphorus in soils and
a real need for plants to associate with mycorrhizae in order to get it.

The second set of experiments with exudates grown in MSR(+ and -) medium made it possible
to dispel doubts about the 3N-BBM medium, to compare the effects of exudates from one
microalgal strain (C. vulgaris) grown in light and darkness on spore germination, hyphal
elongation and branching of a strain of AM fungus (R. irregularis MUCL 41833) and to
compare the effects of exudates of two strains (C. vulgaris and S. dimorphus) grown in darkness
on spore germination, hyphal elongation and branching of an AM fungus strain (R. irregularis
MUCL 41833).

It is clear that spore germination caused some problems during this experiment. In the first trial,
half of the treatments had a germination rate below 50%. The treatments 2.5% had the poorest
germination rate of all (5.6%, 0% and 22%). Not much can be deduced from the results of
treatment 2.5%, except that perhaps at this concentration exudates have an inhibitory effect on
spore germination. However, the repetition of the experiment discredited this hypothesis
because the control treatment induced a germination rate of 0% and S. dimorphus exudates
cultivated in the dark of more than 50%. As it would seem that the exudates are not at the root
of low spore germination, there are other factors at play.

The problem of considerable and unexplained variability in germination between populations
of spores has been brought forward by many authors (Daniels & Graham, 1976; D’Souza et al.,
2013; Gerdemann & Trappe, 1974; Godfrey, 1957; Hepper & Smith, 1976; Tommerup, 1983).
Reasons can be multiple and there are a few we can put the finger on like too old or too young
mycelial network, nutritional imbalance, structural barriers, cultural history and selfinhibitors
but some are ununderstood. Factors influencing low germination rates are temperature, pH,
moisture, light radiation (better in the dark), aeration, concentration of inorganic ions (Siqueira
et al., 1985). However, in the context of this work, these parameters were the same for all the
spores during the whole period manipulations were conducted, which suggests they are not the
cause. In the words of Siqueira et al. (1985), nutritional conditions that inhibit spore
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germination are cited more often than stimulatory ones. Carbohydrates, organic acids, and
amino acids have been found to suppress spore germination (Hepper, 1979; Siqueira et al.,
1985). Thiamine, dialysates, filtrates, root exudates, soil volatile compounds and small amounts
of glucose have been found to stimulate spore germination (Hepper and Smith, 1976; Daniels
and Graham, 1976; Siqueira et al., 1985).

In the context of this thesis work, spores were considered as non-germinating spores after 3
weeks, but according to D’Souza et al. (2013), the time required for spore germination of
different genera may range from 2 to 90 days. However, Tommerup (1983), who tested spore
dormancy on different species and with varied conditions of storage (at different temperatures
and periods of times) found that germination occurred with close synchrony. For example,
spores of four strains that had been stored during 5 to 7 months in a soil at 22°C, all germinated
between 3 to 5 (for two strains) or 10 to 12 (for the two other strains) days. Therefore, as a
major part of the spores (who all comes from the same subculture) had germinated within the
two weeks, it seems unlikely that the other spores would still germinate after three weeks.
Moreover, D’Souza et al. (2013) obtained, in an experiment testing the effects of sucrose on
germinating spores, the maximum germination rate (of 90%) of R. irregularis after 18 days for
their control treatment. R. irregularis MUCL 41833 caused germination problems in a number
of other manipulations during that period in the Mycology laboratory, further research is needed
to understand why.

Perhaps explanations should also be sought in a science that is less obvious, such as the effect
that the moon's cycle has on living organisms. But although this science is still poorly
understood and could therefore be full of undisclosed secrets, the few studies that focus on the
effect of the moon's cycle on fungi have failed to demonstrate any influence or have
subsequently proved to be inconsistent (Egli et al., 2011). Whereas Egli et al. (2011) suggest
that the moon cycle has no effect on the growth of mycorrhizae, their research is based on the
fruiting rate alone. Richter (2006) further states that for most fungi, there does not seem to be a
significant correlation between the quantities of fungi found and the phases of the moon, but
according to him, we should not assert the influence of the moon, nor exclude it in principle;
The fact that we do not understand does not mean that it does not exist.

About the timing of spore germination, exudates of C. vulgaris cultivated in the dark and in the
light and of S. dimorphus cultivated in the dark did not seem to impact it. Contrariwise, at the
concentration of 25% in a solid MSR+ (1g/L glucose) medium, the exudates all stimulate
hyphal growth and ramification of germinated spores of R. irregularis MUCL 41833. In
addition, it seems that C. vulgaris produces different molecules or the same molecules in
different quantities that act on hyphal branching depending on whether it is autotrophically or
heterotrophically grown. Exudates from autotrophic and heterotrophic cultures induced the
same elongation of hyphae, but those issued from autotrophic culture induced in comparison to
those issued from heterotrophic culture a higher hyphal branching. C. vulgaris and S. dimorphus
in the dark induced the same elongation and branching of hyphae. It is assumed that both strains
release the same type of molecules and in sufficiently similar quantities to have the same effect
on germinated spores. However, microalgae do not grow as fast. Here the cultures had been
diluted such as to have as many microalgae cells in all supernatants before filtration. Moreover,
S. dimorphus revealed to grow twice as fast in autotrophic conditions than in heterotrophic
conditions. Contrariwise, C. vulgaris revealed to grow as fast in both carbon acquisition
regimes.

C. vulgaris and S. dimorphus exudates, grown in 3N-BBM and MSR (+ and-) medium have
shown stimulating effects on the growth and branching of hyphae. It would now be interesting
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to identify these stimulating molecules. Khan et al. (2009) evoke that many seaweed and
seaweed-derived products have been widely used as amendments in crops due to a number of
plant growth-stimulating compounds, but the their biostimulatory potential has not been fully
exploited due to the lack of scientific data on growth factors and their mode of action in
affecting plant growth. The same applies to mycorrhizal growth-stimulating compounds in
algae. Many identified molecules have already demonstrated stimulating effects on hyphae
growth. These molecules might be the ones inducing stimulatory effects on AM fungi in
microalgal extracts. We are talking about flavonoids, strigolactones, mannitol, carrageenan,
sugar alcohols such as xylitol, sorbitol, alginate oligosaccharides, polyamines, quercetin,
myricetin and others (Akiyama and Hayashi, 2006; Khan et al., 2009; Kuwada et al., 2005;
Ishii et al. 2000). Using supernatant biochemical analysis methods (HPLC/MS) and extraction
methods, it would be possible to identify and then isolate effectors that promote interaction and
allow mycorrhizae to develop all their skills in the service of cultivated plants, including
improving water and mineral nutrition, the structural and environmental state of the soil, the
establishment of communication networks and crop protection.

II. Effects of microalgal exudates encapsulated with
mycorrhizal spores on germination of spores and germinating
hyphal elongation

This first experiment has given us interesting results about the stimulation of AM fungal hyphae
by microalgae exudates. A next step with a perspective on the valuation of these exudates in
agriculture was to test a method of application. The microalgae exudates were encapsulated
with spores in microbeads. Two hyphae elongation measurements (total hyphae lengths
emerging from a bead and total hyphae lengths of a Petri dish containing 5 beads) showed that
exudates added at a concentration of 10% stimulate hyphae elongation, as compared to a
concentration of 0% or 100%. Thus, they stimulate the growth of hyphae at a certain
concentration. However, at a certain higher concentration, this stimulation no longer takes
place. The growth of hyphae is not inhibited neither, because the exudates added to the
concentration of 100 % induce the same hyphal growth as the control. The findings of this
second experiment support the assumption that was made in regard to the results of the first
experiment, which was to say that microalgae exudates have a stimulating effect from a
concentration to a concentration where they have no effect.

It would be interesting to measure the colonization rate, as this is ultimately the first step in the
symbiosis of the AM fungi-plant. Improved hyphae growth is useless if colonization does not
follow behind. The time schedule did not permit to collect roots for measuring their colonization
in the context of this master thesis. Mycorrhizal colonization will be assessed in perspective,
by coloration when cultures are at least at 60 days old.

These two experiments have been promising for the use of microalgae supernatants as
biofertilizer/pesticides. Encapsulating them with spores and applying them in the field could
allow intensive elongation and branching of the spores, once germinated, which would result
in AM fungal-plant associations beneficial to the plant. However, this gives resonance for two
thoughts. The first reflection concerns the addition of exogenous spores. The intelligence of
introducing a foreign strain can be questioned. Many authors evoked that intensive agriculture
negatively affects spore diversity and quantity. However, their studies were almost ultimately
held on the top soil layers (Oehl et al., 2005). Oehl et al. (2005) have shown that fields subjected
to intensive agriculture still contain a lot of spores in deep soil layers. The species persist by
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mean of a ‘gene bank’, which could restore the AM fungus community when switching to a
more extensive farming. Introducing new spores might not be necessary. The second queries
the need to use the exudates of microalgae to stimulate plant-fungus interaction. In undisturbed
environments, mycorrhizae find their way to the plant. There is no shortage of
plant/mycorrhizae symbioses. Wouldn't adding exudates perturbate the plant-fungus balance?
Shouldn't we just stop disrupting life underground and let the mushrooms do their magic? The
response might lay in the use of microalgae exudates as an intermediate solution to pass from
an intensive agriculture to a more extensive one.

I11. Effect of AM fungal hyphae exudates on the microalgae
growth

The preliminary tests made it possible to set up a protocol of experimentation. During these
assays, it has also been shown that streptomycin inhibits the growth of S. dimorphus in a very
poor way. Experiments on several generations of microalgae may provide a more important
desired inhibitory effect. There was also demonstrated that S. dimorphus could be grown in
heterotrophic and mixotrophic cultures, which was not known from the scientific literature. The
cultures were carried out on petri dishes with MSR+ solid medium (glucose 1g/L and sucrose
10g/L) and in MSR+ liquid medium (glucose 1g/L and sucrose 10g/L), in the dark
(heterotrophic culture) and in the light (mixotrophic culture). These cultures also allowed to see
that S. dimorphus developed better with glucose 1g/L than with sucrose 10g/L. There was also
revealed that at a concentration of 10g/L, glucose has an inhibitory effect on S. dimorphus. The
cultures initiated in the context of this work also suggest that S. dimorphus has a better
development in heterotrophic conditions than in autotrophic conditions, unlike C. vulgaris
which has a similar development in heterotrophic and autotrophic cultures. These findings
about C. vulgaris and S. dimorphus cultures are in line with the words of Merah et al. (2014),
that say that heterotrophic and autotrophic growth rates of C. vulgaris are comparable and
Richmond (2003) that say that C. vulgaris is one of the rare microalgae for which heterotrophic
and autotrophic growth rates are comparable.

About the experiment with a liquid hyphal compartment, microscopic observation showed that
the C (control with microalgae in the HC and nothing in the RC) treatments were greener than
the other two S (control with microalgae in the HC and roots and AM fungi in the RC) and E
(microalgae and AM fungi in the HC and roots and AM fungi in the RC) treatments, particularly
3 of the 6 replicates. It allowed to see that hyphae clustered at the beginning of the compartment;
However, since the medium is liquid, the nutrients/sugars diffuse freely throughout the
compartment, making it possible to exchange nutrients/sugars throughout the volume. These
clusters were surrounded by microalgae. It suggests that microalgae seek contact with
mycorrhizae. Furthermore, the heterogeneity of microalgae throughout the liquid and their
accumulation along the walls was brought forward.

The OD measurements confirmed what was observed under the microscope: for the two strains
(R. irregularis MUCL 41833 and R. intraradices MUCL 49410) a higher absorbance was
observed for the microalgae culture in the HC of the C treatment in comparison with the S and
E treatments, which were not different from each other.

Furthermore, there was detected that the highest rate of absorbance was at 680 nm. Readings at
wavelengths 550 nm (who had been done before for C. vulgaris) and 680 nm allowed to see the
results obtained by both wavelengths were highly correlated. Fixed wavelengths measurements
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can thus be taken with those two wavelengths. This outcome is supported by Goswami's (2011)
article which carried out OD measurements at wavelength 680 nm for S. dimorphus and S.
quadricauda.

The assessment of C. vulgaris growth by mean of a Fuchs-Rosenthal cell gave the same results
as the two other methods. In other words, after 13 days, a higher concentration of microalga
was assessed for treatment C, as compared with the concentrations of the control S and
treatments E. This method gave us also a glimpse of what was going on sooner than after 13
days. For both strains, it is onwards day 11 that the treatment C differs from one of the other
treatments (from treatment S for R. irregulairs MUCL 41833 and treatment E for R.
intraradices MUCL 49410). After 7 and 9 days of incubation, no differences were perceptible
between the three treatments. Intermediate measurements also showed that the microalga was
in its exponential growth phase because the differences in concentration between day 11 and
day 13 were much greater than the differences in concentration between day 9 and day 11.
Surprisingly, most of the concentrations obtained by mean of the counting tests were below the
concentration applied initially. However, it is important to consider the standard deviation of
the initial concentration. In addition, the accumulation of microalgae along the walls and their
deposition on the ground could explain this decrease in concentration.

The results of this liquid compartment experiment are convergent towards the same assumption:
There is a higher development of C. vulgaris in a HC without AM fungus, with neither root nor
AM fungus in the root compartment, than in a compartment with or without AM fungus in HC,
with roots and AM fungus in the RC. This is surprising since the only thing that distinguishes
the controls C from the controls S is that their root compartment is free of mycorrhized roots.
The hyphal compartment in which the microalga is placed is similar, emptied of mycorrhizae.
The control S takes part of the experiment to rule out the possibility of volatile trading from
one compartment to the other. If the results are taken as they are, this would mean that there is
a volatile exchange between the mycorrhized roots of one compartment and the microalgae of
the other compartment, that is harmful to the development of the latter. This hypothesis seems
doubtful. Furthermore, a non-parametric correlation test demonstrated a weak correlation
between the results obtained by OD and those obtained by counting cell at the end of the 13
days. The credibility of these results is thus questioned.

A positive aspect of this experiment with liquid HC, is the different possibilities to asses
microalgal growth. That also allows to compare the methods. By comparing the results of
different methods as a whole, it seems that they all go in the same direction. However, a
statistical comparison of the data that could be compared revealed that there was little
consistency in the results. A first identified problem is that the remaining final volumes were
different from one replicate to the other. The volume decrease was random within the replicates,
so not enough careful handling seems to be at the root of that problem. Working with liquid in
Petri dishes requires to be extremely careful. The Petri dishes were subject to a high
contamination rate. Moreover, working in the dark did not provide the best framework for very
meticulous handling. It was also an obstacle for telling if microalgae were uniformly dispersed
into the liquid before sampling to assess growth by mean of a Fuchs-Rosenthal cell. Although
the liquid compartment was homogenized with a tip before sampling, errors related to the
spatial distribution of algae throughout the medium have most probably occurred.

This experiment, without being repeated, did not allow a clear conclusion to be drawn. That
was the reason why a new experiment was carried out, on solid medium.
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A first experiment with microalgae placed on a solid MSR- medium in the hyphal compartment
revealed that C. vulgaris and S. dimorphus had grown best in the C treatment, followed by the
S treatment and finally the E treatment. There was a considerable diversity within the replicates,
but trends were clearly observable. The experiment also showed that S. dimorphus grew better
than C. vulgaris in the operating conditions. Moreover, their divergences in colonies forming
were brought to light. Colonies of C. vulgaris are more heterogeneous in size, with more big
and small colonies than S. dimorphus who had on average more colonies of the same size.
Lastly, this experiment opened eyes to the boom of AM fungal growth in the hyphal
compartment in the presence of microalgae.

Although all these hypotheses, which are based solely on observation, cannot be verified by
statistics and do not allow undisputed conclusions to be drawn, they do open up prospects
suggesting the development of microalgae being less favorable in the presence of hyphae in a
dark controlled sugar-free environment with limited elements, while AM fungi seem to prosper
in this same environment (having access to the root compartment with roots and sugars) in the
presence of microalgae.

Why microalgae had a better grow in the C controls than in S controls remains misunderstood.
But a hypothesis of the poorer results of the E treatment in comparison to the other two
treatments, is that microalgae lack crucial mineral elements for their development, such as
nitrogen and phosphorus, in the presence of hyphae. Hyphae could have absorbed all or a big
part of the nutrients in vicinity of microalgae. Microalgae are not mobile; They have no flagella
and the medium is gelled, they cannot move towards a place that is not depleted in mineral ions.

A lot of experiments point to the fact that algae growth is strongly linked to concentration of N
and P in the environment. Several authors speak of a threshold effect. The threshold effect is a
principle where under a certain concentration of the most limiting nutrient, algal growth is
affected (Kunikane et al., 1984). Kunikane et al. (1984) evoke that the N and P limitations are
a multiplicative effect for S. dimorphus. In other words, the algal growth is dependent on the
concentrations of all suboptimal nutrients which might be exerting influence simultaneously.
They think a definite boundary of N-limiting and P-limiting does not exist and that none of the
N and P concentrations in the medium and algal N and P contents solely regulates the growth
of S. dimorphus in most of the ranges of N-P ratio. Besides, they suggest a much higher
phosphorus concentration compared to the amount of nitrogen is necessary for S. dimorphus to
maintain a high growth rate. Consequently, phosphorus measurements of the hyphal
compartments were held at the end of the experiment.

The C treatment, S treatments and E treatment of strain R. aggregatum MUCL 49408 have
pretty similar phosphorus concentrations, the E treatment of R. intraradices MUCL 49410 is
lower. However, phosphorus is absorbed by hyphae and microalgae. In the close vicinity of
these organisms, we hypothesize that P concentration must be very low and that it should
gradually increases as we move away from hyphae (and microalgae). A total phosphorus
concentration in the compartment does therefore not necessarily reflect the concentration
available around the microalgae when they were applied, since they are applied near hyphae.
Nielsen et al. (2002) who made experiments on the phosphorus uptake by G. intraradices in
HC, evoked that after 37 hours of phosphorus added (1.25 pumol P per Petri dish), the HC
became progressively P depleted. The depletion occurs close to hyphae and spreads further
ahead. Bidirectional transport of P from both HC and RC was observed. Moreover, they
discovered that the amount of transported P was poorly correlated with extraradical hyphal
length, but highly correlated with the number of hyphae crossing the barrier separating the
compartments. Thus, we dare to think the decrease in P and certainly also N that has not been
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measured might be the reason of the poor development of the algae in the hyphal compartments
with hyphae.

Furthermore, microalgae were suppressed in contaminated hyphal compartments: This goes
with the hypothesis of limiting mineral elements in the microalgae compartment, because in a
competitive environment, microalgae have more difficulty to develop.

A positive point of this experiment was the lower rate of contaminated Petri dishes. However,
some aspects of the protocol were fallible and that is why a new experiment was launched.
First, as explained just above, microalgae could have lacked certain mineral ions for a good
development in the presence of hyphae. Three weeks had passed between the moment the
medium was poured in the hyphal compartment and the moment the microalgae had been
applied on it. Mycorrhizae could have sampled most of the mineral ions in this compartment
and brought it to the plants. In the second experiment, microalgae were applied right after
solidification of the MSR- medium. Secondly, as mycorrhizae tend to dive into the medium and
that microalgae are applied to the surface, microalgae were often not in direct contact with
mycorrhizae. In the second experiment with gelled HC, the gelled medium was poured even
thinner than in the previous one. Microalgae were applied in a line rather than in droplets on
the freshly poured medium at the frontier between new medium where no hyphae had passed
yet and the older medium slope, full of hyphae. The idea was that hyphae pass through the
microalgal line, suggesting the microalgae to be in a place where there are enough mineral ions
left and where they could receive sugars from mycorrhizae.

Fort his last experiment, the results have been repeated. Treatment C once again induced the
best development of microalgae, followed by treatment S and finally treatment E. S. dimorphus
also grew better than C. vulgaris and the dissimilarities in the distribution of colonies of
different sizes were again theorized. One might think that for this experiment too, the
microalgae of the E treatment lacked N and P. Algae were applied to an environment still rich
in mineral elements, but they take time to develop. In two weeks, the hyphae, which colonized
a large part of the HC, could have depleted the medium of N and P around the microalgae. This
hypothesis does not answer the question of why microalgae of the C control grow better than
those of the S control, nor the question of how microalgae of both treatments C and S obtain
carbon. They are in a sugar-free environment unable to photosynthesize because they are in the
dark. The only source of carbon they could have access to is the one that constitutes the gelling
agent of the medium, Phytagel™. It is produced from a bacterial substrate composed of
glucuronic acid, rhamnose, and glucose, that produces a high-strength gel
(https://www.biobasic.com/phytagel, consulted on 22/05/19). However, no gelling agent was
added in the liquid HC of the first experiment.

Furthermore, the inconsistency between the results of the preliminary assay (Interaction
between AM fungal hyphae and microalgae in heterotrophic conditions on solid medium) in
which microalgae had grown less in the absence than in the presence of mycorrhizae in the dark
and the results of the three experiments here remains misunderstood. Two major differences
can be identified between the assay carried out previously and the experiments. The first is that,
for the assay, the microalgae were applied to a hyphal compartment that had been containing
hyphae for 2 months, unlike the experiments which were 0 to 3 weeks. The second difference
is that there were roots in the hyphal compartment of the assay. This difference suggests that
roots inhibit the growth of microalgae and that in the presence of mycorrhizae, this inhibition
is lessened.
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To better understand what is really going on it would be interesting to take a look at the genes
implicated in the transport and assimilation of carbon of S. dimorphus and C. vulgaris. More
and more studies are being conducted on the genomics of microalgae. To product microalgal
biofuel, genes implicated in the lipid production are being studied to get fast growing oil-rich
microalgal strains (Bajhaiya et al., 2017; Xue et al., 2015; Guarnieri et al., 2018). Not much
can be found on the genome of S. dimorphus. However, progress has been made on other
microalgae of which C. vulgaris. Guarnieri et al. (2018) recently completed the genome
sequencing of strain UTEX 395 of C. vulgaris, performed an assembly, created a gene set and
measured the gene expression among several conditions. Molecular biology tools could be
useful to detect any interaction between AM fungus and microalgae. The same kind of
experiments as made in the context of this work, could be realized, microalgae could be sampled
and RNA could be extracted (using a RNeasy Mini Kit (Qiagen) for example) in order to
perform a PCR. In this view, primers of sugar transporters or genes implicated in nitrogen or
phosphorus assimilation could be used. The genomic progress of microalgae should make it
possible to detect proteins by mean of a PCR and better understand the exchanges of carbon
between microalgae and mycorrhizae or detect any nitrogen and phosphorus depletion. For
example, Xue et al. (2015) first discovered and characterized the Malic enzyme in microalga
Phaeodactylum tricornutum, which is involved in pyruvate metabolism and carbon fixation.
Moreover, the nitrogen assimilation inventory including genes for nitrate/nitrite transporters
and reductases of C. vulgaris had also been made by Guarnieri et al. (2018).
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V1. Conclusion

The main objective of this work was to identify an interaction between AM fungus and
microalgae. For the first more applied objective, there was wanted to know how microalgae
exudates influence spore germination and hyphal growth in a view to make
biofertilizers/pesticides with microalgae exudates and spores. Two experiments studying spore
germination, hyphal elongation and branching revealed that exudates of S. dimorphus and C.
vulgaris cultivated in autotrophic (3N-BBM and MSR- medium) and heterotrophic (MSR+
1g/L glucose medium) conditions have a stimulating effect on hyphal elongation and branching
of R. irregularis MUCL 41833, R. intraradices MUCL 49410, R. aggregatum MUCL 49408 at
a certain concentration up to a higher concentration, where no effect is observed anymore. The
hypothesis was verified for exudates added in a solid MSR-and MSR+ (1g/L glucose) medium
in Petri dishes on which spores were placed or encapsulated with spores in microbeads, placed
in MSR- Petri dishes.

The findings also suggest that C. vulgaris produces different molecules or molecules in
different quantities that influence hyphal branching when it is cultivated in autotrophic or
heterotrophic conditions. On the other hand, similar quantities of C. vulgaris and S. dimorphus
exudates cultivated in heterotrophic conditions induce the same hyphal elongation and
branching. Although the three strains of mycorrhizae tested here (R. irregularis MUCL 41833,
R. intraradices MUCL 49410, R. aggregatum MUCL 49408) are sensitive to microalgae
exudates, they all appear to be at different concentrations. These results open doors to a new
valorization filed in agriculture for microalgae exudates, waste from biomass production as
biofuels or other.

The second more fundamental objective was to determine if AM fungal hyphae would help
microalgae to survive in a sugar-free environment in the dark, by bringing them sugars. This
was not confirmed. Three experiments of microalgae cultures in liquid and gelled MSR- hyphal
compartments with and free of hyphae in the dark suggested that the microalgae grew better in
the absence of hyphae. The main hypothesis is that hyphae deplete the medium of crucial
mineral ions for the microalga. How the microalgae get their source of carbon however, remains
ununderstood.

In a natural environment many more factors come into play and there would be the possibility
of many more interactions. Just because it doesn't seem to have the expected interaction in a
controlled closed environment like the one imposed in the context of this work doesn't mean
there aren't any. This work did not allow the implementation of a protocol that shows that AM
fungus feed algae but it is not excluded that this does not happen under other conditions. In
addition, some interesting observations of microalgae that appear to follow hyphae and roots
and be using the flow along roots to move around suggest the interaction of microalgae and the
AM fungus-plant association is worth further investigation.

79



V1I. References

Abubaker J., Blcking, H., Govindarajulu, M., Tala, M., Pfeffer, P.E., Nagahashi, G., Lammers,
P., Shachar-Hill, Y., 2008. Root exudates stimulate the uptake and metabolism of organic
carbon in germinating spores of Glomus intraradices. New Phytologist 180, 684—695.
https://doi.org/10.1111/j.1469-8137.2008.02590.x

Akiyama K., Hayashi H., 2006. Strigolactones: Chemical Signals for Fungal Symbionts and
Parasitic Weeds in Plant Roots. Ann Bot 97, 925-931. https://doi.org/10.1093/aob/mcl063

Akiyama K, Matsuzaki K. Hayashi H. 2005. Plant sesquiterpenes induce hyphal branching in
arbuscular mycorrhizal fungi. Nature 435: 824-827.

Algoterm, https://www.algotherm.com/algue/chlorella-vulgaris/, consulted on 11/07/19

Ambilwade P., Biicking H., Liepold E., 2012. The Role of the Mycorrhizal Symbiosis in
Nutrient Uptake of Plants and the Regulatory Mechanisms Underlying These Transport
Processes, n.d. . ResearchGate. http://dx.doi.org/10.5772/52570

Andersen R.A., 2005. Algal culturing techniques, Elsevier, 596p.

Bajhaiya, A.K., Ziehe Moreira, J., Pittman, J.K., 2017. Transcriptional Engineering of
Microalgae: Prospects for High-Value Chemicals. Trends Biotechnol. 35, 95-99.
https://doi.org/10.1016/j.tibtech.2016.06.001

Beaudet D., Chen E.C.H., Corradi, N., , Morin, E., Noel, J., Yildirir, G., Ndikumana, S.,
Charron, P., St-Onge, C., Giorgi, J., Kruger, M., Marton, T., Ropars, J., Grigoriev, V.,
Hainaut, M., Henrissat, B., Roux, C., Martin, F., 2018. High intraspecific genome
diversity in the model arbuscular mycorrhizal symbiont Rhizophagus irregularis. New
Phytologist 220, 1161-1171. https://doi.org/10.1111/nph.14989

Bécard G., André Fortin J., 1988. Early events of vesicular arbuscular mycorrhiza formation on
ri t-dna transformed roots. New Phytologist, 108:211-218.

Beckett R.P. , van Staden J., 1989. The effect of seaweed concentrate on the growth and yield
of potassium stressed wheat, Plant and Soil, 116 : 29-36

Beilby, J., K. Kidby, D., 1980. Sterol composition of ungerminated and germinated spores of
the Vesicular-Arbuscular Mycorrhizal fungus,Glomus caledonius. Lipids 15, 375-378.
https://doi.org/10.1007/BF02533554

Benner R., 2011. Biosequestration of carbon by heterotrophic microorganisms. Nature Reviews
Microbiology 9, 75. https://doi.org/10.1038/nrmicro2386-c3

Bio basic, https://www.biobasic.com/phytagel, consulted on 22/05/19

80


https://doi.org/10.1093/aob/mcl063
https://www.algotherm.com/algue/chlorella-vulgaris/
https://doi.org/10.1111/nph.14989
https://doi.org/10.1038/nrmicro2386-c3
https://www.biobasic.com/phytagel

Blunden G., 1991 edited by Guiry M.D. and Blunden G. Seaweed resources in Europe: uses
and potential. Wiley, Chichester, pp: 65-81

Carlile, M.J., Watkinson, S.C., Gooday, G.W., 2001. The Fungi. Gulf Professional Publishing

Caron M., St-Arnaud M., Hamel C., Vimard B., Fortin J. A., 1996. Enhanced hyphal growth
and spore production of the arbuscular mycorrhizal fungus glomus intraradices in an in
vitro system in the absence of host roots. Mycological Research, 100:318-332.

Cavagnaro, T.R., Gao, L.-L., Smith, F.A., Smith, S.E., 2001. Morphology of arbuscular
mycorrhizas is influenced by fungal identity. New Phytol. 151, 469-475.
https://doi.org/10.1046/j.0028-646x.2001.00191.x

Cavanaugh, 2016. Is Algae in Soils a New Frontier in Plant Health and Yield? Farms new
editor, California today, https://californiaagtoday.com/algae-in-soils-increases-soil-
health-better-crops/

Clement-Larosiére B., 2012. Etude de la croissande de Chlorella vulgaris en photobioréacteur
batch et continu, en présence de concentrations élevées de CO2, PhD THesis, Ecole
Centrale de Paris, France

Cocquyt E., 2009. Phylogeny and molecular evolution of green algae. Universiteit Gent,
Belgium.

Daniel, B. A. & Graham, S. O., 1976. Effects of nutrition and soil extracts on germination of
Glomus mosseae spores. Mycologia 68, 108-116

Declerck S., 2018, Cours de Morphologie et Physiologie des mycetes, Université Catholique
de Louvain-la-Neuve, Belgique, Louvain-la-Neuve

Degen J, Uebele A, Retze A, Schmid-Staiger U, Trosch W. 2011. A novel airlift
photobioreactor with baffles for improved light utilization through the flashing light
effect. J Biotechnol 2001;92:89-94

Dickson S 2004 The Arum-Paris continuum of mycorrhizal symbioses. New Phytologist 161,
187-200

D’Souza, J., Rodrigues, K., Rodrigues, B., 2013. Modified Strullu and Romand (MSR) Medium
Devoid of Sucrose Promotes Higher in vitro Germination in Rhizophagus irregularis 43,
3

Durfee, L.J., 1998. A blood alcohol measurement device using a fixed frequency
photospectrometer, in: Wescon/98. Conference Proceedings (Cat. N0.98CH36265).
Presented at the WESCON °98, IEEE, Anaheim, CA, USA, pp. 321-326
https://doi.org/10.1109/WESCON.1998.716621

Eqgli, S., Ayer, F., Merlini, M., 2011. More mushrooms under a full moon — myth or reality? 11

Falkowski P.G., Barber R.T., Smetacek V. 1998. Biogeochemical controls and feedbacks on
ocean primary production. Science 281:200-6

81


https://californiaagtoday.com/algae-in-soils-increases-soil-health-better-crops/
https://californiaagtoday.com/algae-in-soils-increases-soil-health-better-crops/

Food and Agriculture Organization of the United Nations, 2015. Global aquaculture production
statistics database updated to 2013 - Summary information - Fisheries and Aquaculture
Department. http://www.fao.org/3/a-i4899e.pdf

Fortin J.A., Plenchette C., Piché Y., 2016. Les mycorhizes - L’essor de la nouvelle révolution
verte, édition revue et augmentée. Librairie Quae : des livres au coeur des sciences

Fortin J. A., Bécard G., Declerck S., Dalpé Y., St-Arnaud M., Coughlan A. P., Pich¢ Y., 2002.
Arbuscular mycorrhiza on root-organ cultures. Canadian Journal of Botany, 80, 1-20.

Francis, M., 2016. Molecular mycorrhizal symbiosis. John Wiley &Sons, 533 p.

Figueroa, F.L., Korbee, N., Abdala-Diaz, R., Alvarez-Gémez, F., Gomez-Pinchetti, J.L., Acién,
F.G., 2018. 6 - Growing algal biomass using wastes, in: Hader, D.-P., Erzinger, G.S.
(Eds.), Bioassays. Elsevier, pp. 99-117. https://doi.org/10.1016/B978-0-12-811861-
0.00006-1

Gerdemann, J. W. & Trappe, J. M., 1974. The Endogonaceae in the Pacific North-West.
Mycological Memoirs 5, 1-786

Godrey, R. M., 1957. Studies on British species of Endogene. Ill. Germination of spores.
Transactions of the British Mycological Society 40,203-210

Goswami, R.C.D., 2011. Scenedesmus dimorphus and Scenedesmus quadricauda : two potent
indigenous microalgae strains for biomass production and CO2 mitigation - A study on
their growth behavior and lipid productivity under different concentration of urea as
nitrogen source. 8.

Guarnieri, M.T., Levering, J., Henard, C.A., Boore, J.L., Betenbaugh, M.J., Zengler, K.,
Knoshaug, E.P., 2018. Genome Sequence of the Oleaginous Green Alga, Chlorella
vulgaris UTEX 395. Front. Bioeng. Biotechnol. 6.
https://doi.org/10.3389/fbioe.2018.00037

Hadj-Sahraoui, A. L. 2013. La Mycorhize a arbuscules : quels bénéfices pour I’homme et son
environnement dans on contexte de développement durable? Synthése: Revue des
Sciences et de la Technologie 26, n° 1 (1 janvier 2013): 06-19

Hankins S.D., Hockey H.P., 1990. The effect of a liquid seaweed extract from Ascophyllum
nodosum( Fucales, Phaeophyta) on the two-spotted red spider mite Tetranychus urticae,
Hydrobiologia, 204(205) : 555-559

Heckman DS, Geiser DM, Eidell BR, Stauffer RL, Kardos NL and Hedges SB. (2001).
Molecular evidence for the early colonization of land by fungi and plants. Science 293,
1129-1133.

Heliae agriculture, https://heliaeglobal.com/industries/agriculture/, consulted on 25/5/19

Hepper, C.M., 1983. Effect of phosphate on germination and growth of vesicular-arbuscular
mycorrhizal fungi. Trans. Br. Mycol. Soc. 80, 487-490. https://doi.org/10.1016/S0007-
1536(83)80044-8

82


http://www.fao.org/3/a-i4899e.pdf

Hepper, C.M., Smith, G.A., 1976. Observation’s on the germination of Endogone spores. Trans.
Br. Mycol. Soc. 66, 189-194. https://doi.org/10.1016/S0007-1536(76)80044-7

Insituto del mar del peru,
http://www.imarpe.pe/imarpe/pag cepas detalle.php?id especie=000098, consulted on
11/07/19

INVAM, International culture collection of  (vesicular)  mycorrhizal  fungi
http://fungi.invam.wvu.edu/the-fungi/species-descriptions.html, consulted on 24/07/19

Ishii T, Kitabayashi H, Aikawa J, Matumoto I, Kadoya K, Kirino S (2000) Effects of alginate
oligosaccharide and polyamines on hyphal growth of vesicular-arbuscular mycorrhizal
fungi and infectivity on citrus roots. Proc Int Soc Citriculture 9:1030-1032

Khan W, Rayirath UP, Subramanian S, Jithesh MN, Rayorath P, Hodges DM, Critchley JS,
Craigie JS, Norrie J, Prithiviraj B, 2009. Seaweed extracts as biostimulants of plant growth
and development. Journal of Plant Growth Regulation, 28: 386-399

Koske, R.E., Gemma, J.N., 1990. Va Mycorrhizae in Strand Vegetation of Hawaii: Evidence
for Long-Distance Codispersal of Plants and Fungi. American Journal of Botany 77, 466—
474. doi:10.2307/2444380

Kotzabasis, K., Hatziathanasiou, A., Bengoa-Ruigomez, M.V., Kentouri, M., Divanach, P.,
1999. Methanol as alternative carbon source for quicker efficient production of the
microalgae Chlorella minutissima: Role of the concentration and frequence of
administration. Journal of Biotechnology, Biotechnological Aspects of Marine Sponges
70, 357-362. https://doi.org/10.1016/S0168-1656(99)00088-7

Kunikane, S., Kaneko, M., Maehara, R., 1984. Growth and nutrient uptake of green alga,
Scenedesmus dimorphus, under a wide range of nitrogen/phosphorus ratio—I.
Experimental study. Water Res. 18, 1299-1311. https://doi.org/10.1016/0043-
1354(84)90036-8

Kuwada, K., Kuramoto, M., Utamura, M., Matsushita, 1., Shibata, Y., Ishii, T., 2005. Effect of
Mannitol from Laminaria japonica, other Sugar Alcohols, and Marine Alga
Polysaccharides on in vitro Hyphal Growth of Gigaspora margarita and Root Colonization
of Trifoliate Orange. Plant Soil 276, 279. https://doi.org/10.1007/s11104-005-4985-2

Lalaymia, I., 2013. Long-term preservation of Arbuscular mycorrhizal fungi. UCL - Université
Catholique de Louvain

Lalucat, J., Imperial, J. & Pares, R.,1984. Utilization of light for the assimilation of organic
matter in Chlorella sp. VVJ79. Biotechnol. Bioeng., 26, 677-81.

Lee, Y.K,, Ding, S.Y., Hoe, C.H. & Low, C.S. (1996) Mixotrophic growth of Chlor- ella
sorokiniana in outdoor enclosed photobioreactor. J. Appl. Phycol., 8, 163-69

Lewis LA and McCourt RM. 2004. Green algae and the origin of land plants. American Journal
of Botany 91:1535-1556

83


http://www.imarpe.pe/imarpe/pag_cepas_detalle.php?id_especie=000098
http://fungi.invam.wvu.edu/the-fungi/species-descriptions.html
https://doi.org/10.1016/S0168-1656(99)00088-7
https://doi.org/10.1007/s11104-005-4985-2

Liang Y, Sarkany N, Cui Y. 2009. Biomass and lipid productivities of Chlorella vulgaris under
autotrophic, heterotrophic and mixotrophic growth conditions. Biotechnol Lett
2009;31:1043-9

Linderman, R.G., 1988. Mycorrhizal interactions with the rhizosphere microflora: the
mycorrhizosphere effect. Phytopathology 78, 366371

Lurling, M., 1999. The smell of water: grazer-induced colony formation in Scenedesmus. Univ.
Wagening. Co-Promot. Dr WJ Wolff Dr E Donk - St-Michielsgestel Lirling 1999 ISBN
90-5808-046-3

Martinez, F. & Orus, M.l., 1991. Interactions between glucose and inorganic carbon
metabolism in Chlorella vulgaris strain UAM101. Plant Physiol., 95, 1150-55

Martinez-Porchas, M., Martinez-Cordova, L.R., Lopez-Elias, J.A., Porchas-Cornejo, M.A.,
2014. 24 - Bioremediation of Aquaculture Effluents, in: Das, S. (Ed.), Microbial
Biodegradation and  Bioremediation.  Elsevier,  Oxford, pp. 539-553.
https://doi.org/10.1016/B978-0-12-800021-2.00024-8

Masojidek, J., Torzillo, G., 2008. Mass Cultivation of Freshwater Microalgae, in: Jargensen,
S.E., Fath, B.D. (Eds.), Encyclopedia of Ecology. Academic Press, Oxford, pp. 2226—
2235. https://doi.org/10.1016/B978-008045405-4.00830-2

Merah O., Pontalier P-Y., Safi C., Vaca-Garcia C., Zebib B., 2014. Morphology, composition,
production, processing and applications of Chlorella vulgaris_ A review | Elsevier
Enhanced Reader https://doi.org/10.1016/j.rser.2014.04.007

Nielsen J. S., Joner E.J., Declerck S., Olsson S., Jakobsen 1., 2002. Phospho-imaging as a tool
for visualization and noninvasive measurement of P transport dynamics in arbuscular
mycorrhizas, New Phytologist (2002) 154: 809-819

Norrie J. and Keathley J.P., 2006. Benefits of Ascophyllum nodosum marine-plant extract
applications to "Thompson seedless’ grape production, Acta Horticulturae, 727 : 243-248

Ogawa, T. & Aiba, S. (1981) Bioenergetic analysis of mixotrophic growth in Chlorella vulgaris
and Scenedesmus acutus. Biotechnol. Bioeng., 23, 1121-32.

Oehl, F., Sieverding, E., Ineichen, K., Ris, E.-A., Boller, T., Wiemken, A., 2005. Community
structure of arbuscular mycorrhizal fungi at different soil depths in extensively and
intensively managed agroecosystems. New Phytol. 165, 273-283.
https://doi.org/10.1111/j.1469-8137.2004.01235.x

Oehl, F., Sieverding, E., Méder, P., Dubois, D., Ineichen, K., Boller, T., Wiemken, A., 2004.
Impact of long-term conventional and organic farming on the diversity of arbuscular
mycorrhizal fungi. Oecologia 138, 574-583. https://doi.org/10.1007/s00442-003-1458-2

Ono, E. and Cuello, J., 2006. Feasibility assessment of microalgal carbon dioxide sequestration
technology with photobioreactor and solar collector. Biosystems Eng. 95(4): 597-606.

Perales-Vela, H.V., Garcia, R.V., Gomez- Juarez, E.A., Salcedo-Alvarez, M.O., Cafizares-

84


https://doi.org/10.1016/j.rser.2014.04.007

Villanueva, R.O., 2016a. Streptomycin affects the growth and photochemical activity of
the alga Chlorella vulgaris. Ecotoxicol. Environ. Saf. 132, 311-317.
https://doi.org/10.1016/j.ecoenv.2016.06.019

Perales-Vela, H.V., Garcia, R.V., Gomez- Juarez, E.A., Salcedo-Alvarez, M.O., Cafiizares-
Villanueva, R.O., 2016b. Streptomycin affects the growth and photochemical activity of
the alga Chlorella vulgaris. Ecotoxicol. Environ. Saf. 132, 311-317.
https://doi.org/10.1016/j.ecoenv.2016.06.019

Peterson R. L., Massicotte H. B., Melville L. H.,2003. Mycorrhizas : anatomy and cell biology.
NRC Research Press

Pickett-Heaps, J.D., Staehelin, L.A., 1975. The Ultrastructure of Scenedesmus
(chlorophyceae). li. Cell Division and Colony Formationl. J. Phycol. 11, 186-202.
https://doi.org/10.1111/j.1529-8817.1975.th02766.x

Raja, R., Hemaiswarya, S., Kumar, N.A., Sridhar, S., Rengasamy, R., 2008. A perspective on
the biotechnological potential of microalgae. Crit. Rev. Microbiol. 34, 7788.

Redecker D., Szaro T.M., Bowman R.J., Bruns T.D., 2001. Small genets of Lactarius
xanthogalactus, Russula cremicolor and Amanita francheti in late- stage ectomycorrhizal
successions. Molecular Ecology 10, 1025-1034.

Remy W., Taylor T.N., Hass H., Kerp H., 1994. Four hundred-million-year-old vesicular
arbuscular mycorrhizae. Proceedings of the National Academy of Sciences of the United
States of America 91, 11841-11843

Rennesson M., 2018. Effet des caractéristiques pédologiques et des pratiques agricoles sur la
disponibilité du phosphore dans les sols de Wallonie. Essai présenté en vue de 1’obtention
du grade de docteur en sciences agronomiques et ingénierie biologique, Promoteurs :
Colinet Gilles et Dufey Joseph. Université de Liege, Liege, Belgique

Requasud data base, http://www.requaconsult.requasud.be/requaconsult_sol, consulted on
25/5/19

Richmond A., 2003. Handbook of microalgal culture_biotechnology and applied phycology,
DOI 10.1002/9780470995280, Blackwell Publishing Ltd

Richter D., 2006. Pilzwachstum und Mondphasen. Der Tintling 2: 30-33

Ruane, J., Sonnino, A., Agostini, A., 2010. Bioenergy and the potential contribution of
agricultural biotechnologies in developing countries. Biomass Bioenergy 34, 1427-1439.
https://doi.org/10.1016/j.biombioe.2010.04.011

Sandesh Suresh, K., Suresh, P.V., Kudre, T.G., 2019. 4 - Prospective ecofuel feedstocks for
sustainable production, in: Azad, K. (Ed.), Advances in Eco-Fuels for a Sustainable
Environment, Woodhead Publishing Series in Energy. Woodhead Publishing, pp. 89-117.
https://doi.org/10.1016/B978-0-08-102728-8.00004-8

Scheublin, T.R., Sanders, |.R., Keel, C., van der Meer, J.R., 2010. Characterisation of microbial

85


http://www.requaconsult.requasud.be/requaconsult_sol

communities colonising the hyphal surfaces of arbuscular mycorrhizal fungi. The ISME
Journal 4, 752—763. https://doi.org/10.1038/ismej.2010.5

Siddiqui Z.A. and Pichtel J., 2008. Mycorrhizae : an overview. In Mycorrhizae : Sustainable
Agriculture and Forestry, pages 1 35. Springer

Siqueira, J.O., Sylvia, D.M., Gibson, J., Hubbell, D.H., 1985. Spores, germination, and germ
tubes of vesicular—arbuscular mycorrhizal fungi. Can. J. Microbiol. 31, 965-972.
https://doi.org/10.1139/m85-183

Simon L., Bousquet J., Lévesque R.C., Lalonde M., 1993. Origin and diversification of
endomycorrhizal fungi and coincidence with vascular land plants. Nature 363, 67-69

Smith, S.E., Read, D.J., 2008. Mycorrhial symbiosis, 3rd edition. ed, Academic. San Diego

St-Arnaud, M., Hamel, C., Vimard, B., Caron, M., Fortin, J.A., 1996. Enhanced hyphal growth
and spore production of the arbuscular mycorrhizal fungus Glomus intraradices in an in
vitro system in the absence of host roots. Mycol. Res. 100: 328-332

Stamets, P., 2005. Mycelium Running: How Mushrooms Can Help Save the World, 1st ed. Ten
Speed Press, Berkeley

Sutton J.C., Sheppard B.R., 1976. Aggregation of sand-dune soil by endomycorrhizal fungi.
n.d. . ResearchGate. http://dx.doi.org/10.1139/b76-030

Taylor T.N., Remy W., Hass H., Kerp H., 1995. Fossil arbuscular mycorrhizae from the Early
Devonian. Mycologia 87, 560-573

Taylor T.N., Remy W., Hass H., Kerp, H., 1995. The oldest fossil lichen. Nature 379, 244.
https://doi.org/10.1038/378244a0

Tinker P. B., 1984. The role of microorganisms in mediating and facilitating the uptake of plant
nutrients from soil. Plant Soil 76:77-91

Tommerup, 1.C., 1983. Spore dormancy in vesicular-arbuscular mycorrhizal fungi. Trans. Br.
Mycol. Soc. 81, 37-45. https://doi.org/10.1016/S0007-1536(83)80201-0

Vidyasagar, A., June 4, L.S.C.|, ET, 2016 04:17am, n.d. What Are Algae? [WWW Document].
Live Science. URL https://www.livescience.com/54979-what-are-algae.html (accessed
1.17.19).

Voets, L., Providencia, I.E. de la, Fernandez, K., Ijdo, M., Cranenbrouck, S., Declerck, S., 20009.
Extraradical mycelium network of arbuscular mycorrhizal fungi allows fast colonization
of seedlings under in vitro condition. Mycorrhiza 19, 347-356

Wrede, D., Taha, M., Miranda, A.F., Kadali, K., Stevenson, T., Ball, A.S., Mouradov, A., 2014.
Co-Cultivation of Fungal and Microalgal Cells as an Efficient System for Harvesting
Microalgal Cells, Lipid Production and Wastewater Treatment. PLoS One 9.
https://doi.org/10.1371/journal.pone.0113497

86


https://doi.org/10.1038/ismej.2010.5
http://dx.doi.org/10.1139/b76-030
https://doi.org/10.1038/378244a0
https://doi.org/10.1371/journal.pone.0113497

Xue, J., Niu, Y.-F., Huang, T., Yang, W.-D., Liu, J.-S., Li, H.-Y., 2015. Genetic improvement
of the microalga Phaeodactylum tricornutum for boosting neutral lipid accumulation.
Metab. Eng. 27, 1-9. https://doi.org/10.1016/j.ymben.2014.10.002

Zhang L., Feng G., Declerck S., 2018. Signal beyond nutrient, fructose, exuded by an arbuscular

mycorrhizal fungus triggers phytate mineralization by a phosphate solubilizing bacterium.
The ISME Journal 12, 2339-2351

87



VIII. Appendices

Appendix 1: Germination process of an AM fungal spore
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Figure 52: Diagramatic representation of the gross morphology of the germination process exhibited by Gigaspora
margarita azygospores (Siqueira et al., 1985)
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Appendix 2: Preparation and composition of culture media

2.1 Milieu SRM (Strullu Romand Modifi¢) (Declerck et al., 1996
modifié de Strullu et Romand, 1986)

International training on in vitro culture of Arbuscular Mycorrhizal Fungi (Declerck et al.,
2012).

Modified Strullu Romand (MSR) and minimum (M) medium
preparation

Composition

In Table 1, the composition of the modified Strullu-Romand (MSR - Declerck et al., 1998,
modified from Strullu & Romand, 1986) medium and the minimum (M) medium (Bécard
& Fortin, 1988) are given. These media are the most widely used (see Table 1 in
Cranenbrouck et al., 2005) for the in vitro culture of AM fungi. Although originally used
for the growth of root-organs (e.g. Ri T-DNA transformed Daucus carota roots), it can be
adapted to the HAM-P and AM-P in vitro culture systems to grow plants (e.g. Medicago
truncatula and Solanum tuberosum) under autotrophic conditions by eliminating the
sugar and vitamins.

Table 1. Mineral and vitamin composition of the modified Strullu-Romand (MSR)
medium and minimal (M) medium (after Fortin et al., 2002).

MSR medium M medium

N(NOy) (upM) 3800 3200
N(NH,") (uM) 1Bo
P (uM) 30 3
K (uM) 1650 1735
Ca (pM) 1520
Mg (uM) 3000 3000
S (uMm) 3013 3000
Cl (uM) 870 870
Na (uM) 20 20
Fe (pM) 20 20
Mn (uM) n 30
Zn (pM) 1 9
B (uM) 30 24
1(uM) - 45
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Mo (uM)
Cu (uM)

Ca Panthotenate (pM)
Biotin (uM)
Pyridoxine (uM)
Thiamine (uM)
Cyanocobalamine (uM)
Nicotinic acid (M)
Glycine (mg/1)
Myo-inositol (mg/1)

0.22

0.96
1.88

0.004
438
2.96

810
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The preparation of the MSR and M media requires the preparation of stock
solutions (see Table 2).

Table 2. Concentration of stock solutions (g.1”) to prepare the MSR and M medium
(after Fortin et al, 2002).

MSR medium M medium

Macro-elements
KNO, 76 8
K 6.5 6.5
KH,PO, o4 048
MgsO,7H,0 739 731
Calcium Nitrate Ca(NO,),4H,0 359 288
NaFeEDTA 16 16
Micro-elements
MnSO, 4H.0 245 6
ZnS0,7H.0 0.28 2,65
H,BO, 1B L5
CuSO,.sH,0 0.x2 0.130
(NH,)eMo,0,,4H,0 0.034 .
Na;MoO,.2H,0 0.0024 0.002
Kl - 0.7%
Vitamins
Ca panthotenate oa8 -
Biotine 018 107 -
Pyridoxine 018 01
Thiamine 0.2 01
Cyanocobalamine o.08 -
Nicotinic acid 0.2 o5
Glycine . 3
Myo-inositol - 50
Preparation of culture media

1. Foriooo ml of MSR or M medium mix together:
* 10 ml of the macro-element stock solution.
* 10 ml of the calcium nitrate stock solution.
* 5 mlof the NaFeEDTA stock solution.
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¢ 1 ml of the micro-element stock solution.
* 5 ml of vitamin stock solution to prepare MSR medium or 1 ml for M
medium®.
Add 10 g of sucrose*.
After dissolution of sucrose, adjust the volume to 1000 ml.
Adjust the pH to 5.5 with NaOH or KOH and HCL
Add 3 gI" Phytagel™, 3 g.I" GelGro™, or 6 g.I" agar.
Autoclave for 15 min. at 121°C under 1 bar pressure.
After autoclaving, the medium can be directly used but can also be stored for a
few hours at 40-60°C.

Novewy

Please notice that:

Gelling agents may contain diverse macro-, micro- and trace elements. It can therefore
be critical to determine their presence and concentration (e.g. MSR medium solidified by
Gel Gro™ contains actually 438 mM K and not 1.65 mM (see Table 1), therefore the
difference (i.e. 2.73 mM K) is coming from the gelling agent).

Some gelling agents have been developed so that medium can be poured at low
temperature (ca. 35°C).

Note that if Phytagel™ and GelGro™ can be dissolved using citrate buffer (0.01 M), agar
and agar-based gelling agent cannot.

*not needed for the preparation of medium for the HAM-P and AM-P in vitro culture
systems
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2.2: Chemical composition and preparation of 3N-BBM

Molecular Concentration
Role Compound Concentration final Weight final  solution
solution (g*L-1) (g/mol) (M)

N source NaNO3 7,50E-01 84,99 8,82E-03
IN | |1,24E-01 14,0067 | 8,82E-03
Mg source MgSO4 7,49E-02 246,47 3,04E-04
Salinity NaCl 2,50E-02 58,44 4,28E-04
pH buffer K2HPO4 7,51E-02 174,18 4,31E-04
pH buffer KH2PO4 1,76E-01 136,0855 1,29E-03
P 5,33E-02 30,973762 1,72E-03
K 1,06E-01 39,0983 2,71E-03
Ca source CaCl2 1,89E-02 110,98 1,70E-04
Microelements ZnSO4 7H20 8,83E-03 287,56 3,07E-05
Microelements MnSO4 H20 1,23E-03 169,02 7,28E-06
Microelements MnClI2 4H20 1,44E-03 197,91 7,28E-06
Microelements gl\l_gé)(SMO?OM 6,09E-03 1235,86 4,93E-06
Microelements Na2MoO4 1,19E-03 205,92 5,78E-06
Microelements Na2MoO4.2H20 1,92E-03 241,95 7,94E-06
Microelements MoO3 7,10E-04 143,94 4,93E-06
Microelements CuSO4 5H20 1,57E-03 249,69 6,29E-06
Microelements CoClI2 6H20 4,00E-04 237,93 1,68E-06
B source H3BO3 1,14E-02 61,833 1,85E-04
gg;“n'[t"ex'“g Na2EDTA 2H20 6,37E-02 372,24 1,71E-04

KOH 3,10E-02 56,11 5,53E-04
Ferric solution FeSO4.7H20  4,98E-03 278,01 1,79E-05

H2S04 conc Iml

B1 1E-02
\Vitamines H 25E-08

B12 1,5E-6

After adding the different salts, the pH is adjusted to 7 and the medium is autoclaved before

each use. To obtain an agar medium, 3g/L of phytagel is added.

After laboratory tests, the addition of vitamins (B1, H and B12), which are in principle
necessary for certain strains of microalgae, is not necessary for the development of

Scenedesmus strains.

93




Appendix 3: Preparation and composition of citrate buffer

International training on in vitro culture of Arbuscular Mycorrhizal Fungi (Declerck et al.,
2018)

Citrate buffer

1. Citric acid 0,1 M (anhydrous) - Molecular Weight 192,13
2. Sodium citrate 0,1 M - Molecular Weight 294,10

Solution 1. Citric acid = 1,92 g/100 mL Solution 2. Sodium citrate = 2,94
9/100 mL

Take 1,8 mL of solution 1 and 8,2 mL of solution 2, adjust the volume to 100 mL with milli Q
water, adjust to pH 6 with NaOH (1M)

The solution is sterilized using Acrodisc® filter with of 0,2 um Suport® Membrane (PALL®
Life science) before using.

To dissolve the gel:
1. Place a piece of gel in a petri dish and 10x volume of the buffer

Ex: a gel block of 0,5 g, add 5 mL of buffer)

2. Cover the petri dishes with Parafilm® and keep in 25 °C of constant agitation for 15

minutes.
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Appendix 4: Second trial of the impact of S. dimorphus and C.
vulgaris MSR (+ and -) exudates on R. irregularis MUCL
41833 spores

Table 23: Averages of germination rate and day, hyphal elongation and branching for 7 days of R. irregularis
MUCL 41833 with varied concentrations of C. vulgaris and S. dimorphus MSR exudates: 2th trial for those
who had an insufficient germination rate

R. irregularis MUCL 41833

GermRate GermDay DailyGrowth DailyRam
CTRL 0% 0 0 0 0
I 0,25% 0,4 6,875 0,0506 0,212
ight
2,5% 0,222 75 0,0333 0,1563
C. vulgaris
q 0,25% 0,15 7 0,0126 0,125
ark
2,50% 0,316 9 0,0383 0,316
S.dimorphus |dark |2,50% 0,579 9,273 0,0151 0,147

Appendix 5: Pictures of experience 2 on gelled hyphal
compartment

5.1: C. vulgaris of an E (microalgae and AM fungus in HC/ roots and AM fungus in RC)
treatment of R. aggregatum MUCL 49408 on day 1.
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Figure 53: C. vulgaris on R. aggregatum MUCL 49408 mycorrhized gelled hyphal MSR-
compartment on day 1.

5.2: S. dimorphus of a C (microalgae in HC/no roots no AM fungus in RC) treatment on day 1.

Figure 55: S. dimorphus on non- mycorrhized gelled MSR- hyphal compartment on day 1.
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