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Summary 

Plant-associated microbes have the potential to alleviate plant stress and disease thanks to their 

high diversity and their wide array of ecological traits. The opportunity to modulate or engineer 

plant microbiomes to boost certain plant functions has opened new prospects for plant 

management against biotic and abiotic stresses, including agroforestry systems under the threat 

of Global Change. 

The severe impact of Dutch Elm Disease (DED) on elm populations worldwide and the difficulties 

for its management, together with the promising use of endophytes on plant disease research, 

have stimulated elm microbial community studies. Recent studies revealed a relationship 

between the relative abundance of two classes of core endophytic fungi of Ulmus minor 

(Cystobasidiomycetes and Eurotiomycetes) and DED resistance, and the potential antagonistic 

behavior of an additional isolate from Dothideomycetes against Ophiostoma novo-ulmi. In this 

work we aimed to investigate: i) the functional role of the three previously mentioned 

endophytes in the resistance to biotic and abiotic stresses, and ii) the influence of abiotic 

stresses on elm fungal microbiome composition. 

The beneficial role of the two core endophytes was confirmed by the fact that elm plantlets 

inoculated with these endophytes had an elevated capacity to respond to and survive the abiotic 

stress. The antagonistic potential of the Dothideomycetous endophyte was associated to a 

reduction of DED-symptomatology in in vivo trials. These results suggest a positive role of 

endophytes in biotic and abiotic stress resistance that can be of importance in elm restoration. 

The stimulation of defense priming, the reduction of pathogen load and the DED-

symptomatology attenuation upon inoculation with the endophytes open new possibilities for 

the management of surviving U. minor stands. Moreover, the improvement of plant fitness 

under stressful conditions supports the use of endophytes in future elm reforestation programs 

to increase plant survival and growth during early stages of regeneration. Additionally, the 

disturbance of the root mycobiome composition under flood and drought may in turn determine 

elm response to these and other stresses. Therefore, the understanding of specific U. minor-

endophyte associations could be useful to improve future strategies of microbiome engineering 

in the fight against DED. 
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Resumen 

Los microorganismos que se encuentran asociados a las plantas tienen el potencial de aliviar el 

estrés y las enfermedades gracias a su elevada diversidad y a su amplia gama de funciones 

ecológicas. La oportunidad de modular o diseñar el microbioma vegetal para impulsar ciertas 

funciones de la planta ha abierto nuevas perspectivas para la gestión de los sistemas vegetales 

frente a estreses bióticos y abióticos, incluyendo los sistemas agroforestales amenazados por el 

cambio climático.  

El grave impacto de la grafiosis en las olmedas de todo mundo y las dificultades de su gestión, 

junto con el uso prometedor de los hongos endófitos para paliar enfermedades vegetales, han 

promovido la investigación del microbioma del olmo. Estudios recientes revelaron una 

asociación entre la abundancia relativa de dos clases de hongos endófitos del microbioma 

central de Ulmus minor (Cystobasidiomycetes y Eurotiomycetes) y la resistencia a la grafiosis del 

olmo, y el potencial antagonista frente a Ophiostoma novo-ulmi de un aislado adicional 

perteneciente a Dothideomycetes. En este trabajo, nuestro objetivo fue investigar: i) el papel 

funcional de los tres endófitos mencionados anteriormente en la resistencia frente a estreses 

bióticos y abióticos, y ii) la influencia de los estreses abióticos en la composición del microbioma 

del olmo.  

El papel beneficioso de los dos endófitos del microbioma central se confirmó ya que las plántulas 

de olmo inoculadas con estos hongos tenían una capacidad mejorada de responder y sobrevivir 

al estrés abiótico. El potencial antagonista del hongo endófito perteneciente a Dothideomycetes 

se asoció con una reducción de los síntomas de la grafiosis en los test in vivo. Estos resultados 

sugieren un papel positivo de los endófitos en la resistencia a estreses bióticos y abióticos que 

puede ser importante de cara a la restauración de las olmedas. La estimulación del efecto 

“priming”, la reducción en la carga del patógeno y la reducción de los síntomas de la grafiosis 

con la inoculación de los endófitos, abre nuevas puertas para la gestión de las poblaciones 

supervivientes de Ulmus minor. Además, la mejora del estado fitosanitario de la planta ante 

situaciones estresantes apoya el uso de los endófitos en futuros programas de reforestación con 

el objetivo de aumentar la supervivencia y crecimiento de las plantas durante las etapas 

temprana de regeneración. Asimismo, las alteraciones en la composición del micobioma de la 

raíz bajo estreses de inundación y sequía podría estar determinando la respuesta del olmo a 

éstos y otros estreses. Por lo tanto, entender las asociaciones U. minor-endófitos podría ser útil 

para mejorar las estrategias futuras de diseño del microbioma en la lucha frente a la grafiosis. 
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I. Introduction 

1. The plant microbiome 

1.1. Implication of the plant microbiome for plant evolution 

Land colonization was initiated 1000 million years ago by the symbiotic association of a semi-

aquatic alga and an aquatic fungus (oomycete) (Heckman, 2001). This continuing and evolving 

partnership led to the appearance of the first land plants   4̴00 million years ago (Pirozynski and 

Malloch, 1975), being arbuscular mycorrhizal fungi (AMF) key players on plant evolution and 

diversification (Heckman, 2001; Strullu‐Derrien et al., 2018). Nowadays, plants associate 

internally and externally with a wide variety of interkingdom microorganisms (fungi, bacteria, 

viruses and protists) that together build the plant microbiome. The concept “plant microbiome” 

is understood as the collection of the genomic material from all the microorganisms in the plant, 

which are also known as the “plant microbiota”. 

The ecological functions provided by the plant microbiome impinge on what we call “plant 

traits”, which help both microbes and plants to adapt to environmental changes (Delaux and 

Schornack, 2021). Therefore, plant biology and functioning can no longer been understood 

without contemplating its plant microbiome, which is considered an extension of the host 

genome (Vandenkoornhuyse et al., 2015a). Plants, as humans, are holobiont organisms because 

they are unique functional entities composed by the multicellular host and its associated 

microbiota (Guerrero et al., 2013).  The holobiont, with its hologenome (genomes of both, host 

and microbiota), should be consider a unit of selection in evolution after changes on the host 

genome or on the microbiota genome occur (Zilber-Rosenberg and Rosenberg, 2008). 

1.2. Acquisition and recruitment of the plant microbiota 

Since the early moments of the development of a new plant, or even during seed development, 

the microbial members that will form part of the plant microbiota are acquired either vertically 

(from the parent) or horizontally (from the surrounding environment) (Figure 1, Shade et al., 

2017; Vandenkoornhuyse et al., 2015b).  

During seed formation, microbes can colonize the seed tissue in two ways (Figure 1): i) internally 

trough vascular or non-vascular tissues of the mother plant or ii) through the floral pathway 

via the stigma of the mother plant (Nelson, 2018; Shade et al., 2017). Those microbes forming 

intimate and stable symbiotic associations with the plant are usually transmitted vertically from 

mother plant tissues. Moreover, microbes from pollen grains can also reach the seed tissue 

vertically through the stigma during fertilization (Agarwal and Sinclair 1980). Seed microbes can 
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also be acquired horizontally via floral structures (the anthosphere), that are important for floral 

functioning (e.g. for flower longevity, or proper morphological or nectar characteristics) (McArt 

et al., 2014). Therefore, at the end of the seed development process seeds will harbor specific 

microbiome members that could act as transient members, which are only useful in the seed 

habitat (seed-borne microorganisms), or as persistent members with the ability to colonize the 

different plant tissues and form intimate associations with the host (seed-transmitted 

microorganisms) (Shade et al., 2017).  

Figure 1: Transmission routes of fungal endophytes across the plant life cycle. Vertical transmission 
(from parents) is represented by arrows or lines in red, while the horizontal transmission (from the 
surrounding environment) is represented with arrows or lines in blue.  A. Vertical transmission from the 
mother tree to floral structures via vascular or non-vascular tissues. B. Vertical transmission via pollen 
grains during fertilization. C. Horizontal transmission via pollinators to floral structures during seed 
formation. D. At the end of the seed development process the seed will harbor microbes from different 
transmission routes. E. During seed germination additional microbes will be horizontally acquired by the 
plant through the spermosphere (i.e. the soil surrounding the germinating seed). During plant formation 
additional microbial members will be horizontally acquired through root meristems by rhizosphere 
microbes (F) or by aerial structures such as stomata o apical meristems (G). Figure created with 
biorender.com. 
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Early seedling developmental stages are crucial for the persistence of the seed microbiota, with 

this depending on the microbe’s ability to colonize the aerial plant tissues and outcompete the 

horizontally-transmitted microbes. Of special importance is the fraction of microbes colonizing 

the spermosphere (Figure 1), which is the zone of soil under the direct influence of geminating 

seeds that usually release primary or secondary metabolites to attract microbial activity (Nelson, 

2004). Microbes living in or on seeds (especially seed-borne microbes) may have better 

competitive advantages to colonize the spermosphere than those living in the bulk soil because 

of proximity and ease of access to plant-released metabolites. Nevertheless, it has been 

demonstrated that the soil type and its microbial diversity have also a strong influence in the 

spermosphere microbiome composition (Buyer et al., 1999) and the colonization of the root of 

germinating seeds (Hardoim et al., 2012). In any case, these early host-microbial relationships 

potentiated by plant-exudates are important for the establishment of primary symbionts that 

will condition subsequent colonization during the plant life span (Schiltz et al., 2015).  

Another way of horizontal microbial transmission is the rhizosphere (Figure 1), which includes 

the millimeters of soil surrounding the root of completely developed plants. The rhizosphere is 

colonized by a wide variety of microorganisms that assist plants with nutrient acquisition, 

induction of systemic resistance, or stress tolerance. The composition of the rhizosphere 

microbiome is determined by rhizodeposits and exudates secreted by the roots to attract certain 

soil microbes, demonstrating the plant capacity to invest carbon and nitrogen to recruit and 

modulate the rhizosphere microbiome according to the host needs (Philippot et al., 2013). 

Specific microbial recruitment in the rhizosphere facilitates the adaptation to and mitigate the 

effects of certain stresses (Philippot et al., 2013; Berendsen et al., 2012). Beyond the rhizosphere 

is the rhizoplane, which is the root tissue surface often colonized by microorganisms with the 

ability to attach to root surfaces, such as ectomycorrhizal fungi or biofilm forming bacteria 

(Cairney, 2011). Only those rhizoplane microbes with the ability to penetrate and invade the 

root internal tissue reach the endosphere. These microbes include arbuscular mycorrhizal fungi 

along with other fungi or bacteria (Smith and Read, 2008; Vandenkoornhuyse, 2002). Microbial 

diversity in the endosphere is lower and much more specific than in the rhizosphere and the 

rhizoplane due to the intimate association of endophytes with the plant (Vandenkoornhuyse et 

al., 2007). Some of these root-entering microbes have also the ability to colonize aerial plant 

tissues via the vascular system (Compant et al., 2005).  

Moreover, apart from those microbes entering the plant via seeds (vertically transmitted) or 

roots (horizontally transmitted) and spreading to aerial tissues, above-ground organs (stems, 

leaves, flowers and fruits) can also be horizontally colonized by endophytes entering through 
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aerial tissues (Figure 1). Bacteria, fungi or viruses can be airborne transmitted and deposited on 

plant surfaces via bioaerosols (Fröhlich-Nowoisky et al., 2016), which are generated from 

terrestrial and marine environments and dispersed long distances through the atmosphere 

(Burrows et al., 2009), being plant canopies a major source of airborne inoculum (Hill et al., 

2014). Stomata and hydathodes on leaves, and lenticels on stems are the main entry point of 

endophytic microbes to the phyllosphere (which includes both external and internal above-

ground tissues; Frank et al., 2017).  

1.3. Functions of the plant microbiome 

The effect of the plant microbiota on their host can be beneficial, neutral or detrimental. 

Microbial members tightly associated with a plant species (i.e. the core microbiome) are of 

special importance. These core microbes are persistent and include key taxa with essential 

functions for the host fitness (i.e. for its fecundity, biomass and survival; Jones et al., 2019; 

Lemanceau et al., 2017) that can be transmitted from parental plants to offspring via vertical 

transmission (Gehring et al., 2017). This microbe-induced benefits for plant fitness include the 

enhancement of plant nutrient uptake, plant growth, or protection against biotic and abiotic 

stresses; such benefits occur by i) providing novel biochemical capabilities to plants, due to the 

expanded metabolic repertoire of microbes, or by ii) producing or modulating phytohormones 

(Friesen et al., 2011). 

1.3.1.  Nutrient acquisition 

Some plant-associated microorganisms have the ability to mobilize important, but sometimes 

hardly accessible nutrients to plants such as nitrogen, organic phosphate and iron. In relation 

to nitrogen (N) uptake, apart from the well-known N-fixing bacteria in nodule-forming plants, it 

has been demonstrated the existence of N-fixing bacteria living endophytically in non-

nodulating plants (Doty et al., 2009; Xin et al., 2009). Nitrogen fixation consists in the conversion 

of dinitrogen (N2) into ammonia (NH3), using the nitrogenase protein complex harbored in 

specific microbes, to further produce ammonium (NH4
+) and nitrates (NO3

-), which are available 

for plants. The isolation and re-inoculation of these endophytes result in beneficial effect in plant 

growth and fitness, concomitantly with a significant N-fixation increase (Anand and Chanway, 

2013). Bacterial and fungal endophytes have also been shown to enhance phosphorous (P) and 

iron (Fe) acquisition (Behie et al., 2013; Compant et al., 2010a). These endophytes enhance 

mineral phosphate solubilization by the secretion of P-solubilizing enzymes or the acidification 

of the extracellular environment by the production of organic acid anions such as malic acid, 

citric acid, or salicylic acid (Varga et al., 2020). Also, the presence of phosphate transporter 

proteins in the external hyphae of the endophytic fungi Piriformospora indica suggest the 
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presence of microbial mechanisms that enhance phosphate transport and, therefore, the 

nutritional status in the host plant (Yadav et al., 2010). Moreover, iron acquisition by plants can 

be mediated by microbial siderophores, which are non-ribosomal peptides of 500-1000 Da that 

chelate unavailable iron from the environment and deliver it to plant cells, enhancing iron 

acquisition and transport under iron-deficient conditions (Renshaw et al., 2002; Lemanceau et 

al., 2009).  

1.3.2. Plant growth promotion 

The main way of microbial-induced plant growth is through phytohormone production, being 

auxin and gibberellin the main hormones synthesized by microbes (Duca et al., 2014). For 

instance, the production of the auxin precursor indole-3-acetic acid (IAA) by endophytes 

modifies the root architecture by enhancing cell enlargement and division of root cells. As a 

consequence, the increase production of root hairs and lateral roots expand the region for 

microbial colonization and increase the possibility of entry of new microbes due to the greater 

number of root tips and sites of lateral root emergence, which are hotspots of microbial access 

(Spaepen and Vanderleyden, 2011; Verma et al., 2021; Sukumar et al., 2013). This increase in 

total root surface enhances the plant mineral uptake and root exudation, which in turn 

stimulates microbial colonization (Lambrecht et al., 2000). On the other side, gibberellins 

stimulate metabolic functions essential for plant growth and development, including stem 

elongation, flowering or fruit formation (Olszewski et al., 2002). Active forms of gibberellins 

prompting plant growth increase in presence of some bacterial and fungal microbes (Bottini et 

al., 2004). 

1.3.3.  Protection against abiotic stress  

Plants are continuously exposed to environmental disturbances, including drought, flood, 

salinity, extreme temperatures or heavy metal toxicity, that alter their normal physiological 

pattern of growth and development. Plants have developed a wide array of mechanisms to 

mitigate stress effects. For example, during drought stress the first response of virtually all plants 

is to close the stomata to prevent transpirational water loss. Nevertheless, stomata closure 

concomitantly induces a decrease in the inflow of carbon dioxide (CO2) into the leaves and, 

consequently, photoassimilation decreases, and a larger fraction of electrons from the electron 

transport chain react with molecular oxygen (O2), prompting the formation of reactive oxygen 

species (ROS; e.g. superoxide anion or hydrogen peroxide; Nicholas Smirnof, 1993). The 

accumulation of ROS would ultimately result in extensive cell damage and death (Mittler, 2002). 

However, the plant dispose of a scavenging system that involve the production of antioxidant 
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enzymes and antioxidant molecules to counterbalance the ROS damage (Cruz de Carvalho, 

2008). Even more, ROS production is sensed by the plant as an alarm signal to trigger acclimation 

or defense responses (Dat et al., 2000). The synthesis of osmolites and osmoprotectants, such 

as the osmolite proline, is another strategy to ensure membrane stabilization and reduce protein 

denaturalization (Ozturk et al., 2021). In general, photosynthetic and metabolic alterations 

together with the loss of cell turgor, produces a reduction in cell division and elongation that 

arrests plant growth. As in drought stress, other stresses causing an imbalance between light 

absorption and chemical energy use such as flooding, salinity or extreme temperatures produce 

ROS accumulation and the activation of specific pathways to reduce the stress consequences 

(Gupta and Huang, 2014; Wahid et al., 2007). These abiotic stress effects can also be cushioned 

by the genetic and metabolic capabilities of some plant associated microbes or by their ability 

to modulate the host response system.  

The most common microbial-mediated responses are increased photosynthetic rate and water 

use efficiency, enhanced accumulation of osmoprotectants or compatible solutes, increased 

antioxidant ability and improved regulation of ion homeostasis under stress. Despite some 

authors arguing about the direct role of endophytes on photosynthesis improvement (Friesen 

et al., 2011), some others evidenced the activation of genes or enzymes related with 

photosynthetic pathways, or the increase in chlorophyll content, photochemical efficiency and 

net CO2 fixation (Rho and Kim, 2017). One of the most plausible reasons of photosynthesis 

improvement is the enhanced N uptake in symbiotic plants, which foster the biosynthesis of 

Rubisco or chlorophyll (Parry et al., 2003; Poorter et al., 1990). The accumulation of additional 

protective osmolytes or antioxidant molecules has been evidenced in numerous studies using 

microbial-colonized hosts (Chun et al., 2018; Dastogeer et al., 2018). The role of microbial 

endophytes in the stress-induced increase of antioxidants levels can be: i) direct, by microbes 

releasing mannitol and other sugar alcohols (which act as ROS quenchers) in response to the 

presence of exogenous ROS (Torres et al., 2012); or ii)  indirect, by microbes releasing small 

amounts of ROS that induce the production of antioxidants by the host (White and Torres, 2010). 

Moreover, the microbial-mediated modulation of the expression of the major Na+ and K+ ion 

channels or the vacuolar proton pumps helps to ion homeostasis maintenance under stress 

conditions (Vigani et al., 2019; Gupta et al., 2021). 

1.3.4.  Protection against biotic stress 

During the plant lifespan, numerous biotic disturbances produce detrimental effects on plant 

physiology and development. Specifically, when reacting against microbial pathogens the plant 
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triggers specific immune mechanisms to counteract its attack (Jones and Dangl, 2006). The first 

mechanism involves the recognition of pathogen-associated molecular patterns (PAMPs) by 

transmembrane pattern recognition receptors (PRR) that trigger the PAMP triggered immunity 

(PTI). However, successful pathogens release effector molecules, which are delivered to the 

intercellular spaces or into the plant cell, to enhance pathogen fitness and counteract PTI, 

leading to disease development. Plants that are not able to detect the effector molecules result 

in effector triggered susceptibility (ETS). Nevertheless, successful plants have developed an 

additional mechanism that recognize effector molecules using specific plant proteins (called NB-

LRR, nucleotide-binding leucine rich repeat) to trigger the effector-triggered immunity (ETI). 

These PTI and ETI signals are transduced into multiple intracellular defense responses, including 

hormonal signaling by salicylic acid (SA), jasmonic acid (JA) and ethylene (ET). These signals 

usually spread through the plant in a process known as systemic acquired resistance (SAR). The 

plant defense response culminates with the synthesis of a chemical arsenal with effective 

antimicrobial properties, such as phytoalexins or chitinases. 

Plant microbes constitute an additional defense layer and cushion the pathogen effects via 

direct or indirect mechanisms (Köhl et al., 2019). The three direct mechanisms usually described 

are (Latz et al., 2018): i) antibiosis, which is described as the release of specialized metabolites 

or other compounds that inhibit pathogen growth; ii) mycoparasitism, by which the endophytic 

microbe obtains nutrients from the pathogen; and iii) substrate competition, when endophytes 

compete for space and resources with pathogens. In an indirect way, microbial symbionts 

activate the plant defense system when microbial-associated molecular patterns (MAMPs) are 

recognized by plant PRRs in a process known as induced systemic resistance (ISR) (Conrath et 

al., 2006). This initial stimulus leads to the sensitization of the plant immune system, that is, a 

long-lasting effect that activates a faster and stronger defense activation (priming response) 

when a pathogen attacks (Mauch-Mani et al., 2017). In any case, the pathogen growth is 

compromised and the associated damages usually reduced (Martínez-Medina et al., 2013). 

1.4. Climate change interference on symbiotic associations  

Despite plant symbionts are protective microorganisms against stressors helping on stress 

adaptation, symbiotic microbes are also vulnerable to acute or chronic stresses, which impacts 

the host fitness and the host-symbiont stability (Bénard et al., 2020). The stress-induced 

disorders take on special importance under the climate change scenario, in which extreme 

temperatures, water conditions and elevated CO2 are predicted (Lindner et al., 2010). Shifts in 

climate can influence the microbial community structure directly, or indirectly by altering plant 

species composition, plant litter or root exudates. These stress effects have been mainly studied 
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in arbuscular mycorrhizal (AMF) or ectomycorrhizal fungi (ECM) but also the reaction of 

endophytic fungi and bacterial has started to be elucidated (Compant et al., 2010b).  

In general, during elevated CO2 levels, plant microbial colonization by either mycorrhiza, 

endophytes or rhizosphere microorganisms increase as a consequence of improved carbon 

availability (Loewe et al., 2001; Olsrud et al., 2010). Enhanced microbial growth usually produces 

greater water and nutrient uptake by the host (Saleh et al., 2020). On the contrary, drought 

stress or altered temperature conditions produce modifications of symbiotic communities that 

will jeopardize host physiology and survival and, at a large scale, ecological communities (Walker 

et al., 2018). Nevertheless, as mentioned in the previous section, symbionts can also buffer the 

impact of stressors, that will depend on the presence of microbes adapted or not to the stress 

conditions. Due to the lack of knowledge on this area, it is important to consider symbionts when 

studying host responses to environmental stresses. 

 

2. Fungal endophytes  

Part of the microbiome is constituted by fungi inhabiting inside plant tissues, receiving the name 

of “fungal endophytes”. These microbes display a close association with the plant, spending at 

least part of their life cycle endophytically, either intracellularly or intercellularly, without 

causing any disease symptom (Wilson, 1995). In general, the term endophyte comprises only 

non-pathogenic associations, nevertheless, it may include latent pathogens that in some 

circumstances can cause disease. Mycorrhizal fungi are excluded from the “endophyte” 

definition due to the development of exclusive structures, such as coils, vesicles, appresoria or 

arbuscules, not attributed to endophytes and the expansion of their hyphal network beyond 

plant root tissue.  

2.1. Classification of fungal endophytes 

Fungal endophytes are categorized in two major groups: non-clavicipitaceous endophytes 

(NCEs) and clavicipitaceous endophytes (CEs) (Rodriguez et al., 2009b). CEs are grouped as Class 

1 and pertain to the Clavicipitaceae family. These fungi are mutualistic microbes that colonize 

systemically shoots and rhizomes of grasses intracellularly and are mainly transmitted vertically 

(Kuldau and Bacon, 2008; Saikkonen et al., 2002). NCEs are classified in three functional groups 

(Classes 2, 3 and 4) according to their colonization range or their ability to confer stress 

resistance (Table 1 in Rodriguez et al., 2009). Generally, NCEs infect the host plant horizontally, 

except some Class 2 endophytes that are able to be transmitted vertically. Moreover, Class 2 

endophyte colonization is systemically distributed inside plant tissues while those in Class 3 and 
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Class 4 are restricted to aboveground or belowground tissues, respectively. Furthermore, Class 

3 perform more limited infections than Class 4 endophytes, which are capable of extensive 

fungal colonization. According to their ability to confer stress resistance, Class 2 endophytes are 

the ones with the ability to confer habitat-adapted stress tolerance to plants (i.e. provide 

benefits due to habitat-selective pressures such as pH, temperature and salinity), while Classes 

1, 3 and 4 provide benefits regardless of the habitat origin (Rodriguez et al., 2008).  

2.2. Fungal endophytes in forest tress 

Fungi are one of the most important components in forests with a key role in connecting the 

diverse habitats in the forest ecosystem (atmosphere, phyllosphere, rhizosphere, soil, etc.; De 

Boer et al. 2005; Baldrian 2017). As trees are the dominant entities in forests, they largely 

determine the microbiome of the whole forest system (Šnajdr et al., 2013; Urbanová et al., 

2015). Ubiquitous fungal infections are produced in leaves, bark, wood, seeds and roots of forest 

trees, belonging all of them to NC-endophytes from classes 2, 3 and 4 (Sieber, 2007). The 

ecological composition of forest tree microbiomes has been traditionally characterized by 

conventional isolation techniques. More recently, the next-generation sequencing methods has 

allowed a deeper understanding of fungal community structures (Schlaeppi and Bulgarelli, 

2015). Nevertheless, only few fungi can be identified at the species level as only 3-8 % of all the 

fungal species estimated to exist have been so far identified (Hawksworth and Lücking, 2017).  

Although fungal species diversity is variable among tree species, a dominant presence of closely 

related fungal species exists in plants from the same family. These differences are more 

pronounced between gymnosperms and angiosperms, being fungi from Helotiales dominant in 

gymnosperms and from Dothideales in angiosperms (Sieber, 2007). It is hypothesized that the 

divergence of angiosperms and gymnosperms was accompanied by the divergence of 

Diaporthalean and Helotialean ascomycetes more than 300 million years ago (Berbee and 

Taylor, 2001). This fact evidences the dependence of plant functioning on mutualistic fungal 

endophytes (Selosse et al., 2004).  

Forest species are usually long-lived tress continuously exposed to biotic and abiotic 

disturbances. The ongoing and rapidly evolving climate change situation is creating an additional 

stress factor for natural plant communities. To cope with these disorders properly, plants rely, 

sometimes, on the positive functions of their associated microbiomes. For instance, it has been 

demonstrated that plants are able to recruit members from their surrounding microbiomes to 

enhance stress tolerance (Rodriguez and Durán, 2020; Yi et al., 2011). Thus, fungal endophytes  

have been postulated to be determinant for the plant’s ability to adapt to environmental 
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stressors (Suryanarayanan and Shaanker, 2021). Their relatively small genomes, short 

generation times, recombination, and sexual reproduction, together with their high tendency to 

suffer mutations under stress conditions allow them to support higher evolution rates than 

plants enabling a more rapid adaptation to environmental fluctuations (Grandaubert et al., 

2019; Lamb et al., 2008). Therefore, this rapid endophyte adaptation, together with their 

intrinsic ability to reduce biotic and abiotic stresses, can modify the plant phenotypic response 

to climate change. 

To characterize the relationship between fungal endophytes and the host linked analyses of 

microbial and host biology and functioning have been performed, many of them achieved by 

isolation and re-inoculation of target fungal endophyte candidates (Christian et al., 2017; 

Terhonen et al., 2016). The experimental evidence using endophytic fungi has demonstrated 

their influence on tree physiology, metabolism, and ecological interactions affecting biotic and 

abiotic stress tolerance.  

2.2.1.  Aboveground colonizing endophytes 

Endophytes colonizing aboveground plant tissues are mainly composed by Class 3 endophytes 

(horizontal acquired and forming localized infections), being those living on leaf tissues the most 

carefully examined (Jia et al., 2020). The main function attributed to leaf endophytes is host 

protection against fungal pathogens or insects (Gazis and Chaverri, 2015; Miller, 2011; Miller et 

al., 2002; Ridout and Newcombe, 2015). The release of inhibitory molecules, such as toxins or 

antifungal metabolites (Sumarah et al., 2011; Tanney et al., 2016), or niche competition 

(Blumenstein et al., 2015) are the main direct mechanisms responsible for pathogen or insect 

growth reduction (Figure 2).  Meanwhile, other leaf fungal endophytes have shown the ability 

to activate the immune system of the plant by enhancing the expression of defense genes 

against herbivores or pathogens (Ganley et al., 2008; Mejía et al., 2014).  

2.2.2. Root colonizing endophytes and dark septate endophytes (DSE) 

Root-inhabiting endophytic fungi are mainly composed by Class 4 endophytes, being dark 

septate endophytes (DSE) the most common group of fungi found in roots of forest tree species 

(Sieber, 2002). Other important root endophytes are Piriformospora indica and Trichoderma 

spp. (Martínez‐Medina et al., 2017; Baltruschat et al., 2008). The DSE are ascomycetous fungi 

from different phylogenetic lineages such as genera Acephala, Phialocephala, Exophiala, Knufia, 

Cadophora or Heteroconidium among others (Addy et al., 2005). Similarly as mycorrhizas, DSE 

increase the host nutrient level, for example, by releasing phosphate from organic sources to 

be used by plants (Della Monica et al., 2015; Newsham, 2011) (Figure 2). Phytohormone 
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production or their direct regulation is another beneficial aspect described for DSE that provides 

the host with the ability to enhance the root system growth and, in consequence, the whole 

plant development (Figure 2, Newsham 2011; Wu et al. 2021).  Moreover, DSE protect against 

biotic and abiotic stresses. The synthesis of phenolic metabolites or other bioactive compounds 

and the induction of defense-related genes are among the modes of action reported to reduce 

biotic stress in plants (Tellenbach et al., 2013).   

 

Figure 2: Roles of the different fungal endophytes found in forest trees. A. The main way of plant growth 

promoting endophytes (with systemic distribution throughout the plant) to increase root and shoot 

growth is to enhance the plant nutrient uptake through nitrogen fixation, phosphate solubilization or 

siderophores; or through the production of phytohormones such as indole-3-acetic acid (IAA) that induce 

root growth, or gibberellins (GAs) that increase shoot growth. B. Aboveground endophytes protect the 

plant against biotic stresses. The release of inhibitory substances, niche competition and mycoparasitism 

are the main direct ways to restrict pathogen development. Indirectly, these endophytes can also produce 

the activation of the immune system. The release of microbe associated molecular patters (MAMPs) and 

production of reactive oxygen species (ROS) induce the systemic resistance (ISR) defense mechanism 

through the synthesis of different phytohormones such as salicylic acid (SA), jasmonic acid (JA) and 

ethylene (ET) that finally reduce pathogen spread. C. Meanwhile, root colonizing endophytes, such as dark 

septate endophytes (DSE), besides increasing root and shoot growth are also involved in increasing 

protection against biotic (as described for aboveground endophytes) and abiotic stresses. The increase of 

the photosynthetic rate or the accumulation of osmoprotectants or the induction of antioxidants are 

among the main mechanisms displayed by these endophytes to reduce abiotic stress consequences. 

Figure created with biorender.com. 
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2.2.3.  Plant-growth promoting yeasts 

Despite being less investigated than filamentous fungi, endophytic yeasts are one of the most 

important fungal community components, with some of them having the ability to display plant-

growth promoting properties. Hormone production by endophytes is the most direct way of 

plant growth promotion, being auxins (IAA production) and gibberellins the main hormones 

synthesized (Figure 2, Nassar et al. 2005).  Other endophytic yeasts have the ability to alleviate 

stress, protect against pathogens and increase the plant nutrient uptake. Stress cushioning is 

mainly exerted via ACC (1-Aminocyclopropane-1-carboxylic acid) deaminase production, an 

enzyme that cleave ACC molecules to avoid ethylene synthesis, a growth-inhibiting stress 

hormone (Nutaratat et al., 2014). Siderophore production is the most common yeast-induced 

strategy to increase nutrient uptake (Moller et al., 2016), but phosphate solubilization have also 

been described to occur (Figure 2, Nutaratat et al. 2014). Among the most common endophytic 

yeast genera described are Cryptococcus, Debaryomyces, Sporobolomyces and Rhodotorula 

(Santiago et al., 2017; Isaeva et al., 2010). Others such as Cystobasidium, Leucosporidium or 

Candida have also been identified (Santiago et al., 2017; Wang et al., 2016; Vieira et al., 2012). 

 

3. The elm, the Dutch elm disease and the associated fungal endophytes 

3.1. The elm in Europe and Spain 

Three elm species of two different sections, are dominant and wide distributed in Europe. Ulmus 

laevis Pall. (European white elm) is the single species present in the Blepharocarpus section and 

is a riparian tree distributed predominantly in central and east Europe, with few relicts in 

southern France and northern Spain (Venturas et al., 2014). Ulmus glabra Huds. (Wych elm) and 

Ulmus minor Mill. (field elm) are the two representatives of the Ulmus section. Ulmus glabra is 

the most abundant European elm in northern latitudes. It is adapted to hemiboreal and 

temperate climates requiring rich soils with high humidity, but not flooded or very humid. This 

species can be also found in mountain forests of southern Europe (Collin et al., 2000a). Ulmus 

minor shows a clear south European distribution due to its high ability to thrive in warmer and 

drier climates. It was found naturally in riparian forests, and, before the impact of the Dutch elm 

disease pandemics, it exerted a dominant role in the forest. Due to their good adaptation to 

tolerate poor soils and certain level of water shortage, U. minor trees were widespread in the 

Iberian Peninsula as ornamental and shade trees.  

3.2. The Dutch elm disease (DED) 

In the last 100 years, European elm populations have been massively reduced due to the 

emergence of Dutch elm disease (DED), a vascular wilt disease caused by ascomycete fungi from 
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the genus Ophiostoma. Two devastating DED pandemics have been the cause of the severe 

degradation of elm populations worldwide. The first one emerged in Europe around 1920s and 

was caused by Ophiostoma ulmi (Buisman) Nannf. which was moderately aggressive to 

European elms but highly aggressive to American elms (Gibbs et al., 1975). The second one, with 

more devastating consequences, appeared around 1940 in both continents and was caused by 

Ophiostoma novo-ulmi Brasier (Brasier, 2000), that proved to be highly aggressive towards both 

European and North American elms. In Spain, native elm populations, constituted mostly by U. 

minor, have virtually disappeared. However, the ability of U. minor to sprout from roots and 

stumps has allowed the conservation of its genetic resources (Collin et al., 2000b). 

Bark beetles from the genus Scolytus spp. are responsible of disease spread from infected to 

non-infected trees in Europe (Santini and Faccoli, 2015). Reproduction of bark beetles takes 

place in decayed or dying elms and culminates with female beetles laying eggs in the inner bark 

tissue, where also the sexual and asexual reproduction stages of Ophiostoma sp. takes place. 

Between April and September, the adult insects (with the fungal spores attached to the body) 

emerge from the pupal chamber and fly to the twigs of healthy elms for feeding. The wounds 

produced during this maturation feeding introduce pathogen spores into the phloem and the 

vascular system of the tree (Webber and Hedger, 1986). Germination of spores and hyphal 

colonization of the vascular tissue causes the synthesis of tyloses and other substances of host 

or pathogen origin that induce the embolism of functional vessels, ultimately causing the 

hydraulic failure of the xylem. Visible symptoms are similar to those caused by drought, including 

leaf yellowing and wilting of branches. Eventually, massive embolism and/or exhaustion of 

carbon reserves from repeated resprouting can kill the tree (Martín et al., 2019).  

3.3. Physiological and molecular mechanisms of DED resistance in some elm genotypes 

With the aim of recovering the decimated Ulmus minor stands in Spain, a conservation program 

was initiated in 1986 thanks to an agreement between the Technical University of Madrid (UPM) 

and the Spanish Environmental Administration, a deal which is still in force today. Finding 

tolerance in native germplasm is one of the main objectives of the program. Hundreds of alive 

adult U. minor specimens from all around Spain have been identified and selected for resistance 

screening. After their vegetative propagation, clonal replicates of each selected tree are planted 

in experimental plots, where they grow for 4-years (Solla et al., 2005). After this time, resistance 

screening trials are performed by artificially inoculating O. novo-ulmi spores and evaluating their 

degree of susceptibility to the disease. Thanks to this resistance trials seven U. minor genotypes 

tolerant to DED have been recently identified and catalogued as forest reproductive material 

(Martín et al., 2015).  
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The comparison of tolerant and susceptible genotypes is a powerful tool to investigate DED 

resistance mechanisms. Despite the exact reason behind little physiological alterations in 

resistant genotypes after DED infection is still unknown, a more effective compartmentalization 

in resistant than in tolerant genotypes has been postulated as one of the main mechanisms (). 

This effective pathogen restriction is mainly due to: i) specific xylem characteristics, such as 

lower vessel grouping or narrower and shorter vessels, which might constrain axial and radial 

pathogen spread (Martín et al., 2013), and ii) the constitutive presence or the rapid induction of 

antifungal and occlusive compounds such as phenolics, pectin or suberin to plug xylem vessels 

and limit pathogen expansion directly (Martín et al., 2009; Pita et al., 2017; Solla and Gil, 2002).  

The defense response to DED has also been hypothesized to have an implication in the host 

resistance level. The immune response of the U. minor-DED pathosystem has been evidenced 

to occur mainly in a salicylic acid dependent manner, both locally and distally, during the initial 

disease progression (Perdiguero et al., 2018). It is also postulated that the timing and the 

intensity of defense gene activation is determinant for the degree of susceptibility to the 

pathogen (Perdiguero et al., 2018). 

3.4. Fungal endophytes in Ulmus minor 

The difficulty to control the DED using synthetic chemical products, together with the harmful 

environmental effects and the social rejection of fungicides and pesticides, has raised the 

interest in the use of biological control tools to reduce DED damages. Preventive inoculations 

with mixtures of O. ulmi and O. novo-ulmi (Scheffer et al., 1980) or with weakly pathogenic 

Verticillium sp. strains (Scheffer et al., 2008; Scheffer, 1990) demonstrated the ability of weak 

pathogenic infections to reduce DED symptoms after the inoculation with O. ulmi, probably by 

activating the elm immune system. Further microbes with antibiotic or antagonistic potential 

such as Trichoderma viride (Ricard, 1983), Phaeoteca dimorphospora (Bernier et al., 1996) or 

Pseudomonas sp. (Shi and Brasier, 1986) were evaluated against DED, reducing in some cases 

the disease incidence. 

In recent years it has been evidenced the important role of inherent fungal and bacterial 

symbionts on elms. The antibiotic or the substrate competition capacity of some elm fungal 

endophytes prompted their examination as biological control agents against DED (Blumenstein 

et al., 2015; Martín et al., 2015). In this way, fungal endophytes from xylem of survivor elm trees 

were isolated and tested in vitro and in vivo to evaluate their biocontrol potential (Martín et al., 

2015). Among the endophytes isolated in that study, six of them were able to reduce O. novo-

ulmi growth in vitro by antibiosis or niche competition. Nevertheless, only two of them, 
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Alternaria tenuissima and Monographella nivalis, reduced the DED symptomatology in adult 

trees but only in certain genotypes and environmental conditions (Martín et al. 2015). 

Moreover, the Spanish elm breeding program promoted the study of fungal endophytes with 

the objective to have an in-depth knowledge of the fungal community structure of DED-resistant 

and DED-susceptible genotypes. A first study developed by isolation and culturing revealed a 

lower frequency and diversity of xylem endophytic fungi in resistant than in susceptible 

genotypes (Martín et al., 2013). Nevertheless, a more recent metabarcoding study found no 

relationship between DED resistance and fungal diversity in stems (Macaya-Sanz et al., 2020). In 

addition, this study revealed an interesting correlation between the relative abundance of two 

orders of endophytic fungi (from Cystobasidiomycetes and Eurotiomycetes) and the level of 

resistance of their host genotypes to DED. The association of these endophytes with resistant 

genotypes suggests a tight and functional symbiotic relationship enhancing U. minor resistance 

against the DED. 
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II. Objectives 

Contemporary knowledge about the significant implications of symbionts in host stress 

tolerance and fitness has prompted the study of Ulmus minor fungal endophytes. In particular, 

the threat posed by Dutch Elm Disease (DED) to U. minor populations has motivated the research 

of fungal endophytes as i) a complementary tool to genetics, physiology, biochemistry and 

anatomy to understand the basis of resistance; and ii) potential biocontrol agents against DED. 

Recent advances deciphering the fungal community structure of DED-resistant and DED-

susceptible U. minor genotypes revealed a relationship between the relative abundance of two 

core endophytic fungi (from classes Cystobasidiomycetes and Eurotiomycetes) and the DED 

resistance, with higher resistance levels linked to greater abundance of these endophytes. For 

this reason, two representatives of those core endophytes, one from Cystobasidiomycetes and 

another one from Eurotiomycetes, were selected for the present research. An additional 

endophyte from class Dothideomycetes was selected due to its elevated antagonistic activity 

against O. novo-ulmi in in vitro dual culture tests. While the two core endophytes selected are 

supposed to be distributed systemically across the plant, the Dothideomycetous fungi has likely 

a localized distribution. Thus, we hypothesize a functional role of these endophytes in U. minor 

DED resistance and fitness. 

To test this general hypothesis, the first main objective of this thesis is to provide insights into 

the functional role of these three endophytes against biotic and/or abiotic stresses. To achieve 

this goal four specific objectives were set up (Figure 3): 

1.1 To characterize in vitro the antagonistic potential against O. novo-ulmi and the plant 

growth promoting ability of the selected fungal endophytes (Chapter 1) 

1.2 To evaluate the biocontrol potential of the selected endophytes against the DED 

pathogen in 6-year-old U. minor trees (O. novo-ulmi) (Chapter 1) 

1.3 To test the involvement of the two core fungal endophytes in the abiotic stress tolerance 

of U. minor plantlets (Chapter 2) 

1.4 To analyze the activation of the plant immune and antioxidant systems of U. minor plants 

inoculated or not with a cocktail of the three endophytes prior to O. novo-ulmi 

inoculation (Chapter 3) 

Despite the beneficial role of fungal endophytes under environmental stresses seems evident in 

literature, the extent of how abiotic stresses alter the fungal microbiome composition is 

relatively unknown. Future climate change projections suggest an increasing occurrence of more 
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extreme climatic events. In this way, floods and droughts could affect with high intensity riparian 

ecosystems, where restorations with DED-resistant U. minor genotypes are planned. Therefore, 

understanding how DED-resistant U. minor trees and their fungal mycobiome partners are 

affected by these abiotic stresses is the second main objective of this thesis. This objective 

includes the following secondary objectives (Figure 3): 

2.1 To evaluate how U. minor drought tolerance is affected by a preceding flood (Chapter 

4) 

2.2 To assess how flood, drought or their combination induce phenotypic changes in U. 

minor physiology, chemistry and morphology, and to what extent they are associated 

with changes in the root mycobiome composition (Chapter 4) 

 

Figure 3: Representative scheme of the four main vertices of this thesis (Ulmus minor, Ophiostoma novo-

ulmi, fungal endophytes and environmental stress) and their linkage according to the different objectives. 

The objective 1.1, which is illustrated with a bidirectional arrow, indicates the in vitro interaction between 

endophytes and O. novo-ulmi. The objectives 1.2 and 1.4 explore the extent to which fungal endophytes 

modify U. minor response to O. novo-ulmi; an effect that could be shaped by a direct interaction between 

endophytes and O. novo-ulmi, or by endophytes altering U. minor ability to respond to O. novo-ulmi. The 

objective 1.3 evaluates how fungal endophytes modify U. minor ability to respond to an environmental 

stress (drought). The objective 2.1 assesses the U. minor response to environmental stresses (flood, 

drought and their combination), and complementarily, the objective 2.2 analyzes how the root 

endophytic community is altered by these environmental stresses. The modifications of root endophytic 

fungi can be induced by a direct influence of the environmental stress on fungal endophytes, or by stress-

induced host alterations modifying the root fungal composition. Green question marks indicate our 

inability to know if endophyte community modifications are produced by direct or indirect effects. 
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Abstract 

Certain fungal endophytes are known to improve plant resistance to biotic stresses in forest 

trees. In this study, three stem fungal endophytes belonging to classes Cystobasidiomycetes, 

Eurotiomycetes and Dothideomycetes were selected from 210 isolates for their potential as 

enhancers of Ulmus minor resistance to Ophiostoma novo-ulmi. We evaluated phenotypic traits 

of these endophytes that could be beneficial for inhibiting O. novo-ulmi in the host plant. Under 

in vitro conditions, the Dothideomycetous isolate YCB36 strongly inhibited O. novo-ulmi growth, 

released antipathogenic VOCs, chitinases and siderophores, and overlapped with the pathogen 

in nutrient utilization patterns. These functional traits could explain the 40% reduction in leaf 

wilting due to O. novo-ulmi in elm trees pre-inoculated with this endophyte. Ulmus minor trees 

inoculated with this endophyte showed increased leaf stomatal conductance and higher 

concentrations of flavonoids and total phenolic compounds in xylem tissues, suggesting 

induction of defence metabolism.  

 

Keywords: antibiosis, biocontrol, Cystobasidium, Dutch elm disease, resistance, 

Phaeosphaeriaceae, elm, endotherapy, Chaetothyriales, dark septate endophytes.  
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1. Introduction 

In natural ecosystems, plants host a broad spectrum of microbes, especially fungi and bacteria 

that can colonize the plant surface as epiphytes or inner plant tissues as endophytes. When living 

inside plants, some endophytes act as mutualistic symbionts, assisting plant functioning, survival 

and fitness (Carroll, 1988; Schulz and Boyle, 2005; Rodríguez et al., 2009; Hardoim et al., 2015; 

Vandenkoornhuyse et al., 2015). Fungal endophytes have received considerable attention in 

recent years because of their impact on plant fitness and plant responses to biotic and abiotic 

stressors (Singh et al., 2011; Lata et al., 2018; Rabiey et al., 2019), and for being a potential 

source of bioactive compounds (Richardson et al., 2015; McMullin et al., 2018; Tanney et al., 

2018). The role of fungal endophytes in plant resilience is especially important in trees, which 

face extreme weather conditions and recurring pathogen and insect attacks during their long 

lifespan (Lau et al., 2017; Terhonen et al., 2019, Martínez-Arias et al., 2020).  

Endophytic fungi can shape host resistance to biotic stressors through several mechanisms 

(Witzell and Martín, 2018). Some of these are based on direct interaction between endophytes 

and pathogens, such as mycoparasitism, competitive exclusion by substrate consumption, and 

inhibition of the pathogen with extracellular enzymes released by the endophyte, e.g. by 

proteases or chitinases, which are able to degrade the hyphal cell wall of pathogens (Guthrie 

and Castle, 2006; dos Reis Almeida et al., 2007; Orlandelli et al., 2015). Indirectly, endophytes 

can stimulate the defence response of the plant by altering different signal transduction 

pathways, sometimes related with jasmonic or salicylic acid signalling (Shoresh et al., 2010; Fesel 

and Zuccaro, 2016; Martínez-Medina et al., 2017; Khare et al., 2018; Naidoo et al., 2019). Some 

endophytes enhance plant growth by synthesizing gibberellins (e.g. gibberellic acid, GA3) and 

auxins (e.g. indole-3-acetic acid, IAA) (Patten and Glick, 2002; Shi et al., 2009; Doty et al., 2011; 

Videira et al., 2012) or by improving nutrient acquisition (Della Monica et al., 2015; Surono and 

Narisawa, 2017; He et al., 2019), helping to counteract the negative effects of pathogen invasion. 

Phosphate solubilization (Nutaratat, 2014; Priyadharsini et al., 2017), siderophore emission 

(Moller et al., 2016; Haselwandter et al., 2020) and hydrogen cyanide (HCN) production (Haas 

and Defago, 2005) are the main mechanisms by which symbionts regulate availability of 

nutrients in soil. Siderophores and HCN have also been reported to aid biological control of plant 

pathogens by acting as antimicrobial compounds (Haselwandter et al., 2007; Rijavec and 

Lapanje, 2016). Endophyte-induced oxidative stress could enhance synthesis of plant 

antioxidant molecules and increase oxidative protection from biotic and abiotic stressors (White 

and Torres, 2010). Flavonoids and other phenolic antioxidants are some of the main molecules 

involved in these processes (Yang et al., 2016).  
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In recent decades, interest in the study of fungal endophytes and their use as biological control 

agents has increased (Arnold et al., 2003; Mejía et al., 2008; Fakhro et al., 2010; Martínez-Álvarez 

et al., 2016; Martínez-Arias et al., 2019; Quiring et al., 2019; Rabiey et al., 2019; Halecker et al., 

2020). In forest trees, a successful example of biological control with fungal endophytes is the 

case of Phialocephala scopiformis, a rugulosin-producing endophyte with the ability to reduce 

the incidence of the Picea glauca budworm (Miller et al., 2008; Quiring et al., 2019). Effective 

applications of biocontrol agents require, preferably, locally adapted endophytes and easily 

cultured strains. Using local endophytes reduces the risk of incompatible interactions with the 

host plant and adverse environmental conditions for fungal development as well as higher and 

long-term fungal stability (Frasz et al., 2014); while easily cultured endophytes facilitate 

inoculum production. Multi-species microbial consortia can provide better results than single 

species due to the wider array of complex functions they perform (Brenner et al., 2008). 

However, studying a single species or a consortium of a few species is a necessary first step to 

evaluate specific functions and effects.  

Dutch elm disease (DED), initially caused by Ophiostoma ulmi, was introduced into Europe and 

North America by global trade in the first half of the 20th century, being one of the earliest 

examples of alien diseases threatening native forests. The current DED pandemic is caused by 

Ophiostoma novo-ulmi (Sordariomycetes), which is transmitted into healthy elm trees through 

bark beetles of the genera Scolytus and Hylurgopinus. O. novo-ulmi spreads within xylem vessels, 

causing blockage and embolism (Brasier and Buck, 2001; Martín et al., 2019). Among the various 

biocontrol agents studied to reduce the impact of DED (Scheffer et al., 1990; Solla and Gil, 2003), 

fungal endophytes have received increasing attention in recent years (Martín et al., 2013; 

Blumenstein et al., 2015; Martín et al., 2015). In elms, distinct fungal assemblages were found 

in the xylem of susceptible and tolerant genotypes (Martín et al., 2013). Some of these 

endophytes were isolated and tested against O. novo-ulmi in vitro and in field plot assays (Martín 

et al., 2015), and some showed the ability to reduce DED symptoms. However, environmental 

factors and host genotype appeared to alter the behaviour and spread of the inoculated fungi, 

providing an unstable protective effect (Martín et al, 2015).  

In this work, we aimed to evaluate three additional elm fungal endophytes for their use as 

biocontrol candidates against DED. For this purpose, we analyzed parameters that could be 

relevant for the successful inhibition of the pathogen by endophytes or for increasing host 

resistance, in both cases decreasing host damage.  We selected three fungal endophytes from a 

collection of 210 isolates following two criteria. The first criterion was based on earlier 

metabarcoding research by our group that revealed a close association between the abundance 
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of operational taxonomic units within classes Cystobasidiomycetes and Eurotiomycetes and the 

level of host resistance to DED (Macaya-Sanz et al., 2020). Considering this result, we 

hypothesize that elm endophytes belonging to these fungal classes exhibit functional traits 

involved in U. minor resistance to DED. The second criterion was based on other research 

showing that although most endophytes are able to reduce the growth of O. novo-ulmi in in vitro 

dual tests to some extent, mainly through substrate competition or weak antibiosis, only a few 

endophytes are able to strongly inhibit pathogen growth by antibiosis (Martín et al., 2015).  

Therefore, we further hypothesize that fungal endophytes exhibiting strong antibiotic activity 

towards O. novo-ulmi have the potential to reduce O. novo-ulmi spread in planta and 

consequently decrease disease symptoms.  

Two endophytes representative of classes Cystobasidiomycetes and Eurotiomycetes, and an 

additional Dothideomycetous isolate which showed strong in vitro antibiosis towards O. novo-

ulmi were selected for this work. To evaluate the biocontrol potential of these endophytes we 

performed four specific studies to: i) characterize in vitro the type of interaction and the 

antibiotic activity of the three selected endophytes against O. novo-ulmi, ii) determine  nutrient 

metabolism, nutrient uptake ability and production of plant growth-promoting compounds in 

vitro by the endophytes, iii) evaluate the plant colonization ability of the endophytes and their 

protective effect against O. novo-ulmi in a field assay with 6-year-old susceptible U. minor trees, 

and iv) study the plant functional and chemical response to the endophytes to explain the 

protective effect against the pathogen. 

 

2. Material and methods 

2.1 Fungal material 

Three fungal endophytes isolated from elm twigs and named YM11, P5 and YCB36 were selected 

for the experiments. The strains were deposited in the Spanish Type Culture Collection (CECT) 

with the codes CECT 13193, CECT 13192, and CECT 21178, respectively. The endophytes are 

from a collection of fungi that includes 210 isolates obtained from U. minor trees in the last 10 

years and conserved by the Spanish elm breeding programme. The three selected fungi were 

isolated in 2014 and 2015 from three U. minor genotypes tolerant to DED (Martín et al., 2015) 

growing in a conservation plot at “Puerta de Hierro” Forest Breeding Centre, Madrid (Spain, 40° 

27’ 24’’ N; 3° 45’ 0’’ W; 600 m. a.s.l.). Twig samples for fungal isolation were first deeply cleaned 

with sterilized distilled water, and then sterilized following the method III described in Schulz et 

al. (1993). The yeasts belong to the Eurotiomycetes (YM11) and the Cystobasidiomycetes (P5), 

two fungal classes commonly occurring in U. minor trees with high resistance to O. novo-ulmi 
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(Macaya-Sanz et al., 2020). YM11 colonies growing in standard culture medium comprise a 

mixture of budding cells and hyphae, while P5 forms bud cell aggregates. Additionally, the YCB36 

isolate, a filamentous fungus from the Dothideomycetes, was selected because it strongly 

inhibited O. novo-ulmi growth in preliminary in vitro dual culture screening tests (visual 

assessment). This fungus produces a dark halo around the colony when grown on 3.5 % yeast 

extract agar (YEA), indicating release of metabolites that could cause inhibition in O. novo-ulmi 

growth. YCB36 had an in vitro growth of 3.89 mm per day when growing in YEA. 

After initial isolation on YEA, 4 × 4 mm plugs of each endophyte isolate were conserved in 

sterilized distilled water (dH2O) at 4 o C in the dark. Two months before the experiment, isolates 

were sub-cultured on YEA medium in the dark at 22 o C. These colonies were subcultured every 

15 days onto fresh YEA medium and used as stock source for subsequent assays. For molecular 

identification of endophytes, isolates were grown on YEA medium over an autoclaved 

cellophane layer. Five hundred milligrams of the mycelium were harvested and ground with a 

pellet pestle. DNA extraction was carried out as described by Martínez-Arias et al. (2019). After 

DNA extraction, the two Internal Transcribed Spacers (ITS) of ribosomal DNA and the large 

subunit of the rRNA (LSU) were amplified through Polymerase Chain Reaction (PCR) for each 

fungal strain. The universal primers ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS4 (5’-

TCCTCCGCTTATTGATATGC-3’) were used to amplify the ITS region following a protocol based on 

White and Bruns (1990). In the case of the LSU region, the primers LROR (5’-

ACCCGCTGAACTTAAGC-3’) and LR5 (5’-ATCCTGAGGGAAACTTC-3’) were selected according to 

Vilgalys and Hester (1990). In addition to the previous markers, some protein-coding genes were 

used for YM11 and YCB36 identification. Thus, the translation elongation factor 1-alpha (TEF1α) 

was amplified through the primers EF1-1018F (5’- GAYTTCATCAAGAACATGAT-3’) and EF1-1620R 

(5’ GACGTTGAADCCRACRTTGTC-3’) (Stielow et al., 2015). YCB36 taxonomical assignment was 

also characterized through amplification of beta-tubulin (tub2/BenA) with the primers Bt2a (5’-

GGTAACCAAATCGGTGCTGCTTTC-3’) and Bt2b (5’- ACCCTCAGTGTAGTGACCCTTGGC-3’) (Glass 

and Donaldson, 1995), and the amplification of the gene for partial actin with the primers act-

512F (5’- ATGTGCAAGGCCGGTTTCGC-3’) and act-738R (5’- TACGAGTCCTTCTGGCCCAT-3’) 

(Carbone and Kohn, 1999). The amplification products were Sanger-sequenced, and sequences 

were annotated taxonomically based on the most similar sequence with taxonomic identity 

using the Genbank Basic Local Alignment Search Tool (BLASTn) of the National Centre for 

Biotechnology Information database (NCBI, MD, USA). 

The O. novo-ulmi ssp. americana isolate SOM-1 used in the experiments (Martín et al., 2019) 

was isolated in 2014 from a 168-year-old U. minor tree in El Pardo (Madrid, Spain) and had an in 
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vitro growth rate of 4 mm per day on 2% malt extract agar (MEA) at 20 o C. The identity of the 

pathogen was determined by assessments of colony morphology and growth rates at 20 o C and 

33 o C according to Brasier (1981). To confirm species and subspecies identity, a molecular 

analysis of the isolate was performed according to Gibb and Hausner (2005), as described in 

Martín et al. (2019). The isolate was conserved as mycelial plugs immersed in sterilized dH2O 

and subcultured on MEA two months before the experiment, kept in the dark at 22 o C, and 

subcultured every 15 days.  

 

2.2 In vitro characterization of fungal endophytes  

2.2.1. Dual culture with O. novo-ulmi 

Each endophyte was co-cultured with O. novo-ulmi in petri dishes (90 mm in diameter). Mycelial 

plugs (5 x 5 mm) of both the endophyte and the pathogen were subcultured from the actively 

growing colony edge and transferred to new dishes with YEA. Ophiostoma novo-ulmi and 

endophyte plugs were spaced 4 cm apart in the petri dish. On control plates, O. novo-ulmi was 

grown as a monoculture on one side of the petri dish. Three replicate plates per endophyte (dual 

cultures) and pathogen (monocultures) were used. Colony growth was measured at 3, 7, 10 and 

12 days of incubation by scanning the growth area of each fungus using ImageJ software 

(http://imagej.nih.gob/ij/). Relative growth inhibition of O. novo-ulmi by endophytes was 

calculated by comparing O. novo-ulmi colony growth on control plates and endophyte-

confronted plates (Chamberlain and Crawford, 1999; Kusari et al., 2013). The following 

interactions between the endophyte and the pathogen were also assessed qualitatively 

according to Mejía et al. (2008): i) antibiosis (the endophyte is able to reduce pathogen growth 

by the release of antifungal compounds without mycelial contact between the two colonies, and 

a halo is usually observed), ii) mycoparasitism (the endophyte is able to parasitize pathogen 

hyphae, impairing their growth), and iii) substrate competition (the endophyte is able to grow 

more efficiently than the pathogen, without evidence of an inhibition zone). 

 

2.2.2. Volatile antifungal assay 

To test the emission of antifungal volatile organic compounds (VOCs) produced by the three 

fungal endophytes, a VOC assay was performed as described by Chen et al. (2018). Fungal 

endophytes were cultured independently on petri dishes with YEA medium. Then, the lid was 

removed and the plate with the endophyte culture was confronted with another plate with an 

O. novo-ulmi culture on MEA medium. In the case of P5 and YM11, a 50 µl drop containing 10 

mg ml-1 of yeast cells or mycelial fragments was deposited in the middle of the petri dish. YCB36 
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was subcultured directly using a mycelial plug from the colony edge, which was deposited in the 

middle of the plate. The two plates (endophyte vs O. novo-ulmi and control with no endophyte 

vs O. novo-ulmi) were sealed together with parafilm and incubated vertically at 22 o C. Three 

replicates were performed for each endophyte. O. novo-ulmi mycelial growth was evaluated at 

3, 7 and 10 days by scanning the plates and measuring the colony area using ImageJ free 

software. Inhibition of O. novo-ulmi growth was quantified as described in the previous section. 

 

2.2.3.  Antibiotic effect of liquid filtrates against O. novo-ulmi 

Endophyte antibiotic potential against O. novo-ulmi was evaluated by obtaining liquid filtrates 

from endophytes. The inoculum source for each liquid culture was obtained by growing each 

endophyte on YEA medium over an autoclaved cellophane layer. Once grown, endophyte fresh 

mycelia or yeast cells were harvested, adjusted to 5 mg ml-1 with sterile deionized water, and 

homogenized using an all-glass tissue homogenizer. For each endophyte, 100 µl of the fungal 

biomass homogenate was added to 70 ml of yeast, malt and glucose liquid medium (4g l-1 yeast 

extract, 10 g l-1 malt extract and 4 g l-1 glucose; YMG) in Erlenmeyer flasks and grown in the dark 

at 22 o C in an orbital shaker (120 rpm). Three replicates were performed for each fungal strain. 

Glucose content in the liquid media was quantified periodically by the anthrone-sulphuric acid 

quantification method (Laurentin and Edwards, 2003) using 96-well microplates. The values 

were quantified according to a standard curve with known concentrations of glucose (0-1000 

ppm). Once glucose was totally consumed (at around 25 days of growth), the culture was left to 

grow for two more weeks to allow secretion of fungal metabolites. After this period, the broth 

culture was filtered, first with Whatman® filter paper grade 1 (Whatman International Ltd, 

Maidstone, UK) and subsequently with a sterile 0.2 µm PES syringe filter (Thermo Fisher 

Scientific, Waltham, MA, USA), to separate broth and fungal biomass. The filtrates were 

preserved at 4 o C until use. The antibiotic effect of the liquid filtrates was assessed by growing 

O. novo-ulmi spores in their presence in microplates. To obtain O. novo-ulmi spores, mycelial 

fungal plugs were grown in Erlenmeyer flasks with Tchernoff’s liquid medium (Tchernoff, 1965) 

at 22 o C in the dark, under constant shaking to induce sporulation. Three days later spores were 

collected by centrifugation and adjusted to 106 cells ml-1 using a haemocytometer. Six well-

replicates were used for each treatment and control group. Microplates were incubated at 22 o 

C in the dark and growth was evaluated at 0, 2, 7, 9 and 11 days by reading the optical density 

(OD) at 630 nm using a spectrophotometer (ELx808, BioTek, Winooski, VE, USA) (Martín et al., 

2010). To evaluate the effect of fungal filtrates, 100 µl of filtrate was mixed with 100 µl of O. 

novo-ulmi spores resuspended in O. novo-ulmi liquid filtrate, obtained following the same 

protocol as for the endophyte liquid filtrates (100 µl of 5 mg ml-1 homogenized fresh mycelia 
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grown in YMG for 40 days). Pathogen growth in endophyte liquid filtrates (testing wells) was 

compared with growth in control wells containing 100 µl of O. novo-ulmi spores resuspended in 

their own liquid filtrate, mixed with a further 100 µl of O. novo-ulmi liquid filtrate. Additional 

background control wells containing endophyte or O. novo-ulmi filtrates only (without living 

cells) were used to subtract the OD of the filtrates from the testing wells, thus measuring only 

the increased OD due to O. novo-ulmi growth. Background control wells also determined that 

culture filtrates contained no contamination. Comparison between treatment and control 

groups permitted calculation of O. novo-ulmi growth inhibition due to filtrates.  

 

2.2.4. Proteolytic and chitinolytic activities 

Extracellular protease and chitinase production by each fungus was evaluated in petri dishes 

with specific culture media (described below) at 5, 8, 12, 15, 20 and 23 days of incubation. Plugs 

of the fungal colonies were grown at 22 o C in the dark. Protease activity was determined on 

skim milk agar plates (SMA: 28 g l-1 skim milk powder, 5 g l-1 tryptone, 2.5 g l-1 yeast extract, 1 g 

l-1 glucose, 15 g l-1 agar; pH 7.0). Positive activity was measured by production of a clear halo 

surrounding the colonies (Mayerhofer et al., 1973). The halo area (cm2) was calculated by 

subtracting the colony area from the area inside the halo contour surrounding the colony. 

Chitinase detection medium was prepared as described by Agrawal and Kotasthane (2012). 

Colloidal chitin was obtained according to Castro et al. (2011). Bromocresol purple dye (Sigma-

Aldrich, Darmstadt, Germany) permitted visualization of chitin degradation. A colour shift from 

yellow to purple around the colony indicates positive chitinase activity. The area showing a 

colour change was quantified (cm2) by subtracting the colony area from the area of the colour-

changed halo. Six replicates were performed for each fungus and activity. 

 

2.2.5. Nutrient acquisition mechanisms 

Siderophore and HCN production and phosphate solubilization potential were evaluated for 

each fungus at 5, 8, 12, 15, 20 and 23 days of incubation. Siderophore emission was examined 

using the Chrome Azurol S (CAS) agar medium. CAS was prepared following the protocol of 

Schwyn and Neilands (1987), in which 60.5 mg CAS (Merck KGaA, Darmstadt, Germany) was 

dissolved in dH2O and mixed with 10 ml of iron (III) solution (1mM FeCl3.6H20, 10 mM HCl). After 

this, hexadecyltrimethylammonium bromide (HDTMA; Sigma-Aldrich, Darmstadt, Germany) was 

dissolved in water, mixed with CAS solution and autoclaved at 121 o C. The basal medium was 

prepared using 0.5 % succinic acid, 0.4 % KH2PO4, (NH4)2SO4 and 2 % agar at pH 5.3. The HDTMA-

CAS solution was slowly mixed until the desired blue colour was obtained. Plugs of fungal 

colonies were grown in six replicate petri dishes containing HDTMA-CAS agar medium at 22 o C 
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in the dark. Positive siderophore activity was evaluated by colour change from blue to yellow, 

subtracting the colony area from the area of the colour-changed halo (cm2). 

The hydrogen cyanide (HCN) production test was performed based on Millar and Higgins (1970). 

HCN solution was prepared by mixing 0.5% picric acid and 2% sodium carbonate. Sterilized 

Whatman® filter papers were soaked in HCN solution and placed on the lid of YEA petri dishes 

where fungal plugs were cultured. Then, petri dishes were sealed with parafilm and incubated 

in the dark at 22 o C. Six replicates were performed for each fungus. Colour change in the filter 

paper indicates positive HCN release by the fungi, due to the ability of HCN to reduce picric acid 

to isopurpuric acid. Activity was scored as negative (no colour change) or positive (brown to 

reddish brown).  

Phosphate solubilization was performed in Pikovskaya agar medium with the addition of 0.3 % 

insoluble calcium triphosphate (Sigma-Algrich, Darmstadt, Germany). Endophyte plugs were 

grown in six replicate petri dishes with Pikovskaya agar medium at 22 o C in the dark. The 

presence of a halo or clear area around the colony, indicating phosphate solubilization potential, 

was measured as halo area (cm2).  

 

2.2.6. Nutrient utilization patterns and chemical sensitivity  

Nutrient utilization patterns and the sensitivity of the endophytes and the pathogen to a series 

of inhibitory substrates were evaluated using in-house configured phenotypic microarrays, 

following the methodology described by Blumenstein et al. (2015). Fungal inocula were 

prepared as described in the section “Antibiotic effect of liquid filtrates against O. novo-ulmi”, 

but in this case the fungal biomass was resuspended in Murashige and Skoog (MS) liquid 

medium. Fungal growth on different nutrients was evaluated in 96-well microplates by 

measuring OD at 630 nm using an ELx808 spectrophotometer after 9 days of incubation. The 

following carbon sources were added individually to the MS medium: glucose, fructose, sucrose, 

cellobiose, pectin, xylose, maltose, starch and carboxymethyl-cellulose. All nutrient solutions 

were adjusted to a final concentration of 0.25 M carbon atoms. Various metabolites with 

potential to inhibit fungal development were added individually to the MS medium: gallic acid 

(1 g l-1), salicylic acid (0.05 g l-1), tannic acid (1 g l-1), veratryl alcohol (2.37 g l-1), quercetin (0.01 g 

l-1), catechin (1 g l-1), thymol (0.05 g l-1) and ethanol (5%). Carbon consumption by endophytes 

was compared with carbon consumption by O. novo-ulmi using the Niche Overlap Index (NOI). 

NOI was calculated as the number of carbon sources consumed by the endophyte and the 

pathogen, divided by the number of sources consumed by the pathogen (Lee and Magan, 1999). 
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A NOI value of 0.9 or above indicates a high degree of niche overlap and a competitive 

disadvantage for the pathogen (Blumenstein et al., 2015).  

 

2.2.7. Phytohormone production by endophytes and the pathogen 

Ability of the three endophytes and O. novo-ulmi to produce auxins and gibberellins was 

evaluated. For indole-3-acetic acid (IAA) detection, the four fungi were grown separately in 2% 

malt extract broth (MEB) containing 0.2% (v/v) L-tryptophan. Erlenmeyer flasks contained 30 ml 

medium and 60 µl homogenized fungal biomass adjusted to 5 mg ml-1. Flasks were kept in the 

dark at 22 o C under constant shaking for 15 days. IAA production was estimated following the 

colorimetric protocol, using Salkowski reagent described in Gang et al. (2019) prepared by 

mixing 0.5 M ferric chloride (FeCl3) and 35% perchloric acid (HClO4). Three replicates were 

performed for each fungus. To quantify the IAA produced by each fungus, three aliquots of each 

broth were selected and centrifuged at 10,000 rpm for 10 min. After that, 500 µl supernatant 

was mixed with 1 ml Salkowski reagent and incubated for 25 min in the dark. Absorbance was 

read at 530 nm, and the concentration of IAA produced by each isolate was determined using a 

standard curve of pure IAA (Sigma-Aldrich, Darmstadt, Germany) ranging from 0 to 1000 µg ml-

1.  

Gibberellic acid (GA3) released by each fungus was quantified using the liquid filtrates obtained 

for the antibiotic evaluation (see section 2.2.3). GA3 quantification was performed by selecting 

three aliquots of the filtrate and adjusting the pH to 1.5 using 0.1 M HCl. Then, 2 ml of the 

acidified liquid medium was mixed with 4 ml ethyl acetate, vortexed vigorously and centrifuged 

at 5,000 rpm for 10 min (Holbrook et al., 1961). This process was repeated two more times, after 

which the organic phase was mixed, evaporated and suspended in absolute ethanol. Absorbance 

was read at 254 nm and recorded at 20 s intervals for 2 min according to Berríos et al. (2004). 

GA3 concentration was estimated using GA3 (Sigma-Aldrich, Darmstadt, Germany) standard 

solutions in ethanol ranging from 0.1 g l-1 to 1 g l-1. 

 

2.3  In vivo experiment 

2.3.1. Plant material 

The plant material used in the in vivo experiment was produced in 2012 as part of the regular 

activities of the Spanish elm breeding programme at “Puerta de Hierro” Forest Breeding Centre. 

Controlled crosses were performed between two U. minor genotypes (M-CC1 and AL-AN1). To 

properly evaluate offspring susceptibility to DED, the seedlings obtained (N=37) were cloned 

through aerial cuttings. After the susceptibility tests, four seedlings showing moderate to high 
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DED susceptibility (50-70 % leaf wilting 60 days after O. novo-ulmi inoculation) were selected 

and 30 to 34 clonal replicates of each seedling were planted in an experimental plot in 2014 

(Table 1). The plot had a complete random design and plants were spaced 1 × 1.4 m apart. Plants 

were regularly watered in spring and summer to avoid water stress. One highly DED resistant 

commercial clone (Sapporo, N=8) and one highly DED susceptible clone (M-PZ3, N=8) were also 

included in the plot to confirm the virulence of the O. novo-ulmi isolate.  

Table 1: Fungal treatment and plant material specifications. E-O-: control plants without endophyte and 
O. novo-ulmi; E+O-: endophyte-treated plants without O. novo-ulmi; E-O+: O. novo-ulmi-treated plants 
without previous endophyte treatment; E+O+: endophyte- and O. novo-ulmi-treated plants.  

 

2.3.2. Experimental design 

In planta inoculations were performed in May 2017, when plants were 6-years old. Two 

endophyte cell suspensions were prepared (as described in the next section): (i) a mixture of P5 

and YM11; and ii) YCB36. These suspensions were inoculated into the vascular system in the 

            

  

Inoculated 
endophytes 

Plant genotype   DED-tolerance level1 Treatment N 

  P5+YM11 (M-CC1 × AL-AN1).5 Susceptible E-O- 5 

  E+O- 5 

  E-O+ 10 

  E+O+ 10 

  (M-CC1 × AL-AN1).7 Susceptible E-O- 5 

  E+O- 5 

  E-O+ 10 

  E+O+ 10 

  (M-CC1 × AL-AN1).8 Susceptible E-O- 5 

  E+O- 5 

  E-O+ 10 

  E+O+ 10 

  YCB36 (M-CC1 × AL-AN1).15 Susceptible E-O- 6 

  E+O- 12 

  E-O+ 11 

  E+O+ 5 

  --- Sapporo Highly tolerant E-O- 8 

  E-O+ 8 

  --- M-PZ3 Highly susceptible E-O- 8 

  E-O+ 8 

  

1 According to previous susceptibility tests  
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middle of the trunk using an endotherapy device (BITE, Padova, Italy). Ophiostoma novo-ulmi 

inoculations were performed with a bud-cell suspension (prepared as described in the next 

section) 5 cm below the endophyte inoculation point, on the opposite side of the trunk. 

Pathogen spores were delivered into the xylem sap stream through a transverse cut made with 

a sharp blade (Solla et al., 2005). Four treatments were applied (Fig. S1): (i) Control plants with 

no endophyte or pathogen inoculation (E-O-); (ii) Plants inoculated with endophytes (P5+YM11 

or YCB36) without subsequent O. novo-ulmi inoculation (E+O-); iii) Plants inoculated with O. 

novo-ulmi without previous endophyte inoculation (E-O+); and iv) Plants inoculated with 

endophytes subsequently inoculated with the pathogen (E+O+) (Table 1). In treatments i) to iii), 

plants not inoculated with either the endophytes or the pathogen (E- and O- treatments) 

received sterile distilled water. Endophyte and O. novo-ulmi inoculations, and their 

corresponding control treatments, were performed on 1st May and 16th May 2018, respectively 

(Fig. S1). 

 

2.3.3. Inoculum preparation 

To obtain the endophyte inoculum, a liquid suspension of bud cells (YM11 and P5) or hyphal 

fragments (YCB36) were prepared. Endophytes were grown in petri dishes containing YEA 

medium, with (YM11 and YCB36) or without (P5) an autoclaved cellophane layer, for 10 days at 

22 o C in the dark. P5 yeast cells were scraped from the agar using a sterile spatula and suspended 

in sterile distilled water. YM11 formed a colony of dense, hard agglomerates of bud cells, 

requiring the use of an all-glass tissue homogenizer to obtain a homogeneous cell suspension. 

YCB36 did not produce a sufficient quantity of conidia and therefore spores were replaced by 

mycelial fragments also obtained using an all-glass tissue homogenizer, first with a large 

clearance pestle and then with a small one (∼50 strokes with each). We then poured the 

resulting suspension over sterilized cotton wool, so the longer fungal hyphae were collected into 

the cotton wool. The resulting suspension was quite homogenous, with hyphal fragments of 1-

4 cells/fragment. Aqueous suspensions of yeast cells or mycelial fragments were adjusted using 

a haematocytometer to obtain a final inoculum concentration of 2 x 106 cells ml-1 for the mixture 

of P5 and YM11 (106 cells ml-1 of each fungus) and approximately 106 cells ml-1 for YCB36. 

To obtain O. novo-ulmi spores, mycelial fungal plugs were grown in Erlenmeyer flasks with 

Tchernoff’s liquid medium (Tchernoff, 1965) at 22 o C in the dark under constant shaking to 

induce sporulation. Three days later, spores were collected by centrifugation and adjusted to 

106 blastospores ml-1 using a haemocytometer. 
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2.3.4. Leaf wilting evaluation 

Leaf yellowing and wilting are typical DED symptoms. As the disease progresses, a mixture of 

healthy and suffering foliage may be seen (Brasier and Buck, 2001) and the percentage of foliar 

wilting in the crown is a good indicator of tree decline (Solla et al., 2005). Leaf wilting for 

symptoms of O. novo-ulmi was evaluated in each tree at 30, 60 and 120 days post inoculation 

(dpi) and also 1 year post-inoculation (ypi). Assessments were performed by three independent 

evaluators and the mean of the three scores was calculated for each tree and treatment. A 

representative leaf of the average wilting status of the tree was selected to measure leaf 

stomatal conductance. This measurement was made at the time of O. novo-ulmi inoculation and 

at 30 dpi using an SC-1 leaf porometer (Decagon Devices, Washington, USA) in five trees per 

treatment, at midday on both occasions.  

 

2.3.5. In planta endophyte detection  

To evaluate plant colonization by endophytes, wood samples from control (E-O-) and 

endophyte-inoculated trees (E+O-) were extracted using an increment borer at 75 dpi and 1 ypi. 

Two samples per tree were taken, at 5 and 50 cm above the endophyte inoculation point. Three 

replicate trees per treatment were evaluated. Fungal DNA presence was quantified through 

quantitative PCR (qPCR). First, core wood samples were ground to a fine powder in a ball mill 

(Mixer mill MM 400, Retsch GmbH, Haan, Germany) and DNA was extracted using the Norgen 

plant/fungi DNA isolation kit (Norgen Biotek Corp., Thorold, ON, Canada), obtaining high yield 

and quality scores. Primer sequences were designed within the sequences obtained by ITS 

Sanger sequencing of each fungus (described in Section 2.1) using Primer3 Version 0.4.0 

(http://bioinfo.ut.ee/primer3-0.4.0/primer3/) and following specific parameters for qPCR 

primer design (Udvardi et al., 2008). Specificity tests for the primers designed were performed 

by selecting 10 additional fungi available in our collection and amplifying fungal DNA through 

conventional PCR. If an amplification product was observed, the primer pair was discarded and 

new primer pairs were designed. Selected primer pairs were set as follows: the primer pair for 

P5 (forward primer: 5’-CAACGGATCTCTTGGCTCTC-3’/ reverse primer: 5’-

AACAGACATACTCTTCGGAATACC-3’) created a 136 base-pair (bp) product, the primer pair for 

YM11 (forward primer: 5’- AGGAACTGGCCTCAAAGACA-3’/ reverse primer: 5’- 

TCCTACCTGATCCGAGGTCA -3’) created a 142 bp product, and the primer pair for YCB36 

(forward primer: 5’-AGTATACGCCGCCTTGACAC-3’/ reverse primer: 5’-

GTCGTAAAACATGGGGAACG-3’) created a 130 bp product. Relative fungal DNA estimations were 

performed independently for each fungus using SSoFast EvaGreen® Supermix (Bio-Rad 

Laboratories, Irivine, CA, USA) in a CFX96 real-time PCR detection system thermocycler (Bio-Rad 
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Laboratories, Irvine, CA, USA). Fungal DNA was standardized per quantity of plant DNA by 

amplifying a fragment of the U. minor ITS region (ITSUlmi) (forward primer: 5’-

ATATGTCAAAACGACTCTCGGCAAC-3’/ reverse primer: 5’-AACTTGCGTTCAAAGACTCGATGGT-3’). 

In triplicate, reactions contained 2 μl sample DNA and 8 μl master mix. Following a first 

denaturation step at 95 ° C for 30 s, 40 cycles were performed at 95 °C for 5 s and 60 °C for 30 s. 

Each plate included two replicates of each sample: one for amplification of the specific fungal 

ITS, and the other for amplification of U. minor ITS. Three no-template controls were included 

for each primer pair. The amplification results were analysed and expressed as fungal presence 

relative to non-inoculated plants. 

 

2.3.6. Plant biochemical measurements 

Wood samples were extracted from trees showing a significant effect of the endophyte 

inoculation treatment on plant symptomatology, to measure non-structural carbohydrates, 

total phenolic and flavonoid content, and proline. The concentration of non-structural 

carbohydrates (NSC) was measured using a modified protocol from Maness (2010). Soluble 

sugars (SS) were extracted by incubating 50 mg fresh material in 1 ml of 80% ethanol. An aliquot 

of the ethanol extract was reserved for proline quantification (see below). The insoluble material 

in the pellet was used for starch determination. Sugar monomers from the ethanol extract or 

starch digestion were quantified by the anthrone-sulphuric acid colorimetric microassay, based 

on Laurentin and Edwards (2003), using 96-well microplates. The values were quantified 

according to standard curves with known concentrations of glucose, fructose and galactose (0-

1000 ppm) in the case of SS, and only glucose (0-1000 ppm) in the case of starch. Total NSC 

concentration was calculated by adding the concentrations of SS and starch. 

Total phenolic content extraction was performed according to a microplate-adapted protocol 

described by Ainsworth and Gillespie (2007) and quantified using the Folin-Ciocalteu reagent (F-

C). Briefly, 20 mg powdered wood was extracted in 1 ml of 95 % methanol under constant 

shaking in a mixer mill (Precellys, Bertin Instruments, Montigny-le-Bretonneux, France), then 

incubated at room temperature for 48 h in the dark. The supernatant was recovered and 200 µl 

of the F-C reagent at 10 % (v/v) was added per each 100 µl of extract or standard. Finally, 800 µl 

of Na2CO3 700 mM was added and incubated at room temperature for 2 h. Absorbance was read 

at 765 nm and the values were quantified according to a standard curve with known 

concentrations of gallic acid (25 µM-1.5 mM). Results were expressed as mg equivalent gallic 

acid per gram of fresh weight of sample. 
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Total flavonoid content was determined using the same extract obtained for total phenolic 

content and quantified by the colorimetric method described in Barreira et al. (2008), with slight 

modifications. Briefly, 177.5 μL aliquots of each sample and 25 μL aliquots of each standard point 

(diluted with 152.5 μL deionized water) were mixed with NaNO2 (5%, 7.5 μL). After 6 min, 15 μL 

of a 10% AlCl3·6H2O solution was added, and after 5 min incubation at room temperature, 50 μL 

of 1M NaOH was added. The absorbance of each blank, consisting of the same sample mixtures 

but with deionized water instead of 10 % AlCl3·6H2O solution, was subtracted from the test 

absorbance. The absorbance was read at 510 nm using a microplate reader and the values were 

quantified according to a standard curve with known concentrations of quercetin (0.2-1.0 mg 

ml-1 in ethanol). Results were expressed as mg equivalent quercetin per gram of fresh weight of 

sample. 

Free proline content was determined with the same extract used for SS determination. 

Quantification was carried out using a microplate reader protocol (Carillo and Gibon, 2011). In 

each well, 50 µl of the ethanolic extract, blank or proline standards (1-0.4-0.2-0.1-0.04 mM) was 

mixed with 100 µl of the reaction mix: 1 % ninhydrin (w/v) in 60 % acetic acid (v/v) and 20 % 

ethanol (v/v). Plates were incubated in a water bath at 95 o C for 20 min and absorbance was 

read at 520 nm. The readings were transformed to proline contents (nmol mg-1 FW) according 

to Carillo and Gibon (2011). 

 

2.4 Statistical analysis 

The effect of endophytes on O. novo-ulmi growth in in vitro assays was tested with one-way 

ANOVA and the post-hoc Fisher’s Least Significant Difference (LSD) test (P<0.05). The area of the 

halo formed by the four fungal strains was compared using a one-way ANOVA test followed by 

Fisher’s LSD test (P<0.05) to identify differences in protease, chitinase and siderophore emission 

between isolates. The effect of inhibitory substances and carbon sources on fungal growth was 

represented with a two-way joining cluster analysis using the heatmap function in the 

“pheatmap” package in R-studio (R Core Team 2017). Euclidean distances were used in the 

clustering of fungal endophytes or chemicals. Differences in wilting symptoms, leaf stomatal 

conductance and biochemical variables among treatments were analysed with one-way ANOVA 

test followed by Fisher’s LSD test (P<0.05). To observe differences in wilting symptoms among 

elm clones due to O. novo-ulmi, a factorial ANOVA was performed, taking the clone and O. novo-

ulmi treatments as factors. Fungal quantification through quantitative PCR was performed for 

each sample at 5 and 50 cm from the inoculation point with three technical replicates per PCR 

plate. The cycle threshold value (Ct) obtained for the plant and endophyte ITS in each sample 
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was transformed to double delta Ct (ΔΔCt). Then, ΔΔCt of the endophyte was normalized to ΔΔCt 

of plant ITS. The normalized values of endophyte- inoculated plants were relativized to control 

plants, obtaining the fold-change of endophyte presence. These values were analysed with a 

one-way ANOVA test to determine whether there were significant differences between 

inoculated and non-inoculated trees.  

Analyses were run using STATISTICA version 8.0 (StatSoft, Tulsa, OK, USA) and R software (R Core 

Team 2017). In all cases, normality was confirmed before ANOVA analysis with skewness and 

kurtosis values and the Kolmogorov-Smirnov test. 

 

3. Results 

3.1 Molecular identification of fungal endophytes 

According to the top BLAST hits for ITS and LSU sequencing, the P5 endophyte is assigned to the 

genus Cystobasidium (Cystobasidiomycetes) (Table 2).  

Concerning the YM11 endophyte, top blast hits for both ITS and LSU corresponded to a fungal 

strain identified as Exophiala sp. (Eurotiomycetes) (Table 2). However, the difference between 

the first and the second hit for LSU, classified as Knufia, was negligible (99.64% and 99.52% of 

similarity, respectively). Other ITS hits classified as Knufia also provided quite similar sequences 

to YM11. For example, accession numbers MF062036.1 (Knufia sp.) and NR_121501.1 (Knufia 

cryptophialidica) presented values of coverage/identity of 91/99.81% and 99/94.57%, 

respectively. Top BLAST hit for the TEF1α sequence of YM11 assigned it to genus Knufia, 

although with lower percentage of identity than ITS and LSU sequences (Table 2). Morphological 

characters of YM11, such as presence of both cylindrical and moniliform hyphae and chains of 

globose blastic conidia have been described for Knufia (Isola et al., 2016). Therefore, we are 

suggesting that YCB36 might be an undescribed dark septate endophyte within Chaetothyriales. 

Results for YCB36 indicate that this fungus belongs to the Phaeosphaeriaceae family 

(Dothideomycetes). According to the LSU sequence, the top hit corresponded to the genus 

Hydeomyces (99.41% identity), while the rest of the markers did not provide significant 

coverages and/or identities at the genus level (Table 2). Therefore, it might be an undescribed 

fungus within Phaeosphaeriaceae. 
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Table 2: Top three BLAST hits based on nucleotide megablast of ITS and LSU of rDNA sequences and TEF1α, 

β-tub or actin as protein coding genes. The corresponding GenBank taxa identity and NCBI accession 

numbers are indicated. 

 

 

3.2 Fungal endophyte attributes 

3.2.1. In vitro endophyte-pathogen interactions  

O. novo-ulmi growth was markedly reduced when confronted with YCB36 and P5 endophytes, 

but not with YM11, despite the fact that this endophyte displayed some visible slight inhibition 

of O. novo-ulmi (Table 3; Fig. S2A, D). When confronted with YCB36, O. novo-ulmi growth was 

reduced between 28.05 ± 3.59 % and 37.62 ± 5.32 % in the course of the experiment (Table 3; 

Fig. S2A, D). Volatiles emitted by YCB36 and P5 also inhibited O. novo-ulmi growth (Table 3). The 

greatest inhibition was observed with YCB36 (32.82 ± 5.54 %) and a moderate inhibition was 

observed with P5 (11.02 ± 3.28 %) (Table 3; Fig. S2B, D).  

 

Strain Gene Description 
Max. 
Score 

Total 
score 

Query 
coverage 

E-value Identities Gaps 
Percent. 
identity 

Accesion 
NCBI 

P5 

ITS 

Cystobasidium ritchiei 544 544 100 3.00E-155 294/294 0/294 100 NR_154854.1 

Cystobasidium laryngis 544 544 100 3.00E-155 294/294 0/294 100 NR_154833.1 

Cystobasidium pinicola 538 538 100 1.00E-153 293/294 0/294 99.66 NR_154834.1 

LSU 

Cystobasidium pallidum 1517 1517 92 0 849/865 0/865 98.15 NG_059006.1 

Cystobasidium pinicola 1504 1504 91 0 848/864 7/864 98.15 NG_066178.1 

Cystobasidium minutum 1434 1434 92 0 834/865 0/865 96.42 NG_059005.1 

YM11 

ITS 

Exophiala sp. 1016 1016 94 0 556/562 0/562 99.45 EU035420.1  

Uncultured fungus 1011 1011 94 0 555/562 0/562 99.27 FJ820808.1  

Uncultured fungus 996 996 94 0 552/561 1/561 98.9 KF800433.1  

LSU 

Exophiala sp. 1522 1522 91 0 829/832 1/832 99.64 EU035420.1  

Knufia sp.  1515 1515 91 0 827/831 1/831 99.52 MF062037.1  

Knufia cryptophialidica 1511 1511 91 0 827/832 1/832 99.4 NG_067522.1  

TEF1α 

Knufia peltigerae 841 841 94 0 541/584 2/584 92.64 KP175006.1 

Knufia peltigerae 824 824 94 0 538/584 2/584 92.12 KP175005.1 

Knufia sp 797 797 94 0 532/583 0/583 91.25 FJ161099.1 

YCB36 

ITS 

Dothydeomycetes 1650 1650 87 0 932/951 9/951 98 KX611035.1  

Ascomycota 1639 1639 86 0 926/945 9/945 97.99 KX611067.1  

Phaeosphaeriaceae 1611 1611 84 0 902/916 5/916 98.47 MG208007.1  

LSU 

Hydeomyces pinicola 1561 1561 81 0 855/860 0/860 99.41 MK522496.1 

Ophiobolus erythrosporus  1552 1552 82 0 857/866 0/860 98.96 KM014665.1 

Fungal sp. 1528 1526 82 0 853/866 1/866 98.49 MH875255.1 

TEF1α 

Hydeomyces desertipleosporoides 425 425 53 9.00E-115 257/281 0/281 91.45 MK290848.1 

Dothideomycetes sp.  414 414 53 2.00E-111 255/281 0/281 90.74 MK523386.1 

Hawksworthiana clematidicola 414 414 53 2.00E-111 255/281 0/281 90.74 MG829202.1 

tub2/BenA 

Paraphoma sp. 270 270 100 2.00E-68 215/248 11/248 86.69 MG779455.1  

Paraphoma sp. 265 265 100 9.00E-67 214/248 11/248 86.29 MG779458.1  

Paraphoma sp. 265 265 100 9.00E-67 214/248 11/248 86.29 MG779456.1  

actin 

Chaetosphaeronema sp. 110 110 81 3.00E-20 115/142 5/142 80.99 MG677982.1  

Phoma haematocycla 104 104 73 1.00E-18 104/127 4/127 81.89 KT309156.1 

Pleospora flavigena 82.4 82.4 30 6.00E-12 50/53 0/53 94.34 JF740108.1 

https://www.ncbi.nlm.nih.gov/nucleotide/EU035420.1?report=genbank&log$=nucltop&blast_rank=1&RID=T6VKHDU2014
https://www.ncbi.nlm.nih.gov/nucleotide/FJ820808.1?report=genbank&log$=nucltop&blast_rank=2&RID=T6VKHDU2014
https://www.ncbi.nlm.nih.gov/nucleotide/KF800433.1?report=genbank&log$=nucltop&blast_rank=3&RID=T6VKHDU2014
https://www.ncbi.nlm.nih.gov/nucleotide/EU035420.1?report=genbank&log$=nucltop&blast_rank=1&RID=EMC0U3CB016
https://www.ncbi.nlm.nih.gov/nucleotide/MF062037.1?report=genbank&log$=nucltop&blast_rank=2&RID=EMC0U3CB016
https://www.ncbi.nlm.nih.gov/nucleotide/NG_067522.1?report=genbank&log$=nucltop&blast_rank=3&RID=EMC0U3CB016
https://www.ncbi.nlm.nih.gov/nucleotide/KX611035.1?report=genbank&log$=nucltop&blast_rank=1&RID=T6UN07RV01R
https://www.ncbi.nlm.nih.gov/nucleotide/KX611067.1?report=genbank&log$=nucltop&blast_rank=2&RID=T6UN07RV01R
https://www.ncbi.nlm.nih.gov/nucleotide/MG208007.1?report=genbank&log$=nucltop&blast_rank=3&RID=T6UN07RV01R
https://www.ncbi.nlm.nih.gov/nucleotide/MG779455.1?report=genbank&log$=nucltop&blast_rank=1&RID=EMDZZ3WA016
https://www.ncbi.nlm.nih.gov/nucleotide/MG779455.1?report=genbank&log$=nucltop&blast_rank=1&RID=EMDZZ3WA016
https://www.ncbi.nlm.nih.gov/nucleotide/MG779458.1?report=genbank&log$=nucltop&blast_rank=3&RID=EMDZZ3WA016
https://www.ncbi.nlm.nih.gov/nucleotide/MG677982.1?report=genbank&log$=nucltop&blast_rank=1&RID=EMGRA4Z1016
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3.2.2. Antibiotic traits  

O. novo-ulmi growth was reduced when cultured in liquid media containing YM11 and YCB36 

liquid filtrates (Table 3; Fig. S2C). YCB36 filtrate was able to reduce O. novo-ulmi growth by 55.94 

± 0.96 % (P<0.01; Table 3; Fig. S2C), while YM11 filtrate reduced O. novo-ulmi growth by 28.74 

± 2.9 % (Fig. S2C). P5 filtrate did not reduce O. novo-ulmi growth (Table 3; Fig. S2C). Proteolytic 

activity varied considerably among isolates, with O. novo-ulmi showing a halo formation of 28.73 

cm2 (Table 4, Fig. S3). Endophyte P5 had low proteolytic activity with a barely visible halo (1.33 

± 0.06 cm2). In contrast, YCB36 and YM11 showed a clear halo around the colony, which was 

significantly greater for YCB36 than for YM11 (10.28 ± 2.48 and 5.75 ± 0.71 cm2, respectively) 

(Table 4; Fig. S3). In the case of chitinolytic activity, YCB36 produced a clear blue-purple halo 

surrounding the colony (18.19 cm2 at day 5 and 49.85 ± 1.63 cm2 at day 20), while the other 

endophytic fungi did not degrade chitin (Table 4, Fig. S3). Chitinase activity in O. novo-ulmi 

became visible at day 20 (6.46 ± 1.96 cm2) (Table 4, Fig. S3). 

 

Table 3: Influence of fungal endophytes on O. novo-ulmi growth in the dual culture assay (day 12 of 

incubation), volatiles (VOCs) assay (day 10) and antibiosis assay (day 10). Different letters in the same row 

indicate significant differences between fungi, according to Fisher’s post-hoc test (P<0.05). 

 

3.2.3. Nutrient acquisition mechanisms and nutritional niche  

Only the O. novo-ulmi and YCB36 isolates secreted siderophores into the medium (Table 4, Fig. 

S3). YCB36 exhibited greater halo formation than O. novo-ulmi at day 20 (7.90 ± 0.44 vs 5.39 ± 

0.98 cm2) (P<0.05) (Table 4, Fig. S3). However, neither HCN nor phosphate were solubilized by 

any of the fungal strains (Table 4).  

The carbon utilization pattern and chemical sensitivity to inhibitory substances of each isolate 

are shown in the two-way joining cluster graph (Fig. 1). As expected, the analysis of the 

substrates (vertical axis) provided two clusters: the carbon sources on one side and the 

inhibitory metabolites on the other. The clustering of the fungal isolates (horizontal axis) 

separated P5 from the other fungi, coinciding with the taxonomic division of the fungi into 

Basidiomycota and Ascomycota, respectively. The clustering also separated the two 

    O. novo-ulmi growth 

Assay Units Control YCB36 P5  YM11 

Dual culture cm2 25.567 ± 3.69c 15.48 ± 1.03a 18.95 ± 0.48b 25.54 ± 1.72c 

VOCs cm2 30.85 ± 3.27c 19.98 ± 1.64a 24.67 ± 1.92b 29.29 ± 1.46c 

Antibiosis OD 0.150 ± 0.001c 0.062 ± 0.003a 0.134 ± 0.011b 0.101 ± 0.008b 
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ascomycetous endophytes (YM11 and YCB36) from the pathogen. P5 and O. novo-ulmi were less 

affected by inhibitory metabolites (e.g., by gallic acid and thymol), while YM11 and O. novo-ulmi  

had the best growth in the presence of certain carbon sources (e.g., sucrose, glucose and 

fructose). 

Only considering carbon sources, the NOI of O. novo-ulmi with regard to P5, YM11 and YCB36 

was 0.78, 0.78 and 1, respectively, indicating a putative high niche overlap between the 

pathogen and YCB36. 

 

Table 4: Protease and chitinase activities, siderophore and hydrogen cyanide production, and phosphate 

solubilisation in in vitro assays of the fungal endophytes and the pathogen at the end of the experiment 

(day 20). Different letters in the same row indicate significant differences between fungi, according to 

Fisher’s post-hoc test (P<0.05). 

 

 

 

 

 

 

Fig. 1: Two-joining clustering analysis of the 

in-house configured phenotypic arrays of 

fungal endophytes and O. novo-ulmi 

(horizontal axis) growing with different 

nutrients and inhibitory substrates (vertical 

axis). Euclidean distances were used in the 

clustering of fungal endophytes and 

substrates. The colour legend indicates 

inhibition (bluish colours) or promotion 

(reddish colours) of fungal growth.  

 

 

 

                

      Fungal strain   

  Activity Units O. novo-ulmi YCB36 P5  YM11   

  Protease cm2 (halo) 28.73 ± 1.96c 10.28 ± 2.48b 1.33 ± 0.06a 5.75 ± 0.71b   

  Chitinase cm2 (halo) 6.46 ± 1.93a 49.85 ± 1.63b negative negative   

  Siderophore cm2 (halo) 5.39 ± 0.98a 7.90 ± 0.44b negative negative   

  Hydrogen cyanide  positive/negative negative negative negative negative   

  Phosphate solubilization  cm2 (halo) negative negative negative negative   
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3.2.4. Growth promotion potential  

The three endophytes and the pathogen produced IAA. O. novo-ulmi produced 191.23 µg IAA g-

1 fungal dry weight. P5 produced 1110.14 µg IAA g-1 fungal dry weight and was the endophyte 

with the highest IAA production (Fig. 2A). GA3 production was similar in O. novo-ulmi, YCB36 and 

P5 (0.196 ± 0.014 g l-1, 0.258 ± 0.010 g l-1 and 0.173 ± 0.020 g l-1, respectively), while YM11 

produced the lowest GA3 concentration (0.108 ± 0.042 g l-1) (Fig. 2B). 

 

 

Fig. 2: Indole-3-acetic acid (IAA) and 

gibberellic acid (GA3) production by 

fungal endophytes and pathogen. (A) 

IAA production by O. novo-ulmi and 

fungal endophytes (YCB36, P5 and 

YM11) after 15 days of incubation in 

malt extract broth containing 0.2 % L-

tryptophan. (B) GA3 content in liquid 

filtrates after which O. novo-ulmi and 

the three endophytes have been 

growing in YMG for 40 days. Different 

letters indicate significant differences 

between fungi according to Fisher’s 

post-hoc test (P<0.05). 

 

 

 

 

 

 

3.3 In vivo assay 

3.3.1. Leaf wilting evaluation and stomatal conductance 

Leaf wilting at 120 dpi in the resistant control clone Sapporo was low (5.94 % ± 2.59; mean ± SE), 

but high in the susceptible control clone M-PZ3 (68.33 % ± 11.76), confirming the virulence of 

the inoculated O. novo-ulmi isolate. Trees that were not inoculated with O. novo-ulmi (E-O- and 

E+O-) showed no leaf yellowing or wilting symptoms, while trees inoculated with the pathogen 

(E-O+ and E+O+) displayed various levels of leaf wilting. The four genotypes of the progeny (M-

CC1 × AL-AN1) exhibited a similar response to O. novo-ulmi (P = 0.423). Therefore, the effect of 

the genotype was not considered in subsequent analyses. Trees not inoculated with endophytes 

(E-O+) showed mean leaf wilting values of 48.93 to 66.95% at different evaluation dates (Fig. 3A, 
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C). Trees inoculated with P5+YM11 before O. novo-ulmi inoculation (E+O+) showed similar 

symptoms to non-inoculated trees (E-O+) (Fig. 3A). In this case, the proportion of trees with leaf 

wilting percentages higher than 50% was similar in E-O+ and E+O+ plants at 120 dpi (Fig. 3B). 

However, trees inoculated with YCB36 (E+O+) had a significantly lower proportion of wilting 

symptoms than non-inoculated trees (E-O+) at 30, 60 and 120 dpi (Fig. 3C). In this case, the 

proportion of trees with leaf wilting percentages higher than 50% was lower in E+O+ trees than 

in E-O+ trees at 120 dpi (Fig. 3D). After 1 year, however, the protective effect of the YCB36 isolate 

was no longer evident (Fig. 3C).  

 

 

Fig. 3: Leaf wilting induced by O. novo-ulmi inoculation at 30, 60, 120 dpi and 1 ypi in: P5+YM11-inoculated 

trees (A), and YCB36-inoculated trees (C). The proportion of trees with leaf wilting percentages higher or 

lower than 50% is shown in (B) for P5+YM11-inoculation and in (D) for YCB36-inoculation. E-O+ indicates 

non-endophyte-inoculated trees with O. novo-ulmi inoculation, and E+O+ indicates endophyte-inoculated 

trees with O. novo-ulmi inoculation. Non-O. novo-ulmi-inoculated trees (not shown) showed no wilting 

symptoms. Asterisks in graphs (A) and (B) indicate significant differences between treatments according 

to Fisher’s post-hoc test (P<0.05). 
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In addition, O. novo-ulmi inoculation resulted in a decline in stomatal conductance at 30 dpi, 

both in trees pre-inoculated with P5+YM11 (E+O+) (Fig. 4A, B) and E-O+ trees (Fig. 4a,b). YCB36- 

inoculated trees (E+O-, Fig 4B) showed higher stomatal conductance at 30 dpi than non- 

inoculated trees (E-O-, Fig. 4B) (P<0.05).  

 

Fig. 4: Stomatal conductance measured at 0 dpi and 30 dpi in P5 + YM11-inoculated plants (A) and YCB36-

inoculated plants (B). Treatments were: trees without endophyte or O. novo-ulmi inoculation (E-O-); non-

endophyte-inoculated trees with O. novo-ulmi inoculation (E-O+); endophyte-inoculated trees without O. 

novo-ulmi inoculation (E+O-), and trees inoculated with endophyte before O. novo-ulmi inoculation 

(E+O+). Different letters indicate significant differences between treatments according to Fisher’s post-

hoc test (P<0.05). 

 

3.3.2. Estimation of endophyte presence in planta 

At 75 dpi, P5 presence near the inoculation point was 4.81 times higher than in non-inoculated 

trees (P<0.05). At 50 cm, however, no significant differences were observed (P>0.05). The 

estimated presence of YM11 in inoculated trees was 9.09 times higher than in non-inoculated 

trees at 50 cm from the inoculation point (P<0.05) (Fig. 5A). The presence of YCB36 increased 

both at 5 and 50 cm above the inoculation point (4.64 and 17.86 times) (P<0.05) (Fig. 5A). In all 

cases, amplification of ITS sequences in non-endophyte inoculated trees occurred in later cycles 

for YCB36 than for YM11 and P5, indicating a higher basal presence of P5 and YM11 than of 

YCB36 in non-endophyte- inoculated elms. 

One year after inoculation, endophyte presence estimation was typically lower than in trees at 

75 dpi (Fig. 5B). P5 and YCB36 presence was still higher than in control plants at 50 and 5 cm 

from the inoculation point, respectively. In contrast, the presence of YM11 decreased to basal 

levels, showing no statistically significant differences to non-inoculated trees (P >0.05).  
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Fig. 5: Relative presence of fungal 

endophytes estimated by qPCR at 75 

dpi (A) and 1 ypi (B) in P5+YM11-

inoculated trees (left panel) and 

YCB36 inoculated trees (right panel). 

Quantifications were performed at 5 

and 50 cm above the endophyte 

inoculation point. Results are shown 

as a fold change of presence in non-

endophyte inoculated trees (E-O-). 

Asterisks indicate significant 

differences to E-O- trees according 

to Fisher’s post-hoc test (P<0.05). 

 

 

 

 

 

 

 

 

 

 

 

3.3.3. Biochemical changes induced in endophyte-inoculated trees 

Potential mechanisms of induced resistance were explored in YCB36-inoculated plants, as this 

was the only treatment that showed a protective effect against O. novo-ulmi in the trees. Soluble 

sugars and starch content in planta were not modified by endophyte inoculation (P>0.15). 

However, both flavonoids and total phenols were significantly modified by YCB36 treatment. 

Flavonoid content was higher in YCB36 inoculated trees than in controls at 50 cm from the 

inoculation point (P<0.05). Total phenols increased at both 5 and 50 cm from the inoculation 

point (P<0.05) (Fig. 6A, B). Proline content significantly decreased in endophyte- inoculated trees 

at 50 cm above the inoculation point (Fig. 6C).  
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Fig. 6: Biochemical measurements in wood samples of YCB36-inoculated and control trees at 5 and 50 cm 

from the inoculation point and at 75 dpi. (A) Total flavonoid content; (B) total phenolic content and (C) 

proline content. Different letters in the graphs indicate significant differences between YCB36-inoculated 

and non-inoculated trees at 5 cm (normal letters) and 50 cm (italics) according to Fisher’s post-hoc test 

(P<0.05).  

 

4. Discussion 

4.1 Phenotypic traits of the endophytic yeasts P5 and YM11 

According to the phenotypic traits of the endophytes, P5 (Cystobasidium) can be classified within 

the group of plant growth-promoting yeasts (Joubert and Doty, 2018) and YM11 

(Chaetothyriales) within the dark septate endophytes (DSE) (Márquez et al., 2008; Andrade-

Linares and Franken, 2013; Li et al., 2018). Endophytic yeasts have been shown to stimulate 

plant growth, increase yield and reduce biotic or abiotic damage (Punja and Utkhede, 2003; 

Kandel et al., 2017; de Tenorio et al., 2019). Plant experiments performed with the pink yeast 

Rhodotorula spp. demonstrated increased phytoremediation ability (Silambarasan et al., 2019), 

strong inhibition of plant fungal or bacterial pathogens (Kalogiannis et al., 2006; Akhtyamova 

and Sattarova, 2013), increased plant germination rates (Akhtyamova and Sattarova, 2013) and 

increased root and shoot growth rates, mainly through their ability to synthesize 

phytohormones (Nutaratat et al., 2014; Sen et al., 2019). DSE comprise a polyphyletic group of 

non-mycorrhizal ascomycetous fungi with potentially beneficial functions for their host plants, 

such as reducing biotic and abiotic stresses (Jumpponen and Trappe, 1998; Andrade-Linares, 

2011; Tellenbach et al., 2013) and improving plant performance by increasing N and P 

acquisition (He et al., 2019) or synthesizing or modifying phytohormone levels in planta (Schulz 

and Boyle, 2005; Wu et al., 2020). For instance, plant studies on DSE revealed their ability to 

increase host tolerance to abiotic stress by activating antioxidant enzymes (Khan et al., 2012) 

and improving plant growth (Li et al., 2019). In our work, however, the dark septate endophyte 

YM11 did not produce significant amounts of phytohormones and was the endophyte with the 
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lowest GA3 production, while P5 produced a high concentration of IAA in the in vitro experiment 

(Fig. 3A). These results raise doubts about the role of YM11 as a producer of plant growth 

hormones but support the classification of P5 as an IAA-producing yeast (Xin et al., 2009; Joubert 

and Doty, 2018). GA3 and IAA are the main hormones that induce cell proliferation and 

elongation, leading to enhanced root growth and stem elongation. Maintenance of high growth 

rates during O. novo-ulmi infection has been reported in small saplings as a resistance 

mechanism against the pathogen (Martín et al., 2019), and this mechanism could be enhanced 

in plants extensively colonized by hormone-producing yeasts. Although in the field assay the 

P5+YM11 treatment did not enhance tree resistance to DED, preliminary results with a similar 

P5+YM11 inoculum suggest that this treatment can induce root elongation (Martínez-Arias et 

al., unpublished results). Interestingly, YM11 and YCB36 were more inhibited than P5 by 

secondary metabolites that the tree might produce (Fig. 2), such as quercitin, catechin, or gallic 

acid (Heimler et al. 1994; Martín et al., 2013). This suggests that P5 could be better adapted to 

grow under the chemical profile of elm wood.  

Although both yeasts showed a weak inhibition of O. novo-ulmi, YM11 liquid filtrates were able 

to significantly reduce pathogen growth in liquid media, suggesting that inhibitory metabolites 

were secreted at a higher concentration in liquid culture than in solid medium. 

 

4.2 Inhibition mechanisms of O. novo-ulmi by endophyte YCB36 

Due to its strong in vitro antibiotic activity towards O. novo-ulmi, YCB36 (Phaeosphaeriaceae) is 

a very interesting candidate for being developed into a biocontrol agent for DED. The identity of 

this fungus at the species level using the ITS sequence is uncertain, but the most similar hits 

were found to be associated with an endophyte of a Quercus species (Moricca et al., 2012; Doust 

et al., 2017) (see NCBI accession numbers, Table 2). According to the LSU sequence this strain 

can be tentatively assigned to Hydeomyces (Table 2). The activity of YCB36 against O. novo-ulmi 

in the in vitro dual culture assay evidenced strong pathogen inhibition without physical contact 

between mycelia, i.e. by antibiosis (Table 3; Fig. S2A, D). YCB36 liquid exudates (evaluated in the 

antibiosis assay) exerted the highest inhibition of O. novo-ulmi, supporting previous results and 

suggesting release of antifungal metabolites into the culture medium (Table 3; Fig. S2C). The 

high hydrolytic activity of this endophyte may also be involved in O. novo-ulmi growth inhibition. 

Both chitinolytic and proteolytic activities were highly positive in YCB36 (Table 3; Fig. S3), 

indicating that this fungus may have released these enzymes into the culture medium. Chitin is 

the major structural component of hyphal cell walls, and its enzymatic degradation via chitinases 

can disrupt or collapse fungal hyphae or even cause fungal death (Huang et al., 2007). For this 
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reason, chitinolytic microorganisms have a potential application as biological control agents, as 

is the case with Trichoderma sp. (Aoki et al., 2020). In turn, proteases are usually needed to 

facilitate fungal entry into host tissues, and also play an important role in pathogen virulence 

during the entire infection cycle (Hueck, 1998; Figaj et al., 2019). In this experiment, as expected, 

the highest proteolytic activity was observed in O. novo-ulmi. This feature may give the pathogen 

an advantage over other fungi by enabling it to rapidly colonize elm xylem tissue. YCB36 also 

showed positive protease activity that could facilitate plant colonization and also affect O. novo-

ulmi growth (Zhang et al., 2012). 

Emission of antimicrobial VOCs by YCB36 may be another reason for the reduction in O. novo-

ulmi growth. Several endophytic fungi have been reported to emit VOCs to establish a 

communicative interaction with their surroundings (Farre-Armengol et al., 2016; Roy and 

Banerjee, 2019). These molecules could have a potential role against fungal diseases due to their 

antimicrobial effects (Ezra et al., 2004; Chen et al., 2018; Wonglom et al., 2020) and/or ability to 

induce expression of defence genes in plants (Malmierca et al., 2012; Naznin et al., 2014; 

Pieterse et al., 2014). YCB36 showed the ability to reduce O. novo-ulmi growth when grown in 

the VOCs assay, probably through emission of volatile antibiotic molecules commonly attributed 

to terpenes, alcohols, and carboxylic acids (Zhang et al., 2014).  Chitinase, antifungal metabolites 

and VOC emission by YCB36 could have a negative influence on O. novo-ulmi development in 

plant tissues and may have contributed to the reduced DED symptoms observed in YCB36- 

inoculated trees. Furthermore, a high nutritional niche overlap was observed between O. novo-

ulmi and YCB36 in the nutrient utilization assay. Contrary to the results obtained by Blumenstein 

et al. (2015) with other elm endophytes, O. novo-ulmi and YCB36 showed the same range of 

metabolized carbon substrates, indicating a high nutritional niche overlap that could result in 

competitive interaction between endophyte and pathogen in planta. However, unlike YCB36, O. 

novo-ulmi is able to grow in the presence of certain inhibitory substances such as gallic acid and 

thymol, which could reflect its greater ability to cope with plant defensive metabolites.  

Additionally, both O. novo-ulmi and YCB36 (in particular) displayed the ability to produce 

siderophores. Microorganisms use siderophores to obtain iron from the environment. In 

pathogenic interactions, they enable iron acquisition from host proteins and have an essential 

role in virulence of several plant pathogens (Oide et al., 2006; Chen et al., 2013; Albarouki et al., 

2014). In mutualistic symbiotic relationships between plants and fungi, siderophores produced 

by the fungal symbiont facilitate plant access to natural insoluble iron found in soil, improving 

plant growth (Grobelak and Hiller, 2017). Many studies have also described the role of 

siderophores as stimulators of plant immunity (Buysens et al., 1996), in particular as activators 
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of induced systemic resistance (ISR) (Beneduzi et al., 2012; Aznar and Dellagi, 2015), because 

they can be recognized as microbe-associated molecular patterns (MAMPs). Microbial gene-

knockout on siderophore emission revealed the importance of these molecules for ISR elicitation 

(De Vleesschauwer et al., 2008).  

 

4.3 Endophyte establishment and persistence in host tissues 

In the in vivo experiment, endophyte inoculations were performed for the first time on elm trees 

using the BITE® endotherapy device. Fungal DNA amplification of E+O- wood samples confirmed 

the success of the inoculation system, with inoculated trees showing higher P5, YM11 or YCB36 

fungal presence than in non-inoculated trees (Fig. 5A, B). Nevertheless, the increased presence 

of these endophytes led to reduced symptoms after O. novo-ulmi inoculation only in YCB36- 

inoculated trees (Fig. 3C). YCB36 showed a higher plant colonization rate than P5 and YM11 (Fig. 

5A, B), possibly enhanced by its high protease activity. In the long run (one year after 

inoculation), however, the presence of YCB36 in plant tissue was markedly reduced (Fig. 5B), 

and the YCB36 isolate no longer exerted a protective effect (Fig. 3C), similar to what occurs in 

preventive inoculations with Verticillium albo-atrum in Ulmus sp. (Postma and Goossen-van de 

Geijn, 2016). In our case, despite the use of local elm endophytes, the elm fungal endobiome 

was resilient enough to reduce the presence of the artificially inoculated endophytes. This 

corroborates the assumption that the microbiome tends to be resistant and resilient to 

disturbances in community structure and has a composition that is very difficult to alter (Toju et 

al., 2018). The strength of microbiome communities seems to arise from pioneering fungi 

colonizing the seed or the plant at early plant developmental stages, when they are able to use 

space and resources and limit or slow down the establishment of later colonizers (Fukami et al., 

2015, Wei et al., 2015;). Therefore, managing the microbiome at early developmental stages, 

i.e. before or during seed germination, using the targeted endophytes as early colonizers may 

be a worthwhile strategy for future experiments.  

 

4.4 Effects of YCB36 inoculation on tree physiology and defence metabolism 

Interestingly, YCB36- inoculated trees (E+O-) showed increased leaf stomatal conductance (Fig. 

4B), suggesting that this endophyte has the ability to modulate plant physiological functions. 

Several studies have highlighted the considerable influence of microbial symbionts on host 

water relations (Rho and Kim, 2017, and references therein). Stomatal conductance is positively 

related to photosynthetic CO2 uptake and, consequently, primary metabolism, which is involved 
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in plant fitness and defence capability (Rosa et al., 2009). In this assay, no significant 

modifications in non-structural carbohydrates were observed, although we noticed a higher 

level of secondary metabolites (flavonoids and total phenolic content) in YCB36-inoculated trees 

than in non-inoculated trees (Fig. 6C, D). Phenolic compounds are widely distributed in plants 

and play key roles in metabolic and physiological processes (Boudet, 2007). These molecules 

also have antioxidant properties (Huang et al., 2007) that can ameliorate plant performance 

under stress conditions (Daayf et al., 2012; Cheynier et al., 2013; Mishra et al., 2018). Several 

studies have demonstrated increased synthesis of flavonoids and phenols in plants colonized by 

symbiotic microorganisms (Qawasmeh et al., 2012; Dupont et al., 2015). White et al. (2010) 

defended the hypothesis that enhanced production of antioxidants in endophyte-inoculated 

plants may be due to the plant response to endophyte-produced reactive oxygen species (ROS). 

Increased phenolic metabolites can also contribute to enhanced tree resistance to O. novo-ulmi 

in YCB36-inoculated trees, as reported in other elm studies (Witzell and Martín, 2008; Li et al., 

2016). Moreover, accumulation of phenolic compounds may be linked to ISR activation. As 

described earlier, elm defence response could be triggered by YCB36 MAMPs, such as 

siderophores and VOCs. ISR activation is often regulated by a jasmonic/ethylene-dependent 

signalling pathway, and culminates with synthesis of pathogenesis-related proteins (PR 

proteins), synthesis of phytoalexins or, as observed in the YCB36-inoculated plants, 

accumulation of phenolic compounds (Conrath at al., 2002). Proline content reduction in YCB36-

inoculated trees may also indicate reduced tree stress. Lower proline levels have been described 

in various beneficial plant-microbe interactions, sometimes associated with better nutritional 

status and fitness and lower stress levels (Verslues and Sharma, 2010; Martínez-Arias et al., 

2020). 

Three different mechanisms may have contributed to the reduction in DED symptomatology in 

YCB36- inoculated trees: i) induction of plant resistance mechanisms that indirectly inhibit O. 

novo-ulmi development (ISR activation and phenolic accumulation); ii) O. novo-ulmi niche 

displacement by YCB36 due to nutritional overlap; and iii) direct inhibition of O. novo-ulmi by 

YCB36 through chitinase, antifungal metabolites, and VOC emissions. These mechanisms could 

act independently or synergistically. Examples include the symbiotic bacteria Pseudomonas 

aeruginosa, which is able to trigger ISR either through siderophore (Audenaert et al., 2002) or 

volatile emission (Ryu et al., 2004), and the Trichoderma biocontrol fungi, which have been 

shown to activate defence genes through VOC emission and inhibit pathogen growth by 

interacting with hydrolytic enzymes (Malmierca et al., 2012).  
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5. Conclusions 

Our study provides new evidence for the role of fungal endophytes as alleviators of pathogen 

damages and for the mechanisms underlying this activity. YCB36, the endophytic fungus with 

highest antibiotic, protease, chitinase and siderophore activities in in vitro tests, significantly 

reduced DED symptomatology in the field test. Therefore, this endophyte is expected to be a 

promising candidate for development into a biological control agent to prevent or reduce DED 

damages. In contrast, although both endophytic yeasts were successfully established in elm 

stems after artificial inoculation into adult trees, neither P5 nor YM11 isolates alleviated wilting 

symptoms.  

Further studies are needed to improve future field applications of YCB36 in elm trees. Because 

we observed a reduced YCB36 load one year after its application, annual or more frequent 

applications of the target endophyte could be necessary. Inoculation of YCB36 into elm seeds or 

in early developmental stages of vegetative reproductive materials (e.g., in vitro-propagated 

plants) could be another interesting strategy for producing plants colonized by the beneficial 

endophyte, since early plant colonizers have the advantage of using the space and resources 

earlier than subsequent competitors (priority effects). Moreover, similarly to the strategy 

followed by Miller et al. (2008), Tellenbach et al. (2013) or McMullin et al. (2018) for 

Phialocephala sp. endophytes, further information about the antibiotic molecules released by 

YCB36 in vitro is required to understand a mechanistic basis of YCB36 activity against DED. 

Additionally, more efficient protocols, including different inoculum densities and other 

inoculation methods, need to be examined to optimize treatments. Other elm clones and 

environmental conditions should be tested to validate the results, because previous research 

demonstrated the significance of these variables in the stability of tree protection against DED 

that some endophytes confer (Martín et al., 2015). Also, high-throughput methods for conidia 

production need to be examined to obtain mass quantities of cells, as conidia are the most 

resilient and suitable cell type used in formulations for biocontrol treatments (Mancera-López 

et al., 2019). Future experiments must be specifically planned to plan future large-scale 

application strategies.  
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Fig. S1: Experimental procedure. First, a fungal cell suspension was inoculated into the vascular system at 

the trunk base using an endotherapy device. O. novo-ulmi inoculations were performed 15 days later using 

a spore suspension following traditional inoculation methods for DED. Four treatments were applied for 

each endophyte combination (P5+YM11 or YCB36): E+O-: endophyte-inoculated plants without O. novo-

ulmi inoculation, E-O+: O. novo-ulmi-inoculated plants without previous endophyte inoculation, E+ O+: 

endophyte and O. novo-ulmi-inoculated plants, and E-O-: non-inoculated plants (neither endophyte nor 

O. novo-ulmi). Leaf wilting was evaluated in each tree at 30, 60, 120 days post (pathogen) inoculation (dpi) 

and 1 year post-inoculation (ypi) by three independent assessors. At 75 dpi a wood sample was cored with 

an increment borer (N=3) at 5 and 50 cm above the inoculation point for biochemical and fungal 

quantification measures. SS = soluble sugars. 
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Fig. S2: In vitro interactions between O. novo-ulmi and fungal endophytes. (A) O. novo-ulmi growth when 

confronted with fungal endophytes in dual culture assays; (B) O. novo-ulmi growth when confronted with 

fungal endophytes in petri dishes to evaluate the effect of endophyte volatile substances (VOCs) emission; 

(C) O. novo-ulmi growth in endophyte liquid filtrates in 96-well microplates. In (C) O. novo-ulmi growth is 

measured by optical density (OD). Asterisks indicate statistically significant differences to the control 

treatment according to Fisher’s post-hoc test (P<0.05). Dual culture and VOC assay illustrations (D). In the 

dual culture, O. novo-ulmi (white colony at the left side of the plate) is confronted with fungal endophytes 

(YCB36, P5 and YM11) (right side of the plate) at day 12. The VOCs assay shows the results of O. novo-ulmi 

growth in the presence of endophytes in confronted plates at day 10. The scale bar below each petri dish 

indicates a length of 1 cm.  
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Fig. S3: Protease and chitinase activities and siderophore production in in vitro assays performed by fungal 

endophytes and pathogen at day 20. Dotted red line delimits colony diameter; dotted yellow line delimits 

clear halo diameter. Chitinase activity and siderophore production were negative (NA) for endophytes P5 

and YM11. The scale bar below each petri dish indicates a length of 1 cm. 
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Abstract 

Long-lived trees benefit from fungal symbiotic interactions in the adaptation to constantly 

changing environments. Previous studies revealed a core fungal endobiome in Ulmus minor 

which has been suggested to play a critical role in plant functioning. Here, we hypothesized that 

these core endophytes are involved in abiotic stress tolerance. To test this hypothesis, two core 

endophytes (Cystobasidiales and Chaetothyriales) were inoculated into in vitro U. minor 

plantlets, which were further subjected to drought. Given that elm genotypes resistant to Dutch 

elm disease (DED) tend to show higher abiotic stress tolerance than susceptible ones, we tested 

the endophyte effect on two DED-resistant and two DED-susceptible genotypes. Drought stress 

was moderate; endophyte presence attenuated stomata closure in response to drought in one 

genotype but this stress did not affect plant survival. In comparison, long-term in-vitro culture 

proved stressful to mock-inoculated plants, especially in DED-susceptible genotypes. 

Interestingly, no endophyte-inoculated plant died during the experiment, as compared to high 

mortality in mock-inoculated plants. In surviving plants, endophyte presence stimulated root 

and shoot growth, photosynthetic rates, antioxidant activity and molecular changes involving 

auxin-signaling. These changes and the observed endophyte stability in elm tissues throughout 

the experiment suggest endophytes are potential tools to improve survival and stress tolerance 

of DED-resistant elms in elm restoration programs. 

Keywords: abiotic stress, antioxidant enzymes, auxin, beneficial interactions.  
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1. Introduction 

Mutualistic associations between plants and microorganisms are ancient symbioses in which 

many plants depend on the microorganism for resource acquisition and defense. Per se, 

microorganisms are often able to tolerate extreme environments and can evolve fast in 

response to environmental changes. Therefore, evolutionary interactions between plants and 

microorganisms have provided plants with higher phenotypic plasticity (Vandenkoornhuyse et 

al., 2015; Gehring et al., 2017) and increased potential for adaptation to changing environments 

(Zilber-Rosenberg and Rosenberg, 2008; Suryanarayanan and Shaanker, 2021). Plant-microbe 

research has mainly focused on the study of rhizosphere microorganisms, such as plant-growth-

promoting rhizobacteria (Vacheron et al., 2013) or mycorrhizal fungi (Gehring et al., 2017), while 

the endosphere microbiome has received substantially less attention (Aly et al., 2011; Compant 

et al., 2020). However, growing interest in endophytic microbiome is starting to unveil their 

contribution to plant fitness. Several studies have revealed the ability of endophytic fungi to 

enhance plant stress resistance in agronomical and forest species (Rodríguez et al., 2009; 

Romeralo et al., 2015; Jaber, 2018; Lata et al., 2018; Domka et al., 2019; Martínez-Arias et al., 

2019). Plant physiological and molecular modifications provided by fungal endophytes can be 

especially important for long-lived trees, which must cope with extremely variable 

environmental conditions (Vandenkoornhuyse et al., 2015; Terhonen et al., 2019; Martínez-

Arias et al., 2020).  

Increased drought can be one of the main consequences of climate change in the Mediterranean 

area (Lindner et al., 2010) and can critically affect plant survival (Allen et al., 2010). As plants 

desiccate, they develop a series of mechanisms to minimize water loss (e.g. via leaf stomata 

closure), maximize water uptake (e.g. via increased root carbon investment), and tolerate 

desiccation (e.g. via osmotic adjustment, regulation of energy absorption and dissipation, and 

activation of the antioxidant system) (e.g. Chaves et al., 2003). These changes compromise 

carbon gain, nutrient uptake and growth; however, they increase survival probability. 

Understanding the extent to which these “intrinsic” plant drought-resistance mechanisms are 

related to symbiotic associations with fungal endophytes can help in the production of plants 

with enhanced ability to cope with abiotic stresses (Lau et al., 2017). 

Some fungal endophytes enhance plant growth (Bae et al., 2009; Sun et al., 2010), probably due 

to their ability to synthesize phytohormones such as auxins or gibberellins (Khan et al., 2012; 

Waqas et al., 2012; Sukumar et al., 2013; Etesami et al., 2015), or their contribution to an 

efficient nutrient uptake (Almario et al., 2017; Xu et al., 2020). For example, auxin production 

by fungal symbionts can modify root architecture by increasing root hairs and lateral roots, 
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enhance water absorption, and improve plant growth and survival, particularly under stress 

conditions (Sukumar et al., 2013). The positive effects of endophytes on plant growth are also 

noticeable under drought conditions (Redman et al., 2011; Khan et al., 2012; Azad and Kaminskyj 

et al., 2016; Dastogeer 2018b). Photosynthesis stimulation by endophytes during drought can 

promote plant growth and survival (Ghabooli et al., 2013; Wu et al., 2019). Moreover, the higher 

phosphate and nitrogen acquisition (Richardson et al., 2009), the higher carbon sink strength 

caused by carbon consumption by the symbiont (Mortimer et al., 2008; Kaschuk et al., 2010; 

Rozpadek et al., 2019), and the increased availability of osmotically active solutes (Nagabhyru et 

al., 2013) in endophyte-colonized plants can additionally increase plant performance during 

stressful situations. Sometimes, the increase in photosynthesis is proportionally higher than the 

increase in stomatal conductance or transpiration and, therefore, symbiotic plants exhibit 

comparatively higher water use efficiency (Augé et al., 2015). Furthermore, the endophyte-host 

system is able to increase the antioxidant capacity, triggered by the reactive oxygen species 

(ROS) produced during the establishment of the symbiotic interaction (Baltruschat et al., 2008; 

Nanda et al., 2010; White and Torres, 2010). Thus, a more active antioxidant system can enable 

endophyte-colonized plants to cope with the oxidative stress produced by drought (Sun et al., 

2010; Hamilton et al., 2012).  

Microbial community manipulation strategies offer an environmentally friendly opportunity to 

improve plant performance in stressful environments (Compant et al., 2019). In recent years, a 

huge variety of beneficial microorganisms have been described as biological control agents, e.g. 

Piriformospora indica or Trichoderma sp. (Bae et al., 2009; del Barrio-Duque et al., 2019), or as 

plant growth promoters, e.g. Rhodotorula spp. (Silambarasan et al., 2019). Plant microbial 

communities tend to stabilize over time and become more resilient to external manipulation, 

hindering the use of exogenous endophytes in biocontrol during plant adult stages (Martín et 

al., 2015a; Thomas and Sekhar, 2016). It has been proven that fungal species that colonize the 

plant during early developmental stages have advantages over the subsequent colonizers due 

to priority effects (Toju et al., 2018; Carlström et al., 2019). These early colonizers exert physical 

or antibiotic barriers against competitors or alter the plant immune response to inhibit 

colonization by subsequent microbial colonizers (Wei et al., 2015). Therefore, the incorporation 

of potentially beneficial microbial assemblages during early plant developmental stages is an 

interesting strategy to ensure microbial permanence and the associated desired microbial 

functions in the plant over the long run (Quiring et al., 2019). 

During the last century, European Ulmus minor Mill. stands suffered the devastating effect of 

Dutch elm disease (DED), a vascular wilt disease currently caused by the ascomycete 
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Ophiostoma novo-ulmi, which spreads within xylem vessels and induces their blockage and 

embolism (Brasier and Buck, 2001; Martín et al., 2019). Major efforts have been invested in 

recent years to find resistant U. minor genotypes (Martín et al., 2015b) and elucidate DED 

resistance mechanisms. For instance, elm genotypes showing higher hydraulic efficiency vs 

hydraulic safety tend to be more susceptible to DED (Pita et al., 2018; Martín et al., 2020), 

although other works have not supported such relation (Venturas et al., 2013). Differences in 

fungal communities between resistant and susceptible genotypes have been also investigated 

(Martín et al., 2013a). Recent research has determined that a group of fungi are extensive 

colonizers of elm stem tissues and are ubiquitous in different U. minor genotypes and 

populations (therefore considered as part of the core mycobiome), with the abundance of some 

of these fungi being associated with the degree of host resistance to DED (Macaya-Sanz et al., 

2020). Two representatives of these core endophytes associated with the level of host resistance 

to DED, a species from the genus Cystobasidium and a strain within Chaetothyriales, were 

isolated and characterized in in vitro and in vivo studies (Martínez-Arias et al., 2021). They can 

be classified within the groups of plant growth-promoting yeasts (Joubert and Doty, 2018) and 

dark septate endophytes (DSE) (Andrade-Linares and Franken, 2013; Li et al., 2018), respectively. 

Members of both groups can stimulate plant growth and/or reduce biotic or abiotic damages 

(Punja and Utkhede, 2003; Kandel et al., 2017; de Tenorio et al., 2019). The objectives of this 

work were: i) to evaluate the colonization ability of the two selected endophytes in DED-

resistant and DED-susceptible U. minor genotypes through artificial inoculation, ii) to assess how 

the endophyte inoculation affects plant performance under drought and non-drought 

conditions, using an in vitro culture system, and iii) to ascertain if there is a relation between 

genotype tolerance to abiotic stress and to DED. We hypothesized i) a higher degree of plant 

colonization by these endophytes in DED-resistant genotypes, as observed in resistant adult 

elms; ii) a beneficial role of the endophytes on performance of both DED-susceptible and DED-

resistant genotypes; and iii) lower tolerance to abiotic stress of DED-susceptible genotypes, as 

suggested in previous works.   

2. Materials and methods 

2.1. Plant material 

Four U. minor genotypes from Spain with contrasting levels of susceptibility to DED were in vitro 

micropropagated for the experiment to obtain clonal replicates for each genotype: MDV1, 

TOAL1, MDV5 and VAD2. According to previous susceptibility tests performed by the Spanish 

elm breeding program, the genotypes MDV1 (from Dehesa de la Villa, Madrid) and TOAL1 

(Algodor, Toledo) were classified as highly susceptible (i.e. >75% of the crown showing leaf 
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wilting 60 days after inoculation with O. novo-ulmi), while the genotypes MDV5 (Dehesa de la 

Villa, Madrid) and VAD2 (Ademúz, Valencia) were classified as resistant (i.e. <20% of leaf wilting) 

(Martín et al., 2015b).   

For in vitro clonal plant production, buds from adult trees were in vitro micropropagated under 

axenic conditions. First, buds were sterilized with 70% ethanol for 3 min followed by 10 min 

incubation in 1.5% sodium hypochlorite, and finally rinsed three times in distilled sterilized 

water. Then, buds were cultured in DKW basal medium (Driver and Kuniyuki, 1984) with 2.5 µM 

cytokinin-like growth-regulating hormone (benzyl-6-amino purine) to stimulate the production 

of aerial organs. Aerial explants were transferred to an in vitro pot with DKW basal medium 

supplemented with 1.3 µM auxin-like growth-regulating hormone (indole-3-butyric acid) to 

promote differentiation of root tissue. The pH of the media was adjusted to 5.7 before adding 

the agar (8 g l-1) and cultures were kept in the growth chamber at 25oC with 16 h photoperiod 

using fluorescent white light. One month later, once the plants were completely developed (i.e. 

with roots, stems and 4-6 leaves fully expanded), they were transferred to the experimental 

system (see below).  

 

2.2. Fungal inoculum preparation 

Two fungal endophytes isolated from elm twigs and named as YM11 and P5 were selected for 

the study. These fungi were isolated in 2014 from two healthy U. minor genotypes resistant to 

DED (Martín et al., 2015a), growing in a conservation plot of “Puerta de Hierro” Forest Breeding 

Center (Madrid, Spain). After initial isolation on 3% malt extract agar, plugs from the fungal 

colonies were conserved in sterile distilled water at 4oC in the dark. Endophytes were identified 

by extracting fungal DNA and amplifying the whole internal transcribed spacer (ITS) and the 

Large subunit of the rRNA (LSU) by Polymerase Chain Reaction (PCR) (Martínez-Arias et al., 

2021). According to ITS and LSU, the strain YM11 was identified as a probable undescribed 

species within the order Chaetothyriales, with Exophiala spp. or Knufia spp. being the most 

probable genera (Martínez-Arias et al., 2021). Moreover, YM11 is a yeast-like growing fungi 

belonging to the dark septate endophyte.  P5 is a pink yeast endophyte belonging to the class 

Cystobasidiomycetes (Cystobasidiales, Cystobasidiaceae, Cystobasidium sp.). Genbank 

accession numbers of ITS and LSU for YM11 and P5 are indicated in Martínez-Arias et al., (2021). 

The strains were deposited in the Spanish Type Culture Collection (CECT) under the codes CECT 

13193 and CECT 13192, respectively. Two months before the experiment, plugs of YM11 and P5 

from the fungal collection were sub-cultured in 3.5% yeast extract agar (YEA) in the darkness at 

22oC. The colonies were subcultured every 15 days onto freshly YEA petri dishes.  



Stem endophytes increase root development, photosynthesis, and survival of elm plantlets 

94 
 

To obtain the inoculum, a liquid suspension of budding cells of P5 and a mixture of hyphal 

fragments and budding cells of YM11 were prepared using 10 days-old colonies growing in YEA. 

P5 yeast cells were easily dragged from the agar using a sterile spatula and suspended in sterile 

distilled water. YM11 formed a colony of dense and hard agglomerated budding cells mixed with 

hyphal cells. Thus, we used an all-glass tissue homogenizer to obtain a suspension of fungal 

propagules of 1-4 cells. Aqueous suspensions of yeast cells and mycelial fragments were 

adjusted using a hemocytometer to obtain a final inoculum concentration of 8 x 107 cells mL-1 

for the mixture of P5 and YM11 (4 x 107 cells mL-1 of each fungus). 

 

2.3. Experimental design 

2.3.1. In vitro experimental system 

The experiment comprised 80 in vitro plants, i.e. 20 clonal plants per genotype. Sterile conditions 

were maintained during the whole experiment to avoid foreign fungal or bacterial 

contaminations. To get sterile conditions, each plant was individually cultivated in a 900-mL 

transparent glass pot, with an air filtering system incorporated to the lid to prevent air 

contaminations (Fig. 1). This system consisted of two 0.22-µm air filters (SE-F50, Setis, Zelzate, 

Belgium), one connected to an inlet tube introducing air inside the pot and the other to an outlet 

tube allowing air exit. An air pump was connected to the income air filtering system to ensure 

ventilation and facilitate drought progression (Fig. 1). To minimize the appearance of soil 

infections the substrate was autoclave-sterilized twice at 134oC for 50 min. The substrate for 

each plant consisted of a mixture of 30 g of peat commercial substrate (Kekkila®, Vantaa, 

Finland) and perlite (30 %). In each pot, 105 mL of sterile distilled water were added to reach 

substrate field capacity (i.e. the maximum amount of water held by the soil) and favor plant 

establishment in the pots. Water volume to reach substrate field capacity (Wwater) was estimated 

by irrigating 6 substrate samples to water saturation, letting the excess water drain for 3 days 

(WFC) and then subtracting the dry weight of the substrate (Wsoil; 30 g): Wwater = WFC - Wsoil. Plants 

were grown in a chamber at 25/20oC day/night temperatures, with a 16 h photoperiod. White 

light was provided by fluorescent lamps. Photosynthetic photon flux density at the top of the 

pots was 50 mol m-2 s-1. 
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Fig. 1 Diagram of the experimental design. (A) Description of the in vitro culture system used. Briefly, each 
plant was individually cultivated in a 900-mL transparent glass pot, with an air filtering system 
incorporated to the lid to prevent air contaminations. One of the air filters was connected to an inlet tube 
introducing filtered air inside the pot and the other to an outlet tube allowing air exit. An air pump was 
connected to the income air filtering system to ensure ventilation and facilitate drought progression. (B) 
Inoculation of the endophyte mixture of P5 and YM11 and drought application with its respective control 
treatments indicating the number of replicates per treatment and genotype. Final treatments: CC, mock-
inoculated plants well-watered during the whole experiment; CD, mock-inoculated plants subjected to 
drought after 10th week; EC, endophyte-inoculated, well-watered plants; and ED, endophyte-inoculated 
plants subjected to drought after 10th week. The endophytes inoculated (a mixture of YM11 and P5) are 
represented as black and red circles in the diagram.  

2.3.2. Endophyte inoculations 

Inoculations with the endophyte mixture (E plants, n=40, i.e. 10 clonal plants per genotype, Fig. 

1) were performed at the moment of transferring the plants from the rooting media to the 

experimental system, following the root inoculation method designed by Martín et al. (2019) for 

O. novo-ulmi blastospores inoculation. First, the root system of the plant was immersed in the 

endophyte cell suspension. Then, to facilitate inoculum entry into the plant vascular system, all 

fine roots were grouped together, and a single cut was made at their end with sterilized scissors. 

Roots were maintained inside the fungal cell suspension for 1 min and then transferred to the 

pot containing the autoclaved substrate. The same procedure was applied to control plants (C 

plants, n=40, i.e. 10 clonal plants per genotype, Fig. 1), but in this case using sterile distilled 
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water instead of the fungal suspension. Plants were assigned to C or E treatments randomly and 

were distributed randomly inside the growing chamber. 

2.3.3. Drought application 

Drought application (D) started 10 weeks after allowing plant establishment in the experimental 

system. Half of the C and E plants were used for the drought treatment (CD and ED treatments, 

n=20 with 5 plants/genotype in each treatment, Fig. 1) and the other half remained as controls 

(CC and EC treatments, n=20 with 5 plants/genotype in each treatment, Fig. 1). Plants were 

assigned to C or D treatments randomly and distributed randomly inside the growing chamber. 

The randomized organization was modified 8 times until the end of the experiment. Pot weight 

of each plant at field capacity was measured (pot + soil + water + plant), and soil relative water 

content (SRWC) calculated at different times as SRWC = (Wx - Wsoil / WFC - Wsoil), being Wx the 

current weight of pots. When SRWC reached ~80%, control plants (CC and EC plants) were 

irrigated, and SRWC was maintained between 80-100% until the end of the experiment (Fig. S1). 

Meanwhile, drought plants (CD and ED plants) were not watered until SRWC was 50% (20th 

week). Then, a moderate drought stress level was maintained by keeping SRWC between 50-

60% until the end of the experiment (30th week), when all living plants were taken out of the 

pots and measured, or processed and stored at -80 oC pending further analyses. Irrigation 

consisted of adding the necessary amount of water to achieve the target SRWC. To avoid 

external microbial contaminations, pots were opened in a laminar flow hood and watered with 

sterile distilled water. At week 24, all plants were fertilized with 10 mL of commercial NPK sterile 

solution (20:20:20, nitrogen: phosphate: potassium). Plant deaths were annotated every week 

to perform a survival analysis. 

 

2.4. Leaf gas exchange, chlorophyll fluorescence and chlorophyll content 

Measurements were made at the end of the experiment immediately after taking the plant out 

of the pot on every surviving plant (Table S1). Leaf gas exchange and chlorophyll fluorescence 

were measured in a fully expanded leaf using a LI-6400XT portable system (Li-Cor Inc., Lincoln, 

NE, USA) connected to a 2-cm2 chamber with a LED light source and a PAM fluorometer (6400-

40). Chamber conditions were adjusted to 100 µmol m-2 s-1 photon flux density (PFD), 400 ppm 

air CO2 concentration, and 25 oC air temperature. After recording gas exchange, chlorophyll 

fluorescence was measured in the same leaf to estimate the quantum yield of photosystem II 

(PSII), the photochemical quenching (qP), the quantum yield of open photosystem II centers 

(F’v/F’m) and the electron transport rate (ETR = 0.5∙0.84∙PSII∙PFD), according to Maxwell and 

Johnson (2000).  
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Chlorophyll content was quantified by measuring three intact leaves per plant using a Minolta 

SPAD 502 meter (Spectrum Technologies, Aurora, IL, USA).  

 

2.5. Root measurements 

Root parameters were measured at the end of the experiment on every surviving plant (Table 

S1) using the WinRhizo root scanning system (Régent instruments Inc., Canada). First, the root 

system was conscientiously washed to remove soil particles. Then, roots were scanned using a 

root-scanning equipment and analyzed with the WinRhizo software. The parameters total root 

length (RL), total root surface area (RSA) and root average diameter (RAD) were recorded. 

Afterwards, a portion of the root system was weighed in fresh, then oven dried at 75oC for 2 

days, and weighed again. Another root portion was fresh-weighed and collected for RNA and 

protein extractions. The specific root length (SRL) was estimated by dividing the root length by 

the root dry weight (DWR) of the whole root system, including the estimated dry weight of the 

root portion sampled for RNA and protein extractions, based on the fresh to dry weight ratio of 

the non-sampled material. 

 

2.6. Biomass partitioning among plant organs  

Stem diameter and plant height were measured in every surviving plant (Table S1). Then, the 

leaf mass fraction (LMF; g leaf g-1 plant), stem mass fraction (SMF; g stem g-1 plant), root mass 

fraction (RMF; g root g-1 plant), and leaf area ratio (LAR; cm2 leaf g-1 plant) were calculated for 

each plant. These variables were calculated using oven-dry (75oC for 2 days) weights. Fresh 

weight of the stem and root material sampled for DNA, RNA and/or protein extractions was 

determined and dry weight was estimated using the fresh to dry weight ratio of the non-sampled 

material. Leaves were scanned before drying them using the image analysis software Winfolia 

(Régent instruments Inc., Canada).   

 

2.7. In planta endophyte quantifications 

To quantify the success of the inoculation system, a 2-cm-length stem segment was cut at 2 cm 

from the stem base of each surviving plant (Table S1) and immediately frozen in liquid N2. The 

stem material was ground to a fine powder using a ball mill (Mixer mill MM 400, Retsch GmbH, 

Haan, Germany) and DNA was extracted using the plant/fungi DNA isolation kit from Norgen 

(Norgen Biotek Corp., ON, Canada), with high yield and quality scores. Primer sequences were 

designed within the ITS region of ribosomal DNA of each endophyte by Sanger sequencing and 

using Primer3 Version 0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/primer3/). The selected primer 

pairs were set as follows: the primer pair for P5 isolate (forward primer: 5’-

http://bioinfo.ut.ee/primer3-0.4.0/primer3/
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CAACGGATCTCTTGGCTCTC-3’/ reverse primer: 5’-AACAGACATACTCTTCGGAATACC-3’) created a 

136 base-pair (bp) product and the primer pair for YM11 (forward primer: 5’- 

AGGAACTGGCCTCAAAGACA-3’/ reverse primer: 5’- TCCTACCTGATCCGAGGTCA -3’) created a 

142 bp product. Fungal DNA was standardized per quantity of plant DNA by amplifying a 

fragment of the U. minor ITS region (ITS-Ulmi) (forward primer: 5’-

ATATGTCAAAACGACTCTCGGCAAC-3’/ reverse primer: 5’-AACTTGCGTTCAAAGACTCGATGGT-3’). 

Quantifications of fungal DNA were performed independently for each fungus using SSoFast 

EvaGreen® Supermix (Bio-rad laboratories, CA, USA) in a CFX96 real-time PCR detection system 

thermocycler (Bio-rad laboratories, CA, USA).  In triplicate, reactions contained 2 μl of sample 

DNA and 8 μl of master mix. Following a first denaturation step at 95 °C for 30 s, 40 cycles were 

performed at 95 °C for 5 s and 60 °C for 30 s. Each quantification plate contained a standard 

curve with fungal DNA for the ITS fungal primer pair (0.5, 0.05, 0.005 and 0.0005 ng of fungal 

DNA) and another with plant DNA for the ITS-Ulmi primer pair (50, 10, 2 and 0.4 ng of plant 

DNA). The logarithm of the starting quantity of DNA and the value of the cycle threshold (Ct) 

obtained for each DNA quantity had a linear relationship that allowed us to obtain a regression 

equation between both variables for plant and fungal DNA. Moreover, each plate contained two 

replicates of each sample, one for the amplification of the specific fungal ITS, and the other one 

for the amplification of ITS-Ulmi. Therefore, the Ct value obtained in each sample for fungal ITS 

and U. minor ITS allowed us to determine the quantity of fungal DNA and plant DNA. The results 

of the quantification were expressed as quantity of fungal DNA (ng) relative to quantity of plant 

DNA (ng).  

 

2.8. Gene expression analysis 

The expression of two genes related to the auxin signaling pathway was analyzed by quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) in root tissues of CC and EC plants 

from resistant genotypes MDV5 and VAD2 (see replicate number in Table S1). No gene 

expression analyses were performed on susceptible genotypes due to several plant deaths and 

insufficient plant replicates. We selected two genes of the auxin-activated signaling pathway 

identified in previous U. minor transcriptome analysis (Perdiguero et al., 2015);a representative 

of an “auxin-induced protein” involved in the auxin-signaling pathway (5NG4) and an “auxin 

response factor 9-like” that codifies for a transcription factor involved in the auxin-activated 

signaling pathway (ARF9). Ulmus minor 5NG4 and ARF9 show homology with the Arabidopsis 

thaliana loci AT4G08300 and AT4G23980, respectively. The frozen root material of each 

available biological replicate was ground to a fine powder using a ball mill (Mixer mill MM 400, 

Retsch GmbH, Haan, Germany). Approximately 100 mg of root material was used for RNA 
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extraction using a plant RNA isolation kit from Norgen (Norgen Biotek Corp., ON, Canada). First-

strand cDNA was synthesized from 1 µg total RNA from each sample using PowerScriptIII reverse 

transcriptase (Invitrogen) according to the manufacturer instructions. Primer pairs of the 

selected genes were designed according to sequences identified in the previous U. minor 

transcriptome analysis (Perdiguero et al., 2015). The selected primer pairs were set as follows: 

the primer pair for 5NG4 (forward primer: 5’-GACTCGGCGGTGGAATTTTG-3’/ reverse primer: 5’- 

CCGGAGCAATGGTGATGACT-3’) created a 91 base-pair (bp) product and the primer pair for ARF9 

(forward primer: 5’- CCCATTTGTTCAGTGGTCGAA-3’/ reverse primer: 5’- 

TGTGGACTTGACCGTGTTGA-3’) created a 98 bp product. Quantitative RT-PCRs were performed 

using the SSoFast EvaGreen® Supermix (Bio-rad laboratories, CA, USA) in a CFX96 real-time PCR 

detection system thermocycler (Bio-rad laboratories, CA, USA). Reactions contained 2x 

EvaGreen Supermix, 12.5 ng cDNA and 1 µl of 5 µM of primers, and were subjected to the 

following standard thermal profile: 95 °C for 3 min, 40 cycles of 95 °C for 10 s, and 60 °C for 10 

s. Three technical replicates were processed for each PCR run. To compare the data from 

different PCR runs or cDNA samples, the mean of the threshold cycle (Ct) values of the three 

technical replicates was normalized to the mean Ct value of Ri18S (18S ribosomal RNA, 

housekeeping gene from U. minor). The ΔΔCt method was used to obtain expression ratios.  

 

2.9. Antioxidant enzyme activities 

Protein extracts were prepared from 0.3 g of stem and root frozen powder material from 

genotypes VAD2 and MDV5 by using 1 mL of extraction buffer solution. This solution was 

prepared using 30 mM MOPS at pH 7.5, 5 mM Na2-EDTA, 10 mM DTT, 10 mM ascorbic acid and 

0.6% PVP, and supplemented in fresh with 100 mM PMSF. For each treatment and genotype, 30 

mg of each biological replicate were pooled to obtain a higher protein concentration, thus 

allowing its detection and quantification. The pooled powdered material was mixed with the 

extraction buffer and insoluble PVPP using a tissue homogenizer (Precellys, Bertin instruments, 

Montigny-le-Bretonneux, France) maintaining the sample at 4oC. Then, the extracts were 

centrifuged at 14,000 rpm for 15 min at 4oC and the supernatant recovered and stored in single-

use 50 µl aliquots at -80oC. Protein concentration of the different extracts was determined with 

the BioRad Protein Assay reagent (Biorad laboratories, Irvine, CA, USA) with bovine serine 

albumin as a standard and read at 595 nm using a ELx808 spectrophotometer (BioTek, Winooski, 

VE, USA). Final loading for in gel activities was determined according to bands observed in 

denaturing gel electrophoresis and Coomasie-blue staining (Laemmli, 1970). For VAD2 CD 

plants, it was not possible to obtain enough protein extract due to the low amount of stem and 

root material, therefore, subsequent protein analyses were not performed. 
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Ascorbate peroxidase (APX), glutathione reductase (GR) and superoxide dismutase (SOD) 

activities were determined in gel, after separation of protein extracts by non-denaturing 

electrophoresis in polyacrylamide gels, following the protocols described in Sobrino-Plata et al. 

(2009) for APX and GR, and Ortega-Villasante et al. (2011) for SOD. The three types of SOD 

isoforms (Mn-SOD, Fe-SOD and Cu/Zn-SOD) were identified by pre-incubation of gels with 5 mM 

KCN or 5 mM H2O2 for 30 min prior to activity staining. Protein loading for APX, GR and SOD 

detection was 15 µg for stem extracts and 20 µg for root extracts. Antioxidant activities were 

quantified by taking images of acrylamide gels with the GelDocTM XR+ system (BioRad, 

laboratories, CA, USA) and measuring the intensity of the bands detected using the Image Lab 

software (Biorad laboratories, Irvine, CA, USA). Enzymatic activities were expressed as values 

relative to the intensity of control samples. A representative gel from three independent assays 

of each activity is presented in the figures and relevant changes (± 30 % relative fold-change) 

are marked in the tables. 

 

2.10. Statistical analysis 

Survival curves were analyzed with the Kaplan-Meier method, using weekly death tolls. Plants 

that remained alive at the end of the experiment were censored. To have a reliable sample size 

for comparing the survival of endophyte-inoculated (E plants) and mock-inoculated plants (C 

plants), data from drought and control plants were pooled after checking that drought effect on 

survival was not significant (P=0.6; Table S2); i.e. E plants comprised EC and ED treatments while 

C plants comprised CC and CD treatments. Then, the data were analyzed independently for each 

genotype, and for DED-resistant genotypes (i.e. merging MDV5 and VAD2 plants) and DED-

susceptible genotypes (i.e. merging MDV1 and TOAL1 plants) (Fig. 2, Table S2). In both cases, to 

evaluate differences in survival between C and E plants we performed non-parametric analyses 

using the function “survfit” from the “survival” package for R-studio software (R Core Team). 

Furthermore, the survival curves were compared using pairwise comparisons and tested for 

significance with the log rank test, using the function “survdiff” from the “survival” R-package (R 

Core Team). 

Due to low survival of genotypes MDV1 and TOAL1 (both susceptible to DED), statistics for 

variables related to leaf gas exchange, chlorophyll fluorescence, root morphology, plant biomass 

allocation and antioxidant enzyme activity were analyzed only for the resistant genotypes VAD2 

and MDV5, for which we had at least three clonal replicates per treatment (Table S1). Means of 

the four treatment combinations (CC, CD, EC and ED) were compared using Tukey’s HSD post-

hoc tests when p-value of one-way ANOVA was < 0.05.  
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In planta qPCR results for fungal presence were analysed with one-way ANOVA and the Fisher’s 

LSD post-hoc test to know if there were significant differences in fungal load between inoculated 

and non-inoculated plants. Similarly, fold change values for auxin-related gene expression 

analysis were compared (C plants vs E plants) by means of one-way ANOVA tests. 

Normality of all variables was checked before the analysis by evaluating Skewness and Kurtosis, 

and Kolmogorov-Smirnov tests. Logarithmic transformations were applied to some variables to 

ensure data normality. 

3. Results 

3.1. Survival 

Plant mortality was periodically evaluated to assess differences in stress tolerance between 

DED-resistant and DED-susceptible genotypes. Drought did not influence plant survival during 

the experiment (P=0.6; Table S2), whereas endophyte inoculation (E plants) had a positive 

significant impact on survival (P<0.001; Table S2), since no death occurred on E plants of both 

DED-susceptible (TOAL1 and MDV1) and DED-resistant genotypes (MDV5 and VAD2) (Fig. 2). 

Only mock-inoculated plants (C plants, i.e. CC and CD) suffered mortality during the experiment, 

ranging from 100 % (TOAL) to 0 % (MDV5) across genotypes at the end of the experiment (Fig. 

2; Table S2). A strong difference in mortality between C and E plants was found for DED-

susceptible genotypes (p<0.0001, Fig.2, Table S2); this difference was less evident but still 

significant for the DED-resistant genotypes mainly due to the deaths produced in VAD2 (p<0.05, 

Fig. 2, Table S2).  

Fig. 2 Kaplan Meier survival curves for DED-susceptible (MDV1 and TOAL1) and DED-resistant (MDV5 and 
VAD2) elm genotypes subjected to endophyte (E) and mock-inoculation (C) treatments. Confidence 
intervals at 95% are shown in the shaded area. The starting number of plants per toll is n=20.  Statistical 
differences between treatment curves are indicated with the p-value obtained from the non-parametric 
Kaplan-Meier estimator. Additional statistical analysis are indicated in Table S2. 
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3.2. Success of endophyte establishment 

As was to be expected, endophyte presence, of both YM11 and P5, was significantly greater in 

inoculated E plants compared to C plants (P=0.001 and P=0.009, respectively). Focusing on 

endophyte-inoculated plants, no significant differences in endophyte abundance were found 

between genotypes (P=0.477). Drought limited P5 propagation in all genotypes (although non-

significantly in MDV5), while YM11 presence was only affected on susceptible genotypes (Fig. 

3).  

Fig. 3 Presence of YM11 and P5 endophytes in DED-susceptible (MDV1 and TOAL1) and DED-resistant 
(MDV5 and VAD2) elm genotypes subjected to the following treatment combinations: CC, mock-
inoculated plants well-watered during the whole experiment; CD, mock-inoculated plants subjected to 
drought after 10th week; EC, endophyte-inoculated, well-watered plants; and ED, endophyte-inoculated 
plants subjected to drought after 10th week. Endophyte presence is expressed as the mean fungal DNA 
(ng) relative to plant DNA (ng) ± standard error. Different letters indicate significant differences between 
treatments according to Tukey’s HSD post-hoc test (p<0.05). Independent analyses were performed for 
YM11 (normal letters) and P5 endophytes (italic letters). 

 

3.3. Leaf gas exchange, chlorophyll fluorescence and chlorophyll content 

Drought and endophyte inoculation effects on leaf photosynthetic characteristics were 

evaluated for genotypes MDV5 and VAD2. Leaf gas exchange and chlorophyll fluorescence 

parameters did not change significantly with endophyte inoculation or drought application in 

MDV5 plants, but they did in VAD2 plants (Figs. 4 and 5). For VAD2 plants, net photosynthesis 

(Pn) increased from 0.64 ± 0.07 µmol m-2 s-1 in mock-inoculated plants (CC and CD) to 3.9 ± 0.6 

µmol m-2 s-1 in endophyte-inoculated plants (EC and ED) (Fig. 4E). Drought application did not 

have a significant impact on Pn levels. Stomatal conductance (gs) declined by half due to drought 

in mock-inoculated plants, with mean values of 0.23 ± 0.02 mol m-2 s-1 in CC plants and 0.11 ± 

0.03 mol m-2 s-1 in CD plants. Both EC and ED plants showed higher gs values (0.38 ± 0.02 mol m-

2 s-1); that is, there was no reduction in gs due to drought in endophyte-inoculated plants (Fig. 

4F). Intercellular CO2 concentrations (Ci) did not change with drought but were lower in 

endophyte-inoculated plants (Fig. 4G). Transpiration (E) exhibited a pattern similar to that of gs 

(Fig. 4H). The chlorophyll content, and chlorophyll fluorescence parameters F’v/F’m, PSII and ETR 
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increased in endophyte-inoculated plants relative to mock-inoculated plants (Fig. 5), with a 5- 

to 6-fold increase being observed for PSII and ETR, respectively (Fig. 5G, H).  

 

Fig. 4 Mean values (±standard error) of net photosynthesis (Pn), stomatal conductance (gs), intercellular 
CO2 concentration (Ci) and transpiration (E) in elm genotypes MDV5 (A-D) and VAD2 (E-H) subjected to 
the following treatment combinations: CC, mock-inoculated plants well-watered during the whole 
experiment; CD, mock-inoculated plants subjected to drought after 10th week; EC, endophyte-inoculated, 
well-watered plants; and ED, endophyte-inoculated plants subjected to drought after 10th week. Different 
letters indicate significant differences between treatments according to Tukey’s HSD post-hoc test 
(p<0.05). 

 

 

 

 

 

 

 

 

 

Fig. 5 Mean values (±standard error) of chlorophyll content (SPAD), quantum yield of open photosystem 

II centers (F’v/F’m), quantum yield of photosystem II (PSII) and electron transport rate (ETR) in elm 
genotypes MDV5 (A-D) and VAD2 (E-H) subjected to the following treatment combinations: CC, mock-
inoculated plants well-watered during the whole experiment; CD, mock-inoculated plants subjected to 
drought after 10th week; EC, endophyte-inoculated, well-watered plants; and ED, endophyte-inoculated 
plants subjected to drought after 10th week. Different letters indicate significant differences between 
treatments according to Tukey’s HSD post-hoc test (p<0.05). 

 

3.4. Plant growth 

Endophyte inoculation did not alter plant height and stem diameter in genotype MDV5 (Fig. 6A, 

B), while it produced an increase in both variables in VAD2 (1.4 and 1.9 times increase, 
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respectively) (Fig. 6C, D). Consistently, no modifications of plant dry weight,  leaf area ratio and 

biomass partitioning were observed in MDV5 (Fig. 7A, B, C), while they were significantly 

modified in endophyte-inoculated VAD2 plants (i.e. EC and ED plants compared with CC and CD) 

(Fig. 7D, E). For VAD2, leaf mass fraction (LMF) increased in endophyte-inoculated plants 

compared to mock-inoculated plants (P=0.005), while shoot mass fraction (SMF) decreased 

(P=0.048) and root mass fraction (RMF) did not change (P>0.05) (Fig. 7F).  

Regarding drought stress, plant height and stem diameter did not change either in genotype 

MDV5 or in VAD2 (Fig. 6A, B and Fig. 6C, D). Plant dry weight and leaf area ratio (LAR) showed a 

decrease in response to drought in MDV5 but not in VAD2 (Fig. 7A, B and Fig. 7D, E). Reduction 

of plant dry weight due to drought was not observed on MDV5 plants previously treated with 

endophytes (ED plants). No effect on biomass partitioning was observed either on MDV5 or in 

VAD2 due to drought stress (Fig. 7C, F).  

 

 

Fig. 6 Mean values (±standard error) of diameter and height in elm genotypes MDV5 (A, B) and VAD2 (C, 
D) subjected to the following treatment combinations: CC, mock-inoculated plants well-watered during 
the whole experiment; CD, mock-inoculated plants subjected to drought after 10th week; EC, endophyte-
inoculated, well-watered plants; and ED, endophyte-inoculated plants subjected to drought since week 
10th. Different letters indicate significant differences between treatments according to Tukey’s HSD post-
hoc test (p<0.05). A representative plant per treatment and genotype is shown in E. Horizontal white lines 
in E indicate a 2 cm scale. 
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Fig. 7 Mean values (±standard error) of plant dry weight (dw plant), leaf area ratio (LAR) and biomass 
proportion expressed as root mass fraction (RMF), stem mass fraction (SMF) and leaf mass fraction (LMF) 
in elm genotypes MDV5 (A-C) and VAD2 (D-F) subjected to the following treatment combinations CC, 
mock-inoculated plants well-watered during the whole experiment; CD, mock-inoculated plants subjected 
to drought after 10th week; EC, endophyte-inoculated, well-watered plants; and ED, endophyte-inoculated 
plants subjected to drought after 10th week. Different letters indicate significant differences between 
treatments according to Tukey’s HSD post-hoc test (p<0.05). 

 

3.5. Root morphology 

As for previous variables, drought effects were noticeable on some root morphological traits of 

genotype MDV5 (Fig. 8A-F), but not of VAD2 (Fig. 8G-L). Root average diameter (RAD), root dry 

weight (DWR) and the specific root length (SRL) were not affected by drought or endophyte 

inoculation in MDV5 plants (Fig. 8B, D, E); however, drought reduced root surface area (RSA) 

and root length (RL), effects that were not significant in endophyte-inoculated plants (Fig. 8A, 

C). On the contrary, VAD2 plants experienced important modifications in root traits due to 

endophyte inoculation. The RSA, RL, DWR and SRL increased significantly in endophyte-

inoculated plants (EC and ED) compared to mock-inoculated plants (CC and CD plants) (P<0.05) 

(Fig. 8G, I, J, K), while the RAD was lower in endophyte-inoculated plants (P<0.001) (Fig. 8H).  
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Fig. 8 Mean values (±standard error) of root surface area (RSA), root average diameter (RAD), root length 
(RL), root dry weight (DWR) and specific root length (SRL) in elm genotypes MDV5 (A-E) and VAD2 (G-K) 
subjected to the following treatment combinations: CC, mock-inoculated plants well-watered during the 
whole experiment; CD, mock-inoculated plants subjected to drought after 10th week; EC, endophyte-
inoculated, well-watered plants; and ED, endophyte-inoculated plants subjected to drought after 10th 
week. Different letters indicate significant differences between treatments according to Tukey’s HSD post-
hoc test (p<0.05). A representative root per treatment is shown for MDV5 (F) and VAD2 (L). 

 

3.6. Auxin-related gene expression 

Abundance of gene transcripts related to auxin response increased in endophyte-inoculated 

plants of resistant genotypes, except for the ARF9 gene in the genotype MDV5 (Fig. 9A). The 

5NG4 gene showed a 2.3-fold increase in EC plants of MDV5 relative to CC plants (Fig. 9A). EC 

plants of genotype VAD2 exhibited 1.9- and 3.2-fold increases compared to CC plants for ARF9 

and 5NG4 genes, respectively (Fig. 9B). 
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Fig. 9 Mean fold change expression (±standard error) of the 
auxin-related genes ARF9 (left panel) and 5NG4 (right 
panel) in elm genotypes MDV5 (A) and VAD2 (B) subjected 
to the following treatment combinations: CC (mock-
inoculated plants well-watered during the whole 
experiment) and EC (endophyte-inoculated, well-watered 
plants). Different letters indicate significant differences 
between treatments according to Tukey’s HSD post-hoc 
test (p<0.05). 

 

 

 

 

 

 

 

 

 

 

3.7. Antioxidant enzyme activities 

The effect of drought and endophyte inoculation on the activity of the analysed enzymes varied 

between genotypes and tissues (Fig. 10). Ascorbate peroxidase (APX) activity increased due to 

drought, endophyte inoculation and the combination of both in stem (Fig. 10A) and root tissues 

(Fig. 10B) from both genotypes, except in roots of ED plants of VAD2. The APX activity was 

especially significant in stem tissues of genotype VAD2, with a 4.0-fold increase in EC and ED 

compared to CC (Fig. 10A). In root tissues of VAD2 plants, this activity was 3 times higher in EC 

than CC (Fig. 10B). APX activity in MDV5 plants increased 1.9, 1.8 and 2.4 times in stem tissues 

of CD, EC and ED plants, respectively, relative to CC plants (Fig. 10A). In root tissues, APX 

increased 3, 1.5 and 2 times in CD, EC and ED plants, respectively, relative to CC (Fig. 10B).  

Drought and endophyte treatments induced an activation of glutathione reductase (GR) in 

MDV5 stem tissues. However, the combination of both did not (Fig. 10A). The induction of GR 

activity was higher in root than in shoot tissues (Fig. 10B). Drought resulted in 4.0- and 3.5-fold 

increase (relative to CC) in GR activity in CD and ED roots of MDV5, respectively. Endophyte 
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inoculation (EC) also produced a 2.0-fold increase in GR activity in MDV5. In VAD2 root tissues, 

only ED plants exhibited higher GR activity than in CC plants (2.5 times; Fig. 10B).  

 

Fig. 10 Ascorbate peroxidase (APX), glutathione reductase (GR) and superoxide dismutase (SOD) in gel 
activities in stems (A) and roots (B) of elm genotypes MDV5 and VAD2 subjected to the following 
treatment combinations: CC, mock-inoculated plants well-watered during the whole experiment; CD, 
mock-inoculated plants subjected to drought after 10th week; EC, endophyte-inoculated, well-watered 
plants; and ED, endophyte-inoculated plants subjected to drought after 10th week. SDS-PAGE and native 
gels for each antioxidant activity are shown in the upper panel. Fold change relative to treatment CC of 
each antioxidant activity is presented in the lower panel. Colored boxes indicate modifications with ± 30% 
of the enzyme activity respective to control plants, with yellowish or bluish colors indicating lower or 
higher activity than controls, respectively. 

 

Superoxide dismutase (SOD) activity was significantly modified in response to endophyte 

inoculation in genotype VAD2, especially the Cu/Zn-SOD isoforms. In stems, the three Cu/Zn-

SOD isoforms observed were activated by endophyte inoculation (Fig. 10A). In root tissues, the 

Cu/Zn-SOD isoforms also increased in endophyte-inoculated plants, but less in drought (ED) than 

in control (EC) plants. Regarding the Fe-SOD isoforms, the isoform 3 was three times more active 

in VAD2 stem tissues in endophyte-inoculated plants (EC and ED; Fig. 10A). On the contrary, the 

activity of Fe-SOD isoform 1 was reduced in the stem of VAD2 and in the roots of both genotypes 

when inoculated with endophytes (EC) (Fig. 10). Meanwhile, no significant modifications were 

caused by endophyte inoculation or drought on SOD activities in stems or roots of the genotype 

MDV5. 
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4. Discussion 

Colonization of U. minor plantlets by endophytes P5 (Cystobasidium sp.) and YM11 

(Chaetothyriales) was successfully detected in the stem tissues (Fig. 3), proving the effectiveness 

of the root-inoculation method and the ability of these fungi to move upwards. Contrary to our 

first hypothesis, we did not find higher plant colonization by P5 and YM11 in DED-resistant 

genotypes. This result apparently contradicts previous research showing higher abundance of 

these yeasts in adult DED-resistant than in DED-susceptible elms growing in field experimental 

plots (Macaya-Sanz et al., 2020). Possibly, our in vitro study is far from being comparable with 

the complex and diverse endophytic assemblages existing in adult elms. Thus, this result 

suggests that without in planta interactions among a wide variety of microorganisms (or 

environmental factors) all host genotypes are equally amenable to colonization by these 

endophytes, at least in the initial stage of life. Moreover, the detection of both fungi in the stems 

of non-endophyte inoculated plants (CC and CD plants) suggests the presence of these fungi as 

endophytes in the buds of the trees used for plant micropropagation. 

Both DED-susceptible and DED-resistant plantlets benefited from endophyte inoculation (Fig. 2), 

confirming our second hypothesis. The deaths observed at the end of or during the experiment 

suggest a poor adaptation to the in vitro culture system, especially in DED-susceptible genotypes 

(Fig. 2). However, the presence of the inoculated endophytes was beneficial for plant survival 

and growth, helping them to cope with abiotic stresses existing during establishment in a new 

environment (i.e. after transplant from agar to substrate, in vitro). Furthermore, endophytes 

improved several plant physiological parameters under moderate drought stress. Sustained 

plant growth was observed during the first weeks of the experiment; nevertheless, from week 

13 onwards, growth slowed down or even stopped in most of the plants. Photosynthetic 

limitations due to low light conditions, insufficient ventilation, or accumulation of water vapor 

or volatile molecules such as ethylene inside the pots might be stressful to elm plants, and 

compromise growth and survival in long-term in vitro cultures (Jackson, 2005; Figueiro et al., 

2010). Our results suggest the involvement of endophytes P5 and YM11 in stress cushioning, in 

agreement with similar works suggesting a higher magnitude of endophyte effects during 

stressful than non-stressful situations (Sherameti et al., 2008; Redman et al., 2011; Emery et al., 

2013; Hacquard et al., 2016; Lata et al., 2018; Dastogeer et al., 2018a; Dastogeer et al., 2018b; 

Rho et al., 2018). These results are in line with other studies reporting a contribution of microbes 

to plant survival (Hacquard et al., 2016; Wezowicz et al., 2017; Durán et al., 2018).  

Contribution of endophytes to plant survival was particularly relevant in DED-susceptible 

genotypes: most mock-inoculated plants of DED-susceptible genotypes died (irrespectively of 
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the drought treatment), whereas all the endophyte-inoculated-plants of these genotypes 

survived. In contrast, endophyte inoculation was less relevant for plant survival in the case of 

DED-resistant genotypes, and not at all in the case of the DED-resistant genotype MDV5, which 

showed no plant mortality either in endophyte- or mock-inoculated plants. These results 

confirm our third hypothesis and give support to previous works reporting that DED-resistant 

genotypes have structural and physiological traits (e.g. higher hydraulic constraints to sap flow) 

which theoretically provides them with higher abiotic stress tolerance than DED-susceptible 

genotypes (Martín et al., 2013b; Pita et al., 2017; Martín et al., 2019; Martín et al., 2020). 

Furthermore, given that elm metabolic responses to abiotic stress are partly similar to the 

responses to DED (Martín et al., 2008, 2012), it is conceivable that chemical defenses could also 

contribute to higher abiotic stress tolerance in resistant genotypes. For instance, accumulation 

of suberin-like compounds in xylem tissues can act as barriers against both, DED pathogen 

spread (Martín et al. 2008) and tissue desiccation under drought conditions (Franke and 

Schreiber 2007). 

Due to high mortality of DED-susceptible genotypes, the study on the influence of endophyte 

presence on plant stress resistance mechanisms was restricted to DED-resistant genotypes 

MDV5 and VAD2. These genotypes exhibited a distinctive behavior during the experiment. 

MDV5 was remarkably insensitive to endophyte inoculation and experienced moderate drought 

stress, while VAD2 growth and physiological functions benefited from endophyte inoculation 

and were barely affected by drought, and not at all when plants were endophyte-treated.  

Endophyte presence in VAD2 plants resulted in positive changes in leaf gas exchange and 

photosynthetic capacity as well as in shoot, root and plant growth, which, altogether, helped 

plants to tolerate stressful experimental conditions. Drought caused a small reduction in 

stomatal conductance and transpiration in VAD2 plants. However, no modifications were 

observed in endophyte-inoculated plants when subjected to the same drought intensity, 

supporting the role of endophytes in lowering the impact of water stress (Morse et al., 2002; 

Rho et al., 2018). Higher chlorophyll content and photosynthetic capacity in VAD2 endophyte-

inoculated plants, and especially higher leaf area ratio (LAR) and leaf mass fraction (LMF) 

contributed to their higher growth rates than mock-inoculated plants (Grotkopp et al., 2002). 

Increases in plant growth and photosynthetic capacity are common responses induced by fungal 

symbionts under abiotic stress, either by mycorrhizae (Rapparini and Peñuelas, 2014 and 

references therein) or by endophytes (Sun et al., 2010; Augé et al., 2015), including plant growth-

promoting yeasts similar to P5 (Xin et al., 2009; Kandel et al., 2017) and other DSE similar to 

YM11 (Alberton et al., 2010; Newsham, 2011). 
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Our results suggest that the positive effect of P5 and YM11 endophytes on survival, 

photosynthetic capacity, growth, and stress tolerance depended on an underlying signaling 

pathway between the plant and the endophyte. One possible way of plant-endophyte 

communication is the production of plant growth promoting phytohormones by fungal 

endophytes (Mucciarelli et al., 2002; Schulz and Boyle, 2005; Schulz, 2006), with auxin being one 

of the hormones produced by beneficial microorganisms (Spaepen et al., 2007). The production 

of the auxin precursor indole acetic acid (IAA) by YM11 and P5 has been reported in previous 

research,  with IAA production being higher in P5 than in YM11 (Martínez-Arias et al., 2021). In 

line with this, the roots of endophyte-treated VAD2 and MDV5 plants exhibited an induction of 

two representative genes of the auxin signalling pathway, ARF9 and 5NG4, which are known to 

respond to higher auxin concentrations in roots. While the transcription factor ARF9 is 

derepressed in response to auxins to modulate the expression of auxin-induced genes (Peret et 

al., 2009), the 5NG4 gene codes for a transmembrane protein pertaining to the WAT-1 family 

that responds to auxin presence (Busov et al., 2004). The induction level of these genes was 

higher in VAD2 than in MDV5, which did not show a significant induction of the ARF9 gene. This 

may be attributed to the different sensitivity to in vitro culture stress between genotypes, which 

was more pronounced in VAD2 than in MDV5 based on survival data (Table S2). We hypothesize 

that YM11 and/or P5 affect the plant auxin signalling pathway, which is known to partly 

stimulate root growth and branching, eventually increasing plant nutrient or water acquisition 

and growth capacity (Harman, 2011; Zhang et al., 2013; Sukumar et al., 2013, Zhang et al., 2018). 

Such endophyte-induced physiological and morphological alterations  enhance plant capacity to 

face abiotic stresses, for example by increasing osmotic adjustment and leaf turgor (Rapparini 

and Peñuelas, 2014).  In fact, the presence of YM11 and P5 endophytes modified root 

morphology in VAD2 plants and cushioned root alterations due to moderate drought. Greater 

root length (RL), root surface area (RSA) and specific root length (SRL), but lower root average 

diameter (RAD) and similar root dry weight (RDW) were observed in VAD2 endophyte-

inoculated plants, compared with the mock-inoculated ones (Fig. 8). That is, endophyte 

presence in VAD2 induced the formation of a denser and longer root system, mainly through 

the development of thin roots that have little influence on final RDW. This suggests that 

endophytes enhanced root nutrient and water uptake efficiency by decreasing carbon 

investment in foraging in a given soil volume. Moreover, enhanced water uptake could improve 

water status and, consequently, stomatal conductance under mild-drought stress conditions 

(Fig. 4F). Similar drought stress alleviation is reported in other symbiotic interactions (Augé, 

2001; Augé et al., 2015). Likewise, drought effects on MDV5 roots decreased in endophyte-

inoculated plants, which were able to maintain higher RL and RSA than non-inoculated drought 
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plants. The production of IAA by YM11 and P5 (Martínez-Arias et al, 2021) may induce the 

initiation of lateral roots and root hairs, which serve to increase root surface area (Spaepen and 

Vanderleyden, 2011). Other endophyte species, such as Piriformospora indica, Trichoderma spp. 

or species taxonomically related to P5 and YM11 have been shown to produce plant-growth 

related hormones (Xin et al., 2009; Khan et al., 2009; Hosseini et al., 2017; Joubert and Doty, 

2018). Moreover, P5 and YM11 were found to produce IAA in in vitro cultures containing 0.2% 

L-tryptophane (Martínez-Arias et al., 2021).  

Another common response to endophyte presence is the activation of the plant antioxidant 

system, which confers plant protection against a wide variety of stresses, either biotic or abiotic 

(Baltruschat et al., 2008; Mastouri et al., 2012; Zhan et al., 2015; Guler et al., 2016; Hosseini et 

al., 2018). Here, we found that the antioxidant activity varied between genotypes. On the one 

hand, roots and stems of MDV5 plants activated the major pathway of antioxidant defense, the 

Ascorbate-Glutathione cycle (ASA-GSH cycle; Noctor and Foyer, 1998), in response to both the 

endophyte inoculation and the drought stress. Ascorbate peroxidase (APX) and gluthatione 

reductase (GR) activities were highly induced by both treatments (Fig. 10), indicating that the 

activation of the ASA-GSH cycle is important, not only to cope with drought stress, but also for 

endophyte recognition and establishment. Regarding the last process, previous works have 

described that endophyte presence activates the plant antioxidant system probably through an 

oxidative burst (White and Torres, 2010), which is required to disarm the plant defense 

responses against the endophyte and attain a mutualistic association (Tanaka et al., 2006). Such 

activation can lead to the accumulation of antioxidants (i.e. flavonoids, carotenoids or alkaloids), 

or the induction of physiological mechanisms (i.e. stomata control, osmotic adjustment) that 

reinforce plant protection against subsequent stresses (e.g. drought stress) (Bacon and White, 

2016; Pandey et al., 2017; Rho et al., 2018; González-Bosch 2018; Martínez-Arias et al., 2021). 

On the other hand, endophyte inoculation in VAD2 stimulated the antioxidant system through 

the activation of APX and superoxide dismutase (SOD) enzymes, especially the three Cu/Zn-SOD 

isoforms and one Fe-SOD isoform (FeSOD 3; Fig. 10). This co-activation has been previously 

associated with improved plant performance under oxidative stress conditions, mainly by 

inducing higher photosynthetic rates and water use efficiency (Faize et al., 2011). Likewise, the 

increase in the activity of these enzymes could have helped endophyte-inoculated (EC) VAD2 

plants in the adaptation to the in vitro growing system and the subsequent drought application. 

In contrast, the roots of VAD2 endophyte-inoculated plants suffering drought stress (ED plants) 

experienced a slight reduction of the Cu/Zn-SOD activities, accompanied by a decline in APX 

activity and an increase in GR activity, compared with EC plants. This could be related to a stress 
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relief effect of endophytes in plants suffering drought, similar to what occurred in maize plants 

treated with Trichoderma atroviride and Piriformospora indica (Guler et al., 2016; Hosseini et 

al., 2018). Nonetheless, the activation of GR likely induced different metabolic processes 

associated with GSH production, ranging from ROS scavenging to cell signaling and physiological 

improvements that, collectively, helped the plants to cope with drought stress (Foyer et al., 

1997; Hasanuzzaman et al., 2017). Finally, it is worth mentioning a common response found in 

both genotypes: the inactivation of FeSOD 1 in roots following endophyte inoculation (Fig. 10). 

Since Fe-SODs are inactivated at high H2O2 levels (Beyer and Fridovich, 1987), the oxidative burst 

promoted by mutualistic interactions mentioned above could be the reason for the inactivation 

of this isoform. 

 

5. Conclusions 

Our study provides new evidence of the role of core fungal endophytes in improving stress 

tolerance during early development of U. minor plants. Our results suggest that plants respond 

to root endophyte inoculation by activating the auxin signaling pathway and the antioxidant 

system. These molecular changes translate into a better developed root system, which is more 

efficient in nutrient and water uptake, and which, in turn, enhances leaf photosynthetic capacity 

(chlorophyll content, photochemical efficiency, and net CO2 assimilation) and eventually plant 

growth and stress tolerance (Fig. 11). The stress level perceived by each plant genotype seemed 

to modulate the beneficial effects of the endophytes, since the genotypes that suffered the 

culture and drought stresses more acutely were the ones that showed a stronger effect of the 

endophyte, at least in terms of survival. The successful establishment of endophytes in root and 

stem tissues and their beneficial effects on U. minor plantlets suggest that endophytes should 

be further tested for their ability to improve plant quality (e.g. fast early growth and increased 

biotic/abiotic stress tolerance). Endophyte community structure depends on species assembly 

during early colonization stages (Toju et al., 2018). Thus, the inoculation of endophytes P5 and 

YM11 during early developmental stages may give them an advantage over other members of 

the mycobiome, and contribute to the endophytes being a major component of the plant’s 

mycobiome. If P5 and YM11 were able to keeping their presence and beneficial roles in U. minor 

tissues beyond the initial developmental stages, such as reported by Quiring et al. (2019) with 

an endophytic fungus of white spruce, plant inoculation with these endophytes could be a 

promising strategy for the production of plants with enhanced ability to cope with abiotic 

stresses.  
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Fig. 11 Theoretical diagram representing the link between the different parameters measured and the 
differences between a highly stress sensitive genotype (VAD2) and a low stress sensitive genotype 
(MDV5). Bluish or whitish colors inside boxes indicate higher or lower intensities of the response to each 
parameter, respectively. In VAD2, endophyte-induced modifications were activated in response to high 
stress perception derived from in vitro culture conditions. Endophytes induced root growth (probably 
associated with an increase in auxin signaling) which could be directly involved in the enhanced plant 
growth observed and the consequent increase in leaf photosynthesis and electron transport rate (ETR). 
Moreover, the improvement of the root and shoot antioxidant activity (especially in APX and Cu/Zn-SOD 
isoforms) could be related to improved plant performance under oxidative stress conditions, mainly by 
inducing higher photosynthetic rates. These endophyte-induced mechanisms helped plants to tolerate 
the stressful experimental conditions. On the contrary, MDV5 was remarkably insensitive to endophyte 
inoculation, possibly due to low stress perception by this genotype. Nevertheless, auxin-responsive genes 
were slightly triggered with minor modifications of root architecture when plants were subjected to 
drought. A minor influence on plant growth and photosynthesis, and no influence in antioxidant activity 
were observed. 
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Fig. S1 Soil relative water content (SRWC) during the experimental set-up for DED-susceptible 

(MDV1 and TOAL1) and DED-resistant (MDV5 and VAD2) elm genotypes subjected to the 

following treatment combinations: CC, mock-inoculated plants well-watered during the whole 

experiment; CD, mock-inoculated plants subjected to drought after 10th week; EC, endophyte-

inoculated, well-watered plants; and ED, endophyte-inoculated plants subjected to drought 

since week 10th. 
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Table S1 Number of surviving plant replicates per genotype and treatment at the end of the 

experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Genotype Tolerance level Treatment Surviving replicates (n)   

  

MDV1 Susceptible 

CC 1   

  CD 4   

  EC 5   

  ED 5   

  

TOAL1 Susceptible 

CC 0   

  CD 0   

  EC 5   

  ED 5   

  

MDV5 Resistant 

CC 5   

  CD 5   

  EC 5   

  ED 5   

  

VAD2 Resistant 

CC 4   

  CD 3   

  EC 5   

  ED 5   
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Table S2 Results of Kaplan-Meier log-rank test analyses indicating the p-value for factors 

tolerance, endophyte treatment, drought treatment or their combination for the whole 

experiment (A) and for each tolerance level (B). Individual analysis per genotype to compare C 

and E tolls are indicated in (C). 

  

                      

  A         C         

    
log-rank test df 

chi-
sqr 

p-value   
log-rank test 

(C vs E) 
df 

chi-
sqr 

p-value 

    Tolerance 1 8.4 4.00E-03   SUSCEPTIBLES 

    Endophyte 1 23.8 1.00E-06   MDV1 1 4.8 0.029 

    Drought 1 0.3 0.6   TOAL 1 20.7 5.00E-06 

    Tolerance * Endophyte 3 52 3.00E-11   TOLERANTS       

    Tolerance*Drought 3 11.2 1.00E-02   MDV5 1 0 1 

    Endophyte*Drought 3 24.4 2.00E-05   VAD2 1 4.7 0.029 

    Tolerance*Drought*Endophyte 7 60.9 1.00E-10           

                      

  B                   

    
log-rank test df 

chi-
sqr 

p-value   
      

  

    SUSCEPTIBLE           

    Endophyte 1 21.9 3.00E-06           

    Drought 1 1.2 0.3           

    Endophyte * Drought 3 24.8 2.00E-05           

    TOLERANT           

    Endophyte 1 4.5 3.00E-02           

    Drought 1 1 0.3           

    Endophyte * Drought 3 7.3 6.00E-02           
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Abstract: Some fungal endophytes of forest trees are recognized as beneficial symbionts against 

stresses. In previous works, two elm endophytes from the classes Cystobasidiomycetes and 

Eurotiomycetes promoted host resistance to abiotic stress, and another elm endophyte from 

Dothideomycetes enhanced host resistance to Dutch elm disease (DED). Here, we hypothesize 

that the combined effect of these endophytes activate the plant immune and/or antioxidant 

system, leading to a defense priming and/or increased oxidative protection when exposed to 

the DED pathogen Ophiostoma novo-ulmi. To test this hypothesis, the short-term defense gene 

activation and antioxidant response were evaluated in DED-susceptible (MDV1) and DED-

resistant (VAD2 and MDV2.3) Ulmus minor genotypes inoculated with O. novo-ulmi, as well as 

two weeks earlier with a mixture of the above-mentioned endophytes. Endophyte inoculation 

induced a generalized transient defense activation mediated primarily by salicylic acid (SA). 

Subsequent pathogen inoculation resulted in a primed defense response of variable intensity 

among genotypes. Genotypes MDV1 and VAD2 displayed a defense priming driven by SA, 

jasmonic acid (JA), and ethylene (ET), causing a reduced pathogen spread in MDV1. Meanwhile, 

the genotype MDV2.3 showed lower defense priming but a stronger and earlier antioxidant 

response. The defense priming stimulated by elm fungal endophytes broadens our current 

knowledge of the ecological functions of endophytic fungi in forest trees and opens new 

prospects for their use in the biocontrol of plant diseases. 

 

Keywords: Fungal endophytes, Dutch elm disease, defense, gene expression, priming. 
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1. Introduction 

Forest trees are exposed to biotic disturbances, which in some cases can prompt the rapid 

decline or even near extinction of some species [1,2]. Constant pathogen pressure has led plants 

to develop sophisticated adaptations to mount immune responses and trigger complex defense 

networks to counteract the deleterious effect of pathogens [3,4]. When a pathogen attack is 

initiated, the plant recognizes pathogen-released molecules (pathogen or microbe-associated 

molecular patterns; PAMPs or MAMPs) through plant receptors (pattern-recognition receptors, 

PRR), inducing the so-called PAMP or MAMP-triggered immunity (PTI or MTI) [5]. This PTI 

together with the recognition of effector molecules released by the pathogen (effector triggered 

immunity, ETI) leads to the local accumulation of signaling molecules such as phytohormones 

salicylic acid (SA), jasmonic acid (JA), or ethylene (ET) that trigger the plant immune signaling 

network [6]. SA-signaling is usually activated against biotrophic pathogens (i.e., those living at 

the expense of live host cells), while JA-signaling activates in response to necrotrophic 

pathogens (i.e., those that kill the living cells to feed on them) [7]. Nevertheless, the antagonism 

or synergy between SA and JA, and between any of them and other hormones such as abscisic 

acid or ET, will determine the specific nature of the response in each case [8]. The plant defense 

response culminates with the synthesis of a chemical arsenal with effective antimicrobial 

properties, such as phytoalexins or chitinases. The activation of the plant oxidative machinery is 

another early response activated within minutes from the pathogen recognition, producing 

reactive oxygen species (ROS) that can act directly against the microorganism or serve as signals 

to activate a systemic defense response [9]. Nevertheless, ROS production needs to be 

controlled to non-toxic levels by activating ROS-scavenging mechanisms [10]. Increasing 

evidence demonstrates that the host RNA interference machinery is also involved in the 

modulation of the plant immunity, including pathogen perception, ROS production, signal 

transduction, or downstream immune response [11]. Furthermore, the trafficking of small-RNA 

between the plant and the pathogen has been recently discovered to modulate the virulence of 

the pathogen and the expression of plant genes, respectively [12]. 

Intimate associations with beneficial microorganisms can contribute to pathogen tolerance in 

plants [13–15]. Mycorrhizal fungi or plant-growth promoting rhizobacteria are perhaps the best-

known microorganisms with proven implications on plant nutrient uptake and plant growth [16]. 

Although the ecological functions of the vast majority of microbes making up the plant 

microbiome remain largely unexplored [17], growing evidence points towards a role of some 

endophytes in maintaining plant fitness against biotic and abiotic stresses [18]. Fungal 

endophytes can establish direct interactions with pathogens (i.e., antibiosis, mycoparasitism, 
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and niche competition) that lead to enhanced host resistance [19]. Indirectly, endophytes may 

support plant growth and physiology by improving nutrient acquisition or phytohormone 

synthesis, helping to counteract the negative effects of pathogen invasion [20]. Moreover, some 

endophytes have been reported to stimulate the plant immune system, helping to fight more 

efficiently against broad spectrum pathogens [21]. 

Certain symbionts enhance the plant defense by increasing the antioxidant state [22]. A light 

ROS burst induced by endophytic colonization activates the plant antioxidant machinery, 

enhancing the ROS-scavenging capacity at the moment of pathogen attacks [23]. Beneficial 

symbionts can also reprogram the expression of plant defense genes via induced systemic 

resistance (ISR) [24]. The mechanism of ISR is similar to the pathogen-induced systemic acquired 

resistance (SAR) (i.e., activated through MAMPs recognition by PRR) but generally is regulated 

in a SA-independent manner, as JA and ET are the central regulating hormones [24]. 

Nevertheless, ISR regulation has also been reported to occur in a SA-dependent manner [25–

27]. ISR prepares the plant to better combat pathogen attack in a process known as defense 

priming. The resulting primed plant activates a faster, stronger, and more prolonged defense 

transcriptional response when attacked by a pathogen than non-primed plants [28–30]. 

However, the extent to which fungal endophytes participate in defense reprogramming remains 

largely unexplored. Most of the existing knowledge supporting the role of fungal endophytes in 

biotic stress tolerance in forest trees is based on evaluations of external symptoms [31–35], with 

some but still scarce evidence linking enhanced stress tolerance to the modulation of the plant’s 

defense gene expression caused by the symbiont [36,37]. 

In the present work, we aim to deepen the knowledge regarding the role of fungal endophytes 

of forest trees as inducers of defense mechanisms against pathogens by exploring the Dutch elm 

disease (DED) pathosystem. DED is a vascular wilt disease that has caused massive deaths of 

Ulmus species populations in Europe and North America in the last 100 years [38–40]. The causal 

agents are several species in the genus Ophiostoma, being  O. novo-ulmi Brasier responsible of 

the current pandemic [41,42]. In the last years, the discovery of elm fungal endophytes with 

potential antagonism to O. novo-ulmi has been object of research [43–45]. In this way, a recent 

metabarcoding study performed on U. minor genotypes with varying levels of susceptibility to 

DED (ranging from tolerant to susceptible) revealed that the relative abundance of some fungal 

core endophytes was associated to host resistance [46]. More recently, two fungal isolates 

belonging to this group of putative beneficial endophytes (classes Cystobasidiomycetes and 

Eurotiomycetes), and an additional isolate (Phaeosphaeriaceae) with a strong in vitro antibiotic 
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activity towards O. novo-ulmi, have shown positive effects on plant stress tolerance [47,48]. We 

hypothesize that (i) U. minor PRRs recognize the MAMPs secreted by these endophytic fungi, 

triggering a signaling cascade that primes plant defense when the plant is exposed to O. novo-

ulmi; (ii) endophyte presence in U. minor tissues modifies the plant antioxidant machinery, 

enhancing protection against the oxidative stress caused by the pathogen; and (iii) both previous 

mechanisms reduce the spread and negative effects of O. novo-ulmi in host plants. To test these 

hypotheses, a mixture of the three fungal endophytes mentioned above were inoculated into 

one-year-old U. minor plants and subsequently inoculated with O. novo-ulmi. To evaluate if the 

DED resistance level has any influence in the priming of defense mechanisms, we used two DED-

resistant genotypes and one DED-susceptible genotype. The short-term defense and antioxidant 

response was evaluated in these plants using JA/ET and SA-responsive marker genes taken from 

the published U. minor transcriptome [49], in addition to quantifying two key enzymes involved 

in the plant antioxidant system. This response was compared with that produced by the single 

inoculation of O. novo-ulmi. 

 

2. Materials and methods 

2.1. Plant and fungal material 

Three U. minor genotypes from Spain with contrasting levels of susceptibility to DED were 

propagated through aerial cuttings. The susceptibility to DED was previously evaluated in 

controlled inoculations with O. novo-ulmi according to the protocol followed by the Spanish elm 

breeding program [50]. The MDV1 genotype (from Madrid) was classified as susceptible (>75% 

of foliage wilting 60 days after O. novo-ulmi inoculation), while MDV2.3 (from Madrid) and VAD2 

(from Valencia) were both classified as resistant (<15% of foliage wilting). 

For aerial cutting production, annual shoots from adult trees growing in a conservation plot at 

the “Puerta de Hierro” Forest Breeding Center (Madrid, Spain) were harvested at the end of 

January 2019. Shoots were immediately cut to 15 cm-long segments containing 4–6 buds. Then, 

the proximal ends of the cuttings were immersed (2 cm) in a solution of 0.6% auxin-like growth-

regulating hormone (indole-3-butyric acid) for 10 s. After being washed with water, the cuttings 

were planted in 5 dm3 pots filled with a mixture of peat, sand, and vermiculite (1:1:1 in volume 

proportions) and kept in a greenhouse. 

Three fungal endophytes identified as YM11, P5, and YCB36 isolated from elm twigs in 2014 and 

2015 were selected for this experiment [44]. YM11 is a dark septate endophyte within order 

Chaetothyriales (Eurotiomycetes), P5 is a yeast assigned to the genus Cystobasidium 
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(Cystobasidiomycetes), and YCB36 is a filamentous fungus of the Phaeosphaeriaceae family 

(Dothydeomycetes), which was tentatively assigned to the genus Hydeomyces [47]; these strains 

are deposited in the Spanish Type Culture Collection (CECT) under the codes CECT 13193, CECT 

13192, and CECT 21178, respectively. P5 and YM11 endophytes are within the core taxa found 

in higher proportions in DED-resistant U. minor trees [46], while YCB36 was selected because of 

its high antibiotic activity against O. novo-ulmi [47]. These endophytes are conserved in our lab 

immersed in an autoclaved solution of 15% glycerol at −80 °C. 

Two months before the experiment, the three endophytic fungi were cultured in the dark on 

yeast extract agar (YEA) medium at 22 °C. Every 15 days the colonies were subcultured onto 

fresh YEA mediums. To obtain the endophyte inoculum, endophytes were grown individually on 

YEA medium with (YM11 and YCB36) or without (P5) an autoclaved cellophane layer for 10 days 

at 22 °C in the dark. P5 yeast cells were scraped from the agar using a sterile spatula and 

suspended in sterile distilled water. YM11 colonies, composed of a mixture of hyphal and 

budding cells, were disintegrated with an all-glass tissue homogenizer to obtain a homogenous 

cell suspension. YCB36 did not produce enough conidia and therefore spores were replaced by 

mycelial fragments obtained by using an all-glass tissue homogenizer. The resulting suspension 

was filtered using sterilized cotton wool to avoid large hyphal fragments and retain only the 

fragments of 1–4 cells. An aqueous suspension of a mixture of the three endophytes (as yeast 

cells or mycelial fragments) was adjusted to a final inoculum concentration of 5 × 106 cells mL−1 

using a hemocytometer. 

The O. novo-ulmi subspecies americana isolate SOM-1 [51] was used for pathogen inoculation. 

Mycelial plugs of this isolate were cultured on malt extract agar (MEA) two months before the 

experiment, kept in the dark at 22 °C, and subcultured every 15 days on the same substrate. To 

obtain O. novo-ulmi spores, mycelial plugs were grown in Erlenmeyer flasks with Tchernoff’s 

liquid medium [52] under constant shaking at 22 °C to induce sporulation. Three days later, 

spores were collected by centrifugation and adjusted with sterile distilled water (dH2O) to 107 

blastospores mL−1 using a hemocytometer. 

 

2.2. Experimental design 

Plants were grown in 5 dm3 pots during the whole experiment under greenhouse conditions: 

600 µmol m−2 s−1 maximum irradiance, 26/16 °C day/night temperature, and 50/60% day/night 

air relative humidity. All the plants were distributed in a single plot divided in six blocks. Each 

block included 2 replicate plants per genotype and treatment (see below), randomly positioned. 
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In total, the experiment comprised 144 vegetative propagated plants with 48 replicates per 

genotype. Half of the plants (n = 72; 24 plants per genotype) were initially inoculated with 50 µL 

of the endophyte inoculum suspension (E+), which was delivered into the xylem tissues through 

a transverse cut made with a sharp blade at 5 cm from the substrate level, allowing the 

absorption of the inoculum [53]. The other half was inoculated with 50 µL of dH2O (E−) following 

the same procedure (Figure 1). Four replicate plants per genotype and treatment were sampled 

at 1 and 7 days post endophyte inoculation (dpiE). In each sampling day, a 10 cm-long stem piece 

was cut, including the inoculation wound in the middle point. The stem piece was immediately 

frozen in liquid N2 and stored at −80 °C until further use. Fourteen days later, the non-harvested 

E− and E+ plants (n = 48 in each treatment, 16 plants per genotype) were divided to be 

inoculated either with O. novo-ulmi (n = 24) or dH2O (n = 24). O. novo-ulmi inoculations were 

performed 2 cm below the wound performed for endophyte inoculation and in the opposite side 

of the stem. Fifty μL of the O. novo-ulmi spore suspension or dH2O were delivered into the xylem 

following the same procedure described above. In summary, we applied four inoculation 

treatments: E−O− (mock-inoculated plants in both treatment dates), E−O+ (mock-inoculated 

plants subsequently inoculated with O. novo-ulmi), E+O− (endophyte-inoculated plants 

subsequently inoculated with water), and E+O+ (endophyte-inoculated plants subsequently 

inoculated with O. novo-ulmi) (Figure 1). Four replicate plants per genotype and treatment were 

sampled at 1 and 7 days post O. novo-ulmi inoculation (dpiO; i.e., at days 15 and 21 from the 

initial endophyte inoculation). In each sampling day, we cut a 10 cm-long basal stem piece 

including both endophyte and O. novo-ulmi inoculation wounds to study local responses. In 

addition to the basal stem piece, in the plants harvested at day 21 from the initial endophyte 

inoculation, a 15 cm-long apical stem piece and a 10 cm-long intermediate stem piece were cut 

to study pathogen dispersal. Endophyte presence was only assessed locally. The 10 cm-long 

intermediate fragment was selected by measuring the plant height and cutting 5 cm above and 

below the middle point, and the distal stem fragment by cutting the last 15 cm of the stem. In 

all cases, the stem pieces were immediately frozen in liquid N2 and stored at −80 °C until further 

analyses. 
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Figure 1. Diagram of the experimental design. Briefly, the experiment comprised 144 vegetative 
propagated plants, i.e., 48 clonal plants per genotype. At the beginning of the experiment, half of the 
plants (n = 72; 24 plants per genotype) were inoculated with 50 µL of a suspension of endophyte cells (E+) 
while the other half was inoculated with 50 µL of dH2O (E−). Four replicate plants per genotype and 
treatment were harvested for sampling at days 1 and 7 after endophyte inoculation (dpiE). At day 14, the 
non-harvested E− and E+ plants (n = 48 in each treatment, 16 plants per genotype) were divided in two 
groups: plants inoculated with O. novo-ulmi (n = 24) or with dH2O (n = 24). Thus, we applied four 
treatments: E−O− plants (mock-inoculated plants in both treatment dates), E−O+ plants (mock-inoculated 
plants subsequently inoculated with O. novo-ulmi), E+O− plants (endophyte-inoculated plants 
subsequently inoculated with water), and E+O+ plants (endophyte-inoculated plants subsequently 
inoculated with O. novo-ulmi). Four replicate plants per genotype and treatment were harvested for 
sampling at days 1 and 7 after O. novo-ulmi inoculation (dpiO: at days 15 and 21 of the experiment). 

 

2.3.  O. novo-ulmi impact and spread in inoculated plants 

We estimated the negative effect of O. novo-ulmi in inoculated plants and the pathogen 

presence in xylem tissues. First, several physiological traits were assessed to detect any 

dysfunction caused by the pathogen [54]. Second, wood discoloration (browning of vascular 

tissues) associated to the accumulation of phenolic compounds, gums, and tyloses [55,56] was 

measured as a proxy of the plant reaction to the pathogen. Third, we quantified the presence of 

O. novo-ulmi in local, intermediate, and distal stem fragments through real-time PCR (see next 

section). Foliar wilting was not considered to evaluate the impact of the disease, as it is not a 

reliable trait when using one-year-old plants [53]. 

Plant physiology was assessed before the plant harvest at day 21. Leaf gas exchange was 

measured in an intact leaf in each plant replicate per treatment (n = 4) with a LI-6400XT portable 
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system (LiCor Inc., Lincoln, NE, USA) using a 2 cm2 chamber with a LED light source. Chamber 

conditions were adjusted to 1000 µmol m−2 s−1 photon flux density (PFD), 400 ppm air CO2 

concentration, and 25 °C air temperature. Net photosynthesis (Pn), stomatal conductance (gs), 

intercellular concentration of CO2 (Ci), and the transpiration rate (E) were recorded. 

Wood discoloration was measured in the intermediate stem fragments. A transverse cut was 

made in the middle of the stem segment with a sharp blade and then was observed and 

photographed with a Leica S9i stereomicroscope (Leica Microsystems GmbH, Wetzlar, 

Germany). The area of the browning tissue in the xylem transverse section was measured using 

the ImageJ software (http://imagej.nih.gov/ij/; accessed on December 2020). 

 

2.4.  Pathogen and endophyte quantification in plant tissues 

To compare the extent of the pathogen spread among treatments, O. novo-ulmi presence was 

quantified in the local, intermediate, and distal stem pieces from plants harvested at 21 dpiE. 

Only plants from treatments including the O. novo-ulmi inoculation (i.e., E−O+ and E+O+) were 

analyzed. To evaluate the effectiveness of the endophyte inoculation, the presence of the three 

inoculated endophytes was quantified in the local stem fragment from plants harvested at 21 

dpiE. In this case, plants from treatments E+O−, E+O+, and E−O− were used. In all cases, the stem 

material was ground to a fine powder using a ball mill (Mixer mill MM 400, Retsch GmbH, Haan, 

Germany) and DNA was extracted using the plant/fungi DNA isolation kit from Norgen (Norgen 

Biotek Corp., Thorold, Ontario Canada). Primer sequences were designed within the Sanger 

sequenced ITS region of ribosomal DNA from O. novo-ulmi, P5, YM11, and YCB36 using Primer3 

Version 0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/primer3/ (accessed on April 2020). The primer 

pairs were set as described in Table S1. Fungal DNA was standardized per quantity of plant DNA 

by amplifying a fragment of the U. minor ITS region (ITS-Ulmi) (forward primer: 5′-

ATATGTCAAAACGACTCTCGGCAAC-3′/reverse primer: 5′-AACTTGCGTTCAAAGACTCGATGGT-3′). 

Quantifications of fungal DNA were performed in triplicates using SSoFast EvaGreen® Supermix 

(Bio-rad laboratories, Hercules, California, USA) in a CFX96 real-time PCR detection system 

thermocycler (Bio-rad laboratories, Hercules, California, USA) with a standard amplification 

protocol. Each quantification plate contained a standard curve with O. novo-ulmi, P5, YM11, or 

YCB36 DNA for its corresponding ITS primer pair (0.5, 0.05, 0.005, and 0.0005 ng of fungal DNA), 

and another curve with plant DNA for the ITS-Ulmi primer pair (50, 10, 2, and 0.4 ng of plant 

DNA). The logarithm of the starting quantity of DNA and the value of the cycle threshold (Ct) 

obtained for each DNA quantity had a linear relationship that allowed us to obtain a regression 

equation between both variables for plant and fungal DNA. Moreover, each plate contained two 

http://imagej.nih.gov/ij/
http://bioinfo.ut.ee/primer3-0.4.0/primer3/
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replicates of each sample: one for the amplification of the specific fungal ITS and the other one 

for the amplification of the ITS-Ulmi. Therefore, the Ct value obtained in each sample allowed 

us to determine the quantity of fungal DNA and plant DNA. The results of the quantification 

were expressed as a quantity of O. novo-ulmi or endophyte DNA (ng) relative to quantity of plant 

DNA (ng). 

 

2.5.  Gene-expression analysis 

The local stem samples harvested at 1, 7, 15, and 21 dpiE (including treatments E−O− and E+O− 

at days 1 and 7, and treatments E−O−, E+O−, E−O+, and E+O+ at days 15 and 21; see Figure 1) 

were used to evaluate the expression of defense genes after endophyte and O. novo-ulmi 

inoculations. Three biological replicates per treatment were analyzed and 11 genes associated 

with JA/ET and SA signaling networks were selected. For gene selection, we reviewed literature 

regarding SAR and ISR studies on model plants [6,24,29] and sought homologue genes in U. 

minor transcriptome databases [49,57] (Table S2). Regarding SA-biosynthesis, we selected the 

PAL1 and SARD1 genes as representatives of the phenylalanine ammonia-lyase and the 

isochorismate pathways, main paths for SA-biosynthesis [58,59]. Among the SA-responsive 

genes, we selected the PR4 gene, which encodes a chitinase protein, and the WRKY70 

transcription factor, implicated in feedback biosynthesis of SA [60,61]. Moreover, five genes 

involved in JA/ET signaling were selected. The OPR3 gene was chosen for encoding one of the 

key enzymes involved in JA-synthesis [62], as well as the genes MYC2 and EIN3 for being 

regulators of JA and ET responsive genes [63,64], respectively. Additionally, we selected the 

THI2-like gene that encodes a JA-induced thionin with antimicrobial properties [65] and the 

bHLH13 gene for being a MYC2 repressor [66]. Finally, we chose the transmembrane PIP2 gene 

involved in the microbial recognition and elicitation of the immune response [67]. 

For gene expression analyses, frozen stem fragments were ground to a fine powder using a ball 

mill (Mixer mill MM 400, Retsch GmbH, Haan, Germany) and the RNA was extracted using the 

plant RNA isolation kit from Norgen (Norgen Biotek Corp., Thorold, Ontario, Canada). First-

strand cDNA was synthesized from 1 µg total RNA from each sample using PowerScriptIII reverse 

transcriptase (Invitrogen, Waltham, Massachusetts, USA) according to the manufacturer’s 

instructions. Primer pairs were designed according to the sequences identified in U. minor 

transcriptomes (Table S2). Quantitative RT-PCRs were performed in triplicates using the SSoFast 

EvaGreen® Supermix (Bio-rad laboratories, Hercules, California, USA) in a CFX96 real-time PCR 

detection system thermocycler (Bio-rad laboratories, Hercules, California, USA) with a standard 

thermal profile. Three technical replicates were processed for each PCR run. To compare the 
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data from different PCR runs or cDNA samples, the mean of the threshold cycle (Ct) values of 

the three technical replicates was normalized to the mean Ct value of Ri18S (18S ribosomal RNA, 

housekeeping gene from U. minor), which showed consistent and constant expression in 

previous works [48,57]. The ΔΔCt method was used to obtain expression ratios [68]. 

 

2.6.  Antioxidant enzyme activities 

Protein extracts were prepared from the frozen powder material from all the local stem samples 

(harvested at days 1 and 7 dpiE, and 1 and 7 dpiO). The powder material of each biological 

replicate was pooled per genotype and treatment. Proteins were extracted from 0.3 g of the 

pooled powdered material by using 1 mL of extraction buffer solution. This solution was 

prepared as described by Martínez-Arias et al. [48]. 

Ascorbate peroxidase (APX) and glutathione reductase (GR) activities were determined in gel 

after the separation of protein extracts by non-denaturing electrophoresis in polyacrylamide 

gels, following the protocols described by Sobrino-Plata et al. [69]. Protein loading for APX and 

GR detection was 15 µg. Antioxidant activities were quantified by taking images of acrylamide 

gels with the GelDocTM XR+ system (BioRad, laboratories, Hercules, California, USA) and the 

intensity of the detected bands was measured using the Image Lab software (BioRad 

laboratories, Irvine, California, USA). Enzymatic activities were expressed as values relative to 

the intensity of control samples. A representative gel from three independent assays per activity 

was presented (Figure S4). Relevant changes were established as those with a ±30% fold change 

relative to the control treatment (E− at 1 and 7 dpiE, or E−O− at 1 or 7 dpiO). 

 

2.7.  Statistical analysis 

We evaluated the effects of the factors ‘genotype’ (MDV1, MDV2.3, and VAD2) and ‘treatment’ 

(E−O−, E+O−, E−O+, and E+O+) on the different variables measured. Thus, gas exchange variables 

(Pn, gs, Ci, and E) were analyzed by two-way analysis of variance (ANOVA) including main and 

interaction effects of factors ‘genotype’ and ‘treatment’ in the ANOVA model. Pathogen 

quantity and vascular browning on E−O+ and E+O+ samples were also analyzed by two-way 

ANOVA. Pathogen quantity was analyzed independently for local, intermediate, and distal stem 

fragments. The mean values were compared between genotypes and treatments with Tukey’s 

HSD post-hoc test (p < 0.05). For both variables, plants that were not inoculated with the 

pathogen (E+O− and E−O−) were discarded from the analysis due to the absence of vascular 

browning development. 
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Quantification of the endophyte presence was analyzed in endophyte-treated plants (E+O− and 

E+O+) and in control plants (E−O−). The results were analyzed independently for each endophyte 

by two-way ANOVA. The mean values were compared between genotypes and treatments with 

Tukey’s HSD post-hoc test (p < 0.05). 

The analysis of gene expression was performed independently for each genotype and sampling 

date. The fold-change expression values in each sample date were obtained in relation to the 

mean value of the mock-inoculated treatment (E−O−). One-way ANOVAs were performed to 

evaluate the effect of the treatment in each sample date and genotype. On days 15 and 21 of 

the experiment (i.e., 1 and 7 dpiO), Tukey’s post-hoc analysis (p < 0.05) was performed to 

compare the four treatment groups. 

When needed, data were log or square-root transformed prior to analysis to comply with 

normality and homoscedasticity assumptions. Statistical analyses were performed using 

STATISTICA version 8.0 (StatSoft, Tulsa, OK, USA). 

 

3. Results 

3.1. Plant phenotypic traits 

The leaf gas exchange parameters were not affected by the inoculation of endophytes or O. 

novo-ulmi in any elm genotype (p < 0.05; Figure S1). 

Browning of vascular tissues was only detected as a reaction to O. novo-ulmi inoculation, but 

not in E−O− or E+O− plants (Figure 2A). Therefore, statistical analysis was performed to compare 

the percentage of xylem browning between E−O+ and E+O+ plants (Table S3). E+O+ plants 

showed higher percentages of xylem browning than E−O+ plants (p < 0.05; Table S3). Moreover, 

the DED-susceptible genotype MDV1 showed larger browning areas than DED-resistant 

genotypes MDV2.3 and VAD2 (p < 0.05, Figure 2B; Table S3). 
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Figure 2. Vascular browning in stem transverse sections collected at day 21 of the experiment. (A) 
Representative picture of vascular browning in E−O− plants (mock-inoculated plants in both treatment 
dates), E−O+ plants (mock-inoculated plants subsequently inoculated with O. novo-ulmi), E+O− plants 
(endophyte-inoculated plants subsequently inoculated with water), and E+O+ plants (endophyte-
inoculated plants subsequently inoculated with O. novo-ulmi) in genotypes MDV1 (DED-susceptible), 
MDV2.3 (DED-resistant), and VAD2 (DED-resistant). (B) Mean (± standard error) percentage of vascular 
browning in treatments E−O+ and E+O+. Different letters indicate significant differences between 
treatments and genotypes according to Tukey’s HSD post-hoc test (p < 0.05). The results of the ANOVA 
analysis are detailed in Table S3. 

 

3.2. Pathogen quantification in plant tissues 

The O. novo-ulmi presence in stem fragments varied between U. minor genotypes at the end of 

the study (p < 0.05, Table S3). In plants not inoculated with the endophytes (E−O+), the 

susceptible genotype MDV1 showed a higher pathogen presence than the resistant genotype 

MDV2.3 in local, intermediate, and distal stem fragments, and also higher than the resistant 

genotype VAD2 in the intermediate stem fragment (Figure 3). Pathogen abundance in the stem 

was similar in MDV2.3 and VAD2 plants (p > 0.05, Figure 3). 

The quantity of O. novo-ulmi in local stem tissues decreased in plants previously inoculated with 

endophytes (E+O+) in the MDV1 genotype (p < 0.05, Figure 3; Table S3). 
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Figure 3. Presence of O. novo-ulmi at day 21 of the experiment in local (close to the inoculation point), 
intermediate, and distal stem pieces. Treatments E−O+ (mock-inoculated plants subsequently inoculated 
with O. novo-ulmi) and E+O+ (endophyte-inoculated plants subsequently inoculated with O. novo-ulmi) 
were evaluated in elm genotypes MDV1, MDV2.3, and VAD2. The mean value is represented by circles 
whose dimensions are proportional to the fungal DNA quantity (ng fungal DNA ng−1 plant DNA) as 
indicated in the circle scale. Different letters indicate significant differences between treatments and 
genotypes according to Tukey’s HSD post-hoc test (p < 0.05). Independent analyses were performed for 
local, intermediate, and distal stem fragments. The results of the ANOVA analysis are detailed in Table S3. 

 

3.3. Endophyte quantification in plant tissues 

The colonization of P5 and YM11 varied between genotypes, while YCB36 colonization was 

dependent on both the genotype and the treatment (i.e., O. novo-ulmi inoculation) (Table S3). 

None of the three inoculated endophytes significantly increased their presence in the genotype 

MDV2.3, while the presence of P5 and YCB36 endophytes tended to increase in genotypes MDV1 

and VAD2 (Figure 4). YM11 presence did not significantly increase in any of the genotypes and 

treatments (E+O− and E+O+) compared to E−O− plants (Figure 4, Table S3). In the resistant 

genotype VAD2, both P5 and YCB36 presence increased in E+O− plants; nevertheless, YCB36 was 

significantly reduced after O. novo-ulmi inoculation (E+O+ plants). In the susceptible genotype 

MDV1, the presence of P5 increased in E+O− and E+O+ plants, while the presence of YCB36 only 

increased in E+O+ plants (Figure 4; Table S3). 
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3.4. Gene-expression analysis 

3.4.1. U. minor Response to O. novo-ulmi Inoculation 

As expected, the response activated by U. minor against O. novo-ulmi depended mainly on the 

SA pathway. However, the induction level and its earlier or later expression varied among 

genotypes. 

The susceptible MDV1 genotype showed a mild but significant induction of the SA-responsive 

genes SARD1 and WRKY70 (5.1- and 3.1-fold change expression values, respectively), and no 

induction of PAL1 at 1 dpiO (see E−O+ treatment in Figures 5 and S2). Nevertheless, a strong 

induction of the four SA-related genes was observed at 7 dpiO, with maximum induction levels 

of a 67.4- and 76.4-fold change for genes SARD1 and PAL1, respectively. Moreover, some JA-

related genes (OPR3 and EIN3) were significantly activated at 7 dpiO (Figure 5). 

 

 

Figure 4. Presence of endophytes YM11 (gray circles), P5 (red circles), and YCB36 (green circles) in local 
stem pieces at day 21 of the experiment. The treatments E−O− (mock-inoculated plants in both treatment 
dates), E+O− (endophyte-inoculated plants subsequently inoculated with water), and E+O+ (endophyte-
inoculated plants subsequently inoculated with O. novo-ulmi) were evaluated in the elm genotypes MDV1 
(DED-susceptible), MDV2.3 (DED-resistant), and VAD2 (DED-resistant). The mean value in each case is 
represented by circles whose dimensions are proportional to the fungal DNA quantity (ng fungal DNA ng−1 
plant DNA) as indicated in the circle scale. Different letters indicate significant differences between 
treatments and genotypes according to Tukey’s HSD post-hoc test (p < 0.05). Independent analyses were 
performed for each fungal strain. The results of the ANOVA analysis are detailed in Table S3. 
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Similarly, the VAD2 genotype also activated a SA-dependent response in reaction to O. novo-

ulmi but with a different expression pattern than MDV1. Thus, a strong activation of genes PIP2, 

SARD1, PAL1, and WRKY70 was detected at 1 dpiO, with fold changes ranging between 12.6 and 

22.2. However, such activation was attenuated (PIP2 and SARD1) or even reduced to basal levels 

(PAL1 and WRK70) at 7 dpiO (Figure 5), in parallel to a repression of the JA/ET-responsive gene 

THI2 (Figure 5). Moreover, in both MDV1 and VAD2, SA-related genes were induced in parallel 

with PIP2 (Figure 5). 

The resistant genotype MDV2.3 showed a different response than VAD2 and MDV1. This 

genotype also showed a SA-dependent response but with milder expression levels both at 1 and 

7 dpiO (the expression levels barely exceeded a 6-fold change value). The PIP2 gene was 

significantly upregulated at 1 dpiO but not at 7 dpiO, while SARD1 and PAL1 were induced with 

higher intensities at 7 dpiO. On the contrary, PR4 showed a higher expression level at 1 dpiO 

than at 7 dpiO (Figure 5). 

Figure 5. Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) results of salicylic acid 
(SA) and jasmonic acid/ethylene (JA/ET)-responsive genes at days 1 and 7 after endophyte inoculation (E+ 
treatment, dpiE), and at days 1 and 7 (days 15 and 21 of the experiment) after O. novo-ulmi inoculation 
(dpiO). Treatments are: E−O+ (mock-inoculated plants subsequently inoculated with O. novo-ulmi), E+O− 
(endophyte-inoculated plants subsequently mock-inoculated), and E+O+ (endophyte-inoculated plants 
subsequently inoculated with O. novo-ulmi). The values indicated in each box are the mean values of the 
fold-change expression with respect to the mean values of the mock-inoculated treatment (E− or E−O−) 
in each time point. Fold change values exhibiting statistically significant differences with respect to E− (at 
days 1 and 7 dpiE) or E−O− (at days 1 and 7 dpiO) are indicated with a black asterisk (or white for enhancing 
visualization) at the upper right corner of the box. The red asterisk indicated on the upper left side of the 
box indicates E+O+ fold change values exhibiting statistically significant differences with respect to E−O+ 
treatment. Further comparisons of Tukey’s HSD post-hoc test (p < 0.05) and means ± standard errors are 
indicated in Figures S2 and S3. 

 

3.4.2.  U. minor response to endophyte inoculation 

As a general trend for all genotypes, modifications in SA and JA/ET-responsive genes were mainly 

produced at 1 dpiE and to a lesser extent at 7 dpiE. A relatively strong induction of SA-related 
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genes was produced at 1 dpiE in all genotypes, with fold-change expression values ranging 

between 3.0 and 5.0, except for the PAL1 gene in MDV1 which showed 7.6-fold change and the 

PR4 gene in VAD2 with 12.4-fold change (Figure 5). At 7 dpiE, significant but milder gene 

overexpression was maintained in all the SA-responsive genes in MDV1 and VAD2, except for 

the WRKY70 gene in VAD2 which showed a significant repression (Figures 5 and S2). In the 

genotype MDV2.3, a significant enhancement of the SARD1, PR4, and WRKY70 genes was 

detected at day 1, of which only PR4 and WRK70 continued to be overexpressed at day 7. On 

the contrary, PAL1 was not overexpressed in MDV2.3 during these days (Figures 5 and S2). As 

for the level of SA-related gene expression, the three genotypes showed higher induction of the 

PIP2 gene at 1 than at 7 dpiE. MDV1 and VAD2 genotypes presented higher PIP2 expression than 

MDV2.3 and significant overexpression of all SA-related genes (Figure 5). Moreover, the 

resistant VAD2 genotype showed the highest PIP2 and PR4 gene expression. 

The expression of JA/ET-responsive genes was milder than SA genes, with expression patterns 

also variable among genotypes. In MDV1, slight but significant inductions were detected for EIN3 

and AP2/ERF at 1 dpiE, and for OPR3 at 7dpiE (Figures 5 and S3). In MDV2.3 and VAD2, only the 

MYC2 and EIN3 genes were significantly induced at 1 dpiE (Figures 5 and S3). Remarkably, all the 

JA/ET-responsive genes in VAD2 were significantly repressed at 7 dpiE (Figures 5 and S3). 

Changes in the expression of some genes at 15 and 21 dpiE were also observed in endophyte-

inoculated plants that were subsequently inoculated with water instead of O. novo-ulmi (E+O− 

treatments) (Figure 5). In the VAD2 genotype, SARD1 and OPR3 were the most strongly induced 

genes with fold change values of 14.6 and 17 at 21 dpiE, respectively. In MDV2.3, SARD1 showed 

the highest overexpression with 9.3-fold change at 21dpiE (Figures 5 and S2). In genotype MDV1, 

milder upregulation was produced in PR4, OPR3, and AP2/ERF at 15 dpiE (Figures 5, S2, and S3). 

3.4.3. U. minor response to O. novo-ulmi in plants previously inoculated with endophytes 

In general, endophyte-inoculated plants upregulated SA-responsive genes in response to O. 

novo-ulmi (E+O+ plants) to a higher extent than plants without a previous endophyte inoculation 

(E−O+ plants; see red asterisks in Figure 5). Moreover, in genotypes MDV1 and VAD2, endophyte 

inoculation enhanced most of the JA/ET-responsive genes. 

MDV1 was the genotype in which the priming effect of the endophytes was stronger. Thus, 

expression values in this genotype reached 130-folds in SARD1 and PAL1, and 80-folds in PR4 at 

7 dpiO in E+O+, doubling the expression observed in E−O+ plants (p < 0.05; Figures 5 and S2). 
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Endophyte inoculation also resulted in higher expression of JA/ET-related genes compared to 

E−O+ plants (maximum: 3-fold change; Figure 5). 

In the resistant genotype VAD2, endophyte inoculation also induced both SA and JA/ET-

responsive genes after the pathogen inoculation. Regarding the SA pathway, enhanced gene 

expressions were observed at 7 dpiO in E+O+ compared to E−O+ plants (p < 0.05; Figures 5 and 

S2). In E−O+ plants, a peak expression of SA-responsive genes was observed at 1 dpiO, and in 

E+O+ this overexpression was maintained (SARD1) or even increased (PR4 and WRKY70) at 7 

dpiO (Figures 5 and S2). Moreover, the activation of JA/ET-responsive genes in E+O+ plants 

contrasts with the null activation or even repression of those genes in E−O+ plants (Figure 5). 

Among all the JA/ET-responsive genes evaluated, it is worth noting the strong induction of OPR3 

expression in this genotype (68.1-fold change; p < 0.05; Figures 5 and S3). As observed in E−O+ 

plants of both MDV1 and VAD2, higher expression of SA-responsive genes was coupled with an 

overexpression of PIP2 in E+O+ plants, with maximum expression values of a 136.4- and 75.7-

fold change, respectively (Figure 5). 

In contrast to the clear gene overexpression observed in E+O+ plants of MDV1 and VAD2, the 

modification in expression levels compared to E−O+ was much lighter in the resistant MDV2.3 

genotype, for which only PIP2 and SARD1 genes were moderately overexpressed (Figures 5 and 

S2). 

 

3.5. Antioxidant enzyme activities 

Genotype-dependent changes were observed in the activation of the antioxidant enzymes GR 

and APX in response to the endophyte, O. novo-ulmi, or their combined inoculation. The DED-

susceptible genotype MDV1 reacted to endophyte inoculation by slightly increasing APX activity 

and decreasing GR activity at 7 dpiE, while the resistant genotypes showed an increase in GR 

(MDV2.3) or APX (VAD2) at 1 dpiE (Figure 6). In MDV1, both antioxidant enzymes were activated 

in response to O. novo-ulmi inoculation at 7 dpiO, independently of the endophyte treatment. 

The VAD2 genotype responded to O. novo-ulmi (E−O+) by strongly increasing APX activity at 7 

dpiO, while GR activity only increased when plants had been previously inoculated with 

endophytes (i.e., in E+O+ plants; Figure 6). Finally, MDV2.3 responded to O. novo-ulmi 

inoculation by increasing both GR and APX activities at 1 dpiO, this response was more intense 

in E+O+ plants compared to E−O+ plants (Figure 6). 
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Figure 6. Gel activities of glutathione reductase (GR) and ascorbate peroxidase (APX) at days 1, 7, 15, and 
21 of the experiment in elm genotypes MDV1, MDV2.3, and VAD2. The numbers represent the fold change 
relative to control plants (E−O−). Colored boxes indicate modifications of ±30% of the enzyme activity with 
respect to control plants, with reddish or greenish colors indicating lower or higher activity than controls, 
respectively. 

 

4. Discussion 

4.1.  Different activation of SA genes in response to O. novo-ulmi across U. minor 

genotypes 

Pathogen inoculation induced a strong activation of SA defense genes in three U. minor 

genotypes (Figure 5), in agreement with the response observed by Perdiguero et al. [57] in 

English elm (Ulmus procera). This response supports the hemibiotrophic lifestyle of O. novo-ulmi 

as proposed in previous works [70,71]: before shifting to a necrotrophic lifestyle, in which O. 

novo-ulmi produces extensive host cell death, the pathogen seems to spread as a biotroph, 

inducing SA biosynthesis upon plant recognition of PAMPs or pathogen effectors [8]. SA 

synthesis is regulated by the isochorismate and phenylpropanoid pathways [72]. These genes 

are usually induced after pathogen recognition and are key for SA-biosynthesis in plants [61,73]. 

SA accumulation commonly activates a specific defense response that implies the transcriptional 

reprogramming of a large number of host genes, including several WRKY transcription factors 

(TFs). These WRKY TFs regulate SA-responsive genes involved in fighting the pathogen such as 

the pathogenesis-related (PR) genes [74]. In the three elm genotypes tested, SARD1 and PAL1 

were induced in response to O. novo-ulmi, suggesting SA synthesis. Nevertheless, both SA 

synthesis and SA responsive genes were differentially activated in each genotype. 

Fast induction of SA-related genes during early pathogen invasion could be associated to higher 

resistance. Thus, the induction of SARD1, PAL1, and WRKY70 at 1 dpiO, as well as their 

attenuation at 7 dpiO, suggests a rapid SA-dependent defense activation in the DED-resistant 

VAD2 genotype. On the contrary, SA-responsive genes in MDV1 were only slightly triggered at 1 

dpiO and suffered a strong overexpression at 7 dpiO (Figure 5), a late response that could benefit 
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pathogen spread. These results agree with the higher O. novo-ulmi presence in MDV1 than in 

VAD2 when pooling all stem parts (i.e., distal, intermediate, and local; p < 0.05). In both 

genotypes (MDV1 and VAD2), the overexpression of PIP2, a gene that is triggered in response 

to PAMPs and codifies for a peptide involved in amplifying plant immunity [67], was 

approximately proportional to the pathogen presence in xylem tissues (Figure 3). Despite MDV1 

and VAD2 showing a similar induction of PIP2 at 1 dpiO (see E−O+ plants in Figure 5), SA-

mediated responses were triggered with different intensities in both genotypes, suggesting that 

PIP2 recognition by receptor/like kinases (RLKs) or the resulting signal transmission for defense 

activation was more efficient in VAD2 than in MDV1, at least during the first hours of infection. 

The higher pathogen load observed in MDV1 compared to the resistant genotypes (MDV2.3 and 

VAD2, Figure 3) could also be influenced by xylem vessel anatomy. Wider [54] and longer 

(authors, unpublished results) vessels have been observed in MDV1 than in MDV2.3 and VAD2 

plants. These different anatomical features can influence the rate of pathogen entry and 

dispersal [75–77]. Wide and long vessels in MDV1, together with a delayed SA-mediated defense 

activation, may enhance pathogen colonization and susceptibility to O. novo-ulmi in this 

genotype. 

A different behavior was detected in the resistant genotype MDV2.3. The significant PIP2 and 

SARD1 stimulation at 1 dpiO suggests pathogen recognition, which would lead to the 

upregulation of the SA-responsive gene PR4 and the repression of some JA/ET-responsive genes 

(Figure 5). However, the small defense activation during early infection stages suggests that 

alternative mechanisms determine MDV2.3 resistance to DED. One such mechanism appears to 

be the antioxidant system activation (Figure 6). The fast, coordinated activation of GR and APX 

in MDV2.3, two principal enzymes of the ascorbate-glutathione (AsA-GSH) pathway, suggests 

high ROS levels produced by the host as a primary defense reaction against pathogen cells, an 

efficient recognition of ROS increment, and a rapid reaction to balance the redox state. The 

increase in ROS levels could act as a signal that rapidly propagates the defense activation to 

distal parts. In fact, ROS signaling has been described in plant responses to different stresses [9]. 

Moreover, small xylem vessels of MDV2.3 are also likely involved in DED resistance [54]. 

Plant physiology was not altered by O. novo-ulmi inoculation (Figure S1), supporting the previous 

observation that young plantlets show few DED symptoms, if any [53]. However, vascular 

browning occupied a larger area in the susceptible genotypes than in the resistant genotypes 

(Figure 2), possibly as consequence of an elevated O. novo-ulmi spread at 7 dpiO, as stated in 

other wilt diseases [78]. This result contradicts the work of Duchesne et al. [55] who reported 
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larger browning areas in vascular tissues of resistant than of susceptible elm genotypes. Vascular 

browning is the consequence of different tree responses to infection, such as vessel occlusion 

with gels and tyloses, and accumulation of phenolics and other defense compounds in 

parenchyma cells [79]. In our experiment, the PAL1 overexpression (directly involved in the 

synthesis of phenolic compounds) matched well with the percentage of vascular browning in 

each genotype. Therefore, we argue that accumulation of phenolics is not per se related to 

resistance, as suggested in previous works [51,71]. Rather, the rapid PAL1 induction (as observed 

in VAD2 at 1 dpiO) is probably more effective than a stronger but later activation of the 

phenylpropanoid metabolism. 

 

4.2.  Fungal endophytes activate a transient SA and JA response and act as priming 

stimulators 

Besides genetic resistance, the fungal community is postulated to be an important additional 

defense layer contributing to elm resistance to O. novo-ulmi. Previous research evidenced the 

role of the three elm endophytes used in this study in enhancing resistance to O. novo-ulmi 

(YCB36 strain) or to abiotic stress (P5 and YM11 strains) [47,48]. Here, endophytes P5 

(Cystobasium) and YM11 (Chaetothyriales) were detected in the stem of non-endophyte 

inoculated E−O− plants, supporting the idea that they belong to the core microbiome and are 

extensive colonizers of the stem [46], unlike YCB36 which was barely present in E−O− (Figure 4). 

The establishment of endophytes following artificial inoculations (E+O− plants) was genotype-

dependent. While in VAD2 the abundance of P5 and YCB36 increased, in MDV1, only the 

presence of P5 increased. Contrary to YCB36, the load of P5 and YM11 was maintained despite 

O. novo-ulmi occurrence, indicating that they occupied a stable niche in elm tissues. 

Endophyte inoculation per se stimulated a moderate SA-dependent response during the initial 

days of interaction with the plant in all elm genotypes (Figure 5). As observed in response to O. 

novo-ulmi, the upregulation of PIP2 in all genotypes in response to endophyte inoculation 

indicates that endophytic MAMPs are recognized by U. minor, triggering a moderate SA-defense 

response. Higher overexpression of SA-dependent genes in VAD2 and MDV1, rather than in 

MDV2.3, seemed to be associated to the PIP2 expression level, which in turn varied according 

to the endophytic load in each genotype (Figure 4). Moreover, a slight upregulation of JA/ET-

dependent genes complemented the main SA-related response at 1 dpiE, suggesting that the 

activation of both hormone pathways occurs during endophyte colonization. In fact, MYC2, 

which is a key transcriptional regulator of JA-dependent defenses [80], was induced after 

endophyte inoculation in the two DED-resistant genotypes (Figure 5). The activation of the SA 
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pathway alone or in combination with the JA/ET pathway is not commonly triggered during the 

colonization of beneficial microorganisms, the single activation of JA/ET being the most common 

response prompted by plant growth-promoting rhizobacteria and fungi (PGPR and PGPF) 

[21,24,81–84]. Nevertheless, in line with our results, the induction of SA-related defense genes 

alone or in combination with JA/ET-responsive genes has been observed in other studies with 

beneficial microorganisms such as Trichoderma hamatum [85] or Bacillus cereus [86]. 

The expression levels of SA-related genes tended to diminish at 7 dpiE (Figure 5), probably upon 

recognition of the non-virulent behavior of the endophytes. The slight but transient induction 

of host defenses after the initial recognition of the symbiotic fungi as a potential invader is a 

common phenomenon displayed by mycorrhiza, rhizobacteria, and other symbiotic 

microorganisms [30,87]. The activation of the antioxidant enzymes APX and/or GR during 

endophyte establishment suggests that ROS accumulates during endophyte recognition and 

triggers a transient induction of the plant defense in order to maintain the symbiosis [23,88,89]. 

The JA/ET-mediated responses also diminished at 7 dpiE but only in VAD2 plants (Figure 5). The 

highly effective colonization of YCB36 in VAD2, but not in MDV1 or MDV2.3, may be related with 

this different response. During the colonization process, microbes can adopt an active role in 

determining how plants react through the release of small effector proteins or small interfering 

RNAs to target plant transcripts and silence their translation [90]. For example, effector proteins 

from arbuscular mycorrhizal and ectomycorrhizal fungi have been described to interact with ET 

or JA receptors during the colonization process to repress their signaling pathways and enhance 

fungal establishment [90–94]. Similarly, as occurring in pathogens, the cross-kingdom exchange 

of small-RNAs from endophytes to the host may attenuate plant hormone signaling pathways 

[95]. 

 

4.3. A rapid and strong defense activation against O. novo-ulmi is triggered in 

endophyte-primed plants 

The “information” generated during the transient stimulation of SA and JA-dependent defenses 

after endophyte inoculation was possibly “stored” by epigenetic mechanisms until the pathogen 

inoculation [29,96]. Specific chromatin modifications on gene promoters, through DNA 

methylations or histone modifications, or accumulation of mitogen-activated protein kinases, 

are essential in the priming process involved in sensitizing plants for rapid and robust defense 

activation [97–99]. We clearly observed a faster and stronger defense activation upon O. novo-

ulmi inoculation in plants previously inoculated with endophytes, which was more evident in 

MDV1 and VAD2 genotypes than in MDV2.3 (Figure 5). In MDV1 and VAD2, both SA and JA-
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mediated responses were enhanced after O. novo-ulmi inoculation in E+O+ compared to E−O+ 

plants (see red asterisks in Figure 5). Given that O. novo-ulmi inoculation promoted a strong but 

late activation of SA-dependent defenses in MDV1, the earlier SA-mediated response in 

endophyte-primed plants could explain the reduced O. novo-ulmi presence in E+O+ plants of 

this genotype. In MDV2.3, the endophyte-induced enhancement of APX and GR activities at 1 

dpiO may indicate an endophyte-mediated increased ROS sensitivity and enhanced capacity to 

maintain cell homeostasis [23]. 

Notwithstanding the similar endophyte-induced priming response to O. novo-ulmi inoculation 

in VAD2 and MDV1, a different balance between JA/ET and SA-activation was observed. While 

in the susceptible MDV1, the SA-related pathway was prioritized, with a 130-fold change in some 

genes at 7 dpiO, the resistant VAD2 maintained an equilibrium in the stimulation of both 

pathways. The fast SA-response of VAD2 to O. novo-ulmi (described in the previous section for 

E−O+ plants) was not enhanced in endophyte-primed (E+O+) plants. Furthermore, while the 

primed expression of SA-responsive genes in VAD2 increased moderately at 7 dpiO compared 

to 1 dpiO, SA-related gene expression in MDV1 doubled the already elevated basal expression 

observed in E−O+ plants. In both cases, the SA-related response was accompanied by a JA/ET-

related response, a phenomenon exclusively observed in endophyte-inoculated plants and 

other works using inoculations of multiple strains [100–102]. Regardless of the reported 

antagonism of SA and JA/ET-mediated defenses [6], the parallel activation of SA and JA/ET 

pathways [103,104] can lead to a more efficient protection against specific pathogens [7]. The 

moderate upregulation of JA/ET-related genes in MDV1 contrasts with the overexpression 

values observed in VAD2 (Figure 5), for which the high upregulation of OPR3 suggests an increase 

in JA synthesis. This, however, was not related to a significant reduction of pathogen load, 

probably due to the basal resistance of this genotype and the low pathogen spread in E−O+ 

plants. 

It is worth noting that the elevated activation of JA/ET-signaling during the priming in VAD2 

matched well with the high establishment of the YCB36 endophyte in this genotype (Figure 4). 

A recent study on DED-susceptible U. minor trees inoculated exclusively with YCB36 revealed a 

reduction of O. novo-ulmi foliar wilting symptoms [47]. The YCB36 priming effect on JA/ET-

pathways observed here could explain such lower wilting. Despite the fact that JA does not seem 

to be involved in the U. minor response to DED (Figure 5) [57], other works on U. americana 

reported a punctual activation of JA four days after the pathogen introduction [71]. 
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5. Conclusions 

Our study provides new evidence of the role of fungal endophytes on the priming of plant 

defense responses. Endophytic recognition by U. minor upon inoculation and the resulting 

transient defense stimulation mediated primarily by SA and secondarily by JA are possibly key 

processes in the modulation of the priming response observed when plants are exposed to O. 

novo-ulmi. The high influence of the plant genotype on both the endophyte colonization and the 

plant response to O. novo-ulmi complicates the interpretation of the priming response. The 

slight priming of defense genes observed in MDV2.3 was counteracted by its high and early 

antioxidant response, while MDV1 and VAD2 displayed a stronger priming of defense genes 

driven by SA and JA. The faster and stronger SA-dependent priming response observed in MDV1 

was possibly involved in the reduced pathogen proliferation. This result suggests that priming 

could have beneficial effects on DED-susceptible genotypes. Priming stimulation by fungal 

endophytes opens new possibilities in the fight against DED and the management of surviving 

U. minor stands. 
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Figure S1: Mean values (±standard error) of net photosynthesis (Pn), stomatal conductance (gs), 
intercellular CO2 concentration (Ci) and transpiration (E) in elm genotypes MDV1, MDV2.3 and 
VAD2 measured at day 21 of the experiment. Treatment combinations: E-O- plants (mock-
inoculated plants in both treatment dates), E-O+ plants (mock-inoculated plants subsequently 
inoculated with O. novo-ulmi), E+O- plants (endophyte-inoculated plants subsequently mock-
inoculated) and E+O+ plants (endophyte-inoculated plants subsequently inoculated with O. 
novo-ulmi).  Different letters indicate significant differences between treatments according to 
Tukey’s HSD post-hoc test (P<0.05). 
  



Chapter 3 supplementary information 
  

166 
 

 
Figure S2: Mean values (± standard error) of PIP2 and salicylic-acid responsive genes at days 1 
and 7 after endophyte inoculation (E+ treatment, dpiE) and at days 1 and 7 (days 15 and 21 of 
the experiment) after O. novo-ulmi inoculation (dpiO). Treatments are: E-O- plants (mock-
inoculated plants in both treatment dates), E-O+ plants (mock-inoculated plants subsequently 
inoculated with O. novo-ulmi), E+O- plants (endophyte-inoculated plants subsequently mock-
inoculated) and E+O+ plants (endophyte-inoculated plants subsequently inoculated with O. 
novo-ulmi).  Different letters in each sampling date indicate significant differences between 
treatments according to Tukey’s HSD post-hoc test (P<0.05). 
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Figure S3: Mean values (±standard error) of jasmonic-acid responsive genes at days 1 and 7 after 
endophyte inoculation (dpiE) and at days 1 and 7 (days 15 and 21 of the experiment) after O. novo-ulmi 
inoculation (dpiO). Treatments are: E-O- plants (mock-inoculated plants in both treatment dates), E-O+ 
plants (mock-inoculated plants subsequently inoculated with O. novo-ulmi), E+O- plants (endophyte-
inoculated plants subsequently mock-inoculated) and E+O+ plants (endophyte-inoculated plants 
subsequently inoculated with O. novo-ulmi). Different letters in each sampling date indicate significant 
differences between treatments according to Tukey’s HSD post-hoc test (P<0.05). 
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Figure S4: Images of the in gel activities of glutathione reductase (GR) and ascorbate peroxidase 
(APX) at days 1, 7, 15 and 21 of the experiment in elm genotypes MDV1, MDV2.3 and VAD2.  The 
SDS-PAGE and native gels for each sample are shown above GR and APX activities. 
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Table S1: Primer sequences used for pathogen (Ophiostoma novo-ulmi) and endophyte (P5, 

YM11 and YCB36) quantifications.  

 

 

  

Fungi Forward primer (5' - 3') Reverse primer (5' - 3') bp fragment 

Ophistoma novo-ulmi CGTTCTGTTCTCGTTGCTTCTGG CTCAGACGTTTCGTTACTGGTTTGG 141 

P5 (Cystobasidium sp.) CAACGGATCTCTTGGCTCTC AACAGACATACTCTTCGGAATACC 136 

YM11 (Exophiala sp./Knufia sp.) AGGAACTGGCCTCAAAGACA TCCTACCTGATCCGAGGTCA 142 

YCB36 (Hydeomyces sp.) AGTATACGCCGCCTTGACAC GTCGTAAAACATGGGGAACG 130 
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Table S2: Description of the genes selected for expression analysis. The genes evaluated are 

marker genes of the salicylic acid (SA), jasmonic acid (JA) or ethylene (ET) pathways. The 

functionality of each gene is described according to TAIR (https://www.arabidopsis.org/). The 

experiment in which those genes were identified and the isotig ID of each gene are also indicated 

together with the primer sequences and the resulting fragment length (bp fragment). 
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Table S3: Results of the two-way ANOVA analysis for leaf gas exchange variables, including net 

photosynthesis (Pn), stomatal conductance (gs), intercellular CO2 concentration (Ci) and 

transpiration (E), and vascular browning, O. novo-ulmi presence (in local, intermediate and distal 

parts) and endophyte presence (YM11, P5 and YCB36). 

 

  

Effect SS df MS F p

Genotype 25.87 2 12.94 1.605 0.214

Treatment 24.81 3 8.27 1.026 0.391

Genotype*Treatment 69.74 6 11.62 1.442 0.223

Genotype 0.012 2 0.006 1.334 0.275

Treatment 0.013 3 0.004 0.971 0.416

Genotype*Treatment 0.025 6 0.004 0.942 0.476

Genotype 1028 2 513.9 1.681 0.199

Treatment 1428 3 476 1.557 0.215

Genotype*Treatment 1342 6 223.7 0.732 0.627

Genotype 0.939 2 0.47 1.397 0.259

Treatment 1.155 3 0.385 1.146 0.342

Genotype*Treatment 2.504 6 0.417 1.242 0.306

Genotype 8153 2 4077 13.29 0.000*

Treatment 1275 1 1275 4.16 0.048*

Genotype * Treatment 493 2 246 0.8 0.454

Genotype 0 2 0 4.671 0.032*

Treatment 0 1 0 4.349 0.059

Genotype * Treatment 0 2 0 7.646 0.007*

Genotype 0 2 0 13.29 0.001*

Treatment 0 1 0 1.77 0.208

Genotype * Treatment 0 2 0 0.78 0.48

Genotype 0 2 0 10.06 0.003*

Treatment 0 1 0 0.38 0.547

Genotype * Treatment 0 2 0 0.53 0.604

Genotype 0 2 0 10.06 0.001*

Treatment 0 2 0 2.21 0.138

Genotype * Treatment 0 4 0 0.92 0.474

Genotype 0 2 0 4.088 0.034*

Treatment 0 2 0 0.67 0.524

Genotype * Treatment 0 4 0 0.625 0.651

Genotype 0 2 0 2.213 0.138

Treatment 0 2 0 2.156 0.145

Genotype * Treatment 0 4 0 3.032 0.045*
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Abstract 

Under increasingly harsh climatic conditions, conservation of threatened species requires 

integrative studies to understand stress tolerance. Riparian Ulmus minor populations have been 

massively reduced by Dutch Elm Disease (DED). However, resistant genotypes were selected to 

restore lost populations. To understand the acclimation mechanisms to the succession of abiotic 

stresses, ramets of five DED-tolerant U. minor genotypes were subjected to flood and 

subsequently to drought. Physiological and biochemical responses were evaluated together with 

shifts in root fungal assemblages. During both stresses, plants exhibited a decline in leaf net 

photosynthesis and an increase in percentage loss of stem hydraulic conductivity and in leaf and 

root proline content. Stomatal closure was produced by chemical signals during flood and 

hydraulic signals during drought. Despite broad similarities in plant response to both stresses, 

root mycobiome shifts were markedly different. The five genotypes were similarly tolerant to 

moderate drought, however, flood-tolerance varied between genotypes. In general, flood did 

not enhance drought susceptibility due to fast flood recovery, nevertheless, different responses 

to drought after flood were observed between genotypes. Associations were found between 

some fungal taxonomic groups and plant functional traits varying with flood and drought (e.g., 

proline, chlorophyll and starch content) indicating that the thriving of certain taxa depends on 

host responses to abiotic stress. 

Key words: Climate Change, drought, waterlogging, ecophysiology, root mycobiome, stress 

interaction. 
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1. Introduction  

Future climate projections suggest the occurrence of more intense and frequent extreme events 

such as heatwaves, droughts, and floods (Lindner et al. 2010). One of the main limitations to 

plant growth and survival in flooded areas is oxygen (O2) deprivation in soil air spaces due to the 

filling of soil pores with water. In the mid to long term, some trees affected by flooding may 

develop morphological adaptations to avoid hypoxic or anoxic conditions such as hypertrophied 

lenticels, adventitious roots or aerenchyma that facilitate O2 transport (Angeles et al., 1986; 

Yamamoto et al. 1995; Glenz et al. 2006, Sauter et al. 2013; Li et al., 2015). Before, however, a 

thorough disruption of primary metabolic functions occurs. Hypoxia (or anoxia) impairs 

mitochondrial respiration and kills part of the root system (Kreuzwieser and Rennenberg 2014). 

Hydraulic and chemical signals derived from or induced by anaerobic roots have rapid and long-

lasting effects on the shoot. Both root water permeability and hydraulic conductivity can be 

reduced due to an inhibition of aquaporin activity, or to changes in cambial growth and root 

suberization, and affect shoot performance (Christmann et al. 2013, Tombesi et al. 2015). Leaf 

net carbon dioxide (CO2) assimilation decreases due to stomatal and non-stomatal limitations to 

photosynthesis during flood. The later are associated with chlorophyll (Ojeda et al. 2004) and 

ribulose-1,5-biphosphate carboxylase/oxygenase (Rubisco) activity reductions (Herrera et al. 

2013), and soluble carbohydrates accumulation (Ferner et al. 2012). 

Functional alterations in response to drought are in many cases similar to those produced by 

flood, even if the origin and signaling of the stresses are different. Early growth arrestment 

contributes to the accumulation of cell protective compounds such as proline increase in flood 

and drought conditions (Yordanova and Petrova 2007, Bhaskara et al. 2015). Stomatal 

conductance decreases due to an insufficient water supply to guard cells or the action of 

hormones such as abscisic acid (ABA; Davies et al. 2002, Wilkinson and Davies 2002, Munemasa 

et al. 2015). While the adaptive role of stomatal closure in response to flood is unclear, it is 

known that early stomata closure mitigates water loss, prevents xylem cavitation, and 

moderates the drop of stem and leaf water potentials as soil water potential decreases during 

soil drying (Plaut et al. 2012). The reduction in net CO2 assimilation caused by flood and drought 

prompts the mobilization of carbon reserves to sustain plant metabolism. The net impact on 

carbon reserves (e.g. nonstructural carbohydrates; NSC) among plant organs will depend on how 

these stresses affect carbon sink strength (e.g. growth; Rodríguez-Calcerrada et al. 2017), 

capacity for starch remobilization (Sala et al. 2012), and phloem transport (Loreti et al. 2005, 

Parent et al. 2008, Kreuzweiser et al. 2009). The maintenance of a positive carbon balance is 
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crucial for survival of and recovery from flood and drought, with stored NSC used in repairing or 

replacing damaged structures (Flexas et al. 2006; Hartmann and Trumbore 2016).  

The independent effect of abiotic stresses on plant performance has been the subject of intense 

research. However, under field conditions, plants are affected by multiple stresses that are not 

the plain addition of the independent responses (Mittler 2006). The succession of flood and 

drought stresses has been scarcely studied (Nakai and Kisanuki 2010, Lakshmanan et al. 2013; 

Jaiphong et al. 2016, Doffo et al. 2017). Little is known about the potential interaction of both 

stresses despite their projected increase, particularly in Mediterranean areas (Lindner et al. 

2010). Flood acclimation responses may condition subsequent drought responses in different 

ways, similarly as it occurs in response to other stresses operating successively or simultaneously 

(Iyer et al. 2013, Prasch et al. 2013, Suzuki et al. 2014). For example, the reduction in root-to-

shoot ratio and the downregulation of aquaporin expression by flooded roots can challenge 

water absorption in the following drought stress situation (Kapilan et al. 2018). Because drought 

susceptibly is highly related to xylem cavitation vulnerability (Rodríguez-Calcerrada et al. 2017), 

previous alterations in hydraulic conductivity induced by flood could exacerbate susceptibility 

to drought (Hacke et al. 2001). Leaf photochemical damages on the photosynthetic apparatus 

caused by flood could also limit an efficient recovery after flood and the subsequent response 

to drought (Mauchamp and Méthy 2004). Nevertheless, other flood adaptations could be 

beneficial for drought tolerance, such as root proline or sucrose accumulation, which may 

provide a significant degree of osmotic and cellular protection during drought (Hayat et al. 

2012). 

Furthermore, there is increasing evidence that the plant microbiome plays a key role in plant 

fitness (Rodriguez et al. 2009, Porras-Alfaro and Bayman 2011, Vandenkoornhuyse et al. 2015, 

Lata et al. 2018). However, little is known about how the microbiome is affected by abiotic 

stresses. Experimental evidence has demonstrated the beneficial effect of some fungal 

endophytes in plant tolerance to drought through the reduction of water consumption (Redman 

et al. 2011), increased proline synthesis (Molina-Montenegro et al. 2016), improvement of 

photosynthetic efficiency (Khan et al. 2016), or shoot (Khan et al. 2012) and root (Bae et al. 2009) 

growth enhancement. Yet, other fungal endophytes seem to act as opportunistic, latent 

pathogens or saprotrophs, waiting for the weakening of their hosts to proliferate in plant tissues 

(Sieber et al. 2007). Possibly, physiological and biochemical signals induce the change of these 

cryptic microorganisms from one lifestyle to another (Kohler et al. 2015; Peter et al. 2016). The 

extent to which a part of the mycobiome contributes to plant weakness or to plant resilience 

under the action of abiotic stressors is a key question which deserves further research (Toju et 
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al. 2018). To address this question, we should first understand how the mycobiome changes 

under different stress scenarios in concomitance with plant functional traits. 

Here we aim to understand how tolerance of Ulmus minor Mill. to drought is altered by a 

preceding flood; and how flood- and drought-induced phenotypic changes in plant physiology, 

chemistry and morphology are related to concomitant changes in the root mycobiome. Ulmus 

minor was one of the dominant riparian tree species of central and southern Europe. During the 

last century, U. minor populations have virtually disappeared due to Dutch elm disease (DED), a 

vascular wilt disease caused by the exotic fungus Ophiostoma ulmi and the more aggressive O. 

novo-ulmi. Thanks to decades of elm breeding efforts, several DED-tolerant U. minor clones have 

been registered as forest reproductive material (Martín et al. 2015) and are intended to be 

included in reforestation programs of riparian habitats (Martín et al. 2019). Riparian ecosystems 

are among the most vulnerable to climate change and their maintenance or restoration need 

integrative conservation approaches (Tockner and Stanford 2002, Garssen et al. 2014, 2015). To 

this end, we subjected plants of five DED-tolerant U. minor clones to a sustained flood treatment 

followed by a moderate drought, to evaluate: i) the impact of flood, drought and drought after 

flood on plant functional changes and taxonomic root mycobiome changes; ii) the stress 

tolerance of these U. minor clones; and iii) the association between specific endophyte 

community shifts and plant functional traits.  

 

2. Materials and methods 

 Plant material and experimental design  

The U. minor clones used in this experiment were registered in 2014 as Spanish forest 

reproductive material under the names “Dehesa de Amaniel”, “Dehesa de la Villa”, 

“Majadahonda”, “Retiro” and “Ademuz”, (hereafter MDV2.3, MDV5, MMJ1, RET and VAD2 

respectively; Martín et al. 2015). These genotypes have been reported to be highly tolerant to 

DED. Their molecular and morphological characterization is detailed in Martín et al. (2015). Buds 

from the five clones were used as starting material for in vitro micropropagation in growing 

chambers according to Conde et al. (2008). In mid-February 2017, 6-months-old leafless ramets 

were transplanted to 5 dm3 pots filled with 3 ± 0.02 Kg peat (Kekkilä®, Vantaa, Finland) and 0.7 

mm river sand (3:1; v:v) substrate enriched with slow release fertilizer (Osmocote Plus®, Scott 

O.M, Tarragona, Spain). The pots were placed outdoors under full sunlight (with approximately 

1400-1500 mol m-2 s-1 photosynthetically active radiation (PAR) at midday) and were regularly 
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watered for the subsequent 4 months, allowing during this time the root colonization by fungal 

inocula present in the environment (substrate, irrigation water, surrounding vegetation, etc.).  

To evaluate flood tolerance, half of the ramets were placed inside a pool with running water up 

to the first 2-3 cm of the stem (F plants, n=100, i.e. 20 plants/genotype), and the other half left 

outside the pool under the same irradiance conditions (1400-1500 mol m-2 s-1 PAR) but optimal 

irrigation (C plants) (Fig S1). The source of the pool and the irrigation water was the same. Plants 

were assigned to F or C treatments randomly and distributed in five complete blocks in a 

randomized split-plot design (with 4 plants per genotype in each block). Plant height (19.01 ± 

8.25 cm, mean ± SD) and stem base diameter (1.78 ± 0.42 cm) were similar in C and F at the 

beginning of the experiment. These conditions were maintained for five weeks (mid-June – end 

July), when five plants per treatment and genotype were randomly selected for physiological, 

biochemical and root fungal microbiome sampling (see below).  

The remaining F plants were taken out of the pool and left together with C plants under regular 

watering (Fig S1) and partial shading (with approximately 900-1100 mol m-2 s-1 PAR at midday) 

to reduce air vapor pressure deficit and slow down soil drying rates during the ensuing summer 

drought experimental phase. After two weeks, half of the C and F plants were subjected to 

drought (CD and FD treatments; N=40; Fig. S1), and the other half remained under regular 

watering as controls (CC and FC treatments; N=35; Fig. S1). All the plants were distributed in a 

single plot divided in five blocks, which contained 1-2 plants per genotype and treatment 

randomly positioned inside the block. Drought was applied gradually throughout seven weeks 

(mid-August – end of September; Fig. S2). Soil water content in CD and FD plants was maintained 

around 50% of soil water content at field capacity during the first four weeks, and around 40% 

afterwards. Soil relative water content (SRWC) was calculated as: SRWC = (Wx – Wdry / WFC – 

Wdry). Wx was the current weight of pots after subtracting the fresh weight of plants obtained 

for each genotype from allometric equations of stem diameter vs plant dry weight, and plant 

dry vs fresh weight. Wdry was the weight of pots with soil oven-dried at 105 oC. Pot weight at 

field capacity (WFC) was estimated by irrigating 6 pots to water saturation and letting drain the 

excess of water for three days. The required watering to each CD and FD plant was applied three 

days per week with a graduated cylinder. At the end of the drought period, five plants per 

treatment and genotype were sampled for physiology, biochemistry, and root fungal 

microbiome analysis (see below).  
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The experimental setup allowed to evaluate flood impact (by comparing F and C plants), flood 

recovery (9 weeks after flood ended; CC vs FC plants), drought impact (CC vs CD plants) and how 

flood affects subsequent drought impact (FC and FD plants). 

 

  Plant physiological variables 

Midday xylem water potential was estimated by measuring a non-transpiring leaf, covered with 

aluminum foil for 1 hour (Zhang et al. 2013), using a pressure chamber (PMS Instrument 

Company, Albany, OR, USA). 

Xylem hydraulic conductance was measured using a XYL’EM embolism-meter (Bronkhorst, 

Montigny les Cormeilles, France) in the first internode section of the main stem (2-5 cm long) as 

described by Pita et al. (2018). Native embolism was determined as the percentage loss of 

hydraulic conductance (PLC) for each stem piece as: PLC (%) = 100 x (Kmax-Ki)/Kmax, where Kmax is 

maximum hydraulic conductance and Ki initial hydraulic conductance.  

All leaves above the sampled stem fragment were collected and scanned (AL) to know the leaf 

surface area supplied by the stem. Initial stem specific conductivity (Ksi) and maximum stem-

specific conductivity (Ksmax) were calculated by dividing Ki and Kmax, respectively, by the xylem 

cross-sectional area. The initial (KLi) and maximum (KLmax) leaf-specific conductivity were 

obtained by dividing Ksi and Ksmax, respectively, by the leaf area supplied by the stem. 

Before destructive measurements, leaf gas exchange and chlorophyll fluorescence were 

measured in intact leaves with a LI-6400XT portable system (Li-Cor Inc., Lincoln, NE, USA), using 

a 2-cm2 chamber with a LED light source and a PAM fluorometer (6400-40). Chamber conditions 

were adjusted to 1000 µmol m-2 s-1 photon flux density (PAR), 400 ppm air CO2 concentration, 

and 25 oC air temperature. After recording gas exchange, chlorophyll fluorescence was 

measured in the same leaf to estimate the quantum yield of photosystem II (PSII) and the 

electron transport rate (ETR = 0.5∙0.84∙PSII∙PFD), according to Maxwell and Johnson (2000).  

 

 Plant biochemical variables 

For biochemistry analysis, we collected approximately 10 g of fresh root material at 2 cm below 

the soil (5 cm length fragments) and fully developed leaves (10-12 leaves) from different plant 

heights, and immediately placed them in a recipient with liquid nitrogen. Frozen roots were 

ground to a fine powder using a ball mill (Mixer mill MM 400, Retsch GmbH, Haan, Germany) 

and frozen leaves were pulverized using a batch mill (IKA A11 basic Analytical mill, IKA-Werke 

GmbH & Co. KG, Staufen, Germany). 
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The concentration of non-structural carbohydrates (NSC) in roots and leaves was measured 

using a modified protocol from Maness (2010). Soluble sugars (SS) were extracted by incubating 

50 mg of fresh material in 1 ml of 80% ethanol. An aliquot of the ethanolic extract was reserved 

for proline quantification (see below). The insoluble material in the pellet was used for starch 

determination. Starch was transformed into glucose monomers using the enzymes 

amyloglucosidase from Aspergillus niger at 50 U/ml (Sigma-10115) and α-amylase from Bacillus 

licheniformis at 500 U/ml (Sigma-A4582) in 0.1 M NaAc (pH 4.5). The mix was incubated for 2 h 

at room temperature and for 24 h at 55 oC. Sugar monomers from the ethanolic extract or starch 

enzymatic digestion were quantified by the anthrone-sulfuric acid colorimetric microassay, 

based on Laurentin and Edwards (2003), using 96-well microplates. The values were quantified 

according to a standard curve with known concentrations of glucose, fructose and galactose in 

the case of SS (0-10-50-100-250-500-750-1000 ppm), and glucose (0-10-50-100-250-500-750-

1000 ppm) in the case of starch. The concentration of total NSC was calculated by adding the 

concentrations of SS and starch.  

Oxidative stress was evaluated in roots and leaves using two parameters, free proline content 

and lipid peroxidation. Proline concentration was measured using the ninhydrin assay (Bates et 

al. 1973) adapted to 96-well format (Carrillo and Gibon 2011). Lipid peroxidation was calculated 

through the quantification of malondialdehyde (MDA) concentration according to Ortega-

Villasante et al. (2005).   

Chlorophyll a (chla) and chlorophyll b (chlb) were extracted from 50 mg of fresh leaf material in 

10 ml of 80% acetone. The absorbance was read at 663 and 645 nm. Reads were transformed 

to chlorophyll concentration (µg g-1 FW) according to Porra et al., (1989) for extractions 

performed in acetone 80%.  

 

 Biomass partitioning and plant survival 

In the plants sampled, leaves, stems, and roots were separated and weighted before and after 

being dried in an oven at 75 oC for 2 days. Leaf mass fraction (LMF; g leaf g-1 plant), stem mass 

fraction (SMF; g stem g-1 plant), root mass fraction (RMF; g root g-1 plant), and leaf area ratio 

(LAR; cm2 leaf g-1 plant) were calculated for each plant. 

A tolerance index for the different stresses applied (F, D and FD) was calculated according to 

Fichot et al. (2009). This index estimates the percentage of plant biomass reduction due to the 

stress and was calculated for each genotype as: (plant biomass stress/plant biomass control) x 100. 
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From the remaining plants, survival was expressed as the proportion of plants that survived 

flood and drought periods.  

 

  Total genomic DNA extraction and root fungal microbiome sequencing 

Root mycobiome composition was assessed through metabarcoding. Since plants were 

micropropagated under highly aseptic conditions, we assumed that most of the root mycobiome 

originated from inoculum sources present in the surrounding environment where the plants 

grew (substrate, water, vegetation, spores dispersed by wind, insects, etc.). 

Root samples for DNA extraction were deeply cleaned with sterilized distilled water to remove 

soil particles before being frozen in liquid nitrogen. The root powder of the five replicates per 

genotype and treatment was pooled to assess the fungal microbiome composition of each 

treatment. Genomic DNA was extracted from 50 mg of the root powder using the Norgen ® 

Plant/Fungi DNA isolation kit (Norgen, ON, Canada).  

For mycobiome sequencing, the first Internal Transcribed Spacer (ITS1) was targeted using the 

primers ITS1F (Bellemain et al. 2010). Melting temperature for PCR reactions was adjusted to 62 

oC. PCR fragments were sequenced through an Illumina MiSeq platform, in pair-end at 300-bp-

length mode, in the facilities of Lifesequencing (Paterna, Valencia, Spain). 

 

 Root mycobiome bioinformatic pipeline 

Paired reads were merged into single tags using Newbler Assembler (Roche, Basilea, 

Switzerland). Those tags were dereplicated within each library using VSEARCH v.2.10.4 (Rognes 

et al. 2016) and processed through FungalITSExtractor (Nilsson et al. 2010). Afterwards, tags 

were pooled into a single database and dereplicated again using VSEARCH, discarding sample-

wide singletons (i.e. setting minuniquesize parameter to 2). Clustering of dereplicated tags to 

generate Operational Taxonomic Units (OTUs) was done using GramCluster 1.3 (Russell et al. 

2010). OTUs taxonomic assignment was done using MegaBLAST algorithm (Zhang et al. 2000) 

against the curated fungal ITS database UNITE version 7.2 (Kõljalg et al. 2005, Nilsson et al. 

2018). Taxonomic assignment output was parsed using R (R Core Team 2017). 

 

  Statistical analysis 

Means of physiological and biochemical measurements were compared using a factorial ANOVA 

with genotype and treatment as factors. When the interaction between genotype and treatment 

was significant at P<0.05, we analyzed the response of each genotype to the treatment. If the 

interaction was not significant, all genotypes were pooled. Differences between groups were 
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established according to the Tukey’s HSD post-hoc test when factors were significant at P<0.05. 

Some variables were log-transformed to achieve normality. 

Slopes of relationships between Pn and gs, and gs and Ψxylem were compared to test for 

differences between flood, drought and drought after flood, based on the interaction term 

between the treatment and the predictor variable in a covariance analysis (ANCOVA).  Variables 

were log-transformed to linearize relationships.  

To compare differences in relative abundance of fungal taxa between treatments, differential 

abundance analyses were performed using the “DEseq2” R-package (Love et al. 2014). DEseq2 

is a differential expression analysis tool performed for RNA-seq data that has proven suitable to 

obtain differential microbiome relative abundances (McMurdie and Holmes 2013). DEseq2 was 

used to normalize the counts at the order taxonomic level and to detect association between 

order and treatment, considering as significant the adjusted for multiple tests P<0.05.  

To examine the possible correlation between mycobiome composition at the order level and 

plant variables, we analyzed plant and mycobiome variables using principal component analysis 

(PCA). The variables used for the statistical procedure were z-standardized. Cases and variable 

distributions were represented in a 2-dimensional scatter plot using the first and the second 

factor obtained in the analysis. To evaluate the significance of differences between treatment 

groups, a non-parametric analysis of similarities (ANOSIM) was performed (Clarke 1993) using 

“ANOSIM” function from “vegan” R-package. The R value obtained indicates group distances, 

with 1 indicating the highest level of separation and 0 no separation. 

Since plant harvesting was divided in two sampling dates, the flooding (F and C) and the drought 

periods (CC, CD, FC and FD) were analyzed separately. The analyses were run using STATISTICA 

version 8.0 (StatSoft, Tulsa, OK, USA) and R software (R Core Team 2017). 

 

3. Results 

  Xylem water potential and hydraulic conductivity 

Midday xylem water potential (Ψxylem) was ~ -1.30 MPa in F and C plants (Fig. 1A; Table S1). On 

the contrary, drought reduced Ψxylem in previously flooded (FD) and non-flooded (CD) plants, 

with mean values in both treatments ~ -2.35 ± 0.15 (SE) MPa. The percentage loss of hydraulic 

conductance (PLC) increased in F plants compared with C plants (Fig. 1B) and was similar in FC 

and CC plants after flood ended. PLC also increased during drought, in FD and CD relative to CC 

plants.  
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Fig. 1: Mean values (± standard error) of xylem water 
potential (Ψxylem; A) and per cent loss of hydraulic 
conductivity (PLC; B). The left part of each graph compares 
flooded plants (F; grey bars) with control plants (C; open 
bars) after the flooding period. The right part compares 
the four treatments after the drought period: control 
plants (CC; open bars), drought plants (CD; white bars with 
lines), previously flooded plants not exposed to drought 
(FC; grey bars) and previously flooded plants exposed to 
drought (FD; grey bars with lines). Lowercase letters 
indicate homogenous groups according to Tukey’s HSD 
test (P<0.05). Statistical analyses were performed 
separately for the flooding period and the drought period. 

 

 

 

 

 

The five genotypes showed similar trends in Ψxylem and PLC in response to flooding and drought. 

However, leaf and stem hydraulic conductivity showed highly significant differences between 

genotypes in response to both stresses, but especially to drought (Table S1; Fig. S3). Genotypes 

RET and VAD2 did not experience any significant effect of flood or drought in Ksmax, KLmax, Ksi or 

KLi. MDV5 drought plants experienced significant reductions in these variables, but only in non-

previously flooded plants (CC vs CD). On the contrary, drought effects (on Ksi and KLi) in MDV2.3 

were only significant in previously flooded plants. The MMJ1 genotype showed a significant 

decrease in Ksi after flood, and a significant increase in KLmax after drought on previously flooded 

plants (Fig. S3). 

 

  Leaf gas exchange and chlorophyll fluorescence 

Net photosynthesis (Pn) and stomatal conductance (gs) declined 5.70 and 4.46 times, 

respectively, in F compared to C plants (Fig. 2A, B), showing the five genotypes similar trends in 

these variables (Table S2). Intercellular CO2 concentrations (Ci) remained unaltered by flood in 

all genotypes, with Ci mean values averaging 252 ± 4 ppm in C plants and 263 ± 6 ppm in F plants. 

Intrinsic water use efficiency (iWUE; Pn / E) was not affected by flood (Fig. 2C) in any genotype. 
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The electron transport rate (ETR) was 60% lower in F than C plants (P<0.001) (Fig. 2D, Table S2). 

After flood cessation, all variables recovered and were similar in CC and FC (Fig. 2A,B). 

 

 

 

 

 

 

 

 

Fig. 2: Mean values (± standard error) of net photosynthesis (Pn; A), stomatal conductance (gs; B), intrinsic 
water use efficiency (iWUE; C) and electron transport rate (ETR; D). The left part of each graph compares 
flooded plants (F; grey bars) with control plants (C; open bars) after the flooding period. The right part 
compares the four treatments after the drought period: well-watered plants during the flood period and 
during the drought period (CC; open bars), control plants during the flood period and, subsequently, 
subjected to drought (CD; white bars with lines), previously flooded plants set as controls in the drought 
period (FC; grey bars) and previously flooded plants exposed to drought (FD; grey bars with lines). 
Lowercase letters indicate homogenous groups according to Tukey’s HSD test (P<0.05). Statistical analyses 
were performed separately for the flooding period and the drought period. 

 

Drought caused a reduction in Pn and gs in both previously flooded (FC vs FD) and non-flooded 

plants (CC vs CD; Fig. 2A,B). Ci concentrations suffered a significant although moderate reduction 

due to drought in both previously flooded (276 ± 6 vs 255 ± 5 ppm) and non-previously flooded 

plants (278 ± 4 vs 247 ± 6ppm). Drought also produced an increase in iWUE in both FD and CD 

plants, marginally significantly different among genotypes (Table S2; Fig. S4). Leaf 

photochemistry was not affected by drought (Fig. 2D). 

Under conditions of flood (Fig. 3A), drought (Fig. 3B) and drought after flood (Fig. 3C), Pn and gs 

were logarithmically related, more steeply during the flood period (Treatment*gs < 0.001; 

Table S3 A,B). Similarly, the relationship between gs and Ψxylem was also dependent on the type 

of stress applied (Treatment*Ψxylem < 0.05; Table S3 A,B). In fact, gs and Ψxylem were related 

under drought, but not under flood conditions (Fig. 3 D,E,F).  
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Fig. 3: Relationship between net photosynthesis (Pn) and stomatal conductance (gs) (A, B, C) and stomatal 
conductance and xylem potential (Ψxylem) (D, E, F) during flood (A, D) (C, open circles and F, closed circles), 
drought (B, E) (CC, open triangles and CD closed triangles) and drought preceded by flood (C, F) (FC, open 
squares and FD, closed squares). Exponential models in figures A, B, C, E and F are fitted to all the plants 
(control and stressed) represented in the graphs. The adjusted R2 (Adj R2) is indicated in each graph. 
Asterisks indicate significant relationships between observed values and values predicted by nonlinear 
models: *, P<0.05; **, P<0.01; ***, P<0.001. 

 

 Plant biochemical variables 

Chlorophyll a (chla) and b (chlb) decreased with flood, and almost completely recovered after 

flood ended (Fig. 4A). Drought also reduced chlorophyll content (chltotal), less so in previously 

flooded plants, in neither of the cases with significant differences. 

Flood impact on SS and starch concentrations was different in leaves and roots. In leaves, SS 

slightly decreased while starch increased (Fig. 4B; Table S4). In roots, SS concentrations 

increased a 52% with flood, and starch decreased a 36% (Fig. 4B). Nine weeks after flood, leaf 

and root NSC in FC plants recovered to levels of CC plants. Drought had a non-significant effect 

on NSC.  
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Leaf and root proline concentrations increased with flood and recovered after it ended (Fig. 4C). 

Leaf and root proline also increased with drought, in both CD and FD plants. However, root 

proline concentration was lower in FD than in CD plants (Fig. 4C). Leaf and root proline 

concentrations showed significant differences among genotypes (Table S4; Fig S5). 

MDA was less responsive to flood and drought stress than proline, showing only an increase in 

leaves in response to flood (Fig. 4D).  

 

 

Fig. 4: Mean values (± standard error) of chlorophyll a and chlorophyll b content (A), non-structural 
carbohydrates in leaves (upper panel) and roots (lower panel) (B), proline content in leaves (upper panel) 
and roots (lower panel) (C) and MDA content in leaves (upper panel) and roots (lower panel) (D). The right 
part compares the four treatments after the drought period: well-watered plants during the flood period 
and during the drought period (CC; open bars), control plants during the flood period and, subsequently, 
subjected to drought (CD; white bars with lines), previously flooded plants set as controls in the drought 
period (FC; grey bars) and previously flooded plants exposed to drought (FD; grey bars with lines). 
Lowercase letters indicate homogenous groups according to Tukey’s HSD test (P<0.05). Statistical analyses 
were performed separately for the flooding period and the drought period. Proline content in leaves and 
roots showed differences in the interaction genotype x treatment (Table S4). Root and leave proline 
results per genotype are shown in Fig. S5. 

 

  Biomass partitioning and survival 

On average, whole-plant biomass tended to decrease with flood (Fig. 5), from 65 ± 4 g DW in C 

plants to 34 ± 4 in F plants. Drought impact on plant biomass was more variable among 

genotypes (Table S5). Only MDV5 exhibited lower plant biomass in response to drought (CD vs. 

CC) (Fig. 5).  

In all genotypes, leaf mass fraction (LMF) and stem mass fraction (SMF) increased with flood, 

while root mass fraction (RMF) decreased (P<0.001) (Fig. 6A,C,D) due to root mortality (Fig. 5). 

Similar differences were observed after 9 weeks of flood cessation. On the contrary, the impact 

of flood on leaf area ratio (LAR) was variable among genotypes (Table S5). LAR increased with 
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flood in MDV2.3, decreased in MMJ1, and remained unaltered in the other genotypes. After 

flood ended, LAR was higher in FC than in CC plants (Fig. 6B), except in the genotypes MMJ1 and 

VAD2 (Fig. 5; Table S5). 

 

Fig. 5: Mean values (± standard error) of leaf area ratio (LAR), whole plant biomass, root dry weight 
biomass and survival per genotype (MDV2.3, MDV5, MMJ1, RET and VAD2) and treatment. In the left part 
of the graphs are represented flooded plants (F; grey bars) and control plants (C; open bars) after the 
flooding period. In the right side are represented the four treatments after the drought period: well-
watered plants during the flood period and during the drought period (CC; open bars), control plants 
during the flood period and, subsequently, subjected to drought (CD; white bars with lines), previously 
flooded plants set as controls in the drought period (FC; grey bars) and previously flooded plants exposed 
to drought (FD; grey bars with lines). Lowercase letters indicate homogenous groups according to Tukey’s 
HSD test (P<0.05). Statistical analyses were performed separately for the flooding period and the drought 
period. 

 

Drought did not affect SMF or RMF. However, LMF was reduced by drought, in both FD and CD 

plants (Fig. 6A). As in response to flood, the response of LAR to drought varied with genotype. 

In previously flooded plants, drought caused a significant LAR reduction in MDV2.3, MMJ1 and 

RET. 

Flood affected the survival of genotypes MDV2.3, MMJ1 and RET (with 20%, 5% and 10% 

mortality during flood, respectively; Fig.5). After flood cessation, mortality stopped in genotype 

MDV2.3, but increased in previously flooded plants of MMJ1 and RET genotypes. Post-flood 

drought did not enhance mortality, except slightly in RET genotype. No mortality occurred when 

drought was imposed on previously well-watered plants. Based on stress-induced biomass 
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reduction, genotype MDV5 was the most sensitive to drought and to the double stress of 

drought and flood, while MMJ1 was the most sensitive to flood (66% reduction) (Table S6). 

 

Fig.6: Mean values (± standard error) of leaf mass fraction (LMF; A), leaf area ratio (LAR; B), shoot mass 
fraction (SMF; C) and root mass fraction (RMF; D). The left part of each graph compares flooded plants (F; 
grey bars) with control plants (C; open bars) after the flooding period. The right part compares the four 
treatments after the drought period: well-watered plants during the flood period and during the drought 
period (CC; open bars), control plants during the flood period and, subsequently, subjected to drought 
(CD; white bars with lines), previously flooded plants set as controls in the drought period (FC; grey bars) 
and previously flooded plants exposed to drought (FD; grey bars with lines). Lowercase letters indicate 
homogenous groups according to Tukey’s HSD test (P<0.05). Statistical analyses were performed 
separately for the flooding period and the drought period. 

 

  Root mycobiome composition 

An average of 32,204 reads were retrieved from each library, summing up 28,862 tags after 

merging pair-end reads. A total of 120 out of 134 OTUs were taxonomically assigned with 97% 

similarity level, and distributed into 5 phyla, 17 classes, 37 orders, 64 families, 84 genera and 74 

species according to the UNITE database (Table S7). Members of Ascomycota (64.0%) and 

Basidiomycota (33.1%) were the most common, while Chytridiomycota (0.7%), Rozellomycota 

(0.2%) and Olpidiomycota (0.3%) had minor representation (Fig. 7A). At the class level, 

Saccharomycetes was the most abundant in all samples (36.2%, Fig. 7A). Agaricomycetes 

(26.8%) was highly present during the drought period, while Leotiomycetes and 

Dothideomycetes (14.2 and 15.3%, respectively) were especially enriched during the flood 

period (Fig. 7B).  

The highest OTU richness was found in C plants (47 OTUs), and the lowest in CD plants (33 OTUs) 

(Fig. 7C). Plants under stress treatments (F, CD and FD) showed different OTU composition than 

their respective controls, more markedly in the case of flood. Six OTUs were shared between all 
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treatments, three of them belonging to the genus Malassezia (Fig. 7C), a typical human skin 

fungus, which probably appeared as a contamination from sample manipulation, as no fungus 

of this genus has been confidently ascribed to any plant species (Salter et al. 2014, de Goffau et 

al. 2018). 

 

Fig. 7: Root microbiome composition at phylum (A) and class levels (B) and core microbiome (C). 
Community composition is described as the relative abundance of each phylum or class represented in 
each treatment. Each vertical bar represents a treatment: C, control plants in the flood period; F, flooded 
plants; CC, control plants in the drought period; CD, control plants during the flood period and, 
subsequently, subjected to drought; FC, previously flooded plants set as controls in the drought period; 
FD, previously flooded plants exposed to drought; and the community composition of all samples despite 
the treatment, “mean”. The fungi with a relative abundance below 0.1% were grouped as “others”. 
Community composition is defined at the OTU level using Venn diagrams (C) independently for flood (left 
diagram) and drought periods (right diagram). The Venn diagram at the bottom illustrates the core 
community maintained in both periods. 

 

The abundance of seven orders significantly differed between treatments (P<0.05).  Five of them 

(Helotiales, Chaetothyriales, Georgefischeriales, Glomerellales and Sordariales) belong to 
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Ascomycota and two of them (Sporidiobolales and Sebacinales) belong to Basidiomycota (Fig. 

8). During flood, the relative abundance of Chaetothyriales and Georgefischeriales decreased 

while Glomerellales increased in F relative to C plants. During the drought period, Sebacinales 

and Georgefischeriales reduced its presence in any stressed group (CD, FD and FC) in comparison 

with CC plants. Conversely, Sporidiobolales, Helotiales and Sordariales increased under stress: 

Sporidiobolales increased during the drought period and after flood (CD, FD and FC); the 

presence of Helotiales was related with previous flood stress (FC and FD); while the presence of 

Sordariales was related with drought stress (CD and FD), especially in double-stressed plants 

(FD). 

 

Fig. 8: Fungal orders showing significantly different abundance by DEseq2. The relative abundance of 
orders Sporidiobolales and Sebacinales from Basidiomycota and Helotiales, Chaetothyriales, 
Georgefischeriales, Glomerellales and Sordariales from Ascomycota was significantly different in at least 
one of the two stress periods. Analysis was carried out independently for the flooding and for the drought 
period. Only orders with adjusted p-values (padj)<0.05 were considered significantly different in 
abundance and included in the plot. The average number of reads represented by circles according to 
values are used to show comparisons between treatments. Treatments: C, control plants in the flood 
period; F, flooded plants; CC, control plants in the drought period; CD, control plants during the flood 
period and, subsequently, subjected to drought; FC and previously flooded plants set as controls in the 
drought period and FD, previously flooded plants exposed to drought.  * p<0.05; ** p<0.001. 
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 Plant physiology and root mycobiome  

PCA results showed a clear distinction between C and F plants, according to PC1 axis (Fig. 9A), 

with statistically significant differences according to the ANOSIM test (P=0.009, R value = 0.764). 

In the drought period (Fig. 9C), control (CC and FC) and drought stressed plants (CD and FD) were 

also clearly separated along the PC1 (P=0.001, R=0.236). To a lower extent, PC2 tended to 

separate CC and CD plants, with positive values, from previously flooded plants (FC and FD), with 

negative values (P=0.018, R=0.1). 

 
Fig. 9: Principal Component Analysis (PCA) for flood (A) and drought (C) periods of physiological and 
microbiome data and respective variable projection on the factor plane (B, D). In the flood period, the 
PCA (A) includes control plants (C, open circles) and flooded plants (F, closed circles). In the drought period 
the PCA (C) includes control plants (CC, open triangles); control plants during the flood period and, 
subsequently, subjected to drought (CD, closed triangles); previously flooded plants set as controls in the 
drought period (FC, open squares) and previously flooded plants exposed to drought (FD, closed squares). 
Variable projection is represented for flood (b) and for drought (d) by plant physiology variables (purple 
lines) and fungal microbiome orders (blue lines). Ψxylem.: xylem potential, TNC root: total non-structural 
carbohydrates in roots, TNC leaf: total non-structural carbohydrates in leaves, SS leaf: soluble sugars in 
leaves, SS root: soluble sugars in roots, starch root: starch content in roots, starch leaf: starch content in 
leaves, chl total: total chlorophyll content, MDA leaf: malondialdehyde content in leaves, MDA root: 
malondialdehyde content in roots, prol leaf: proline content in leaves, prol root: proline content in roots, 
LMF: leaf mass fraction, SMF: shoot mass fraction, RMF: root mass fraction,  iWUE: intrinsic water use 

efficiency, gs: stomatal conductance, ETR: electron transport rate, PS2: photosystem II efficiency, Pn: net 
photosynthesis, KLi: initial leaf specific hydraulic conductivity,  KLmax: maximum leaf specific hydraulic 
conductivity, Ksi: initial stem specific hydraulic conductivity, Ksmax: maximum stem specific hydraulic 
conductivity. 



Chapter 4 

193 
 

The projection of the variables in the PC1-PC2 plot (Fig. 9B,D) revealed putative relationships 

between abundance of fungal orders and plant traits. However, it is noteworthy that in both 

experimental periods the highest projection values according to PC1 belonged to certain plant 

traits, and not to fungal orders.  

The association between the abundance of certain fungal orders and plant traits (Fig. 9) can be 

divided in two general trends. First, certain orders were found associated to traits exhibited by 

non-stressed C or CC plants. Such is the case of Chaetothyriales, related to high chltotal in both 

stress periods (Fig. 9 B,D); Georgefischeriales and Sporidiobolales, related to high root starch, 

leaf SS and chltotal in the flood period (Fig. 9 B); and Sebacinales, associated with high chltotal 

during drought (Fig. 9D). Second, other fungal orders were associated with physiological or 

biochemical parameters enhanced in stressed plants. For instance, Glomerellales and 

Hypocreales were associated with root and leaf proline and root SS during flood (Fig. 9B) while 

Sordariales was associated with root and leaf proline during drought (Fig. 9D). 

 

4. Discussion 

  Flood impact on plant performance and root mycobiome 

Five weeks of sustained flood had a profound impact on carbon metabolism, water transport, 

and biomass partitioning among organs. Root biomass and RMF decreased due to root mortality, 

probably caused by deficient soil aeration and limited mitochondrial respiration (Bailey-Serres 

and Voesenek 2008, Sauter et al. 2013). Unchanged xylem in response to flood suggests that 

chemical signals released by hypoxic roots (e.g. ethylene) or leaves (e.g. ABA), rather than 

impaired leaf water supply were responsible for the reduction in gs (Fig. 1) and stem hydraulic 

conductivity (Blanke and Cooke 2004, Voesenek and Bailey-Serres 2015, Sasidharan and 

Voesenek 2015). In support of ethylene production, hypertrophied lenticels were observed in 

the stem base (data not shown; Angeles et al., 1982; Kreuzweiser and Rennenberg 2014; Li et 

al., 2015). The decline in gs was the main limitation to Pn. However, reduced Pn in conditions of 

high irradiance provoked a decline in ETR and chltotal, probably because of a redox imbalance in 

the cell (Mittler 2002). This was also reflected in increased leaf MDA and proline. Some authors 

state that proline accumulation is an indicator of dehydration sensitivity under flood (Aloni and 

Rosenshtein 1982) that probably accumulates to counteract ethylene-induced oxidative damage 

(Bailey-Serres and Voesenek, 2008). Proline can also help on post-stress recovery, acting as a 

nitrogen and carbon source for growth and metabolism resumption (Aloni 1982, Hare et al. 

1998). Consistently with this hypothesis, elm genotypes that accumulated root proline exhibited 

a 100% survival rate at the end of the flood recovery period.  
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Flood effects on SS and starch concentrations were different in leaves and roots. Increased leaf 

starch to SS ratio during flood can help to prevent a feedback inhibition of photosynthesis 

(Ferner et al. 2012), while increased root SS to starch ratio can reflect a higher need of carbon 

substrates to support respiratory costs under fermentative conditions (Jaeger et al. 2009). 

Despite different sugar-starch interconversion in leaves and roots under flood, NSC did not 

change in any organ. Flood-induced reduction in phloem sugar transport (Peuke et al. 2015) and 

respiration (Voesenek and Bailey-Serres 2014) can compensate for low Pn and explain 

unchanged NSC between treatments. Studies measuring NSC under flood do not provide a clear 

picture of how carbon metabolism in source and sink organs change (Peuke et al. 2015). 

However, there are evidences for higher survival and flood tolerance in species/provenances 

accumulating NSC in roots (Das et al. 2004, Jaeger et al. 2009, Peñas-Fronteras et al. 2009, 

Bender et al. 2017, Ye et al. 2018).  

In general, the fungal richness in elm roots (134 OTUs) was low in comparison with other forest 

tree species (Migun et al. 2013). The low fungal load of the micropropagated plants, the 

‘artificial’ conditions of the experiment (e.g., commercial substrate, tap water for irrigation, 

potted plants, etc.), and the young age of the plants possibly reduced the probability of root 

colonization by fungi usually inhabiting the forest rhizosphere. Similar reasons could explain that 

no mycorrhizal fungi were detected among the identified OTUs (Table S7). In spite of the overall 

low fungal diversity, the detected mycobiome allowed the observation of clear shifts of fungal 

assemblages as a consequence of the stress treatments.  

During flood, orders Chaetothyriales and Georgefischeriales reduced its presence in roots (Fig. 

8). Chaethotyriales is an order of dark septate endophytes usually associated with healthy roots 

(Jumpponen and Trappe 1998, Mandyam and Jumpponen 2005). These fungi can transfer 

carbon and nitrogen to the host plant (Usuki and Narisawa 2007, Vergara et al. 2017), increase 

phosphate solubilization (Spagnoletti et al. 2017), and decrease abiotic stress effects (Santos et 

al. 2017). The reduced abundance of this order during flood may indicate unfavorable conditions 

for its survival (Postma et al. 2007, Huusko et al. 2017). Here, abundance of Chaetothyriales was 

associated with increased chlorophyll, as previously described by other authors (Likar et al. 

2013, He et al. 2017). The order Georgefischeriales was the only one being repressed under both 

flood and drought, indicating high stress sensitivity. On the contrary, Glomerellales, mainly 

represented by Plectosphaerella cucumerina and associated with leaf stress traits (increased 

MDA and proline), increased its abundance under flood. This species has been reported to be 

an endophyte (González-Teuber et al. 2017, García et al. 2013), but usually presents a 

pathogenic hemibiotrophic lifestyle causing root rot in some species (Carlucci et al. 2012). Thus, 
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it could contribute to and benefit from root decay in flooded plants and be detrimental to 

overcome flood stress.  

The order Helotiales did not increase during the flood period. Nevertheless, its higher relative 

abundance in FC and FD plants than in CC and CD plants suggests that flood-induced root 

modifications benefit these fungi in the long term. Helotiales is frequently found in roots 

(Vralstad et al. 2002, Toju et al. 2013, Almario et al. 2017), and some species within this order 

provide positive effects to plants, such as enhanced shoot and root growth and phosphate 

acquisition (Lacercat-Didier et al. 2016, Almario et al. 2017). 

 

 Drought impact on plant performance and root mycobiome 

Drought provoked an alteration in xylem hydraulic conductivity and leaf gas exchange. The most 

remarkable difference between drought and flood was that Ψxylem was affected during drought 

(Fig. 1). Stomata closure was the main limitation to Pn under drought and flood, but gs reduction 

under drought was related to a decline in Ψxylem, suggesting that hydraulic signals triggered 

photosynthetic limitations, even if xylem hydraulic signals can feed forward on stomata closure 

by participating in ABA biosynthesis (Christmann et al. 2013, Tombesi et al. 2015). The reduction 

in Pn did not translate into lower NSC in leaves or roots. Other studies have reported unchanged 

or even increased NSC in seedlings under drought (Latt et al. 2001, Villar-Salvador et al. 2004, 

Wurth et al. 2005). The attenuation of growth or other processes requiring energy was likely 

involved in unchanged NSC under moderate drought intensity (Rodríguez-Calcerrada et al. 

2017). Proline sensitivity to drought was higher; it increased in leaves and roots probably due to 

its role in osmoprotection (Hayat et al. 2012). The lower impact of drought on plant metabolism 

and survival than flood reflects a moderate drought stress (with SRWC reaching 50-40% of field 

capacity). However, it also reveals the relatively high drought tolerance of U. minor compared 

to other riparian trees (Venturas et al. 2015).  

In response to drought, we observed an increase in orders Sporidiobolales and Sordariales. 

Sporidiobolales was mainly represented by Rhodothorula mucilaginosa and Sporobolomyces 

roseus, both red pigmented yeasts with endophytic behavior (Camatti‐Sartori 2005, Isaeva et al. 

2009, Doty et al. 2013).  Rhodothorula genus includes endophytes of forest trees (Xin et al. 2009) 

with positive effects on hosts via improvement of nitrogen fixation (Knoth et al. 2014, Doty et 

al. 2016) and plant fitness (Knoth et al. 2014, Ignatova et al. 2015). These yeasts induce the 

production of the plant growth hormone indole-3-acetic acid (Ramos-Garza et al. 2015) and a 

mix of exopolysaccharides to safeguard itself from unfavorable conditions (Silambarasan et al. 

2019).  The ability of this genus to thrive under poor plant physiological conditions makes them 
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especially important in improving plant fitness under drought stress. The order Sordariales was 

represented by the genera Phialemonium and Chaetomium, both described as plant endophytes 

(Sword et al. 2017, Zhai et al. 2018, Zhou et al. 2018, Haruma et al. 2019). The relative abundance 

of Sordariales was related with increased root and leaf proline, supporting the proliferation of 

this taxon under stress conditions. On the other hand, the orders Sebacinales and 

Georgefischeriales were repressed during drought stress, possibly as a result of outcompetition 

by opportunistic taxa.  

 

  Influence of flood on drought sensitivity: small and genotype-specific 

The succession of flood and drought has never been studied on U. minor trees. Overall, we 

observed that the effect of drought after flood was similar to the effect of drought on non-flood-

stressed plants, as also observed in willows by Doffo et al. (2017). Despite the strong impact of 

flood, the surviving plants fully recovered stem water transport capacity and leaf gas exchange, 

and most variables did not differ between CC and FC plants 9 weeks after the end of flood. Still, 

some long-term flood effects were evident at the whole-plant level and in root proline 

concentration. Previously flooded plants continued to have lower RMF than non-flooded plants 

after flood ended. The expected drought effect on reducing leaf area (and LAR, either by 

reducing leaf production or stimulating leaf abscission relative to well-watered plants) was more 

evident in previously flooded plants probably due to low root biomass and higher drought 

susceptibility. This response, however, was genotype-specific. Only genotypes MDV2.3, MMJ1 

and RET exhibited lower LAR in treatment FD than in FC, consistently with higher KLmax in FD 

than FC, although only significantly in genotype MMJ1. Genotypes MDV2.3, MMJ1 and RET were 

also the most flood-susceptible ones, reaching 20%, 33% and 33% mortality rates 9 weeks after 

flooding. Mortality of MDV2.3 plants took place only during the flood period. Mortality of MMJ1 

and RET occurred mostly after flood ended. The lower ability of these genotypes to recover from 

flood was related to lower root proline accumulation during flood, and the importance of proline 

in energy provision during stress recovery (Hare et al. 1997, Szabados et al. 2010). Thus, lower 

root proline in FD than in CD could reveal a lower capacity to recover from flood and drought 

than from drought alone (Mittler and Zilinskas 1994). MMJ1 also showed a high biomass 

reduction after flood, which can entail a handicap for flood recovery, and subsequent drought 

tolerance. In natural conditions, high root mortality caused by flood could enhance drought 

stress, whereas long-term flood effects impairing root proline accumulation in response to 

drought could enhance drought susceptibility, especially in more flood sensitive genotypes 

MDV2.3, MMJ1 and RET. Nonetheless, although the extent of growth reduction is a good proxy 
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of stress sensitivity (e.g. Fichot et al. 2009), growth reduction, particularly of leaves and stems, 

is also part of the stress acclimation response; it reduces transpiration, and saves carbon and 

energy available for cell protection against osmotic and oxidative stress (Chaves et al. 2003). 

MDV5 showed high growth sensitivity to stress, but this did not translate into higher plant 

mortality.  

As for drought plant functional response, changes in mycobiome composition in response to 

drought was similar in previously flooded and non-flooded plants. As an exception, the 

abundance of order Sordariales increased in FD plants to a higher extent than in CD plants, 

proving that cumulative root stresses favor its proliferation. In fact, this order was associated 

with increased levels of root proline.  

5. Concluding statements 

Flood and drought provoked similar functional alterations in U. minor plants, even if the origin 

of some of these alterations was different, such as the induction of stomatal closure through 

chemical or hydraulic signals under flood and drought, respectively. Although the overall root 

fungal richness found in our study was low, root mycobiome composition was differently 

affected by flood and drought. The relative abundance of some taxa was related to host 

nutritional and physiological traits during stress. The orders Chaetotyriales and 

Georgefischeriales appeared to be sensitive to decreases in chlorophyll and root starch content 

induced by flood stress. Other taxonomic groups (Sordariales or Sporidiobolales) were able to 

thrive under stress conditions, probably constraining the proliferation of other taxa (Crowther 

et al. 2014). The way that these taxonomical changes contributed to or cushioned plant stress 

deserves further research, since some groups can be harmful or even pathogenic, while others 

can enhance plant tolerance to abiotic stress (Khare et al. 2018, Datogeer and Wylie 2017). 

Overall, the five DED-resistant genotypes proved to be similarly tolerant to moderate drought. 

In response to flood, however, genotypes RET, MMJ1 and MDV2.3 were more susceptible than 

genotypes MDV5 and VAD2 due to higher mortality and lower root proline content after flood. 

Flood effects were highly detrimental and persistent for MMJ1 and RET, with plants of these 

clones dying long after the end of flood. However, flood did not enhance susceptibility to 

drought and barely affected plant functional and root mycobiome drought responses due to fast 

flood-stress recovery, despite the lack of root biomass recovery. Prospecting the community 

dynamics of elm mycobiome in response to environmental changes is a first step to know 

specific U. minor-fungal associations and their possible role on plant acclimation to abiotic 

stress.  



Changes in plant function and root mycobiome caused by flood and drought  

198 
 

6. References 

Almario, J, Jeena G, Wunder J, Langen G, Zuccaro A, Coupland, G Bucher M (2017) Root-

associated fungal microbiota of nonmycorrhizal Arabis alpina and its contribution to 

plant phosphorus nutrition. P Natl Acad Sci USA 114:E9403-E9412. 

Aloni B, G Rosenshtein G (1982) Effect of flooding on tomato cultivars – the relationship between 

accumulation and other morphological and physiological changes. Physiol Plantarum 

56:513-517. 

Angeles G, Evert RF, Kozlowski TT (1986) Development of lenticels and adventitious roots in 

flooded seedlings. Can J Forest Res 16:585-590. 

Bae H, Sicher RC, Kim MS, Kim SH, Strem MD, Melnick RL, Bailey BA (2009) The beneficial 

endophyte Trichoderma hamatum isolate DIS 219b promotes growth and delays the 

onset of the drought response in Theobroma cacao. J Exp Bot 60:3279-3295. 

Bailey-Serres J, Voesenek LA (2008) Flooding stress: Acclimations and genetic diversity. Annu 

Rev Plant Biol 59:313-339. 

Bates LS, Waldren RP, Teare ID (1973) Rapid determination of free proline for water-stress 

studies. Plant Soil 39:205-207. 

Bellemain E, Carlsen T, Brochmann C, Coissac E, Taberlet P, Kauserud H (2010) ITS as an 

environmental DNA barcode for fungi: an in silico approach reveals potential PCR biases. 

BMC Microbiol 10:189. 

Bender B, Capellesso ES, Lottici ME, Sentkovski J, Mielniczki-Pereira AA, Rosa LMG, Sausen TL 

(2017) Growth responses and accumulation of soluble sugars in Inga marginata Wild. 

(Fabaceae) subjected to flooding under contrasting light conditions. Braz J Biol 77:260-

266. 

Bhaskara GB, Yang TH, Verslues PE (2015) Dynamic proline metabolism: importance and 

regulation in water limited environments. Front Plant Sci 6:484. 

Blanke MM, Cooke DT (2004) Effects of flooding and drought on stomatal activity, transpiration, 

photosynthesis, water potential and water channel activity in strawberry stolons and 

leaves. Plant Growth Regul 42:153-160. 

Borowik A, Wyszkowska J (2016) Soil moisture as a factor affecting the microbiological and 

biochemical activity of soil. Plant Soil Environ 62:250-255. 

Camatti-Sartori, V, da Silva-Ribeiro RT, Valdebenito-Sanhueza RM, Pagnocca FC, Echeverrigaray 

S, Azevedo JL (2005) Endophytic yeasts and filamentous fungi associated with southern 

Brazilian apple (Malus domestica) orchards subjected to conventional, integrated or 

organic cultivation. J Basic Microb 45:397-402. 

Carillo, P, Gibon Y (2011) PROTOCOL: Extraction and determination of proline. Prometeus Wiki. 



Chapter 4 

199 
 

https://fr.scribd.com/document/249087860/PROTOCOL-Extraction-and-

Determination-of-Proline (14 November 2019, date last accessed).  

Carlucci, A, Raimondo ML, Santos J, Phillips AJL (2012) Plectosphaerella species associated with 

root and collar rots of horticultural crops in southern Italy. Persoonia 28:34-48. 

Chaves MM, Maroco JP, Pereira JS (2003) Understanding plant responses to drought - from 

genes to the whole plant. Funct Plant Biology 30:239-264. 

Christmann A, Grill E, Huang J (2013) Hydraulic signals in long-distance signaling. Curr Opin Plant 

Biol 16:293-300. 

Clarke KR (1993) Non-parametric multivariate analyses of changes in community structure. Aust 

J Ecol 18:117-143. 

Conde P, Sousa A, Costa A, Santos C (2008) A protocol for Ulmus minor Mill. micropropagation 

and acclimatization. Plant Cell Tiss Org 92:113-119. 

Crowther TW, Maynard DS, Crowther TR, Peccia J, Smith JR, Bradford MA (2014) Untangling the 

fungal niche: the trait-based approach. Front Microbiol 5 

Das KK, Sarkar RK, Ismail AM (2005) Elongation ability and non-structural carbohydrate levels in 

relation to submergence tolerance in rice. Plant Sci 168:131-136. 

Dastogeer KMG, Wylie S (2017) Plant-Fungi Association: Role of fungal endophytes in improving 

plant tolerance to drought stress. In: Singh D, Singh H, Prabha R (eds) Plant-Microbe 

Interactions in Agro-Ecological Perspectives. Springer, Singapore, pp 143-159. 

Davies WJ, Wilkinson S, Loveys B (2002) Stomatal control by chemical signalling and the 

exploitation of this mechanism to increase water use efficiency in agriculture. New 

Phytol 153:449-460. 

de Goffau MC, Lager S, Salter SJ, Wagner J, Kronbichler A, Charnock-Jones DS, Peacock SJ, Smith 

GCS, Parkhill J (2018) Recognizing the reagent microbiome. Nat Microbiol 3:851-853. 

Doffo GN, Monteoliva SE, Rodriguez ME, Luquez VMC (2017) Physiological responses to 

alternative flooding and drought stress episodes in two willow (Salix spp.) clones. Can J 

Forest Res 47:174-182. 

dos Santos SG, Alves da Silva PR, Garcia AC, Zilli JE, Louro Berbara RL (2017) Dark septate 

endophyte decreases stress on rice plants. Braz J Microbiol 48:333-341. 

Doty SL (2013) Endophytic Yeasts: Biology and Applications. In: Aroca R (ed) Symbiotic 

Endophytes. Springer, Berlin 37:335-343. 

Doty SL, Staley JT, Su M, Vajzovic A, Bura R, Redman R, Khan Z (2016) Endophytic yeast strains, 

methods for ethanol and xylitol production, methods for biological nitrogen fixation, 

and a genetic source for improvement of industrial strains. Official Gazette of the United 

States Patent and Trademark Office Patents. 



Changes in plant function and root mycobiome caused by flood and drought  

200 
 

Ferner E, Rennenberg H, Kreuzwieser J (2012) Effect of flooding on C metabolism of flood-

tolerant (Quercus robur) and non-tolerant (Fagus sylvatica) tree species. Tree Physiol 

32:135-145. 

Fichot R, Laurans F, Monclus R, Moreau A, Pilate G, Brignolas F (2009) Xylem anatomy correlates 

with gas exchange, water-use efficiency and growth performance under contrasting 

water regimes: evidence from Populus deltoids x Populus nigra hybrids. Tree Physiol 

29:1537-1549. 

Flexas J, Bota J, Galmes J, Medrano H, Ribas-Carbo M (2006) Keeping a positive carbon balance 

under adverse conditions: responses of photosynthesis and respiration to water stress. 

Physiol Plantarum 127:343-352. 

Garcia E, Alonso A, Platas G, Sacristan S (2013) The endophytic mycobiota of Arabidopsis 

thaliana. Fungal Divers 60:71-89. 

Garssen AG, Baattrup-Pedersen A, Voesenek L, Verhoeven JTA, Soons MB (2015) Riparian plant 

community responses to increased flooding: a meta-analysis. Glob Change Biol 21:2881-

2890. 

Garssen AG, Verhoeven JTA, Soons MB (2014) Effects of climate-induced increases in summer 

drought on riparian plant species: a meta-analysis. Freshwater Biol 59:1052-1063. 

Glenz C, Schlaepfer R, Iorgulescu I, Kienast F (2006) Flooding tolerance of Central European tree 

and shrub species. Forest Ecol Manag 235:1-13. 

Gonzalez-Teuber M, Vilo C, Bascunan-Godoy L (2017) Molecular characterization of endophytic 

fungi associated with the roots of Chenopodium quinoa inhabiting the Atacama Desert, 

Chile. Genomics Data 11:109-112. 

Hacke UG, Stiller V, Sperry JS, Pittermann J, McCulloh KA (2001) Cavitation fatigue. Embolism 

and refilling cycles can weaken the cavitation resistance of xylem. Plant Physiol 125:779-

786. 

Hare PD, Cress WA (1997) Metabolic implications of stress-induced proline accumulation in 

plants. Plant Growth Regul 21:79-102. 

Hare PD, Cress WA, Van Staden J (1998) Dissecting the roles of osmolyte accumulation during 

stress. Plant Cell and Environ 21:535-553. 

Hartmann H, Trumbore S (2016) Understanding the roles of nonstructural carbohydrates in 

forest trees – from what we can measure to what we want to know. New Phytol 

211:386-403. 

Haruma T, Yamaji K, Ogawa K, Masuya H, Sekine Y, Kozai N (2019) Root-endophytic Chaetomium 

cupreum chemically enhances aluminium tolerance in Miscanthus sinensis via increasing 

the aluminium detoxicants, chlorogenic acid and oosporein. PLoS One 14: e0212644. 



Chapter 4 

201 
 

Hayat S, Hayat Q, Alyemeni MN, Wani AS, Pichtel J, Ahmad A (2012) Role of proline under 

changing environments A review. Plant Signal Behav 7:1456-1466. 

He Y, Yang Z, Li M, Jiang M, Zhan F, Zu Y, Li T, Zhao Z (2017) Effects of a dark septate endophyte 

(DSE) on growth, cadmium content, and physiology in maize under cadmium stress. 

Environ Sci and Pollut R 24: 18494-18504. 

Herrera A (2013) Responses to flooding of plant water relations and leaf gas exchange in tropical 

tolerant trees of a black-water wetland. Front Plant Sci 4:106. 

Huusko K, Ruotsalainen AL, Markkola AM (2017) A shift from arbuscular mycorrhizal to dark 

septate endophytic colonization in Deschampsia flexuosa roots occurs along primary 

successional gradient. Mycorrhiza 27:129-138. 

Ignatova LV, Brazhnikova YV, Berzhanova RZ, Mukasheva TD (2015) Plant growth-promoting and 

antifungal activity of yeasts from dark chestnut soil. Microbiol Res 175:78-83. 

Isaeva OV, Glushakova AM, Yurkov AM, Chernov IY (2009) The yeast Candida railenensis in the 

fruits of English oak (Quercus robur L.). Microbiology 78:355-359. 

Iyer NJ, Tang Y, Mahalingam R (2013) Physiological, biochemical and molecular responses to a 

combination of drought and ozone in Medicago truncatula. Plant Cell Environ 36:706-

720. 

Jackson, RB, Sperry JS, Dawson TE (2000) Root water uptake and transport: using physiological 

processes in global predictions. Trends Plant Sci 5:482-488. 

Jaeger C, Gessler A, Biller S, Rennenberg H, Kreuzwieser J (2009) Differences in C metabolism of 

ash species and provenances as a consequence of root oxygen deprivation by 

waterlogging. Journal Exp Bot 60:4335-4345. 

Jaiphong T, Tominaga J, Watanabe K, Nakabaru M, Takaragawa H, Suwa R, Ueno M, Kawamitsu 

Y (2016) Effects of duration and combination of drought and flood conditions on leaf 

photosynthesis, growth and sugar content in sugarcane. Plant Prod Sci 19:427-437. 

Jumpponen A, Trappe JM (1998) Dark septate endophytes: a review of facultative biotrophic 

root-colonizing fungi. New Phytol 140:295-310. 

Kapilan R, Vaziri M, Zwiazek JJ (2018) Regulation of aquaporins in plants under stress. Biol Res 

51:4. 

Khan AL, Hamayun M, Kang SM, Kim YH, Jung HY, Lee JH, Lee IJ (2012) Endophytic fungal 

association via gibberellins and indole acetic acid can improve plant growth under 

abiotic stress: an example of Paecilomyces formosus LHL10. BMC Microbiol 12 

Khan Z, Rho H, Firrincieli A, Hung SH, Luna V, Masciarelli O, Kim SH, Doty SL (2016) Growth 

enhancement and drought tolerance of hybrid poplar upon inoculation with endophyte 

consortia. Curr Plant Biol 6:38-47. 



Changes in plant function and root mycobiome caused by flood and drought  

202 
 

Khare E, Mishra J, Arora NK (2018) Multifaceted Interactions Between Endophytes and Plant: 

Developments and Prospects. Front Microbiol 9:2732. 

Knoth JL, Kim SH, Ettl GJ, Doty SL (2014) Biological nitrogen fixation and biomass accumulation 

within poplar clones as a result of inoculations with diazotrophic endophyte consortia. 

New Phytol 201:599-609. 

Kohler A, Kuo A, Nagy LG, Morin E, Barry KW, Buscot F, Canback B, Choi C, Cichocki N, Clum A,  

Colpaert J, Copeland A, Costa MD, Dore J, Floudas D, Gay G, Girlanda M, Henrissat B,  

Herrmann S, Hess J, Hogberg N, Johansson T, Khouja HR, LaButti K, Lahrmann U, 

Levasseur A, Lindquist EA, Lipzen A, Marmeisse R, Martino E, Murat C, Ngan CY, Nehls 

U, Plett JM, Pringle A, Ohm RA, Perotto A, Peter M, Riley R, Rineau F, Ruytinx J,  Salamov 

A, Shah F, Sun H, Tarkka M, Tritt A, Veneault-Fourrey C, Zuccaro A, Tunlid A, Grigoriev 

IV, Hibbett DS, Martin F. Mycorrhizal Genomics Initiative (2015) Convergent losses of 

decay mechanisms and rapid turnover of symbiosis genes in mycorrhizal mutualists. Nat 

Genet 47:410-U176. 

Koljalg U, Larsson KH, Abarenkov K, Nilsson RH, Alexander IJ, Eberhardt U, Erland S, Hoiland K, 

Kjoller R, Larsson E, Pennanen T, Sen R, Taylor AFS, Tedersoo L, Vralstad T, Ursing BM 

(2005) UNITE: a database providing web-based methods for the molecular identification 

of ectomycorrhizal fungi. New Phytol 166:1063-1068. 

Kreuzwieser J, Hauberg J, Howell KA, Carroll A, Rennenberg H, Millar AH, Whelan J (2009) 

Differential Response of Gray Poplar Leaves and Roots Underpins Stress Adaptation 

during Hypoxia. Plant Physiol 149:461-473. 

Kreuzwieser J., Rennenberg H (2014) Molecular and physiological responses of trees to 

waterlogging stress. Plant Cell Environ 37:2245-2259. 

Lacercat-Didier L, Berthelot C, Foulon J, Errard A, Martino E, Chalot M, Blaudez D (2016) New 

mutualistic fungal endophytes isolated from poplar roots display high metal tolerance. 

Mycorrhiza 26:657-671. 

Lakshmanan M, Zhang Z, Mohanty B, Kwon JY, Choi HY, Nam HJ, Kim DI, Lee DY (2013) Elucidating 

Rice Cell Metabolism under Flooding and Drought Stresses Using Flux-Based Modeling 

and Analysis. Plant Physiol 162:2140-2150. 

Lata R, Chowdhury S, Gond SK, White JF (2018) Induction of abiotic stress tolerance in plants by 

endophytic microbes. Lett App Microbiol 66:268-276. 

Latt CR, Nair PKR, Kang BT (2001) Reserve carbohydrate levels in the boles and structural roots 

of five multipurpose tree species in a seasonally dry tropical climate. Forest Ecol Manag 

146:145-158. 

Laurentin A, CA Edwards (2003) A microtiter modification of the anthrone-sulfuric acid 



Chapter 4 

203 
 

colorimetric assay for glucose-based carbohydrates. Anal Biochem 315:143-145. 

Li M, Lopez R, Venturas M, Pita P, Gordaliza GG, Gil L, Rodriguez-Calcerrada J (2015) Greater 

resistance to flooding of seedlings of Ulmus laevis than Ulmus minor is related to the 

maintenance of a more positive carbon balance. Trees-Struct Funct 29:835-848. 

Likar M, Regvar M (2013) Isolates of dark septate endophytes reduce metal uptake and improve 

physiology of Salix caprea L. Plant Soil 370:593-604. 

Lindner M, Maroschek M, Netherer S, Kremer A, Barbati A, Garcia-Gonzalo J, Seidl R, Delzon S, 

Corona P, Kolstrom M, Lexer MJ, Marchetti M (2010) Climate change impacts, adaptive 

capacity, and vulnerability of European forest ecosystems. Forest Ecol Manag 259:698-

709. 

Loreti E, Poggi A, Novi G, Alpi A, Perata P (2005) A genome-wide analysis of the effects of sucrose 

on gene expression in Arabidopsis seedlings under anoxia. Plant Physiol 137:1130-1138. 

Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion for 

RNA-seq data with DESeq2. Genome Biol 15: 550. 

Mandyam K, Jumpponen A (2005) Seeking the elusive function of the root-colonising dark 

septate endophytic fungi. Stud Mycol 53:173-189. 

Maness N (2010) Extraction and Analysis of Soluble Carbohydrates. In: Sunkar R (ed) Plant Stress 

Tolerance: Methods and Protocols. Humana Press Inc, Totowa, pp 341-370. 

Martín JA, Solla A, Venturas M, Collada C, Domínguez J, Miranda E, Fuentes P, Burón M, Iglesias 

S, Gil L (2015) Seven Ulmus minor clones tolerant to Ophiostoma novo-ulmi registered 

as forest reproductive material in Spain. iforest 8:172-180.  

Martín JA, Sobrino-Plata J, Rodríguez-Calcerrada J, Collada C, Gil L (2019) Breeding and scientific 

advances in the fight against Dutch elm disease: Will they allow the use of elms in forest 

restoration? New Forest 50:183-215. 

Mauchamp A, Methy M (2004) Submergence-induced damage of photosynthetic apparatus in 

Phragmites australis. Environ Exp Bot 51:227-235. 

Maxwell K, Johnson GN (2000) Chlorophyll fluorescence - a practical guide. J Exp Bot 51:659-

668. 

McMurdie PJ, Holmes S (2014) Waste Not, Want Not: Why Rarefying Microbiome Data Is 

Inadmissible. PLoS Comput Biol 10: e1003531. 

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci 7:405-410. 

Mittler R (2006) Abiotic stress, the field environment and stress combination. Trends Plant Sci 

11:15-19. 

Mittler R, Zilinskas BA (1994) Regulation of pea cytosolic ascorbate peroxidase and other 

antioxidant enzymes during the progression of drought stress and following recovery 



Changes in plant function and root mycobiome caused by flood and drought  

204 
 

from drought. Plant J 5:397-405. 

Molina-Montenegro MA, Oses R, Torres-Diaz C, Atala C, Zurita-Silva A, Ruiz-Lara S (2016) Root-

endophytes improve the ecophysiological performance and production of an 

agricultural species under drought condition. Aob Plants 8: plw062. 

Munemasa S, Hauser F, Park J, Waadt R, Brandt B, Schroeder JI (2015) Mechanisms of abscisic 

acid-mediated control of stomatal aperture. Curr Opin Plant Biol 28:154-162. 

Nakai A, Kisanuki H (2011) Stress responses of Salix gracilistyla and Salix subfragilis cuttings to 

repeated flooding and drought. J Forest Res-JPN 16:465-472. 

Nilsson RH, Larsson KH, Taylor AFS, Bengtsson-Palme J, Jeppesen TS, Schigel D, Kennedy P,  

Picard K, Gloeckner FO, Tedersoo L, Saar I, Koljalg U, Abarenkov K (2019) The UNITE 

database for molecular identification of fungi: handling dark taxa and parallel taxonomic 

classifications. Nucleic Acids Res 47:D259-D264. 

Nilsson RH, Veldre V, Hartmann M, Unterseher M, Amend A, Bergsten J, Kristiansson E,  Ryberg 

M, Jumpponen A, Abarenkov K (2010) An open source software package for automated 

extraction of ITS1 and ITS2 from fungal ITS sequences for use in high-throughput 

community assays and molecular ecology. Fungal Ecol 3:284-287. 

Ojeda M, Schaffer B, Davies FS (2004) Flooding, root temperature, physiology and growth of two 

Annona species. Tree Physiol 24:1019-1025. 

Oksanen O, Blanchet FG, Kindt R, Legendre P, O’Hara RB, Simpson GL, Solymos P, Stevens MHH, 

Wagner H (2016) Vegan: Community Ecology Package. R Package Version 2.3-

5. http://CRAN.R-project.org/package=vegan 

Ortega-Villasante C, Rellan-Alvarez R, Del Campo FF, Carpena-Ruiz RO, Hernandez LE (2005) 

Cellular damage induced by cadmium and mercury in Medicago sativa. J Exp Bot 

56:2239-2251. 

Parent C, Nicolas C, Audrey B, Crevècoeur M, Dat (2008) An overview of plant responses to soil 

waterlogging. Plant stress 2:20-27. 

Pena-Fronteras JT, Villalobos MC, Baltazar AM, Merca FE, Ismail AM, Johnson DE (2009) 

Adaptation to flooding in upland and lowland ecotypes of Cyperus rotundus, a 

troublesome sedge weed of rice: tuber morphology and carbohydrate metabolism. Ann 

Bot-London 103:295-302. 

Peter M, Kohler A, Ohm RA, Kuo A, Kruetzmann J, Morin E, Arend M, Barry KW, Binder M, Choi 

C, Clum A, Copeland A, Grisel N, Haridas S, Kipfer T, LaButti K, Lindquist E, Lipzen A ,  

Maire R, Meier B, Mihaltcheva S, Molinier V, Murat C, Poeggeler S, Quandt CA,  Sperisen 

C, Tritt A, Tisserant E, Crous PW, Henrissat B, Nehls U, Egli S, Spatafora JW, Grigoriev IV, 

Martin FM (2016) Ectomycorrhizal ecology is imprinted in the genome of the dominant 



Chapter 4 

205 
 

symbiotic fungus Cenococcum geophilum. Nat Commun 7: 12662. 

Peuke AD, Gessler A, Trumbore S, Windt CW, Homan N, Gerkema E, Van As H (2015) Phloem 

flow and sugar transport in Ricinus communis L. is inhibited under anoxic conditions of 

shoot or roots. Plant Cell Environ 38:433-447. 

Pita P, Rodriguez-Calcerrada J, Medel D, Gil L (2018) Further insights into the components of 

resistance to Ophiostoma novo-ulmi in Ulmus minor: hydraulic conductance, stomatal 

sensitivity and bark dehydration. Tree Physiol 38:252-262. 

Plaut JA, Yepez EA, Hill J, Pangle R, Sperry JS, Pockman WT, McDowell NG (2012) Hydraulic limits 

preceding mortality in a pinon-juniper woodland under experimental drought. Plant Cell 

Environ 35:1601-1617. 

Porras-Alfaro A, Bayman P (2011) Hidden Fungi, Emergent Properties: Endophytes and 

Microbiomes. Annu Rev Phytopathol 49:291-315. 

Postma JWM, Olsson PA, Falkengren-Grerup U (2007) Root colonization by arbuscular 

mycorrhizal, fine endophytic and dark septate fungi across a pH gradient in acid beech 

forests. Soil Biol Biochem 39:400-408. 

Prasch CM, Sonnewald U (2013) Simultaneous Application of Heat, Drought, and Virus to 

Arabidopsis Plants Reveals Significant Shifts in Signaling Networks. Plant Physiol 

162:1849-1866. 

R Core Team (2017) R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. 

Ramos-Garza J, Bustamante-Brito R, Angeles de Paz G, Gabriela Medina-Canales M, Soledad 

Vasquez-Murrieta M, Tao Wang E, Veronica Rodriguez-Tovar A (2016) Isolation and 

characterization of yeasts associated with plants growing in heavy-metal- and arsenic-

contaminated soils. Can J Microbiol 62:307-319. 

Redman RS, Kim YO, Woodward C, Greer C, Espino L, Doty SL, Rodriguez RJ (2011) Increased 

fitness of rice plants to abiotic stress via habitat adapted symbiosis: A strategy for 

mitigating impacts of climate change. PLoS One 6: e14823. 

Rodriguez RJ, White JF, Arnold AE, Redman RS (2009) Fungal endophytes: diversity and 

functional roles. New Phytol 182:314-330. 

Rodriguez-Calcerrada J, Li M, Lopez R, Cano FJ, Oleksyn J, Atkin OK, Pita P, Aranda I, Gil L (2017) 

Drought-induced shoot dieback starts with massive root xylem embolism and variable 

depletion of nonstructural carbohydrates in seedlings of two tree species. New Phytol 

213:597-610. 

Rognes T, Flouri T, Nichols B, Quince C, Mahe F (2016) VSEARCH: a versatile open source tool for 

metagenomics. Peerj 4: e2584. 



Changes in plant function and root mycobiome caused by flood and drought  

206 
 

Russell DJ, Way SF, Benson AK, Sayood K (2010) A grammar-based distance metric enables fast 

and accurate clustering of large sets of 16S sequences. BMC Bioinformatics 11:601 

Sala A, Hoch G (2009) Height-related growth declines in ponderosa pine are not due to carbon 

limitation. Plant Cell Environ 32:22-30. 

Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, Turner P, Parkhill J, Loman NJ, 

Walker AW (2014) Reagent and laboratory contamination can critically impact 

sequence-based microbiome analyses. BMC Biol 12:87. 

Sasidharan R, Voesenek LACJ (2015) Ethylene-Mediated Acclimations to Flooding Stress. Plant 

Physiol 169:3-12. 

Sauter M (2013) Root responses to flooding. Curr Opin Plant Biol 16:282-286. 

Shakya M, Gottel N, Castro H, Yang ZK, Gunter L, Labbe J, Muchero W, Bonito G, Vilgalys R, 

Tuskan G, Podar M, Schadt CW (2013) A multifactor analysis of fungal and bacterial 

community structure in the root microbiome of mature Populus deltoides trees. PLoS 

One 8: e76382. 

Sieber T (2007) Endophytic fungi in forest trees: are they mutualists? Fungal Biology Reviews 

21:75-89. 

Silambarasan S, Logeswari P, Cornejo P, Kannan VR (2019) Evaluation of the production of 

exopolysaccharide by plant growth promoting yeast Rhodotorula sp. strain CAH2 under 

abiotic stress conditions. Int J Biol Macromol 121:55-62. 

Spagnoletti FN, Tobar NE, Fernandez Di Pardo A, Chiocchio VM, Lavado RS (2017) Dark septate 

endophytes present different potential to solubilize calcium, iron and aluminum 

phosphates. Appl Soil Ecol 111:25-32. 

Suzuki N, Rivero RM, Shulaev V, Blumwald E, Mittler R (2014) Abiotic and biotic stress 

combinations. New Phytol 203:32-43. 

Sword GA, Tessnow A, Julissa Ek-Ramos M (2017) Endophytic fungi alter sucking bug responses 

to cotton reproductive structures. Insect Sci 24:1003-1014. 

Szabados L, Savoure A (2010) Proline: a multifunctional amino acid. Trends Plant Sci 15:89-97. 

Tockner K and Stanford JA (2002) Riverine flood plains: present state and future trends. Environ 

Conserv 29:308-330. 

Toju H, Yamamoto S, Sato H, Tanabe AS, Gilbert GS, Kadowaki K (2013) Community composition 

of root-associated fungi in a Quercus-dominated temperate forest: "codominance" of 

mycorrhizal and root-endophytic fungi. Ecol Evol 3:1281-1293. 

Tombesi S, Nardini A, Frioni T, Soccolini M, Zadra C, Farinelli D, Poni S, Palliotti A (2015) Stomatal 

closure is induced by hydraulic signals and maintained by ABA in drought-stressed 

grapevine. Sci Rep - UK. 5: 12449. 



Chapter 4 

207 
 

Trivedi P, Wallenstein MD, Delgado-Baquerizo M, Singh BK (2018) Microbial modulators and 

mechanisms of soil carbon storage. In: Singh BK (ed) Soil Carbon Storage: Modulators, 

Mechanisms and Modeling, pp 73-115. 

Usuki F, Narisawa H (2007) A mutualistic symbiosis between a dark septate endophytic fungus, 

Heteroconium chaetospira, and a nonmycorrhizal plant, Chinese cabbage. Mycologia 

99:175-184. 

Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, Dufresne A (2015) The importance of 

the microbiome of the plant holobiont. New Phytol 206:1196-1206. 

Venturas M, Fuentes-Utrilla P, López R, Perea R, Fernández V, Gascó A, Guzmán-Delgado P, Li 

M, Rodríguez-Calcerrada J, Miranda E, Domínguez E, González-Gordaliza G, Zafra E, 

Fajardo-Alcantara M, Martín JA, Nanos N, Lucena JJ, Iglesias S, Collada C, Gil L (2015) 

Ulmus laevis in the Iberian Peninsula: a review of its ecology and conservation. iForest 

8: 135-142. 

Vergara C, Campos Araujo KE, Alves LS, de Souza SR, Santos LA, Santa-Catarina C, da Silva K, 

Duarte Pereira GM, Xavier GR, Zilli JE (2018) Contribution of dark septate fungi to the 

nutrient uptake and growth of rice plants. Braz J Microbiol 49:67-78. 

Villar-Salvador P, Planelles R, Oliet J, Penuelas-Rubira JL, Jacobs DF, Gonzalez M (2004) Drought 

tolerance and transplanting performance of holm oak (Quercus ilex) seedlings after 

drought hardening in the nursery. Tree Physiol 24: 1147-1155. 

Voesenek LACJ, Bailey-Serres J (2015) Flood adaptive traits and processes: an overview. New 

Phytol. 206:57-73. 

Vralstad T, Myhre E, Schumacher T (2002) Molecular diversity and phylogenetic affinities of 

symbiotic root-associated ascomycetes of the Helotiales in burnt and metal polluted 

habitats. New Phytol155:131-148. 

Wilkinson S, Davies WJ (2002) ABA-based chemical signalling: the co-ordination of responses to 

stress in plants. Plant Cell Environ 25:195-210. 

Wurth MKR, Pelaez-Riedl S, Wright SJ, Korner C (2005) Non-structural carbohydrate pools in a 

tropical forest. Oecologia 143:11-24. 

Xin G, Glawe D, Doty SL (2009) Characterization of three endophytic, indole-3-acetic acid-

producing yeasts occurring in Populus trees. Mycol Res 113:973-980. 

Yamamoto F, Sakata T, Terazawa K (1995) Physiological, morphological and anatomical 

responses of Faxinus mandhurica seedlings to flooding. Tree Physiol 15:713-719. 

Ye XQ, Meng JL, Zeng B, Wu M (2018) Improved flooding tolerance and carbohydrate status of 

flood-tolerant plant Arundinella anomala at lower water temperature. PLoS One 13:12. 

Yordanova RY, Popova LP (2007) Flooding-induced changes in photosynthesis and oxidative 



Changes in plant function and root mycobiome caused by flood and drought  

208 
 

status in maize plants. Acta Physiol Plant 29:535-541. 

Zhai X, Luo D, Li X, Han T, Jia M, Kong Z, Ji J, Rahman K, Qin L, Zheng C (2018) Endophyte 

Chaetomium globosum D38 promotes bioactive constituent accumulation and root 

production in Salvia miltiorrhiza. Front Microbiol 8:2694. 

Zhang YJ, Meinzer FC, Qi JH, Goldstein G, Cao KF (2013) Midday stomatal conductance is more 

related to stem rather than leaf water status in subtropical deciduous and evergreen 

broadleaf trees. Plant Cell Environ 36:149-158. 

Zhang Z, Schwartz S, Wagner L, Miller W (2000) A greedy algorithm for aligning DNA sequences. 

J Comput Biol 7:203-214. 

Zhou W, Wheeler TA, Starr JL, Valencia CU, Sword GA (2018) A fungal endophyte defensive 

symbiosis affects plant-nematode interactions in cotton. Plant Soil 422:251-266. 

Zijlstra JD, Van't Hof P, Baar J, Verkley GJM, Summerbell RC, Paradi I, Braakhekke WG, Berendse 

F (2005) Diversity of symbiotic root endophytes of the Helotiales in ericaceous plants 

and the grass, Deschampsia flexuosa. Stud Mycol 53:147-162. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 

Supplementary information 

 

 

 



 

  



Chapter 4 supplementary information 

211 
 

 

 

Figure S1 Experimental procedure description. 
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Figure S2 Mean value of the Soil Relative Water Content (SRWC) measured every two days 

during the drought period for each genotype: MDV2.3 (a), MDV5 (b), MMJ1 (c), RET (d) and 

VAD2 (e). Relationship between xylem potential (Ψxylem) and SRWC (f). 
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Figure S3 Stem and leaf specific conductivity represented per genotype and treatment. In the 

upper part initial (Ksi) and maximum (Ksmax) stem specific conductivity are represented and in 

the lower part initial (KLi) and maximum (KLmax) leaf specific conductivity. In the left part of the 

graphs are represented flooded plants (F; grey bars) and control plants (C; open bars) after de 

flooding period. In the right side are represented the four treatments after the drought period: 

well-watered plants during the flood period and during the drought period (CC; open bars), 

control plants during the flood period and, subsequently, subjected to drought (CD; white bars 

with lines), previously flooded plants set as controls in the drought period (FC; grey bars) and 

previously flooded plants exposed to drought (FD; grey bars with lines). Vertical bars indicate 

means ± standard error, and lowercase letters homogenous groups according to Tukey HSD 

ANOVA analysis with a P<0.05. Statistical analysis was performed independently for the flooding 

period and the drought period. 
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Figure S4 Intrinsic water use efficiency (IWUE) represented per genotype and treatment. In the 

left part of the graphs are represented flooded plants (F; grey bars) and control plants (C; open 

bars) after de flooding period. In the right side are represented the four treatments after the 

drought period: well-watered plants during the flood period and during the drought period (CC; 

open bars), control plants during the flood period and, subsequently, subjected to drought (CD; 

white bars with lines), previously flooded plants set as controls in the drought period (FC; grey 

bars) and previously flooded plants exposed to drought (FD; grey bars with lines). Vertical bars 

indicate means ± standard error, and lowercase letters homogenous groups according to Tukey 

HSD ANOVA analysis with a P<0.05. Statistical analysis was performed independently for the 

flooding period and the drought period. 
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Figure S5 Leaf and root proline represented per genotype and treatment. In the left part of the 

graphs are represented flooded plants (F; grey bars) and control plants (C; open bars) after de 

flooding period. In the right side are represented the four treatments after the drought period: 

well-watered plants during the flood period and during the drought period (CC; open bars), 

control plants during the flood period and, subsequently, subjected to drought (CD; white bars 

with lines), previously flooded plants set as controls in the drought period (FC; grey bars) and 

previously flooded plants exposed to drought (FD; grey bars with lines). Vertical bars indicate 

means ± standard error, and lowercase letters homogenous groups according to Tukey HSD 

ANOVA analysis with a P<0.05. Statistical analysis was performed independently for the flooding 

period and the drought period. 
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Figure S6 Leaf area ratio (LAR) represented per genotype and treatment. In the left part of the 

graphs are represented flooded plants (F; grey bars) and control plants (C; open bars) after de 

flooding period. In the right side are represented the four treatments after the drought period: 

well-watered plants during the flood period and during the drought period (CC; open bars), 

control plants during the flood period and, subsequently, subjected to drought (CD; white bars 

with lines), previously flooded plants set as controls in the drought period (FC; grey bars) and 

previously flooded plants exposed to drought (FD; grey bars with lines). Vertical bars indicate 

means ± standard error, and lowercase letters homogenous groups according to Tukey HSD 

ANOVA analysis with a P<0.05. Statistical analysis was performed independently for the flooding 

period and the drought period. 
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Table S1 Results of ANOVA analysis of xylem potential (Ψxylem), percentage loss of conductivity 

(PLC), initial (Ksi) and maximum (Ksmax) stem specific hydraulic conductivity and initial (KLi) and 

maximum (KLmax) leaf specific conductivity. Flooding and drought period were analysed 

independently, and the effect of genotype (Gen), treatment (Treat) and their interaction 

(Gen*Treat) was studied. Asterisks in p-value indicate statistically significant differences at 

P<0.05, and the whole line is marked in red letters. Bold and red letters appear when the 

interaction effect (Gen*Treat) is significant. 
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Table S2 Results of ANOVA analysis of net photosynthesis (Pn), stomatal conductance (gs), 

electron transport rate (ETR) and intrinsic water use efficiency (iWUE). Flooding and drought 

period were analysed independently, and the effect of genotype (Gen), treatment (Treat) and 

their interaction (Gen*Treat) was studied. Asterisks in p-value indicate statistically significant 

differences at P<0.05, and the whole line is marked in red letters. Bold and red letters appear 

when the interaction effect (Gen*Treat) is significant. 
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Table S3 Results of the ANCOVA analysis (a) with net photosynthesis (Pn) as a dependent variable 

and stomatal conductance (gs) as the independent variable in the upper panel and gs as the 

dependent variable and xylem potential (Ψxylem) as independent variable. Results of the 

correlation analysis in Pn vs gs and gs vs Ψxylem per treatment (b). Significant interactions (P< 

0.05) are marked in red letters.  
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Table S4 Results of ANOVA analysis root soluble sugars, root starch, leaf soluble sugar, leaf 

starch, root proline, leaf proline, chlorophyll a, chlorophyll b, total chlorophyll content, leaf MDA 

and root MDA content. Flooding and drought period were analysed independently, and the 

effect of genotype (Gen), treatment (Treat) and their interaction (Gen*Treat) was studied. 

Asterisks in p-value indicate statistically significant differences at P<0.05, and the whole line is 

marked in red letters. Bold and red letters appear when the interaction effect (Gen*Treat) is 

significant. 
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Table S5 Results of ANOVA analysis of leaf mass fraction (LMF), shoot mass fraction (SMF), root 

mass fraction (RMF), leaf area ratio (LAR) and plant biomass. Flooding and drought period were 

analysed independently, and the effect of genotype (Gen), treatment (Treat) and their 

interaction (Gen*Treat) was studied. Asterisks in p-value indicate statistically significant 

differences at P<0.05, and the whole line is marked in red letters. Bold and red letters appear 

when the interaction effect (Gen*Treat) is significant. 
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Table S6 Tolerance index (TI) according to the plant biomass of plants that suffered flood (F), 

drought (D) or a drought stress after a flood stress (FD).  

Genotype Stress Plant Biomass_TI Root Biomass_TI

MDV2.3 F 54.1928 22.1338

MDV2.3 D 81.3434 79.5772

MDV2.3 FD 71.88 50.57

MDV5 F 43.4859 22.0709

MDV5 D 55.35 59.3948

MDV5 FD 39.7916 32.4662

MMJ1 F 33.7978 17.3177

MMJ1 D 126.4596 132.7207

MMJ1 FD 81.4025 62.7498

RET F 64.1785 29.3749

RET D 73.7996 72.8211

RET FD 68.5739 45.356

VAD2 F 63.6108 33.42

VAD2 D 74.0143 80.7788

VAD2 FD 80.2512 69.1848
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Table S7 UNITE taxonomic assignment of the OTUs identified in the root mycobiome analysis. 
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IV. General discussion 

The severe impact of Dutch Elm Disease (DED) on elm populations worldwide and the difficulties 

for managing diseased stands using classic techniques (e.g. by pruning or application of 

phytosanitary products) triggered the search of new management approaches, such as the 

implementation of elm microbial community studies. The first studies performed by our 

research group on this regard were mainly focused on endophyte isolation from resistant Ulmus 

minor trees for further being tested as biocontrol agents in in vitro and in vivo assays (Martín et 

al., 2013, 2015; Blumenstein et al., 2015). Additional understanding of the fungal community 

structure of DED-resistant and DED-susceptible elm genotypes allowed the isolation of two of 

the endophytic strains used in this thesis, P5 and YM11, both of them being part of the U. minor 

core microbiome and associated to DED-resistant genotypes (Macaya-Sanz et al., 2020). The 

additional fungal isolate used in this thesis, the YCB36 strain, was selected because of its high in 

vitro antagonistic activity against Ophiostoma novo-ulmi observed in preliminary assays. 

Contrary to P5 and YM11, YCB36 strain was just occasionally found in one tolerant elm. The 

hypothetical functional relationship between those fungal endophytes and U. minor resistance 

to DED motivated the idea of this thesis. 

The knowledge about the functional traits of plant living microbes and their interaction with 

host pathogens is essential to know their potential to increase plant host stress tolerance when 

artificially inoculated into trees. Different phenotypic in planta roles were hypothesized for the 

three selected endophytes according to the results obtained in the in vitro characterization tests 

(Chapter 1). The clear strong antibiotic activity of YCB36 against O. novo-ulmi could operate in 

three ways: i) through the release of antifungal metabolites into the culture media or volatile 

organic compounds, ii) through the release of hydrolytic enzymes (proteases or chitinases) that 

disrupt hyphal growth, or iii) by nutritional niche competition due to the high overlap in their 

consumption of carbon sources. Not such a clear behavior against O. novo-ulmi was observed in 

the case of P5 or YM11 strains. Nevertheless, due to the elevated quantities of the auxin 

precursor indole-3-acetic acid (IAA) produced by the P5 endophyte, we classified it as an IAA-

producing yeast, which is usually categorized within the group of plant growth-promoting yeasts 

(Joubert and Doty, 2018). Meanwhile, despite the unclear functional role of YM11, we 

categorized this strain within the group of dark septate endophytes (DSE) due to its putative 

assignment as Exophiala sp. or Knufia sp., both genera usually assigned within this fungal group 

(Li et al., 2018; Khan et al., 2011). These results reinforced the potential of YCB36 as a promising 

DED antagonist, and postulated P5 and YM11 as possible plant growth stimulators and abiotic 

stress alleviators. 
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The management of forest diseases by means of environmentally friendly techniques has 

considerably increased in the second half of the 20th century (Prospero et al., 2021). Host-

specific fungal endophytes have been postulated to be suitable candidates to control fungal tree 

pathogens due to their endophytic way of life and their close interaction with the plant (Latz et 

al., 2018). Thus, a main objective of this PhD thesis was to evaluate the selected endophytes as 

an effective and stable means of biocontrol of DED (Chapter 1). Although the in vitro results do 

not necessarily reflects the in vivo effects (Martín et al., 2015), in this work, the in vitro 

antagonistic potential of YCB36 corresponded with a reduced DED-symptomatology in adult 

trees. The observed ability of YCB36 to colonize elm wood tissues upwards and the probable 

direct interaction between YCB36 and O. novo-ulmi, (as observed in the in the in vitro test), may 

impair O. novo-ulmi colonization and, consequently, reduce tree wilting symptomatology. 

Moreover, an indirect interaction between YCB36 and O. novo-ulmi is also possible. The 

observed release of siderophores or the production of VOCs by YCB36 may act as microbe 

associated molecular patterns (MAMPs) initiating the elm immune system activation or induced 

systemic resistance (ISR). This mechanism may act independently or synergistically with direct 

mechanisms, as observed in other plant-symbiotic systems (Malmierca et al., 2012). Whatever 

the mechanism, the alleviation of DED damages has postulated the YCB36 endophyte as a 

promising candidate for being developed into a biological control agent. Nevertheless, some 

aspects, such as the reduced YCB36 load 1 year after its inoculation coupled with no protective 

effects, requires further research to improve future large-scale endophyte application 

strategies. 

Contrary to YCB36, the endophytes P5 and YM11 did not exert remarkable protective effects in 

vitro nor in vivo against O. novo-ulmi; however, they proved important in plant stress tolerance. 

The plausible plant-growth promotion ability of both fungi and the stress protection 

hypothesized for the DSE (Punja and Utkhede, 2003; Kandel et al., 2017), prompted their study 

as plant abiotic stress alleviators (Chapter 2). Moreover, their consideration as part of the U. 

minor core microbiome and their higher presence in DED-resistant genotypes evidenced a tight 

symbiotic relationship. Here, we demonstrated that the inoculation of the endophytes P5 and 

YM11 in young in vitro U. minor plantlets (with low endophytic load) provided them with a high 

capacity to face and survive the abiotic stress, effect particularly remarkable on DED-susceptible 

genotypes. The low survival rates on elms lacking these endophytes evidenced the importance 

of their presence in elm tissues for the activation of mechanisms counteracting the stress. 

Furthermore, our results suggest that the stimulation of the plant auxin signaling pathway and 

the activation of the plant antioxidant system by these endophytes are two underlying 
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mechanisms responsible of the initiation of the observed elm physiological modifications under 

the stress. These modifications include the increase of root and shoot growth and an improved 

photosynthetic efficiency, which, altogether, may enhance plant fitness under stress. Thus, 

improving plant stress tolerance through the incorporation of host-specific endophytic fungi as 

primary symbionts during early plant developmental stages can be an interesting strategy to 

increase the quality and survival in elms destined for reforestation programs. Nevertheless, 

additional research is required to confirm the long-term stability of these endophytes in elm 

tissues and the permanence of the beneficial effects.  

As previously demonstrated in Chapter 1 and 2, elm resistance against biotic and abiotic 

stressors can be improved by means of host-specific fungal endophytes. The cooperation 

between endophytes when inoculated as a consortium, as occurs in natural microbial 

communities, can improve, even more, the plant robustness and the ability to thrive 

environmental stresses (Hays et al., 2015). In Chapter 3 we addressed this perspective by 

inoculating a mixture of the three previously tested endophytes (YCB36, P5 and YM11) to 

evaluate the molecular defense pathways activated and the extent of the activation when 

exposed to the DED pathogen. The triggering of the elm immune system was previously intuited 

in Chapter 1 by the synthesis of phenolic compounds in plants following YCB36 inoculation. In 

Chapter 3 we confirmed that molecular changes activate the elm defense system upon 

inoculation of several endophytes at the same time. Endophytic MAMPs recognition by U. minor 

initiates a signaling cascade, mediated primarily by salicylic acid, that conclude with the 

recognition of the non-virulent behavior of the endophytes, allowing their plant colonization. 

This light and transient activation (priming) was sufficient to produce a fast and strong defense 

against O. novo-ulmi mediated, in this case, by the hormones salicylic acid, jasmonic acid and 

ethylene. This priming effect reduce pathogen proliferation in DED-susceptible genotype. 

Therefore, elm fungal endophytes, after being recognized by U. minor, acted as priming 

stimulators providing an enhanced defense capability against the DED pathogen, similarly as 

observed in other well-known beneficial interactions (Pieterse et al., 2014) as well as in other 

forest tree diseases (Mejía et al., 2014). 

In summary, the three endophytes were able to efficiently colonize elm tissues (Chapters 1-3) 

and protect elm plants against stress, probably, upon being recognized by U. minor as non-

pathogenic microbes (Chapter 3). The consequent biochemical and hormonal alterations scaled 

up to physiological and morphological levels. Both DED-susceptible and DED-resistant genotypes 

benefitted from endophytes presence. Nevertheless, the endophyte-induced benefit was more 

obvious in DED-susceptible genotypes than in DED-resistant genotypes (Chapters 2 and 3). This 
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is consistent with the idea that the higher the stress suffered by the plant the higher the 

beneficial effect provided by the endophyte (Redman et al., 2011). In any case, the positive role 

of endophytes against biotic and abiotic stresses can be of importance in the fight against DED. 

The stimulation of defense priming, the reduction of pathogen load and the DED-

symptomatology attenuation (Chapters 1 and 3) open new possibilities for the management of 

surviving U. minor stands against DED. Moreover, the improvement of plant fitness under 

stressful conditions (Chapter 2) support the use of endophytes in future elm reforestation 

programs. The beneficial effect could be associate to an early inoculation in young plants, which 

would give first endophytes a competitive advantage over later-arriving microbes. Nevertheless, 

further research is needed to maintain the long term stability and efficacy of fungal endophytes. 

We suggest that beneficial endophytes inoculated in the initial stages of the plant could have a 

competitive advantage over subsequent microbes (the so-called ‘priority effects’; Drake, 1991). 

This approach could offer a greater colonization and stability of the inoculated microbes, 

enhancing the probabilities of exerting long term beneficial functions. 

The intrinsic fungal community of trees can suffer important alterations when exposed to 

environmental stresses (Philippot et al., 2013; Song and Haney, 2021). The threat that climate 

change implies for DED-resistant elm plantations envisaged in the Spanish elm reforestation 

program requires integrative studies aimed at understanding how the plant microbiome can be 

influenced by climate stresses and how this, in turn, can affect the plant response to them. For 

this reason, the motivation of Chapter 4 was to understand how the root mycobiome of DED-

resistant genotypes was altered by extreme environmental conditions (flood, drought and the 

succession of the drought after flood) and to discuss how these conditions may influence the 

plant stress response. We observed that Ulmus minor responded to flood and drought by 

reducing stomatal conductance and net photosynthesis by means of chemical or hydraulic 

signals, respectively. These physiological changes reflected a considerable tolerance of elm 

seedlings to flood and drought. Nonetheless, the restructuration of the root mycobiome 

composition in response to each stress may partly explain the plant response. The decrease of 

Chaetothyriales (that usually include DSE) coupled to an increase of the pathogenic fungi 

Plectosphaerella cucumerina during flood might contribute to plant flood susceptibility. 

Meanwhile, the increase of Sporidiobolales (that include plant growth promoting yeasts) during 

drought might have a positive impact on the drought resistance. In any case, this study was 

pioneering in the search for specific U. minor-fungal associations, their alterations under stress 

conditions, and their possible role on acclimation to abiotic stresses. 
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In the last years, a growing body of evidence is supporting the use of endophytes to improve 

plant resistance to abiotic stress and several diseases. Altogether, the results of this PhD thesis 

suggest that elm endophytes will play a significant role in fighting DED; they contribute to 

understand the functioning of elm fungal endophytes and their possibility of use in DED 

management via early inoculation in plant material. The integration of these endophytes in a 

stable manner into the U. minor microbiome would improve its tolerance to biotic and abiotic 

stresses. This greater tolerance could be useful in future elm reforestation programs to increase 

their survival and growth during early stages of regeneration. Furthermore, if we are going to 

use endophytes in reforestation programs, it is necessary to know how fast and deep the plant 

mycobiome is affected by the environmental stresses that plants will likely face.  
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V. Conclusions 

1. The Dothideomycetous fungal endophyte (YCB36) is a promising candidate biocontrol 

agent. The high in vitro antagonism against O. novo-ulmi and the reduced DED 

symptomatology in in vivo trials with adult trees inoculated with this endophyte prove 

the biocontrol capacity of YCB36. 

2. The two core fungal endophytes P5 and YM11 provide elm plantlets with a high capacity 

to respond to and survive abiotic stress. The stimulation of the plant auxin signaling 

pathway and the activation of the plant antioxidant system may explain some of the 

physiological modifications observed under stress. 

3. These fungal endophytes are recognized by specific plant mechanisms as beneficial 

microbes triggering a light and transient priming defense response. The priming effect 

translates into a faster and stronger plant response to Ophiostoma novo-ulmi causing, 

in some cases, a reduction in pathogen dispersal. 

4. All the tested endophytes are able to colonize efficiently the elm tissues both in young 

plants and in adult trees. Nevertheless, their low long term persistence in plant tissues 

requires the development of new inoculation strategies. 

5. DED-resistant and DED-susceptible genotypes respond differently to abiotic and biotic 

stresses. Plant anatomical, physiological and molecular traits appear to be behind higher 

pathogen dispersal in DED-susceptible genotypes. Moreover, stress responses varied 

between DED-resistant genotypes, demonstrating that several independent 

mechanisms confer resistance to DED. 

6. The relative abundance of specific Ulmus minor endophytes varies with plant exposure 

to flood and drought, which may condition plant stress acclimation. 

7. Overall, this PhD thesis contributes to understand the functioning of elm fungal 

endophytes and their sensitivity to environmental stresses likely encountered by plants 

in riparian habitats (i.e. flood and drought). Microbiome engineering is a promising 

approach to combat DED. 
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