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Abstract

The climatic crisis obliges to find new strategies to increment agricultural yield. The

scientific community has recently drawn its attention towards two biological resources

with great potential in this field: the fungus Serendipita indica, symbiont of many plants

of agricultural interest; and biochar, a product of the pyrolysis of organic matter. This

project studies the effectiveness of these resources as soil amendments, especially as part

of a combined strategy in which biochar serves as a matrix for the establishment of S.

indica colonies.

In order to do so, growth assays with Arabidopsis thaliana plants were carried out, testing

different conditions regarding the presence of biochar and S. indica in the soil. As read-out

giving account on the physiological state of the plants and the mutual interaction between

plant and fungus, the aerial biomass (fresh and dry weight) of the resulting plants and

the fungal content in roots were recruited. The results revealed that the application of S.

indica prior to the germination of seeds in poor, acid, compact soil is not beneficial but even

detrimental. On the contrary, the application of biochar improved growth considerably. In

turn, the data obtained from rich soil revealed that the treatment that combined S. indica

and biochar led to the best results. The quantitative transcriptomic analysis (RT-qPCR)

of the co-cultivation efficiencies in rich soil provided no evidence for a positive effect of

biochar on the S. indica content in the roots.

Furthermore, a bioinformatics study analyzing RNA sequencing data from A. thaliana

plants infected and non-infected by S. indica, respectively, was carried out with the ob-

jective of shedding light onto the molecular mechanisms behind the benefits S. indica

produces. This analysis revealed that the infection produces an alteration in the expres-

sion of genes implicated in the ethylene signalling chain, and an increment in the expression

of genes related to plant nutrition.
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Resumen

La crisis climática nos obliga a buscar nuevas estrategias para aumentar el rendimiento

agrícola. Recientemente, la comunidad científica ha dirigido su atención hacia dos recursos

biológicos con gran potencial en este campo: el hongo Serendipita indica, simbionte de

muchas plantas de interés agrícola; y el biochar, un producto de la pirólisis de la materia

orgánica. Este proyecto estudia la efectividad de estos recursos como enmiendas al suelo,

especialmente como parte de una estrategia conjunta en la que el biochar hace de matriz

para el establecimiento de colonias de S. indica.

Para ello, se llevaron a cabo ensayos de crecimiento con Arabidopsis thaliana, probando

diferentes condiciones en cuanto a la presencia de biochar y S. indica en el suelo. Para dar

cuenta del estado fisiológico de las plantas y la interacción mutua entre planta y hongo,

se recogió la biomasa aérea (peso fresco y seco) de las plantas obtenidas y el contenido

de hongos en las raíces. Los resultados revelan que la aplicación de S. indica previa a la

germinación en plantas crecidas en un suelo pobre, ácido y compacto no es beneficiosa,

sino incluso perjudicial. Por el contrario, la aplicación de biochar mejora el crecimiento

considerablemente. Por su parte, los datos correspondientes al suelo rico revelaron que

el tratamiento que combinaba S. indica y biochar llevó a mejores resultados. El análisis

transcriptómico cuantitativo (RT-qPCR) de las eficiencias de los co-cultivos en suelo rico

no proporcionó evidencia para probar un efecto positivo del biochar sobre el contenido de

S. indica en las raíces.

Por otra parte, un estudio bioinformático analizando datos de secuenciación de RNA de

plantas A. thaliana infectadas y no infectadas por S. indica respectivamente, se llevó a cabo

con el objetivo de arrojar luz sobre los mecanismos moleculares detrás de los beneficios

que S. indica produce. Este análisis reveló que la infección produce una alteración en la

expresión de genes implicados en la cadena de señalización del etileno, y un incremento

en la expresión de genes relacionados con la nutrición vegetal.
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1. Introduction and Objectives

The global climate crisis is reducing the amount and fertility of arable land [1] by in-

crementing drought, salinity, and coverage of certain areas by sea water. Along with a

steadily growing world population, this diminution of arable land explains why we are on

the brink of a massive food crisis. The burden of malnutrition is a truly universal problem.

Already today, around 700 million people are undernourished. By 2050 the world will need

to produce 70%-100% more food than it does now. Improvement of agricultural practices

will only bring 20% of the surplus needed [2] and will force the disruption of ecosystems,

considering that about half of global usable land is already in pastoral or intensive agri-

cultural use [3]. However, increasing yields and cropping intensity is expected to improve

food production by 80% [2]. Together with the production of more crops, the quality and

tolerance of the crops to environmental stress must be addressed [4].

Biotechnology, as has been proven ever since the Green Revolution, has great potential to

increment agricultural production in an environmentally friendly and sustainable fashion,

unlike other methods that require the application of aggressive chemicals or practices.

Hence, it seems to be our principal tool to assure sustainability and survival.

This project attempts to contribute to the cause by investigating a combination of two

different approaches. One of them is the application of specific microbial populations that

naturally establish symbiotic associations with our crop plants, and thus, improve their

productivity and stress tolerance. As a representative model system, the fungus S. indica

was chosen. S. indica is as well-studied beneficial root endosymbiont that is known for

its growth promoting activity [5]. The other approach is the application of a carbon- rich

material obtained from biomass, biochar, to the soil; in order to improve its properties

and help to establish microbial additives in it.
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1.1 Introduction

1.1.1 Symbiotic associations between plants and microorganisms

General notions regarding symbiotic associations between plants and microor-

ganisms

Mutual relationships between plants and microbial communities are very frequent and

particularly important in the rhizosphere. Our understanding of these interactions is still

limited. However, numerous lines of evidence have demonstrated that many of them are

beneficial for plants, as they boost plant growth, enhance nutrient assimilation and help

render the plant more biotic or abiotic stress resistant. In case that such interactions

appear beneficial for both parties, they are referred to as symbiotic. Root symbiosis

can be mainly divided into four categories: nitrogen-fixing microorganisms; plant growth

promoting rhizobacteria; endophytic fungi; and mycorrhizae [6], [7]. The last two are those

relevant to this project and will be therefore explained in more detail.

Endophytes are microorganisms, normally bacteria or fungi, that colonize healthy plant

tissue inter- or intracellularly without causing any visible symptoms of disease. In order to

adapt to the specific plant environment, they endure a series of metabolic transformations.

Endophytes feed on the carbohydrate-rich plant, which serves as their primary energy

source; however they do not depend on it entirely [5]. In exchange, they produce a wide

range of compounds useful for the plant, especially for its growth and resistance to stress.

Occasionally, endophytes prevent other pathogenic or parasitic organisms from colonizing

the plant, and animals from grazing on it [8].

Mycorrhizae are not exactly endosymbiotic fungi, since this term refers to the symbiotic

interaction between a fungus and the roots of a plant. Mycorrizhae that penetrate into the

root cells are classified as endomycorrhiza or arbuscular mycorrhizae (AM). Those who

remain in the intercellular spaces are classified as ectomycorrhiza [9]. Unlike endophytes,

mycorrhizae depend entirely on their interaction with the host plant [5]. Over 80% of land

plants are associated with mycorrhizal fungi, who are known for promoting the growth of

the host plants through an improved nutrient acquisition.

2



Serendipita indica

The fungus Serendipita indica (family Sebacinaceae, order Sebacinales), also known as

Piriformospora indica, is an endophytic basidiomycete isolated in association with a spore

of Glomus mosseae from the rhizosphere of shrubs collected from the Thar Desert of

Rajasthan, India [10]. It drew the scientific community’s attention right away due to its

multiple qualities. S. indica has the ability to colonize roots without causing any visible

disease symptoms in the host. Its host spectrum is extremely broad [11], including the

dicot model plant A. thaliana and the monocot cereal crop Hordeum vulgare (barley).

Most remarkably, however, is the considerable growth-promoting effect of the fungus on

its host plants, and its induction of resistance to biotic and abiotic stresses. Since its first

description, it has become a model organism to study the mechanisms and evolution of

mutualistic symbiosis [12].

In many aspects, S. indica resembles a mycorrhizal fungus, in particular AM, because

of its morphological features and physiological characteristics; including similar modes of

invading host cells and inter- and/or intracellularly penetrating into the cortical region

of the root [13]. However, S. indica is considered an endophyte because it does not

cause apparent indications of disease, and because it can be easily cultivated on multiple

synthetic media and, therefore, does not depend entirely on its host [10].

Taken together, S. indica has tremendous potential for crop improvement. It can be used

as a biofertilizer, bio-herbicide and bio-pesticide [14]. It can be easily cultured in vitro

or in a bioreactor and used to prepare effective formulations along with other substances

if necessary. In this way, it could be used to minimize the use of chemical fertilizers,

herbicides and pesticides [15].

Despite the already great amount of available data, further investigation on the molecular

mode of action of S. indica is required. This will shed light onto the signalling pathways

involved in the regulation of nutrient acquisition and resistance to environmental stresses,

which could in addition be useful for the selection of target genes for breeding or transgenic

production.
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Establishment of the symbiosis between S. indica and its hosts

The fact that S. indica has a broad host range implies that this fungus has evolved highly

effective and conserved colonization strategies [11]. Root colonization by S. indica is

known to start with intercellular chlamydospore germination and formation of extracellular

hyphal mats, followed by penetration of rhizodermal and cortical cells. The fungus does

not enter the vascular tissue [16], [17]. The physiological activity of host cells has been

considered as a prerequisite for efficient nutrient exchange between the symbiotic partners

[18]. This explains why the fungal root colonization increases with root maturation [16],

where vascular tissues are furtherly developed, while scarce extracellular colonization can

be evidenced in the cells of meristematic zone [18].

The infection begins with the recognition of microbe-associated molecular patterns (MAMPs)

by the plant, and the induction of the MAMP-triggered immunity [17]. Within seconds,

an increase in the level of intracellular calcium (Ca2+) in infected plant cells takes place

[19]. An increased influx of phosphorus is also detected frequently [20]. As a consequence,

a cohort of defence genes of the host are activated and reactive oxygen species (ROS)

are produced to fight the intruding fungus. S. indica defends itself against the ROS by

producing antioxidants [19] and, in response to host recognition, triggers the releasing of

effectors into the rhizosphere. These effectors produce a broad-spectrum suppression of

root innate immunity [17]. Evidence suggests the alteration of the production of various

phytohormones in this phase is crucial. The induction of salicylic acid and jasmonate

marker genes by S. indica has been reported [17]. The fungus depends on the alteration

of the defence pathways regulated by these phytohormones to supress early immune re-

sponses [11]. Ethylene signalling is also significantly affected [21]. Added to this, during

this initial phase of the interaction S. indica produces indole-3-acetic acid (IAA), which

appears to act as a compatibility factor [22].

The alteration of phytohormone production may lead to programmed cell death via en-

doplasmic reticulum (ER) stress if the signal is perceived as a threat. It is assumed that

S. indica can live saprophytically on these dead cells during intracellular sporulation [11]

[23]. However, the major aim of the described processes initiating the interaction between

the fungus and its host is not to kill the cells. The aim is to trigger a signalling cascade

that will activate molecular and physiological processes suitable for the colonization of the

roots by the fungus, leading to the establishment of the mutual interaction [11]. Sher-
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ameti and coworkers [24] suggested that the establishment of this kind of interaction is

enabled by ER body formation. These are structures derived from the ER which play a

role in plant defence. The major protein component of the ER bodies in Arabidopsis is

PYK10, a β-glucosidease/myrosinase [25]. It has been identified as a target of S. indica in

Arabidopsis roots [26], [25]. Myrosinases hydrolyse glucosinolates, metabolites that work

as a chemical defence against predators [27]. Thus, by targeting the expression of PYK10,

S. indica represses defence responses of the plant. The event marks the beginning of the

symbiotic interaction in Arabidopsis, finally resulting in plant growth promotion. [24].

Benefits provided to plants

Nutrient acquisition and uptake

Plants cannot directly access phosphorus (P) present in the soil, as it is mostly in the

form of scarcely soluble complexes. They acquire P in form of phosphate from the soil

through either direct uptake by their own transporters, or indirect uptake via mycorrhizal

associations [20]. S. indica was reported to mediate the uptake of P from the culture

medium and its translocation to the host in an energy-dependent process [28]. In order

to do so, the phosphate transporter PiPT is essential [20], although its mechanism is still

unclear. Apart from this, the fungus produces acid phosphatases that can contribute to

increase available phosphate contents in the soil [28].

Nitrogen acquisition and uptake is also ameliorated in presence of S. indica. The co-

cultivation of Nicotiana tabacum and A. thaliana seedlings with S. indica is accompanied

by a huge transfer of N from the agar plates into the aerial part of the seedlings. This

effect is associated with activation of the NADH-dependent nitrate reductase NIA2, an

enzyme which plays a key role in nitrate acquisition in plants. NADH-dependent nitrate

reductase is also a starch degrading enzyme, along with the glucan-water dikinase SEX1.

Both of these enzymes are stimulated by S. indica in a co-regulated manner in order to

activate nitrate and starch metabolism [29]. S. indica has also been proven as a useful

tool for mitigating Zn-deficiency stress in wheat [30].

All these effects are potentiated by the fact that the colonization with S. indica stimulates

the growth of the root system, whereby the uptake of nutrients is improved in a purely

mechanistic manner.
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Plant growth and development and productivity

The improvement on plant growth and increment in overall biomass produced as a conse-

quence of infection by S. indica has been reported in several crop plants [12], [31].

The complete metabolic strategy through which this growth promotion is achieved is still

unclear. However, various aspects of it have been elucidated. On the one hand, the

proteins PII-2 and At5g16590, located in the micro-domains of plasma membrane, appear

to be involved in the production of these effects in A. thaliana [32]. On the other hand,

the alteration of hormonal levels is also definitely necessary. S. indica can produce auxin

(IAA), which in turn can promote plant root growth [33]. However, Lee and coworkers [34]

argument that the growth promotion of Chinese cabbage and Arabidopsis by S. indica is

not stimulated by mycelium-synthesized auxin. It is also probable that S. indica promotes

growth and fitness of its hosts by inhibiting ethylene production and distribution locally,

as done by other growth-promoting endophytic fungi [35].

Abiotic and biotic stress tolerance

S. indica has been reported to improve the resistance of crops to several abiotic stresses

including drought, salinity and low temperature [36], [37], [38]. As has been mentioned,

the fungus is able to defend itself against ROS produced by the host plants, which is

useful not only during colonization but also to face stress [39], [40]. It does so through

the modulation of the main antioxidant defence enzymes of the ROS-scavenging system:

monodehydroascorbate reductase and dehydroascorbate reductase [36]. This modulation

has been reported to confer protection against fungal and viral pathogens as well [41].

Another strategy adopted by S. indica in this context is the modulation of the expression

of abiotic stress responsive genes, such as DREB2A, CBL1, RD29A [36]; and genes related

to the production of osmoprotectants such as proline [37].

S. indica has well-defined roles in the protection of plants against pathogenic fungi, bac-

teria and virus [14], [42]. It has been reported to mediate the activation of defence related

genes such as pathogenesis-related genes, jasmonate related genes such as LOX2 [43] and

ethylene related genes (ERFs) [44].

Apart from avoiding additional infections, S. indica interacts with a diverse group of mi-

croorganisms in a cooperative way, such as Sebacina vermifera, Pseudomonas fluorescens,

Chlamydomonas reinhardtii, G. graminis, Aspergillus niger and Rhizopus stolonifer [14].
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1.1.2 Biochar

Biochar is a carbon-rich product obtained from the thermo-chemical conversion of biomass

in an oxygen limited environment, a process called pyrolysis. The International Biochar

Initiative proposed to name the pyrolyzed material as biochar only when its purpose is to

be applied in soil as an organic soil amendment and/or for carbon sequestration. Therefore

the use of biochar as fuel is discarded.

The beneficial effects of biochar on crop productivity have been known since ancient times.

In certain areas of the Amazon basin, pre-Columbian populations (2500 years BC) [45]

developed the “Terra preta” soils, also known as “Amazonian dark earth”. By repeating

cycles of an underground slow vegetation burning, combined with the application of organic

amendments including leaf litter, nutrient rich kitchen wastes, and faecal materials [46];

they enriched the soil with pyrogenic carbon-like particles that rendered it fertile. Scientific

evidence in support of such ancient agricultural practice has taken place only in the last

two decades. The difference in fertility compared to the oxisols nearby, typical of tropical

zones, is notable. Concentrations of 150g of C/kg soil versus 20-30g of C/kg soil in adjacent

soils have been found [47]. Apart from this, Terra preta soils contain high levels of organic

matter and nutrients such as N, P, K and Ca. These organic profiles, generated more

than 2500 years ago, are still preserved; and reach one to two meters deep. Therefore, the

utility of this form of organic matter as stable carbon storage is demonstrated.

Properties and effects on soil and plants

In a general scenario, biochar used as soil amendment improves carbon sequestration in the

soil, provides nutrients for plants due to its rich composition, and increases the availability

of those present. Being a material obtained from biomass, it makes sense for it to be an

important source of carbon and nutrients. However, not only is it composed by these

elements: these and others present in the soil are retained and gradually liberated thanks

to the physico-chemical properties of its surface, on which C atoms are adsorbed with these

mineral compounds [48]. Therefore, biochar is known for reducing leaching and surface

runoff, thereby preserving the nutrients in the soil for a longer time. Its addition promotes

changes in the dynamics of N and P, although there is not always a direct influence between

its addition and the retention of the total content of such nutrients in the soil [49].
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The use of biochar as an organic amendment contributes to improving the physical prop-

erties of the soil, such as structure and porosity. The increase in field capacity and the

improvement of the structure is evidenced in literature, [50], [51]. One of its ways to do

this is through the stimulation of microbial activity [52]. The improvement in structure

and porosity is also related with an augmented capacity of water storage [48], [53]; and

can have a direct impact on plant growth by promoting the depth of root penetration and

the availability of water and air in the root zone [51].

Due to its basic nature, biochar is known for increasing the soil pH, which is highly

beneficial for acid soils [54], where the acidity has been identified as a limiting factor for

plant productivity.

Many studies focus on the capacity of biochar to retain phytotoxic organic molecules and

heavy metals [55], [56], [57]. For this reason, biochar is often applied to soils not to

increment plant growth, but for bioremediation purposes.

With respect to the relationship between biochar and the soil microbiome, it has been

reported that biochar stimulates the activity of beneficial microbes [52]. Several indepen-

dent studies revealed distinct bacterial communities and higher microbial diversity and

richness in the Amazonian Dark Earth in comparison to the surrounding soils [58]. Some

studies associate the observed increased microbial activity in biochar-enriched soils to its

structure covered with micropores, that allow the establishment of microbial colonies in-

side and provide an adequate habitat [52], [59]. In addition, the high aromatic carbon

content of biochar confers electrical properties that give rise to oxidation and reduction

reactions of great importance in soil biochemistry, as microorganisms use these aromatic

carbons as electron acceptors and/or receptors as part of their metabolism. Therefore,

the capacity of biochar to adsorb organic and inorganic molecules may be a key factor in

meeting some of the energetic and/or nutritional needs of microorganisms, ensuring ad-

equate conditions for soil biota, which results in the maintenance of ecosystem functions

[60], [51]. Overall, the effects of biochar on the soil microbiome and its implications on

soil ecology are still poorly understood. It is unclear how such a variety of carbon species

and their chemical characteristics impact microbial populations and to what extent soil

microbes interact with biochar.

In order to somehow combine all these elements, evidencing the interactions that are truly
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established between them, we may conclude the following: in soil, biochar may enhance

soil fertility by decreasing bulk density, improving moisture retention and increasing pH.

The surface charge properties of biochar are thought to increase cation exchange capacity,

thereby reducing nutrient leaching [61]. The anthropogenic addition of biochar to soils

may help stabilize inorganic nutrients and thus maintain soil fertility [62]; it may also

serve directly as a habitat or as a platform for nutrient exchange for microorganisms [60],

[59]. Thanks to these phenomena, the amendment of soils with biochar allows to reduce

mechanical tillage, irrigation costs and fertilization. In general, biochar increases soil

productivity and quality, especially in acidic and nutrient-poor soils [54].

Factors on which its properties and effects depend

Albeit all the aforementioned, it has to be remarked that the effects of biochar on the

soil and the contained life forms largely depend on the specific properties of the employed

type of biochar, the particular properties of the soil to which its applied, and the climate

of the area.

The most relevant aspects that influence the properties of biochar are the type of biomass

used as raw material, the temperature, the heating rate, the particle size, and the type of

thermal process used for its production [63], [64].

Regarding the influence of the properties of the soil in which it is applied, the fact that

biochar has shown best results when applied to acid, nutrient-poor soils has already been

discussed. Furthermore, the study carried out by [65] determined that soil organic carbon

(SOC) stability generally increased in coarse-textured soil and decreased in fine-textured

soil with increasing rates of biochar.

Contribution to climate change

Naturally, due to the action of microorganisms, the biomass that reaches the soil ends

up decomposing, releasing CO2 and other greenhouse gases into the atmosphere, except

for a small part that transforms into humus. The conversion of part of this biomass into

biochar stabilizes the contained carbon and, therefore, modifies the carbon cycle. The

immobilized carbon in the biochar matrix is later incorporated into the vegetation that

grows on this terrain, without previous liberation into the atmosphere in the form of CO2.

In this way, it is estimated that the liberation of 20% of the carbon of the cycle is avoided.
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Figure 1.1: Principle behind C sequestration with biochar soil application and bioenergy production

compared to a normal system (adapted from [66])

It is true that during pyrolysis a quantity of CO2 is liberated. However, this immediate

emission would, within a few months, be exceeded by the CO2 emitted in decomposition

if the same material had been added to soil directly [67]. Even in temperate environments

where decomposition in soil is relatively slow, it is calculated that within two to five years,

the effective emission in the pyrolysis scenario is already less than that which would have

accrued from the soil [68]. Therefore, biochar application can be considered a carbon-

negative technology [69]; unlike other methods of energy obtention from biomass, such as

its complete combustion, that are considered carbon-neutral.

With the production and application of biochar to soil, it has been calculated that annual

emissions of CO2-Ce equivalents (CO2-Ce) could be reduced by 12% (1.8 petagrams (Pg)

CO2-Ce/year of the 15.4Pg CO2-Ce emitted annually) [70]. The relative mitigation po-

tential of biochar is approximately four times greater than that which would be obtained

if biomass were burned for energy purposes only. In turn, taking improvement in crop

growth and development into account, the use of biochar as an organic soil amendment

would lead to a higher CO2 capture due to the increase in photosynthesis.

In studies of production and application of biochar in soils, a reduction in methane and

N2O emissions has also been observed [70]; mainly because the emissions produced during

biomass decomposition are avoided [54]. The application of biochar to soils was one of

the strategies proposed at the 2019 United Nations Climate Change Conference in order
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to promote the sequestration of carbon and greenhouse gases [71].

When focusing on the produced beneficial outputs instead of the undesired ones that are

to be avoided; co-products from the pyrolysis process (gas and oils/biooils) are renewable

fuels with the potential to replace fossil fuels in numerous applications. In what better

way than by providing the energy needed for the pyrolysis process in which biochar is

produced, thus leading to a process integrated in circular economy. Calculations by [72]

based on gas composition showed that the pyrolysis process could be sustained by the

energy contained within the pyrolysis gases alone.

With all this, the use of biochar does not truly contribute to sustainability if it is not

produced in a sustainable manner. The non-release of greenhouse gases or other substances

harmful to health and the environment must be ensured through the implementation of

adequate technology. Not only this, the sustainable origin of the biomass from which it

comes from must be certified. If its production involves deforestation and mass plantations,

it may lead to the problems we are precisely trying to avoid with its use. Taking into

account the potential the biochar industry has to valorize biomass that would otherwise be

considered waste [64], it seems even more illogical for it to be produced from intentionally

cultivated biomass. Only in Spain, the potential production of biochar from waste has

been estimated to exceed 15 million tons per year [71].

1.2 Objectives

The principal objectives of this project are:

• Determination of the efficacy of various soil treatments based on the application of

S. indica and/or biochar, and their suitability for each context managed.

• Study of the suitability of biochar as a matrix for the establishment and stabilisation

of S. indica in the soil, improving the benefits S. indica provides to its hosts.

• Analysis of the molecular mechanisms through which S. indica alters the develop-

ment and growth of its hosts.
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2. Materials and Methods

2.1 Biological Material

The seeds used in the project were A. thaliana Col-0 (NASC stock N1072). Two different

strains of S. indica were used: Wild type (DSM11827, DSMZ, Braunschweig, Germany)

and pGoGFP, which contains a S. indica codon-optimized Green Fluorescent Protein

(GFP) gene (synthesized by GenScript Piscataway, NJ, USA) [22]. Both were grown at

28ºC in the dark in solid Kaefer medium [73].

Cultures were refreshed monthly by extracting a plug 5 mm in diameter from an infected

plate and placing it on a fresh Kaefer medium plate. Periodically, to maintain root colo-

nization efficiency, the infection of new plates was done instead using roots of A. thaliana

ecotype Col-0 seedlings previously infected with fungus spores. These seedlings had been

grown over two weeks on PNM medium [73], appropriate for both A. thaliana and S.

indica; being infected at the end of the first week.

Liquid cultures were also prepared to produce larger quantities of fungal mass to be applied

to the assays described below. They were prepared in liquid Kaefer medium, also infected

through plugs extracted from infected plates. According to [74], conditions required to

obtain maximum spore yield (6.13 ± 0.73 x 107 spores/mL) in minimum time (8 days) are:

occupation of 20% of the working volume, incubation at 30ºC and shaking at 200rpm. In

the attempt of reproducing these conditions, 1L Erlenmeyer flasks containing 0.2L Kaefer

medium each were infected with a 5mm fungus plug and kept under constant agitation.

Due to instrumental constraints, the temperature was kept at 28ºC. To compensate for

the lower temperature, the incubation time was extended to 10 days.

2.2 Confocal microscopy

To visually confirm the colonization of A. thaliana roots by S. indica, one week-old

seedlings were infected with S. indica strain pGoGFP. After one week of co-cultivation,

roots were passed onto a slide and inspected with the confocal laser scanning Zeiss LSM

880. Excitation light of 488nm emitted by a krypton/argon laser allowed the detection
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of GFP-mediated fluorescence using a meta detector system with emission filters set to

500-530nm.

2.3 Application of different quantities of S. indica and biochar

2.3.1 Initial plant growth assay

In a pilot experiment, the quantities of biochar and fungal material were tested. The

initial values were established according to literature data. The quantity of biochar applied

was initially set to 10% (w/w), similar to what can be found in the original Amazonian

Black Earth (Terra Preta) [75] and identical to that used by [76]. The quantity of fungal

mass applied was 1g mycelium/ 100ml soil, or the spores obtained from that quantity of

mycelium [10], [77]. The used soil consisted of a mixture of 3:2 peat-vermiculite (v/v),

provided by the CBGP Plant Growth Facility, from now on called "Laboratory Soil" (LS).

2.3.2 Optimization assay

The optimization assay was carried out to determine the optimal quantity of fungal ma-

terial and, separately, of biochar, with respect to the negative impact on plant growth

observed in the initial experiment. It included 5 and 3 different conditions, respectively,

for fungal material and biochar contents. Each condition included 4 pots with 4 A. thaliana

seeds each. As before, the standard LS was used.

Extraction of spores from liquid fungal cultures and counting under a microscope revealed

that the average quantity of spores contained per gram of mycelium was of 7,14·106. This

quantity was fixed as a reference. The conditions regarding fungal mass added were the

following (per grams in 100ml of soil):

• 1g mashed mycelium

• 0.5g mashed mycelium

• 3/4 of the reference quantity of spores

• 1/2 of the reference quantity of spores

• 1/4 of the reference quantity of spores
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The conditions regarding biochar added were the following (per grams in 100ml of soil):

• 2.64g (correspondent to 7.5% biochar in the final mix)

• 1.32g (correspondent to 5% biochar in the final mix)

• 0.66g (correspondent to 2.5% biochar in the final mix).

After 4 weeks of plant growth, the best growth conditions were visually determined and

the corresponding optimal amendments to the soil for the Definitive plant growth assay

were set as follows: 0.5g mashed fungal mycelium or 1/2 of the reference quantity of spores

per 100ml of soil (giving equivalent results) and 5% biochar.

2.3.3 Definitive plant growth assay

After optimization of the growth conditions, the final plant growth assay was performed.

To do so, we developed and pursued an experimental design consisting of four conditions,

each of which was performed for two different types of soil. On the one hand, we used

standard LS and, on the other hand, we used acid sandy Acrisol obtained in the proximity

of Navalcarnero (Madrid) [40º18’06.0”N 4º00’38.7”W], from now on termed "Field soil"

(FS). Using reactive strips for pH measurement, we determined pH at 5.5 for LS and 6.5

for FS. Soil conditions:

• Control: No Biochar, No Fungus

• B: Biochar (5%), No Fungus

• F: No Biochar, Fungus (0,5g mycelium/ g in 100ml soil)

• F+B: Biochar (5%), Fungus (0,5g mycelium/ g in 100ml soil)

The plants were grown in 8x8 cm pots under constant climate conditions for four weeks

in a Conviron plant growth chamber. The conditions were set to: 23-24°C, 16h light/ 8h

dark, 40% humidity, and 120µmol/m2 s1 light intensity.
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2.4 Analysis of weight loss of plant rosettes

After 4 weeks, plants were extracted from the soil, and the aerial part was separated from

the root system. The aerial part of the plants for each condition was weighed periodi-

cally while maintained in an incubator at 60ºC until the value was stabilized, indicating

complete water loss. The obtained value for each condition and at each time was divided

between the number of plants that had grown under the corresponding condition.

2.5 Quantitative transcriptomic analysis

Once the soil residues had been removed and the aerial part had been separated, the

roots were immediately frozen in liquid nitrogen and stored at 4ºC until RNA extraction

was performed. The extraction was carried out according to a previously published pro-

tocol [78]. The genetic material extracted was mRNA and not DNA in order to ensure

that the fungus was alive in the moment of extraction. The isolated RNA was reverse

transcribed into cDNA [79] and used as a template for a Quantitative Reverse Transcrip-

tion Polymerase Chain Reaction (RT-qPCR) [80]. In this analysis, cDNA corresponding

to condition Control served as a negative control, and that corresponding to F and F+B

served as template for the amplification of a housekeeping gene for A. thaliana (ADENINE

PHOSPHORIBOSYL 1 (APT1 ), At1g27450) and a housekeeping gene for S. indica (ß-

TUBULIN (TUB), AJ459235).

Table 2.1: Primers for APT1 and TUB used in the RT-qPCR analyses. Sequences are given in 5’ – 3’

direction.

The used LightCyler480 master mix is composed of a mixture of dNTPs and a FastTaq

polymerase, which allows gene amplification. Moreover, the commercial mix facilitates

gene quantification by the SYBR green fluorescent dye, which intercalates into the double-

stranded DNA during each PCR cycle. For each sample, three biological replicates were

analysed. Each biological replicate was run in triplicate (technical replicates). All RT-

qPCRs were carried out using a LightCyler480 thermocycler (Roche), and conditions were

set as follows: 5min at 95°C; 45 cycles consisting of 10s at 95ºC, 20s at 60ºC and 30s at
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72ºC; a dissociation step of 5s at 95ºC, 1min at 65ºC, continuous 97ºC; and finally 30s at

40ºC to analyse melting dynamics.

Once the data were obtained, root colonization levels were expressed through the calcula-

tion of the ratio of TUB to APT1 expression.

The initial idea was to include samples from plants from both soil types. However, plants

grown in FS did not grow enough to produce the necessary quantity of root biomass to

run the experiment. Hence, only RNA extracted from roots of plants grown in LS was

used.

2.6 Computational analysis

The RNA sequencing (RNAseq) analysis of A. thaliana seedlings cultivated for 10 days

with S. indica was conducted before the beginning of this project. mRNA-Sequencing

(PE150) was performed by Novogene Europe (Cambridge, UK) on Illumina NovoSeq6000

machines. Basic data analysis including data filtering, sequence alignment, transcript

quantification, and differential gene expression analysis was also carried out by Novogene.

For each condition, i.e. A. thaliana with and without S. indica, three biological replicates

were employed. However, the obtained Next Generation Sequencing data had not been

analysed beforehand. To assess the data, the p-values of the basic analysis were adjusted

for multiple testing using the Benjamini–Hochberg correction. An adjusted p-value (FDR)

of < 0.05 and absolute differential expression of log2FC ≥ 1.5 were arbitrarily chosen to

select differentially expressed genes (DEGs).

The functional classification of DEGs was performed using the MapMan v3.6 software.

Furthermore, functional relationships between the DEGs were investigated employing the

stringApp v1.3, MCODE v2.0, and EnrichmentMaps v3.3.1 in Cytoscape v3.8.2. To anal-

yse the importance of the nodes in the inferred networks, the nodes with the highest degree

of connectivity (k) were examined in closer detail.
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3. Results

3.1 Confirmation of root infection by confocal microscopy

and optimization of growth conditions

To provide evidence for the general capacity of S. indica to infect A. thaliana, we first

conducted a co-cultivation assay of A. thaliana seedlings with S. indica (pGoGFP). The

strain contains and expresses a codon-optimized GFP gene that allows for highly efficient

production of the fluorophore. As can be seen on Figure 3.1, this experiment confirmed

the ability of S. indica to establish a mutual interaction with the model plant A. thaliana.

Figure 3.1: A. thaliana roots infected with S. indica strain pGoGFP, containing the GFP protein. The

image corresponds to the area of the root close to the base, where the infection mainly occurs. The spheres

are spores. Root segments with an extended green colour are those containing hyphae of the growing

fungus.

17



Next, a pilot experiment to investigate the best test conditions was performed. Starting

with a relatively high biochar content of 10%, mimicking the condition in the Terra Preta,

and 1g mycelium per 100g of soil; we observed that under these initial conditions the

plants were rapidly overgrown by all kinds of microbes. Hence, it was decided to perform

an additional experiment with several different growth conditions, to find better suited

conditions. Varying both the biochar content in the soil and the form and amount of

applied fungus, we finally found a combination for the final growth assay. As can be taken

from Figure 3.2, it was possible to work with a final concentration of 5% biochar in the

soil and the application of 0.5g mycelium/ 100g soil, without considerably undermining

plant growth and development.

Figure 3.2: Samples of the plants resulting from the Definitive growth assay (one sample pot per condition

and soil type). Plants were either grown under control conditions (Control), with 5% biochar (B), 0.5%

mycelium/ 100g soil (F), or with the same amounts of biochar and fungus together (F+B).

3.2 Comparison of plant growth via analysis of weight loss

of plant rosettes

After optimizing the plant growth conditions, and with the aim of studying the growth

promoting effect of S. indica in presence and absence of biochar in the soil; we analysed

the biomass of plants grown under the different conditions. As depicted in Figure 3.3, the

application of biochar clearly increased the biomass production in FS, while the applied

fungus mycelium apparently had a growth reducing effect.
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Figure 3.3: Progression of the weight of the aerial part of plants grown on field soil (FS). Plants were

either grown under control conditions (Control), with 5% biochar (B), 0.5% mycelium/ 100g soil (F),

or with the same amounts of biochar and fungus together (F+B). The error bars represent a biological

deviation of about 10%, which matches previous results obtained in the laboratory.

Grown in FS, the plants show substantial differences between the different conditions in

terms of fresh weight (values for 0 days after collection). Plants under B condition showed

the highest biomass, followed by plants under F+B. Unexpectedly, plants under F (grown

only with S. indica) demonstrated a growth repression.

Regarding dry weight (final values), no striking differences between the different conditions

could be observed. However, again it seemed as if the application of the fungus resulted

in a slight decrease in plant biomass compared to Control and B conditions.
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Figure 3.4: Progression of the weight of the aerial part of plants grown on laboratory soil (LS). Plants

were either grown under control conditions (Control), with 5% biochar (B), 0.5g mycelium/ 100g soil (F),

or with the same amounts of biochar and fungus together (F+B). The error bars refer to a biological

deviation of about 10%.

When the experiment was performed in LS, we found that both biochar and fungus applied

individually reduced the fresh weight of the plants, while the fresh weight of plants grown

with both (F+B) was similar to the one of control plants. Interesting, however, was the

observation that treated plants lost weight slower over the course of the drying process than

control plants, which is indicated by the flatter angle of the weight decrease progression

over time. In this case, the F+B condition produced higher dry weight values compared to

the other plant growth conditions, under which the plants presented only minor differences.

3.3 Quantification of root colonization through quantitative

transcriptomic analysis

Next, we addressed the question as to whether the presence of biochar impacts the infec-

tion efficiency of S. indica. To do so, we quantified the root colonization of A. thaliana

with and without biochar in the soil by RT-qPCR. The experiment (Figure 3.5) demon-

strated that the addition of biochar to laboratory soil showed no considerable effect on root

colonization, as the relative amount of root colonization was similar under both conditions.

20



Figure 3.5: Analysis of root colonization based on quantitative reverse transcriptase polymerase chain

reaction of A. thaliana seedlings after 4 weeks of co-cultivation with S. indica with or without biochar in

the soil. Root colonization was calculated as the ratio between the content of fungal TUB mRNA over

the Arabidopsis APT1 mRNA. The bars show the values for either the plants treated with fungus alone

(F) or with fungus and biochar (F+B). Error bars represent standard errors based on three biological

experiments with three technical replicates per experiment.

Notwithstanding our intention to assess the effect of biochar on root colonization in FS

as well, the experiment was jeopardized by insufficient RNA contents obtained from the

plants grown under these conditions. Due to the time constraints, it was impossible to

repeat the experiment to gain sufficient biological material.

3.4 Computational analysis of gene expression in A. thaliana

under S. indica infection

In addition to the core biochar-fungus interaction studies, a bioinformatics approach was

taken to shed light on the molecular mechanism by which S. indica improves plant growth.

The RNAseq data for this part of the study had been acquired before the start of this work

and were provided by the laboratory. First, the genes with the most significant differential

expression were filtered applying the following values (FDR < 0.05; log2FC ≥ 1.5 or

≤ -1.5). The resulting list of candidate genes was subsequently used to infer a functional

interaction network using the stringApp in Cytoscape. After performing a Gene Onotology

(GO) enrichment analysis with the EnrichmentMaps application, the resulting enriched

GO terms could be classified into four groups: those related with plant immunity and
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defence, those related to stress resistance, those related to the production of ethylene, and

finally those related to plant nutrition. The third group included mainly ERFs (Ethylene

Response Factors). The fourth group included a large number of glutamate like receptor

(GLR) genes, which encode cation channels very likely involved in the import of glutamate

and ions such as calcium to the cell. Moreover, the study revealed nitrate transport (NRT )

genes, aminotransferase genes (such as AT3G08860 ), other cation and transporter (CHX)

genes, and the cadmium transporter gene DTX1 to be overrepresented in the dataset.

Figure 3.6 shows the GO enrichment map for the deferentially regulated genes in A.

thaliana seedlings co-cultivated with S. indica.

Figure 3.6: Gene Ontology enrichment map for genes deferentially regulated during the co-cultivation

of A. thaliana with S. indica, marking ethylene and nutrition related nodes. Green nodes contain genes

related to the production and distribution of ethylene (mainly ERFs - Ethylene Response Factors). Orange

nodes contain genes related to nutrition (mainly GLRs and NRTs). Nodes in brown are common to both

categories
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4. Discussion

Our initial experiments were able to confirm the well-described interaction between S.

indica and the model plant A. thaliana and to set the conditions for all further experiments.

This included an optimization of the initially chosen growth conditions as well, because

we observed that the excessive biochar content was producing an extreme retention of

humidity, which finally favoured the growth of mould.

After testing a series of combinations of alternative growth conditions, we were able to

identify a suitable condition to rigorously compare the effect of the different conditions.

As depicted in Figure 3.2, the aspect of the plants cultivated upon the different growth

regimes give an idea on how the different treatments and soil types affect the growth and

development of A. thaliana.

Although there are also other parameters that should be considered in order to determine

how well a plant has grown, the analysis of the weight of the above-ground organs of a

plant is a good indicator for its relative biomass production.

The most notable result of this analysis for plants grown in FS is that, in general, the

presence of biochar in the soil ameliorated considerably the growth of the plants in it. In

this case, the highest initial (fresh) weights were registered for those plants grown with

biochar, and the final (dry) weights for these plants were among the highest along with

those corresponding to control plants. For those plants grown with biochar and S. indica,

results are better than those corresponding to the control initially, and definitely better

in general than those corresponding to plants grown only with S. indica.

The employed FS was a sample of Acrisol that stands out for its acidity and compactness

and its poor nutrient composition, at least in comparison to the standard LS used as a

reference. Regarding the acidity, biochar is known to increase pH. With respect to soil

compactness, biochar is a very porous material and therefore useful to treat and break up

compact soils.

In these kinds of soils, ethylene diffusion from the roots is aggravated, which results in

an accumulation of ethylene in the rhizosphere. This consequently results in a growth

retardation of the root system and ultimately of the entire plant [81]. S. indica is known to
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stimulate the growth of the root system. In compact soils, S. indica may impair ethylene

production through the modification of the expression of various genes of the ethylene

signalling chain [35]. However, apparently this effect has not been particularly useful for

the plants studied, as the condition including only S. indica has presented relatively bad

results in terms of plant growth, and the condition including S. indica along with biochar

has presented much worse results that than only including biochar. Our hypothesis is that

plants grown in FS are in general much weaker that those grown in LS due to the inferior

quality and fertility of this soil. Hence, they are more severely affected by the events

produced during the initial phase of the infection by S. indica. As commented, this phase

is more similar to a pathogenic infection than to a symbiosis. This negative effect on the

plant development in a young phase may condition it for life, preventing it from profiting

from the beneficial effects S. indica can provide after the initial phase is overcame. The

solution to this may pass simply by the application of S. indica at a latter development

phase of the plants in this soil, once the plantlets may be considered as established.

In the assay with LS, the control plants grow much better compared with those corre-

sponding to other conditions, and their fresh weight is significantly higher than in the

assay with FS. Our interpretation is that this soil is already providing all necessary ingre-

diencies for optimized plant growth. Therefore, the application of additional treatments

does not produce such a notable effect. Nonetheless, it is important to remark that plants

treated with both biochar and the fungus present an initial aerial biomass (in terms of

fresh weight) comparable to that of control plants, while their dry weight is considerably

superior to that of control plants.

Our hypothesis was that the application of biochar would improve the infection by S.

indica by permitting the establishment of its colonies inside its micropores and therefore

stabilizing its population. This hypothesis would explain the superiority of the F+B

treatment over the F treatment for plants in LS, observed in the results of the weight

loss analysis. However, the results of the RT-qPCR for the plants in LS seem to indicate

otherwise. There is no significant difference between the average ratio of TUB/APT

expression in plants under condition F (no biochar included in the soil) and plants under

condition F+B (biochar included in the soil). Hence, this superiority cannot be explained

through a higher level of infection of the plant byS. indica.

However, it could be explained by the establishment of a more efficient infection, meaning
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that somehow the establishment of S. indica colonies in the micropores of the biochar

improves the quality (and not the quantity) of the relationships the fungi establish with

its host. As it occurs with nutrients, the biochar may be gradually liberating the spores

from its matrix into the soil in contact with the plant roots. In this way, the impact of

the initial phase of the infection and the defence reactions it involves may be attenuated,

minimizing the negative effects of S. indica and permitting the maximization of the positive

ones.

Delving into this idea, the fact that plants under F+B treatment in FS have presented

results so significantly better than those corresponding to F treatment may be due to the

fact that this effect is being produced. As already mentioned, the harsh initial phase of

the infection has a strong impact on young plantlets grown in FS, therefore the diminution

of the rate of spore reception triggered by the presence of the biochar may play a crucial

role. Nonetheless, it is also quite logical to attribute the improved results for F+B only to

the contribution biochar directly makes on its own, proved to be quite important in this

soil.

Overall, the results of the RT-qPCR in this project have revealed how the combination of

biochar and S. indica as a soil amendment does not increment infection levels of the plants

present. However, we were able to include only samples corresponding to one soil type.

It must be remarked as well that a higher number of individuals in the study would have

provided more robust results, which would have made the interpretation easier. Unfor-

tunately, the germination rates throughout the experiment were not always as expected,

which limited the population size in the experiments.

Given that the effect of the application of these biological resources varies considerably

according to the soil conditions and environment, as demonstrated throughout this project;

it would be convenient to design alternative experiments centered on this issue. A good

start point could be the realization of a RT-qPCR, after the fashion of that carried out as

a part of this project, including samples of plants grown in low quality soil, such as the

sample of Acrisol used in our case. Another option would be the use of a biochar with

a different pore size, possibly more suitably for the establishment of S. indica colonies.

Other proposals include the retrieval of biochar particles of a completed assay including S.

indica, their analysis in order to study the establishment of S. indica colonies in them, and

the comparison of the results among different conditions regarding principally soil type.

25



Passing onto the discussion of the results of the computational analysis, the presence

of genes related to stress and defence was relatively predictable. It is known that the

interaction between S. indica and its hosts in many respects resembles more a pathogenic

infection than a mutualistic relationship, especially in the initial phase [17].

The results for the third group did not lead to any clear conclusion on how fungal infection

affects the production and distribution of ethylene in the plant. [44] argue that alteration

of the ethylene signalling chain is necessary to maintain a balance between the mutualistic

and pathogenic character of the host. On the other hand, [81] show how the reduction of

ethylene diffusion in the root zone can improve plant growth in compact soils, seeing that

ethylene accumulation inhibits growth in roots. A hypothesis is that S. indica improves

plant growth by avoiding this inhibition caused by ethylene. This hypothesis was not

confirmed through the work carried out in this project. Further research on the topic is

necessary.

The fourth group of genes, related with plant nutrition, on the other hand, arouse our

special interest: the key to the beneficial effect of S. indica may be found in the regulation

of the expression of these genes, leading to an improvement in the intake of nutrients from

the soil and their assimilation by the plant.

The fact that many of the nodes, representing enriched GO classification terms, coincide

in both ethylene- and nutrition- related categories is highly intriguing. In this way the

number of genes of interest is reduced, and a possible link is established between the

changes in ethylene production and distribution and the changes in plant nutrition under

co-cultivation with S. indica. Future reverse genetics approaches may be useful to elucidate

the individual role of the identified target genes in the growth promoting effect exerted by

S. indica.
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5. Conclusion

The principal conclusions that can be extracted from the work carried out as part of this

project are:

• The use of biochar as an amendment for poor, acid, and compact soils improves

considerably the growth of the resulting plants, indicating an improvement in the

soil’s properties and fertility.

• The use of S. indica as an amendment for this kind of soils, on the contrary, produces

weaker plants with less aerial biomass. An application of the fungus to the soil at

a more advanced stage of development of the plants may avoid this problem and

enable S. indica to deliver its benefits.

• A combination of biochar and S. indica produces satisfactory results for soils of

relatively high nutritional value.

• The improvement of the efficiency of the infection by S. indica due to its combination

with biochar in the soil and the subsequent stabilization of its colonies in the biochar’s

micropores has not been demonstrated.

• The symbiosis between S. indica and its hosts implicates, most notably, the regula-

tion in the expression of genes related to the production and distribution of ethylene

in the plants and that of genes related to nutrition transporters.

Further research on the molecular mechanisms manipulated as a consequence of the infec-

tion with S. indica would benefit our comprehension on how this biotechnological resource

can be exploited for obtaining maximal benefits. Once the general pattern is elucidated,

it would be convenient to focus on the specific mechanisms triggered for a scenario of

conditions (different soil types, host species or environmental stresses).

The results of this work insert into a large pool of retrieved information about S. indica

and biochar as soil amendments. Once this information is sufficiently complete, S. indica

and biochar will occupy their merited position as key resources for agriculture, and im-

pellers of a new Green Revolution in which sustainability and food security are no longer

incompatible.
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APPENDIX - List of relevant genes

APT1 A. thaliana gene encoding Adenine phosphoribosyltransferase 1.

AT3G08860 A. thaliana gene encoding Alanine-glyoxylate aminotransferase 2.

At5g16590 A. thaliana gene encoding probable inactive receptor kinase At5g16590.

CBL1 A. thaliana gene encoding Calcineurin B-like protein 1.

CHX A. thaliana gene family encoding Cation/H(+) antiporters.

DREB2A A. thaliana gene encoding Drought Responsive Element binding protein 2A.

DTX1 A. thaliana gene encoding Protein Detoxification 1.

ERF A. thaliana gene family encoding Ethylene Response Factors.

GLR A. thaliana gene family encoding Glutamate Like Receptors.

LOX2 A. thaliana gene family encoding chloroplast Lipoxygenase 2.

NIA2 A. thaliana gene encoding NADH- dependent nitrate reductase 2.

NRT A. thaliana gene family encoding Nitrate Transporters.

PII-2 A. thaliana gene encoding textitS. indica-insensitive protein 2.

PYK10 A. thaliana gene encoding a β-glucosidease/myrosinase in the Endoplasmic Retic-

ulum.

RD29A A. thaliana gene encoding a low temperature induced protein.

SEX1 A. thaliana gene Starch Excess 1, encoding alpha-glucan water dikinase 1.

TUB S. indica gene encoding ß-Tubulin.
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