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Abstract 

Not all organic compounds synthesized by plants undergo conversion into structural 

carbohydrates; conversely, a substantial portion of photosynthesized sugars is designated for 

the formation of non-structural carbohydrates (NSCs). Some of these NSCs become part of the 

root exudates. The root exudates include, besides a part of the non-structural carbohydrates, 

also amino acids, organic acids, and phenolic compounds. 

The carbon emissions from roots are considerable, amounting to approximately 11% of the 

carbon fixed by leaves during photosynthesis and constituting 27% of the carbon allocated to 

the roots. 

To elucidate the mechanisms triggering the release of root exudates in plants and their impact 

on the growth of soil microorganisms and other organisms (truffles, for example), two 

monitoring stations were established in different locations. These stations collected plant 

physiology data using sensors such as dendrometers, sap flow sensors, and environmental 

sensors. Analysis of environmental data revealed that truffle growth was not influenced by 

conventional parameters like humidity and temperature. Instead, it proved imperative to 

consider the physiology of the plant with which the fungus forms a symbiotic relationship and 

from which it derives nourishment. 

Examination of dendrometer and sap flow data disclosed distinctions between truffle-

producing and non-productive plants. Productive plants demonstrated superior dehydration 

control, attributed to osmoregulation mechanisms involving the accumulation of osmolites. 

The study also entailed experiments with maize and Quercus ilex L. plants to explore 

osmoregulation activities and the release of root exudates. Results suggested that osmolites, 

including sugars, could be released from roots after stress and recovery phases, as evidenced 

by changes in osmolality in leaf and root tissues during such cycles. 

This research challenges prevailing beliefs regarding truffle growth conditions, presenting a 

fresh perspective that integrates the symbiotic nature of mycorrhizal fungi. The findings 

significantly contribute to a more comprehensive understanding of plant-water interactions 

and osmoregulation mechanisms, offering valuable insights into the release of root exudates 

and their potential effects on forest ecosystems.  
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1. Introduction 

 
Climate change triggers changes in precipitation patterns and increases the frequency and 

intensity of extreme weather events, as evidenced by the Intergovernmental Panel on Climate 

Change. (IPCC, 2014). The ramifications of such extreme events, such as drought, reverberate 

through ecosystems, impacting the carbon equilibrium and inducing modifications in the 

productivity and stability of plants and their associated ecosystems (Zhao and Running, 

2010). 

Consequently, it is imperative to delve into a comprehensive understanding of the functions 

and mechanisms underlying organic compounds, which serve as invaluable resources within 

ecosystems. Notably, not all organic compounds synthesized by plants assume the form of 

structural carbohydrates; conversely, a substantial proportion of photosynthetically derived 

sugars is allocated to non-structural carbohydrates (NSCs). Maintaining a minimum threshold 

of non-structural carbohydrates (NSCs) is crucial for plants in order to osmoregulate, as 

highlighted by Martínez-Vilalta et al. (2016). Individuals with higher NSCs, such as starch, 

sucrose, and monosaccharides, exhibit prolonged survival during extreme drought conditions 

(Garcia-Forner et al., 2016). Some of these NSCs form, together with other compounds, the 

root exudates. 

 

1.1  Root exudates 

Root exudates constitute organic compounds predominantly composed of polysaccharides, 

amino acids, organic acids, and phenolic compounds (Bertin et al., 2003). Nevertheless, it is 

established that the composition of root exudates exhibits considerable variability. For 

instance, in an experiment involving Quercus ilex L., the composition of exudates 

demonstrated sensitivity to environmental conditions. In periods of drought, the exudates 

released by plants were primarily constituted of secondary metabolites. Conversely, during 

the recovery phase, marked by increased water availability, there was a surge in primary 

metabolites. This shift is attributed to the plant's necessity to utilize essential primary 

metabolites during drought, leaving predominantly secondary metabolites available for 

exudation (Gargallo-Garriga et al., 2018). 

Divergent perspectives persist regarding the quantity of organic carbon released, ranging 

from 1% to 34%, with a prevailing consensus around 11% (Meharg and Killham, 1995; 
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Nguyen, 2003; Jones et al., 2009). Accurately determining the proportion of carbon in 

exudates remains challenging due to sampling issues, with no standardized methodology 

currently in place. While hydroponics is a widely adopted technique for growing plants and 

collecting their exudates, its limitations include influencing root morphology and physiology, 

and significant deviations from natural growth conditions (Dilkes et al., 2004; Oburger and 

Jones, 2018; Sasse et al., 2018; Canellas et al., 2019). 

Experiments utilizing tracers like 13C are fundamental for studying ground rhizodeposition, 

enabling the differentiation between deposited carbon and that pre-existing in the 

rhizosphere. This facilitates field studies under more realistic conditions compared to 

laboratory settings (Nguyen, 2003). However, these studies tend to be more expensive. 

Transferring plants from soil to hydroponics for exudate measurement could offer insights 

close to natural conditions but risks root damage during the transfer (Canarini et al., 2016; 

Oburger and Jones, 2018). 

To address these challenges, a "microcosm" method has been developed, wherein plants grow 

in an agar substrate with microorganisms akin to those in the soil. This approach allows for 

the collection of approximately 90% of root exudates. However, it falls short in considering 

vital aspects of natural growth, such as nutrient competition and physical soil structure 

(Meharg and Killham, 1991). 

 

1.2  Root exudates roles 

The multifaceted roles of root exudates are underscored by various studies. Song et al. (2012) 

propose that the heightened release of root exudates observed in drought-resistant maize 

varieties, following a stress-and-recovery cycle, strategically enhances nutrient availability for 

the plant, potentially contributing to their increased drought resistance. Under water stress 

conditions, the proteases released by roots aid in nitrogen intake (Kohli et al., 2012). 

Exudates released during stress and recovery cycles can elevate soil respiration rates, 

particularly when compared to exudates from non-stressed plants. This stimulation of 

microbial activity is postulated to be a consequence of the altered exudate composition (de 

Vries et al., 2019). 

Root exudates play a protective role for root apices, crucial for soil exploration and 

interaction. Some exudates attract pathogens, while others inhibit or even eliminate them 

(Baetz and Martinoia, 2014). 
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A specific subset of root exudates, mucilages, acts as a physical barrier against harmful 

microorganisms, facilitates root growth, and increases the surface area for interactions with 

other organisms (Bertin et al., 2003; Baetz and Martinoia, 2014; Sasse et al., 2018). Mucilages 

contribute to nutrient accessibility and help maintain adequate rhizosphere humidity, as 

observed by Holz et al. (2018). 

Exudates also play a pivotal role in promoting chemotaxis of beneficial soil microorganisms 

towards the plant. The organic acids in exudates solubilize phosphates of calcium, iron, and 

aluminum in the soil, making them available for plant uptake (Dakora and Phillips, 2002). 

Root exudates may influence soil respiration dynamics and production. The allocation of 

photosynthesized carbon to the subsoil could vary based on the degree of root exudation, as 

observed by Karlowsky et al. (2018), impacting the rate of decomposition and the Birch effect. 

Preece and Peñuelas (2019) emphasize the undervalued role of exudates in agriculture, 

noting that ancient varieties possess genetic traits beneficial for resistance to parasites, 

reduced dependence on fertilization, increased phosphorus availability, and positive 

associations with fungi and bacteria, mediated by root exudates. Additionally, exudates may 

promote allelopathy, exemplified by ailantone released from Ailanthus altissima Mill., which 

inhibits seed germination in certain species and stimulates root nodule formation in nitrogen-

fixing bacteria (Heisey, 1990; Heisey, 1997; Bostan et al., 2014; Greer et al., 2016). 

Understanding the release of allelopathic substances from roots, such as ailantone, holds 

potential implications for the development of new herbicides (Fracchiolla and Montemurro, 

2007). 

 

1.3  Root exudation is affected by plant and environmental conditions 

The plant employs active transport, passive transport, or a combination of both for the release 

of root exudates. Sugars and amino acids are predominantly emitted through passive 

transport, the most frequently utilized mechanism (Dilkes et al., 2004). It is crucial to 

recognize that the plant exercises control over transport through various means, including 

modifying the expression of carrier protein genes, recovering previously exuded compounds, 

and regulating the activity of the root meristem (Canarini et al., 2019). 

Exudation appears to be more closely associated with the rate of compounds allocated to the 

roots rather than the total amount of photosynthesized compounds produced. Furthermore, 

the exudation process is remarkably rapid, with photosynthesized compounds transferred to 

the soil in less than an hour following fixation (Dilkes et al., 2004). 
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The release of root exudates is influenced by water availability. During drought, the amount of 

exudates released decreases, but the proportion of photosynthesized compounds allocated to 

exudates increases, while the carbon destined for biomass decreases (Preece et al., 2018). 

Calvo et al. (2017) corroborate this observation, noting that water availability levels influence 

root exudation patterns in barley (Hordeum vulgare L.), where drought led to a higher 

hypogeal-to-epigeal biomass ratio and increased accumulation of ABA, proline, and 

potassium. 

Sunflowers (Helianthus annuus L.) release significantly more carbon and nitrogen during 

recovery after drought stress, indicating a dynamic response to water availability (Canarini et 

al., 2016). The study also highlights qualitative changes in soybeans (Glycine max (L.) Merr.), 

where there is no increase in exudates, but a shift in composition favoring osmolytes. 

Water stress conditions stimulate the emission of secondary metabolites, particularly volatile 

organic compounds (VOCs). VOCs can contribute to aerosol formation, act as nucleating 

agents for steam, and possess medicinal properties, as observed in Salvia dolomitica Codd. 

under drought conditions (Caser et al., 2019). VOCs also play a crucial role in plant protection 

against pathogens. 

Different stresses, such as low-temperature soil, drought, and shade, induce varied responses 

in the release of root exudates, as observed by Karst et al. (2017). Stress plants allocate 

relatively more carbon to exudates than stress-free plants, and as the amount of non-

structural carbohydrates (NSCs) allocated to the roots increases, the amount of root exudates 

also increases. 

Water stress not only affects the soil but also the above-ground part of the plant. During 

drought periods, the reduction in shoot biomass and the simultaneous increase of the fine 

root biomass indicates that the drought induces an allocation of resources from the aerial part 

of the plant to other organs (Karlowsky et al., 2018). Fast-growing plants utilize carbon 

release to facilitate growth after drought, attracting beneficial microbes that aid in recovery 

(Williams and de Vries, 2019). 

The release of root exudates is also influenced by nutrient presence. In an experiment by 

Högberg et al. (2010), increased nitrogen reduced carbon release after a year. Nitrogen 

enrichment negatively affects mycorrhizal fungi, primarily due to reduced carbon allocation 

by the plant (Hasselquist et al., 2016). Special conditions, such as CO2 enrichment, affect 

carbon release and root storage, potentially leading to increased carbon release in the soil 

(Jiang et al., 2020). 
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Root exudates play a pivotal role in phosphorus acquisition. Clausing et al. (2020) 

demonstrated that reducing carbon allocation to roots resulted in a phosphorus deficiency. 

Prescott et al. (2020) observed that the release of root carbon is linked to deficiencies in 

nitrogen, phosphorus, or water. In nitrogen or phosphorus deficiency the rate of cell division 

is reduced, while photosynthesis continues. Plants experiencing these situations, transform 

photosynthates into sugars and secondary metabolites. Releasing these compounds in form of 

root exudates could be a way of disposing of the C surplus.  

The studies reviewed underscore the significant impact of water stress on resource allocation 

to roots and exudate production across various plant species and ecosystems. However, the 

precise mechanisms through which plants activate rhizodeposition, and whether this is linked 

to soil microorganisms, remain to be clearly established. 

 

1.4  Root exudates and soil microorganisms 

The relationship between microorganisms and roots is complex, exhibiting an ambivalence 

wherein root exudates can nourish microorganisms, yet microorganisms influence the release 

rate by creating a gradient out of the root (Canarini et al., 2019). This relationship plays a 

fundamental role not only in natural ecosystems but also in agricultural ones, emphasizing the 

importance of understanding their functioning to manage them and enhance ecosystem 

functionality (Battie-Laclau et al., 2020; Alaux et al., 2021). 

To establish successful symbiosis between roots and rhizosphere microorganisms, it is 

imperative that the symbionts are metabolically active, capable of recognizing the plant and 

its exudates, able to move towards the root, successfully compete for root colonization against 

other microbes, and possess the ability to bind to the root and penetrate tissues (Sasse et al., 

2018). Reciprocal sensing is essential, with root exudates containing chemical molecules that 

regulate symbiotic development and signal the fungus of potential host presence. 

Interestingly, these signals appear to overlap with those regulating communication with 

nitrogen-fixing bacteria in legumes (Dakora and Phillips, 2002). 

Mycorrhizae, among the most critical microorganisms capable of symbiosis with roots, play a 

vital role in providing plants with water and nutrients, particularly under water stress 

conditions. For instance, under water stress, mycorrhiza positively affects the biomass 

production of Triticum aestivum L., whereas well-watered wheat does not benefit as much 

from the symbiosis, despite higher productivity (Al-Karaki et al., 2004). Mycorrhization with 
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Tuber melanosporum Vitt. in Quercus ilex L. plants influences leaf mass, conductance, and net 

photosynthesis, impacting stomatal duration (Nardini et al., 2000). 

The benefits of mycorrhization extend beyond plants; fungi developing mycorrhiza 

demonstrate increased drought resistance compared to non-symbiotic fungi. The plants, 

through their roots, may reach deeper soil layers, acquiring water utilized by fungi (Castaño et 

al., 2018). 

Considering the widespread occurrence of mycorrhizal symbiosis, colonizing the roots of 90% 

of terrestrial species, it is crucial to integrate mycorrhization into studies on root exudates 

(Wang and Qiu, 2006; Canarini et al., 2019). 

In arid environments susceptible to desertification, the symbiosis between fungi and bacteria 

contributes to maintaining vegetation. Anthyllis cytisoides L. plants, inoculated with spores of 

mycorrhizal fungi and Rhizobium bacteria, exhibit enhanced survival during drought, 

increased size, elevated nitrogen and organic matter content in arid soils, and improved soil 

structure (Requena et al., 2001). 

Mycorrhizal fungi, with their hyphae, can form soil aggregates, enhancing soil structure and 

porosity. This becomes crucial in situations of reduced soil water content, preventing 

alterations in root adhesion due to soil volume reduction. Mycorrhiza ensures contact 

maintenance, guaranteeing the plant a minimum water supply and nutrient access even under 

stressful conditions (Davies et al., 1992). 

Understanding the regulatory mechanisms of mycorrhization is essential, not only for forest 

plants that typically exhibit high mycorrhization rates but also for species that are not 

consistently mycorrhized (Lehto and Zwiazek, 2011). For these species, the ability to develop 

advantageous symbiosis may influence their stress resistance and, on a broader scale, 

determine stand stability. 

Another intriguing symbiosis involves fungi and bacteria, specifically mycorrhizal helper 

bacteria (MHBs). MHBs interact with ectomycorrhizal fungi, such as basidiomycetes and 

Tuber melanosporum Vitt. There are two types of MHBs: those aiding in mycorrhiza formation 

and those positively interacting with symbiosis. The bacteria receive benefits from the fungus, 

even in the absence of roots, hypothesized to be due to attraction to metabolites emitted by 

the fungus, forming a biofilm and creating a niche. These bacteria could be considered 

species-specific, influencing the growth of one fungus while inhibiting another. They hold 

potential applications in agriculture for promoting mycorrhization and reducing the presence 

of harmful fungi. Bacteria stimulate spore germination, mycelium growth, alleviate soil stress 

effects (e.g., restoring soil conductivity in drought conditions or removing toxic molecules), 
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enhance root system branching, and promote colonization by inducing substance release. 

Bacteria may have applications for nutrient mobilization, nitrogen fixation, and plant 

protection against root pathogens (Frey-Klett et al., 2007). This establishes a symbiotic 

relationship involving the plant, fungus, and bacterium. 

 

1.5  Mycorrhizal fungi, ecosystem and drought 

The establishment of symbiosis between plants and fungi has profound impacts on plant 

communities and ecosystem processes (Tedersoo et al., 2020; Alaux et al., 2021). 

Understanding the relationships between plants and fungi is crucial for several reasons. 

Firstly, mycorrhizal fungi associated with plant roots could serve as significant carbon storage 

(Treseder and Holden, 2013). Carbon compounds produced by microorganisms in the soil are 

known to be more resistant to decomposition (Allison, 2006; Prescott, 2010). The mycorrhizal 

mycelium, comprising 62% of the dominant pathway, facilitates the entry of carbon into the 

soil organic matter (SOM) pool, surpassing input via leaf litter and fine root turnover 

(Godbold et al., 2006). Moreover, certain mycorrhizal symbioses have economic significance, 

such as in truffle production (Samils et al., 2008; Reyna and Garcia-Barreda, 2014). 

Numerous studies affirm the mutualistic benefits of mycorrhizal symbiosis for both plants and 

fungi. For example, plants gain resistance to stress (Al-Karaki et al., 2004), while fungi receive 

a portion of the photosynthetically fixed carbon for their development (Godbold et al., 2006). 

However, mycorrhizal associations are not universally mutualistic, with exceptions such as 

myco-heterotrophy, where the plant becomes a parasite of the fungus by not 

photosynthesizing (Leake and Cameron, 2010). Conversely, the fungus can turn parasitic, 

becoming a parasite of the plant and altering its lifestyle (Ballhorn et al., 2016). 

The mycelium of mycorrhizal fungi appears crucial in controlling plant access to water, with 

about 20% of the total water uptake attributed to the mycorrhizal fungus (Ruth and Khalvati, 

2011). Symbiotic organisms, like mycorrhizal fungi, significantly influence how tree roots 

respond to drought (Brunner et al., 2015). Despite the well-established substance exchange in 

symbiosis, where mycorrhizal fungi provide water and nutrients in exchange for sugars, the 

intricate links between root exudates and the rhizosphere remain less explored due to the 

challenges in quantifying root exudation in natural environments (Williams and de Vries, 

2019). 

As demonstrated by Sapes et al. (2020), if one plant linked to another via mycorrhiza 

undergoes a reduction in non-structural carbohydrates (NSCs), the other plant not subjected 



9 
 

to shading also experiences a decline in drought resistance. This happens because NSCs, 

initially allocated for osmoregulation, are redirected to mycorrhiza, creating a trade-off 

between resource allocation for osmoregulation and symbiont support. Thus, while fungi can 

enhance survival through hydraulic lift, they may concurrently diminish the plant's drought 

tolerance, contributing to the trade-off between sustaining symbionts and retaining water 

through NSCs. 

Observations in the Northern Jarrah Forest of southwestern Australia indicate changes in the 

fungal community's specific composition due to decreased precipitation, resulting in water 

stress for plants. This shift involves an increase in certain species groups, like arbuscular 

mycorrhiza and saprophytic mycorrhiza, and a decrease in others, notably ectomycorrhizal 

fungi (Hopkins et al., 2018). This finding holds particular relevance, given that 

ectomycorrhizal fungi encompass economically valuable species such as Basidiomycetes (e.g., 

Boletales) and Ascomycetes, including truffles (genus Tuber). 

 

1.6  Truffles: the most valuable mycorrhizal mushrooms 

One of the most esteemed mycorrhizal fungi is the truffle, creating a multimillion-euro market 

in Italy, France, and Spain (Reyna and Garcia-Barreda 2014). However, the production of this 

sought-after wild food is steadily declining due to climate change and land abandonment. 

Truffle production fails to meet the internal demand in Italy, with 40-50% of the 

commercialized raw material currently being imported (MiPAAF 2018). 

Conscious management of wild food products, such as truffles, is valuable not only for 

industrialized countries (Reyna and Garcia-Barreda 2014; Schulp et al. 2014) but also for 

developing nations (Negi et al. 2011; Stryamets et al. 2015). Fischer et al. (2017) recommend 

considering environmental characteristics when cultivating truffles, emphasizing the 

importance of pre-production and production operations, including irrigation, soil tillage, and 

pruning, as well as addressing potential predators. 

 

The timing of pruning is crucial for plant growth. Winter pruning preserves carbohydrates 

stored in roots, while vegetative season pruning aids quicker healing (Fischer et al. 2017). 

Mycorrhizal fungi release allelopathic substances, forming areas devoid of herbaceous 

vegetation near truffle growth sites. A study on black truffle, Tuber melanosporum Vitt., 

revealed the inhibitory effect of its mycelium on other ectomycorrhizal fungi, influencing 

biodiversity (Napoli et al. 2010). 
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In Spain, the use of "truffle nests," peat containing spores inserted in orchard soil, results in 

rounder, less affected truffles with larvae positioned on the outside for better growth (Garcia-

Barreda et al. 2020). The innovative "MRT" method, involving selective grass removal, deep 

operations, and intensive pruning, leads to accelerated production, deeper truffles, and 

reduced reliance on substances (Chevalier and Pargney 2014). 

However, truffle cultivation faces challenges. Diverse mycorrhization methods yield varying 

results, affecting the number, diameter, and height of mycorrhized plants (Bruhn et al. 2013). 

Critical issues include unwanted species production and productivity decline after a few 

years, attributed to the difficulty of cultivating forest species (Bencivenga et al. 2009). Various 

methods to assess plant mycorrhization for truffle production underscore the importance of 

cultivation techniques (Fischer and Colinas 1996). 

Cultivation times for truffles are prolonged, hindering timely assessment of mycorrhization 

results (Bruhn and Hall 2011). The truffle's slow growth is attributed to the small hyphal 

surface through which carbon is transferred from the plant (Deveau et al. 2019). 

Truffles exhibit specific soil and environmental requirements. Soil analysis, considering 

texture and quality, is crucial for informed production management (Bragato et al. 2021). 

Optimal growth conditions involve a precise balance of exchangeable calcium in the soil 

(Raglione 2011). Mycorrhizal fungi production correlates with the basimetric area of the 

plant, emphasizing the importance of understanding species differences (Tahvanainen et al. 

2016). 

Precipitation significantly impacts truffle production, with summer months' rainfall being 

crucial (Garcia-Barreda and Camarero 2020). Drought periods may benefit truffles, prompting 

a reevaluation of irrigation systems to conserve water (Garcia-Barreda et al. 2019). Moderate 

irrigation between May and July proves effective in increasing mycorrhized apices (Olivera et 

al. 2014). 

 

Different truffle species present varying challenges. Tuber aestivum Vitt. is adaptable to 

diverse soil conditions, pH levels, and temperatures, making it the most straightforward to 

cultivate (Bruhn and Hall 2011; Chevalier 2012; Robin et al. 2016). Tuber magnatum Pico, the 

most prized but challenging to cultivate, relies on nitrogen-fixing bacteria during ripening, 

resembling legume root nodules' nitrogen fixation (Barbieri et al. 2010). 

Understanding the needs of truffles is essential for adapting cultivation methods to climate 

change. Predictions indicate potential expansion with slight emissions increase but reduced 

production with excessive emissions (Čejka et al. 2020). Spain, a southern European country, 
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anticipates a 29% reduction in truffle production by 2040 due to climate change (Fischer et al. 

2017). Historic symbiotic relationships between truffles and their host plants during the post-

glacial era, influencing their current distribution, highlight the importance of understanding 

these symbiotic organisms (Mello et al. 2006). 

 

1.7  Understanding the trigger of root exudation: a new hypothesis 

The elucidation of why plants release a substantial amount of fixed carbon remains elusive 

(Jones et al. 2004). Consequently, it is imperative to unravel the mechanisms governing the 

initiation of root exudation. A novel hypothesis associates stress-recovery cycles with the 

liberation of root exudates. Notably, moderate stress levels have been observed to enhance 

the accumulation of essential oils in the aerial parts of Mentha x piperita L., elevating 

medicinal qualities (Búfalo et al. 2016). Similarly, Helianthus annuus L., recovering from water 

stress, exhibited a remarkable 330% increase in root-released carbon compared to pre-stress 

conditions (Canarini et al. 2016). 

Water stress induces a myriad of effects on plants, ranging from morphological alterations 

(reduced height, changes in leaf and root morphology, alterations in root/shoot and 

root/stem ratios, and stomatal development) to physiological and biochemical adaptations 

(photosynthetic capacity, osmotic regulation metabolism, drought-induced proteins, and 

biochemical and molecular adjustments) (Fang and Xiong 2015; R. Gobu et al. 2017; Ilyas et al. 

2021; Yang et al. 2021). 

Plants absorb water from the soil when the leaf water potential (Ψ) is lower than that of the 

soil (Taiz and Zeiger 2003). Consequently, during water stress, plants must reduce their leaf 

water potential to maintain the hydration of all living tissues and to sustain water flow to the 

leaves. Osmoregulation becomes pivotal in plants subjected to drought (Mehmood et al. 2020) 

or excessive salinity (Perri et al. 2018). 

Crucial osmolites, including soluble carbohydrates, sugar alcohols, proteins, amino acids, and 

proline (Kavi Kishor et al. 2005; Ozturk et al. 2021), accumulate in cytoplasmic 

compartments, maintaining cell turgor (Rontein et al. 2002). This accumulation correlates 

with the severity of stress (Chakhchar et al. 2015). 

Research by Yang et al. (2015) demonstrated that a drought-hardening treatment, involving 

the transfer of Jatropha curcas L. plants into a Hoagland’s solution supplemented with PEG 
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6000, enhances drought tolerance, with osmoregulation identified as a key factor in increased 

tolerance. 

Stomatal opening is regulated by the solute content in guard cells, with various metabolic 

pathways supplying osmotically active solutes. Talbott and Zeiger (1998) identify two 

osmoregulatory phases in guard cells, involving initial K+ accumulation and subsequent sugar 

accumulation. 

Although osmolites accumulated in leaves may have detrimental effects, such as inhibiting 

cellular enzymes in the presence of ions (Waseem et al. 2011), the fate of these compounds 

after fulfilling their osmotic adjustment function remains unexplored. 

The release of carbon from roots during stress, a seemingly inefficient choice for the plant, 

lacks a clear trigger. A plausible explanation based on plant physiology posits that, during a 

drought phase, osmoregulation prompts the accumulation of organic compounds in leaves, 

leading to a reduction in leaf water potential. Subsequently, as water availability resumes, the 

plant gains better control over water flow, obviating the need for sustained low leaf water 

potential. Consequently, excess osmolites accumulated in leaves are released as root exudates. 

Preliminary analysis of literature reported minimum leaf water potential values reveals that 

many truffle-producing plants tend to reach low leaf water potentials, accumulating osmotic 

compounds to sustain water flow to leaves (Table 1). This observation provides a compelling 

avenue for comprehending why certain plants may not be conducive to mycorrhizal fungi 

production. 

 
Truffle producing 
plants 

Minimum leaf water 
potential (Ψ) 

Non truffle 
producing plants 

Minimum leaf water 
potential (Ψ) 

Ostrya carpinifolia 
Scop. 

-3  
(Nardini et al. 2000) 

Acer pseudoplatanus 
L. 

-1.72 
(Li, Feifel, et al. 2015) 

Quercus pubescens 
Willd. 

-4.5 
(Tognetti et al. 1998) 

Fraxinus excelsior L. -2.1 
(Li, Feifel, et al. 2015) 

Corylus avellana L. -1.8 
(Li, Feifel, et al. 2015) 

Sorbus torminalis L. -1.53 
(Paganová et al. 2020) 

Quercus robur L. -2.85 
(Glatzel 1983) 

Prunus avium L. -2.5 
 (Centritto et al. 1999) 

Quercus ilex L. -6.5 
 (Tognetti et al. 1998) 

Crataegus laevigata 
Poir. 

-1.7 
(Thomas et al. 2021) 
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Carpinus betulus L. -2.35 
(Li, Feifel, et al. 2015) 

Betula pendula 
Roth. 

-1.7 
(Aspelmeier and 
Leuschner 2004) 

Quercus cerris L. -3.9 
(Vannini et al. 2009) 

Ulmus minor Mill. -2.25 
(Li, López, et al. 2015) 

Populus nigra L. -3.5 
(Callister et al. 2006)  

Alnus glutinosa L. -2.25 
(Eschenbach and 

Kappen 1999) 
Table 1: minimum leaf water potential (Ψ) described in literature for plants suitable for the production of 
truffles and plants that do not develop symbiosis with fungi of the genus Tuber 
 
 

The leaf transpiration rate is influenced by the vapor pressure gradient between the leaf and 

the atmosphere (Daly et al., 2004). The activation of sapflow, and consequently transpiration, 

is closely linked to Vapor Pressure Deficit (VPD) (Badalotti et al., 2000), signifying that higher 

VPD values lead to increased plant dehydration. As the leaf-to-air VPD serves as the primary 

driving force for transpiration (Dichio et al., 2006), it has been selected as a parameter to 

measure the likelihood of plant dehydration. This measure is then compared with the quantity 

of truffles collected to establish a correlation between production and dehydration. 
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2. Material and methods 

The study is composed by distinct experiments conducted both within controlled laboratory 

settings involving young plants of Zea mays L. and Quercus ilex L. and in open fields where 

target plants underwent observation within natural environmental conditions. 

 

2.1 Field experiment 

 

The field experiment aims to investigate physiological disparities and water stress 

management between productive truffle-producing plants and non-productive ones. This 

work unfolds across two distinct sites: Caltrano (VI) and Carlino (UD).  

Caltrano boasts a meticulously cultivated truffle orchard, specifically a hop-hornbeam 

plantation realized in 2001, with trees strategically spaced at 2 x 2.5 meters. After a decade, 

the plantation started producing truffles. Spanning an area of 2428 m2 with a perimeter of 

227 m, the site exhibits a slope ranging from 12° to 19°, a south/south-west aspect, and an 

altitude varying between 480 and 500 m a.s.l. It corresponds to cadastral parcel n. 123, 

situated in "Tezze" locality of the Municipality of Caltrano (VI) (figure 1). 

Delving into geolithology, the area is characterized by limestone and dolomite, falling into the 

category of "Hills and pre-alpine mountains of medium and low altitudes." The substrate 

comprises limestone, dolomitic limestone, and flint limestone. Various soil types, including 

Eutric Cambisol, Leptic Luvisol, and Rendzic Leptosol, contribute to the composition. The 

Corine Land Cover classification designates the area as "Broad-leaved Forest". With a 

temperate macro-climate typical of the semi-continental-sub-continental temperate climate in 

the eastern part of northern Italy, the forest type is classified as the typical orno-ostryetum, 

with coverage ranging from 71% to 100%. 

The plantation, predominantly composed of hop hornbeam (Ostrya carpinifolia Scop.) and 

supplemented by beech (Fagus sylvatica L.) specimens, features Fraxinus ornus L. as the most 

prevalent renewal (40% coverage). The herbaceous and shrubby layer includes ivy (Hedera 

helix L.), Arrhenatherum elatius L., Hepatica nobilis Schreb., Allium spp., Taraxacum officinalis 

Web., and Viola odorata L. Notably, the truffle orchard is diligently managed, with regular 

visits by the owner and manager, who employs a trained dog to discern mycorrhized plants 

that produce truffles from those that do not. 
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Measurements: 

Eight target plants, all of the same species Ostrya carpinifolia, evenly distributed between 

productive and non-productive, underwent detailed analysis. Target plants have average dbh 

of 15 cm and average height of 15 meters. Each target plant was equipped with a 

dendrometer and a Granier-type sapflow sensor, providing accurate measurements of daily 

hydration cycles and sap flow rates.  

The dendrometers, featuring potentiometers with a precision of one hundredth of a 

millimeter, were affixed to the plant trunks using screws (figure 2). These potentiometers, 

touching the bark, captured minute changes associated with daily hydration and dehydration 

cycles. 

Sap flow sensors, utilizing two probes inserted into the trunk with a 10 cm separation, 

measured sap flow rates by detecting temperature differences between the probes (figure 3).  

The upper probe is actively heated, and under conditions of high sapflow, it undergoes cooling 

as the sap carries heat away, resulting in a reduced temperature difference between the upper 

and lower probes. Conversely, during periods of low sapflow, such as at night, the 

temperature difference becomes more pronounced. This mechanism provides insights into 

the regulation of stomatal activity, allowing us to discern the phases of photosynthesis 

engaged by the plant (Lu et al. 2004). 

This data, indicative of the opening and closing of stomata, offered insights into 

photosynthesis timings.  

Additionally, two TDR soil sensors were strategically placed within the truffle orchard to 

measure soil water content (m3/m3), reflecting both its availability and continuous variation 

due to plant uptake and atmospheric evaporation. 

A hygrometer, providing air temperature (°C) and relative humidity (%) measurements, was 

positioned installed. Utilizing temperature and relative humidity values, VPD (vapor pressure 

deficit) was calculated through the empirical Magnus formula (Formula n. 1) 

VPD = (1-RH) a e(bT/T+c)       Formula n. 1 

 

The sensors, powered by a photovoltaic panel, transmitted data to a Campbell CR1000 

datalogger, ensuring remote data download post-2022. Further, truffles were systematically 

collected, counted, and weighed every 2-3 days since 2021. The truffles collected under the 

area of the crown for each plant were attributed to that specific plant. In the case of Tuber 
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melanosporum it takes at least 6 months between the production of the primordia and the full 

development of ascocarps (Le Tacon et al. 2013). However, it should be noted that during the 

harvest, which took place with the help of a trained dog, the ripening level of truffles varied 

considerably after a few days or hours. In fact, it was not uncommon for the dog to find new 

ripened ascocarps for several consecutive days (and this suggests that in the previous days 

they were not yet ripened). 

In 2022, detailed plant characteristics were recorded, including precise location (using 

submetric GPS, figure 4), status (productive or not productive), diameter at breast height 

(dbh) measured with a tree caliper, total plant height, and crown insertion height measured 

with a Trupulse laser hypsometer. Additionally, the distance covered by the crown along the 

north-south and east-west axes was measured. The crown volume, approximated as a 

cylinder, was calculated based on these values (specifically, by calculating the volume of a 

cylinder with the average radius of the four measured radii and a height equal to the crown 

height). However, the crown shape coefficient was not considered in the comparative analysis 

between productive and non-productive plants. All data were organized into graphs using a 

logarithmic scale for clarity. 

Despite meticulous data collection, external factors such as weather conditions and biotic 

elements led to incomplete data series. These challenges were particularly pronounced in 

Carlino, where anthropogenic and animal-caused damages interrupted battery power, and 

tree falls resulted in station destruction. In Caltrano, ant activity led to the oxidation of 

datalogger structure. 

Pre-dawn leaf water potential (Ψ) measurements were taken in September 2022 using a 

Scholander pressure chamber (PMS Model 600D) in Caltrano. Leaves were collected at the 

same height on the 8 target plants before sunrise, and their leaf water potential was 

immediately measured (taking 3 leaves from 6 of the 8 target plants). Other leaves were 

collected and immediately placed in ziplock bags with a damp piece of paper to prevent rapid 

dehydration, then stored in a thermal container in the dark. Their leaf water potential was 

measured at various water content levels, allowing gradual dehydration and providing 

valuable insights into plant water response and differences between productive and non-

productive plants. The mapping of the area and data representation were achieved through 

QGIS software. 
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Statistical Analyses: 

To extract meaningful insights from the extensive dataset, statistical analyses were conducted 

using the software R and Excel. The dataset comprised information on diameter fluctuations, 

sapflow, soil water content and temperature, air temperature, and relative humidity. Key 

analyses included determining the vapor pressure deficit (VPD), daily maximum and 

minimum differentials, calculating dehydration levels from dendrometer data, and deriving 

the percentage of flow during the day from sapflow sensor data. 

 

Leaf water potential (Ψ) measurements collected in 2022 for each target plant were subjected 

to statistical analysis to discern plant water responses at various water content levels. 

Detrending of data obtained from dendrometers through Excel software highlighted daily 

swelling and shrinkage, excluding the effects of actual stem growth. 

Graphical representations of the data were created using R, Excel, and QGIS, providing visual 

insights into trends and patterns. This comprehensive statistical approach allowed for a 

robust interpretation of the experiment's findings, enhancing the understanding of 

physiological differences and water stress management between productive and non-

productive plants in the truffle orchard. 

 
Figure 1: Aerial photo of the plantation of Caltrano (in red). The plantation is in the province of Vicenza in northeastern 
Italy. The truffle orchard lies in the hilly area of the Venetian Pre-Alps and borders the forest on one side and meadows on 
the other sides. 
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Figure 2: dendrometer installed on a tree. The potentiometer is fixed with two screws that sink into the deepest part of the 
trunk (not subject to movements), while the tip grazes the bark, and is pushed back and forth by the growth of the plant’s 
radius, as well as from swelling and shrinkage due to daily cycles of hydration and dehydration 

 

 

 
Figure 3: Sapflow sensors installed on white hornbeam (Carlino) and hop hornbeam (Caltrano). The sensors consist of 2 
probes that are inserted into the trunk at a distance of about 10 cm from each other. The upper probe is heated and when 
the upward flow is consistent, it is cooled. In this way the temperature difference provides information on the intensity of 
the flow. 
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Figure 4: Representation of the distribution of productive plants (in red) and non-productive plants (in black) inside the 
truffle orchard of Caltrano. 

 

 
Figure 5: aerial image of the forest Sacile (Carlino site). The forest is located in the plain of Friuli, near the lagoon of 
Marano. It is divided into a part where in the past the white truffle was harvested (Tuber magnatum Pico, "Productive”) 
and a part that instead has never been productive (“Non productive”). 

Productive 

Non productive 
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In Carlino, the forest predominantly comprises white hornbeam (Carpinus betulus L.), English 

oak (Quercus robur L.), and narrow-leafed ash (Fraxinus angustifolia Vahl). Tuber magnatum 

Pico, the prized white truffle, grows in this lowland forest. The site, historically divided into a 

productive and non-productive part (figure 5), now stands as a wholly non-productive forest. 

Situated in the lower Friulan plain, the area corresponds to querco-carpinetum and 

carpinetum woods on silty-clayey sediments, occasionally mixed with sands and subordinate 

gravel. According to the Corine Land Cover classification, it falls under code 3.1.1, denoting 

"Broad-leaved woods." 

In 2021, two sample areas were identified—one in the former production zone and another in 

the non-productive zone. Within each area, four target white hornbeam plants were selected 

for the installation of dendrometers and sapflow sensors. Additionally, a hygrometer and two 

TDR sensors were placed at different depths (0-20 cm and 20-40 cm) in each sample area. 

This configuration facilitates the detection of variations in aquifer movement between the two 

sites. 

For each target plant in 2021, 5 leaves were collected, and their leaf water potential was 

measured at various water content levels using a Scholander pressure chamber (PMS Model 

600D). This approach allows for the comparison of leaf water potential at different hydration 

percentages, offering insights into plant water response and discerning differences between 

the two forest areas. 

Both sites are situated in northeastern Italy, specifically in the Veneto region. In this region, 

the average total annual precipitation for the reference period 1993-2020 was 1136 mm, 

while in 2021 was 971 mm and 774 mm in 2022. The summer precipitation in 2023 were 391 

mm, a bit more than the reference period 1994 to 2022, corresponding to 323 mm.  

During the reference period (summer from June to August) 1993-2020, the minimum average 

air temperature was 14.6°C, while the maximum average air temperature was 26.1°C. In 2021, 

the values aligned with the period's average, with an average minimum of 15°C and an 

average maximum of 26.6°C. However, in 2022 and 2023, the temperatures deviated, with 

values of minimum 16.1°C - maximum 28.3°C and minimum 15.7°C – maximum 26.8°C, 

respectively. (Summary of Weather and Agrometeorological Commentary for the Summer 

Period, Compiled by the Regional Department for Territorial Security of the Veneto Region- 

summer 2023). 
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2.2 Laboratory experiments 

This section explains the materials used and the procedures applied for carrying out the 

experiments with Zea mays L. and Quercus ilex L. 

 

2.2.1 Experiments with Zea mays L. 

 

The laboratory experiment aimed to investigate the release mechanism of radical exudates in 

plants under water stress, particularly focusing on the osmoregulation process. The chosen 

plant for this hydroponic culture experiment was maize (Zea mays L.), specifically the P0423 

hybrid obtained from the “Azienda Agricola Toniolo” in Legnaro. 

The hydroponic culture setup involved the following phases: 

Seed Cleaning (Day 1): 

The initial step entailed cleaning maize seeds by removing their protective wax coating. Seeds 

were immersed in distilled water and gently stirred for an hour. Subsequently, they 

underwent a cleaning process with distilled water and 15% bleach for 5 minutes, followed by 

thorough rinsing. After cleaning, the seeds were left in distilled water overnight. 

Germination (Day 2): 

After absorbing water and swelling up, the maize seeds were placed on tissue paper in trays. 

Then, they were covered with additional tissue paper soaked in distilled water. Finally, the 

trays were sealed in plastic bags and kept in a dark, temperature-controlled environment. 

Transplanting: 

Upon the seeds' germination (4 days later), seedlings were transplanted into 500 ml pots for 

further growth. This process involved careful handling to avoid damage. Each pot featured an 

oxygenator to ensure a constant flow of air for optimal nutrient solution oxygenation. 

The growth of plants occurred in a climatic cell, with controlled humidity, temperature and 

light conditions. The Hoagland solution (Table 2.1) was utilized, and its replacement occurred 

every 2-3 days. 
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Preliminary Test using Zea mays (2019): 

A preliminary test was conducted in 2019 to assess biomass variation, exudate amount, and 

electrical conductivity in Zea mays L. during water stress induced by polyethylene glycol 

(PEG). During the four-day stress period, fresh weights, dry leaf weights, and carbon and 

nitrogen content were measured. 

 

Tests using Zea mays (2021-22): 

 

Test n. 1: 

This test involved controlled stress conditions with variations in PEG concentrations. 

Measurements included monitoring solution conductivity changes, assessing relative water 

content (RWC) through turgid and dry weights, and determining sugar content in leaves and 

roots. 

 

Test n. 2: 

To refine the understanding, stress levels were increased, and measurements included growth 

parameters, osmolality of foliar and radical liquids, and gene expression related to stress. 

 

Test n. 3: 

This test aimed to evaluate the impact of nutrient solution concentration on growth. Electrical 

conductivity was monitored during growth, and observations were made on plant response to 

different nutrient solution concentrations. 

 

Test n. 4: 

Controlled stress conditions with PEG application were employed, measuring leaf water 

potential (Ψ) using a pressure chamber, calculating RWC, determining sugar content in leaves 

and roots, and analyzing gene expression related to stress. 

 

Test using Quercus ilex (2023): 

In 2023, an experiment with Quercus ilex L. was conducted, involving different stress 

scenarios with varied PEG concentrations. Measurements included fresh weight, turgid 

weight, dry weight, leaf water potential (Ψ) using a Scholander pressure chamber, osmolality 

of leaf and root using a dewpoint potentiometer, and sugar content in leaves and roots. 
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Statistical Analyses: 

Data obtained from all experiments underwent rigorous statistical analysis, including 

techniques such as ANOVA and the Kruskal-Wallis test, supported by the Dunn post-hoc test. 

The statistical software R was employed for comprehensive analyses and graphical 

representation of the results. The emphasis on statistical rigor ensured the validity and 

reliability of the findings, contributing to the broader understanding of plant responses to 

water stress in hydroponic cultures. 

 

The Hoagland solution used during the hydroponic cultures is described in Table 2.1: 

MACROELEMENTS Name mg/L 

KNO3 Potassium nitrate 1900 

MgSO4-7H2O Magnesium sulphate 

heptahydrate 

370 

KH2PO4 Potassium dihydrogen 

sulphate 

170 

Ca(NO3)2 Calcium nitrate  

 

MICROELEMENTS Name mg/L 

MnSO4 Manganese sulphate 16.9 

ZnSO4-7H2O Zinc Sulphate Heptahydrate 8.6 

H3BO3 Boric Acid 6.2 

KI Potassium Iodide 0.83 

NaMoO4 – 2H2O Sodium molybdate dihydrate 0.25 

CuSO4 – 5H2O Sulphate of copper pentahydrate 0.025 

CoCl4 – 6H2O Cobalt chloride hexahydrate 0.025 

 

CHELATORS Name g/L 

FeNaEDTA Ferric Sodium EDTA 3.62 g 

 

Table 2.1: list of macronutrients, micronutrients and chelators that compose the Hoagland solution used in this experiment. 
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For plant growth, a climatic cell was utilized, replicating variations in light between day and 

night. 

Once the first leaf developed, the seedlings were transferred to groups of three in 500 ml pots. 

To achieve this, the plant stems were inserted into foam cylinders, threaded, and secured in 

holes in the pot lids. This arrangement ensured that the plants maintained an upright 

position, and their roots were well immersed in water. 

Each pot included a small tube connected to an oxygenator, facilitating a constant flow of air 

to oxygenate the solution. The Hoagland solution was replaced every 2-3 days. 

These initial steps are crucial, as any damage to the seedlings at this stage significantly affects 

the overall health of the mature plant. It has been observed that even a small portion of the 

root not in close contact with water can impede proper leaf development. Additional damage, 

visible during leaf development, may result from excessive agitation, a high bleach content 

during the cleaning step, and submersion of the seed in the solution during the initial growth 

phases (Figure 6). 

 

 

 

 

 

 

 

 

  
Figure 6:  Example of damage caused by criticality during growth. Plants that, for various reasons, did not have their roots fully 
immersed in water exhibit an inability to fully extend their initial leaves. Over time, the tips of these leaves have dried up and 
turned black. 
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Preliminary test using Zea mays 

A preliminary test in 2019 was realized in order to test the hypothesis. 

In the initial phase of the experiment, the impact of water stress on biomass variation (root 

and leaf) and the release of exudates in corn seedlings (Zea mays L.) was investigated. 

Polyethylene glycol (PEG, Polyethylene glycol 6000, HO(C2H4O)nh, Scharlau) was employed 

to induce stress. When dissolved in water, PEG takes on a dense, viscous consistency, forming 

a barrier on the root surface that restricts water absorption. 

The plants were divided into three groups: a control group receiving nutrient solution (28 

plants, SN), a group exposed to mild stress (8 plants immersed in a Hoagland solution with 

PEG at a concentration of 200g per liter), and a group subjected to intense stress (17 plants 

immersed in a Hoagland solution with PEG at a concentration of 400g per liter). The stress 

treatment spanned 4 days, following which the plants were returned to a nutrient solution. 

The contents of the bekers were collected during both the stress and recovery periods, 

transferred to falcon tubes, and subsequently lyophilized for the measurement of carbon and 

nitrogen content. Fresh weights and dry leaf weights were measured for each group. 

In the second phase of the experiment, the variations in electrical conductivity (indicative of 

osmolite release from the roots) of the solutions were examined. Additionally, the osmolality 

of leaves and roots fluids was measured. The maize plants were divided into three groups (15 

plants for each group): one group remained in PEG 200 for 19 hours, another group remained 

in distilled water for 19 hours, and a third group remained in PEG 200 for 14 hours and was 

then transferred to distilled water for 5 hours. The electrical conductivity of the solutions at 

different phases was measured using a conductivity meter, and the osmolality of leaves and 

roots fluids was determined. 
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In the 2021-22 period, a subsequent experiment involving Zea mays L. was conducted. The 

primary objective was to elucidate the response mechanisms of plants by employing a larger 

sample size. The experiment aimed to generate more precise data on the osmoregulation 

mechanism, including parameters such as the quantity of sugars in tissues and solutions, gene 

expression during stress phases, leaf water potential (Ψ), relative water content (RWC), along 

with the previously mentioned data on solution conductivity and osmolality. 

During the initial growth phase of the experiment, several challenges were encountered, 

leading to the repetition of the experiment four times. Variations were introduced in stress 

intensity, the maize cultivation protocol, and concentrations of the hydroponic solution to 

ensure robust and reliable data collection. 

 

Test n. 1 using Zea mays 

In the initial trial conducted in January 2021, the experiment was originally planned for 90 

seedlings. Unfortunately, during the growth phase, a significant number of plants exhibited 

drying and yellowing symptoms. Consequently, 51 robust individuals were selected to 

proceed with the experiment. Of these, 36 plants were placed in 500 ml pots in groups of 3, 

and 15 plants were placed in 250 ml bottles. The growth of plants occurred in a climatic cell 

with a temperature between 21°C (night) and 25°C (day), relative humidity of 55 %, a 

daytime of 14 hours and a nighttime of 10 hours. These settings were the same for next tests. 

The selected plants, both in pots and bottles, were categorized into three groups: a control 

group (remaining in nutrient solution: 5 plants in bottles and 12 in pots), a group exposed to 

mild stress (5 plants in bottles and 12 in pots, subjected to 24 hours of immersion in a PEG 

solution with a concentration of 100 g/l, followed by 24 hours of recovery in nutrient 

solution, repeated for two cycles), and a group subjected to intense stress (5 plants in bottles 

and 12 in pots, exposed to 24 hours of immersion in a PEG solution with a concentration of 

200 g/l, followed by 24 hours of recovery in nutrient solution, repeated for two cycles). 

The rationale behind subjecting plants to a double cycle of stress-recovery was to investigate 

whether the release of root exudates resulted from osmoregulation cycles or if it was 

attributed to cell wall damage induced by severe stress. If the release of substances was due to 

damage, the effects would likely be visible only after the first stress cycle and not necessarily 

after the second. 

To measure the release of osmolites from the roots, the conductivity of the solutions was 

measured using a conductivity meter, soaking it into the solutions. 
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To calculate the relative water content, the middle leaf and a small amount of root was taken 

from each plant.  

The leaf was cut and weighed (fresh weight). Then it was immersed in distilled water for 3 

hours, keeping it in the dark. After 3 hours, it could be obtained the turgid weight of the leaf. 

Finally, the leaf was placed in the oven for 24 hours at 70 °C, to obtain the dry weight. At this 

point, the RWC value was obtained applying the following formula (Formula 2): 

 

 

The same procedure was applied to the roots. 

Unfortunately, it was not possible to measure the osmolality of foliar and radical liquids due 

to an osmometer failure. 

The plants at the beginning of the experiment were unfortunately already damaged, so that 

they all found themselves in a condition of stress. The plants of the treatment groups could 

not restore adequately during the recovery phases in nutritional solution. 

 

Test n. 2 using Zea mays 

During the second experiment conducted in May 2021, a total of 36 plants were distributed 

into 500 ml pots in groups of 3 (12 for each group), while 15 plants were placed in 250 ml 

bottles (5 for each group). Similar to the initial trial, both the potted plants and those in the 

bottles were categorized into three groups: a control group (remaining in nutritional 

solution), a mild stress group (subjected to 24 hours of immersion in a PEG solution with a 

concentration of 150 g/l, followed by 24 hours of recovery in nutrient solution, repeated for 

two cycles), and an intense stress group (exposed to 24 hours of immersion in a PEG solution 

with a concentration of 300 g/l, followed by 24 hours of recovery in nutrient solution, 

repeated for two cycles). In this case, the PEG levels were increased (mild stress 150 g/L, 

intense stress 300 g/L) with the aim of inducing a more pronounced response to stress. 

Unfortunately, similar to the first trial, the plants did not exhibit vigorous and healthy growth, 

making it challenging for them to withstand the stress and recovery cycles. 

 

Test n. 3 using Zea mays grown in nutrient solution at different concentrations 

To evaluate the impact of nutrient solution concentration on plant growth, an experiment was 

conducted by cultivating maize seedlings in solutions with different concentrations, diluting 

the Hoagland solution with distilled water, in order to obtain different levels of conductivity. 
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The highest concentration had an initial conductivity of 540 μs, the intermediate solution had 

a conductivity of 300 μs, and the least concentrated solution had a conductivity of 100 μs. The 

18 plants were grouped into three sets of six plants each and grown in nutrient solutions with 

different concentrations. Each of these three groups was further divided into two subgroups: 

a control group (4 plants), which remained in the solution at the same concentration for an 

additional 24 hours, and an experimental group (2 plants) transferred to nutrient solution 

with a concentration of 400 g of Polyethylene Glycol (PEG) per liter for 24 hours. After this 

period, all plants were transferred to distilled water. The electrical conductivity of the 

solutions was measured during each phase. 

 

Throughout these initial experiments, challenges affecting the healthy growth of plants were 

identified, including issues such as parts of the root not being adequately wetted, excessive 

agitation, high bleach content during the cleaning step, and seed submersion in the solution 

during initial growth phases. These critical factors are detailed in the growth procedure 

outlined above. 

 

Test n. 4 using Zea mays 

In December 2021, the final maize experiment was conducted, commencing on the 21st day 

after seed sowing. The 17 pots were divided into 6 control pots and 11 treatment pots. The 

plants in the 6 control pots remained in the Hoagland solution, while the plants in the 

treatment pots were transferred to a solution containing 300 g of Polyethylene Glycol (PEG) 

per liter. 

After 24 hours, on day 22, 2 control pots and 4 treatment pots were selected to collect plant 

material and solutions (both nutrient and nutrient + PEG). The plants (3 for each pot) were 

carefully removed from the solutions, and their roots were rinsed. For each plant, leaves and 

roots were separated by cutting the small stems, and the water potential was measured using 

a pressure chamber (PMS Instrument Company, Model 600D Pressure Chamber Instruments). 

Subsequently, a leaf, typically the middle one, was chosen from each plant for the calculation 

of Relative Water Content (RWC) using Formula n.2. 

The leaves and roots of all plants in a single pot were then combined. Approximately 2/3 of 

the leaves and 2/3 of the roots from each pot were enclosed in aluminium foil and rapidly 

frozen in liquid nitrogen. These samples were stored in a freezer at -80°C and will be used for 

gene expression analysis. 
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About one-third of the leaves and one-third of the roots from each pot were placed in Falcon 

tubes, microwaved at 600 W for 3 minutes, and subsequently stored in a -20°C freezer. This 

portion of leaves and roots will be utilized to measure the sugar content. After 24 hours of 

recovery on day 23, biological material from the 4 control pots and the 4 stress pots is 

collected to calculate RWC, leaf water potential (Ψ), sugars, and gene expression, following 

the previously described method. Additionally, the growth solution is collected. 

At the end of day 23, 3 treatment pots are subjected once again to PEG 300 solution. After 24 

hours of water stress (second stress cycle), leaf and root material from the plants in the pots 

is collected to measure the sugar content. During each solution change over the 3 days, the 

solution is collected in Falcon tubes to measure the sugar content. Conductivity is measured 

multiple times during the experiment. 

The sugar content measurements were conducted at the University of Udine by a research 

group from the Department of Agricultural, Environmental, and Animal Science, while gene 

expression and osmolality measurements were performed in Turin by a research group from 

the Department of Agricultural, Forest, and Food Sciences. Data were analyzed using ANOVA 

when applicable, or the non-parametric Kruskal-Wallis test and the Dunn post-hoc test. R 

software was employed for statistical analysis and graphical representation. 

 

2.2.2 Experiment with Quercus ilex L. 

 

In 2023, an experiment was conducted using 39 Quercus ilex L. plants grown in pots. These 

plants, 2-year-old holm oak specimens, were obtained from the Montecchio Precalcino (VI) 

nursery. After a meticulous cleaning of the roots from soil and a 2-day acclimatization period 

in a hydroponic solution (see table 1), the plants were divided into pots in subsets of four and 

placed in a hydroponic solution. Holm oak was chosen for this experiment conducted in 

October 2023 because it is an evergreen species, allowing the experiment to be carried out 

during this period. 

The timing of stress and recovery cycles is crucial for triggering a response in the plant. Post-

stress recovery during daytime hours, when the plant is photosynthesizing and the stomata 

are open, may hinder complete recovery. This is because the water transported from the roots 

to the leaves is used for transpiration rather than rehydration. On the other hand, if the 

recovery after the stress phase occurs during nighttime hours, the plant can rehydrate fully. 

During this phase, the stomata are closed, and the absorbed water can accumulate in the 
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tissues. This consideration likely contributed to the positive outcome of the preliminary test 

conducted in 2019. The measurements, regulated by the climate cell, were taken during the 

night rest, allowing the plants to recover completely. 

For this reason, the experiment was structured in three phases: a first night phase, a diurnal 

phase, and a second night phase.  

The pots containing four plants each were divided as follows: 

- Three pots remained in nutrient solution throughout all three phases. 

- One pot was in nutrient solution for the first two phases and in a solution with 280 g/L of 

PEG during the second night phase. 

- Three pots were in PEG 280 g/L during the first two phases and in nutrient solution during 

the second night phase. 

- One pot remained in PEG 280 g/L throughout all three phases. 

- Two pots were in PEG 500 g/L for the first night and during the day, transitioning to nutrient 

solution during the second night phase. 

 

Measurements included fresh weight, turgid weight, and dry weight, in order to determine 

RWC% (calculated using Formula 2). Leaf water potential (Ψ) was measured using a 

Scholander pressure chamber (PMS Model 600D). Hydroponic solution potentials (nutrient 

solution and solutions with varying PEG content) were measured with a dewpoint 

potentiometer WP4 (Decagon Devices, Inc., Pullman, WA, USA). The potentials were, 

approximatively: -0.05 for the nutrient solution, -1.7 for the PEG 280 g/L solution and -7 for 

the PEG 500 g/L solution. 

Approximately 2 or 3 leaves and 1/3 of the roots of each plant were enclosed in foil and 

rapidly frozen in liquid nitrogen. These samples were stored in the freezer at -80°C and will 

be utilized for gene expression analysis. 

Similarly, 2 or 3 leaves and 1/3 of the roots from each plant were placed in falcon tubes, 

microwaved at 600 W for 3 minutes, and then stored in the -20°C freezer. This portion of 

leaves and roots will be used to measure sugar content. 

At each phase of the experiment, the solution was collected in falcon tubes for subsequent 

sugar content measurements. Conductivity was measured several times during the 

experiment. Osmolality of leaf and root samples, as well as sugar content in the hydroponic 

solution, will be analyzed by the laboratories of the Department of Biology and Plant 

Protection at the University of Udine. Simultaneously, samples for gene expression analysis 
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will be processed by the laboratories of the Department of Agricultural, Forestry, and Food 

Sciences in Turin (data not yet available). 
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3. Results 

 

3.1 Field Experiment 

In this section are presented the data related to the two field experiments, the one in Caltrano 

and the one in Carlino. 

 

3.1.1 Type of data collected in field 

Weather data 

Figure 7 presents environmental data recorded at the Caltrano station in 2021. In Figure 7A, 

soil moisture is depicted as the mean value obtained from the two TDR probes installed at the 

station. This methodology is the same for the calculation of soil temperature showcased in 

Figure 7B. For air temperature (7C) and relative air humidity (7D), these fundamental values 

serve as the foundation for calculating Vapor Pressure Deficit (VPD) through the application 

of the Magnus formula (Formula 1). 

 

A 

 

B 

 
C 

 

D 

 
Figure 7: soil moisture (A), soil temperature (B), air temperature (C) and relative air humidity (D) data at Caltrano for 2021. 
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In Carlino, soil moisture data are determined as the average between the probe positioned 

closer to the surface and the deeper one. Figure 8A illustrates the soil moisture values 

recorded by the two TDR sensors in the former productive part of the forest. Figure 8B 

displays the values for the non-productive part of the forest. Notably, the difference in 

humidity between the two probes is more pronounced in this case, attributable to the 

shallower groundwater depth compared to scenario A. 

A 

 

B 

 
Figure 8: Soil moisture (SM) for the most superdicial TDR (black) and the deepest TDR (red) in Carlino in 2021. Graph A 
shows the data for the former production part and Graph B for the non-productive part. 

 

Dendrometer data 

 

The dendrometer data are derived from averaging between the readings of productive plants 

(in red) and non-productive plants (in black). Similar to Caltrano, in 2021 (Figure 9A), a 

noticeable difference in the amplitude of oscillations between productive and non-productive 

plants is evident. In 2022 (Figure 9B), both productive and non-productive plants exhibit a 

significant reduction in radius near the period of summer drought. In both cases, the diameter 

increase initiates in late April, reaches a peak in late June, and subsequently stabilizes. To 

emphasize the oscillations due to expansion and contraction (excluding diameter increase), 

the series are detrended. 
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A 

 

B 

 
Figure 9: Increase in plant diameter (D) during the 2021 (A) and 2022 (B) seasons in Caltrano. The data are obtained by 
averaging the dendrometer values of productive plants (in red) and non-productive plants (in black). Diameter fluctuations 
in non-productive plants are much more pronounced than in productive plants 
 

A comparable pattern is also noted at Carlino (Figure 10): a diameter increase that starts at 

the end of April and generally stabilizes by the end of June. Beyond that point, the plant stops 

the growth. Unlike Caltrano, there are no distinct differences in oscillation between the 

former productive plants and the non-productive plants. 

 

 
Figure 10: Increase in plant diameter (D) during the 2021 in Carlino. The data are obtained by averaging the dendrometry 
values of former productive plants (in red) and non-productive plants (in black). 

 

 
Sapflow data 
 
Sapflow data require significant processing, due to the presence of spikes and the fact that the 

series are not immediately comparable with each other (since they simply detect a change in 

temperature compared to an initial value). Figures 11 A and B shows raw data, which are 

difficult to interpretate. Initially, the data are cleaned to remove spikes, enabling a clearer 

identification of the daily oscillations (figure 12). The raw sapflow data primarily reflects the 

temperature difference between the two probes. During the day (higher sap flow), the peak is 

low because the difference between the probes decreases. Conversely, at night (no sap flow), 

the peak increases due to the rising temperature difference (Figure 12). However, this 
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presentation may not effectively highlight differences between the two groups, as, for 

example, the initial temperature between the probes could be slightly different. For this 

reason, the data are subsequently normalized to represent a percentage difference between 

day and night, as illustrated in the following pages. 

 

A 

 

B 

 
Figure 11: Raw data obtained in July-September 2021 from sapflow sensor in Carlino (A) and in August-September 2021 in 
Caltrano (B). In Carlino in red are data mediated between the former productive plants and in black among the non-
productive ones, in Caltrano, in red the data mediated between productive plants and in black among non-productive ones. 
In graph A the interpretation of the data is rather complex, and even increasing the resolution (graph B) is not easy to obtain 
useful information. In both cases, the data is not immediately comprehensible and need to be elaborate. 
 
 

 
Figure 12 illustrates the raw data trend of sapflow sensors. The figure displays average values obtained from productive 
plants (in red) and non-productive plants (in black). During the night, when there is no flow, the difference increases, 
while during the day, the difference decreases. 
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3.1.2 Production and environmental parameters in Caltrano 

 
Figure 13: Truffles collected during the 2021 season (black columns), 2022 (grey columns), and 2023 (red columns). The 
harvest values pertain to the entire truffle farm. Regarding soil moisture (SM), the solid line represents the values of 2021, 
the dashed line represents 2022 values, and the dotted line represents 2023 values. The moisture values are obtained by 
averaging the readings from the two TDR probes. 

 

The biomass of the truffle Tuber aestivum was meticulously measured on each harvesting day 

over three consecutive seasons: 2021, 2022, and 2023. Truffle production exhibited a 

concentration during the summer months, with a pronounced peak in June across all years, 

particularly in 2021 (Figure 13). 

 

Traditionally, soil moisture and other environmental parameters are regarded as the primary 

predictors of truffle production. However, field-monitored environmental factors such as soil 

and air temperature and humidity did not exhibit robust correlations with truffle production. 
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In the subsequent analysis, production was compared with the following parameters: 

 

Avg Tair (°C): average air temperature of the harvest day 

Max Tair (°C): maximum air temperature of the harvest day 

Avg Tair (°C) - 7 days: average air temperature of the 7 days before the harvest day 

Max ΔTair (°C) - 7 days: maximum difference of air temperature during the 7 days before the 

harvest day 

Avg Mair (%): average air moisture of the harvest day 

Δ Mair (%): maximum difference of air moisture during the harvest day 

Avg Mair (%) - 7 days: average air moisture of the 7 days before the harvest day 

Max ΔMair (%) - 7 days: maximum difference of air moisture during the 7 days before the 

harvest day 

Avg Tsoil (°C): average soil temperature of the harvest day 

Max Tsoil (°C): maximum soil temperature of the harvest day 

Avg Tsoil (°C) - 7 days: average soil temperature of the 7 days before the harvest day 

Max ΔTsoil (°C) - 7 days: maximum difference of soil temperature during the 7 days before the 

harvest day 

Avg Msoil (m3/m3): average soil moisture of the harvest day 

Δ Msoil (m3/m3): difference of soil moisture of the harvest day 

Avg Msoil (m3/m3) - 7 days: average soil moisture during the 7 days before the harvest day 

Max ΔMsoil (m3/m3) - 7 days: maximum difference of soil moisture during the 7 days before 

harvest day 

Avg VPD (KPa): average vapor pressure deficit of the harvest day 

Max VPD (KPa): maximum vapor pressure deficit  of the harvest day 

Δ VPD (KPa): difference of vapor pressure deficit  of the harvest day 

Max Δ VPD (KPa) - 7 days: maximum difference of vapor pressure deficit of the considered 

week  
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I examined the correlation between the daily truffle harvest biomass and the maximum and 

average air temperatures on each harvesting day to investigate whether higher temperatures 

influenced production and whether there was a short-term impact. Additionally, I explored 

the effects of the average air temperatures during the seven days preceding each truffle 

harvest, aiming to understand whether a prolonged period of warm temperatures could 

influence truffle production. Furthermore, I assessed the impact of the maximum temperature 

difference (Tmax-Tmin) in the seven days leading up to the truffle harvesting day. This 

exploration considers the plant's potential adaptive strategies, such as osmoregulation. The 

accumulation of osmotically active compounds during a "dehydration control" phase may lead 

to their release as root exudates during a rehydration phase, potentially influencing 

production. 

Upon analyzing the impact of air temperature on truffle production (Figure 14), a slightly 

positive correlation is evident. A bettere correlation is observed with the maximum air 

temperature on the day of collection (Figure 14 - B), although the effect is comparable to the 

average temperature on the harvest day (A). The correlation with the average temperature of 

the 7 days before harvest is slightly lower, while the weakest correlation is found between 

production and the maximum temperature difference (T °C max - T °C min daily) in the 7 days 

prior. It's important to note that Tuber aestivum is a summer-ripening truffle species, and the 

data may reflect the impact of the maturation period (higher temperatures in summer) rather 

than the direct effect of temperature. However, truffle production seems constrained to 

temperature differences (Tmax-Tmin) in the seven days before harvest within the 9-11 °C 

range, with negligible production for lower and higher values (Figure 14 - D). 
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A 

 

B 

 

C  D  

Figure 14: Relationship between truffle production and air temperatures. A) Average air temperature on the day of truffle 
harvest; B) Maximum air temperature on the day of truffle harvest; C) Average air temperature in the 7 days before 
harvest; D) Maximum daily temperature difference (difference) in the 7 days prior to collection. A slightly positive 
correlation is observed in graphs A, B, and C, while it is absent in graph D. The production values pertain to the entire 
truffle orchard. 

 

Figure 15 illustrates the results of the correlation analysis between truffle production and air 

humidity. The average air moisture on the day of collection (A) does not exhibit a significant 

relationship with production. Similarly, the average humidity over the preceding 7 days (C) 

shows no notable correlation (in contrast to the observed temperature patterns in Figure 15 A 

and C). However, there appears to be a slightly more positive effect of the daily humidity 

difference on the day of collection (B) and the maximum humidity difference in the previous 7 

days (D). A high difference value in humidity indicates substantial daily variation, which might 

necessitate the plant's adaptation to fluctuating humidity conditions through osmoregulation. 

This suggests that while air humidity may not directly influence the development of the 

fungus's fruiting body, it could exert an indirect effect. The plant's osmoregulatory 

adaptations, triggered by changes in humidity, might induce the release of organic compounds 

useable by the fungus. 

 

 

 

R2= 0.13 
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A 

 

B 

 

C 

 

D 

 
Figure 15: Correlation between truffle production and air moisture. Graph A depicts the correlation with the average 
humidity on the day of harvest, graph B illustrates the difference of air humidity on the day of harvest, graph C shows the 
average humidity of the air in the 7 days before the harvest, and graph D represents the maximum daily difference reached 
in the 7 days preceding the harvest. The correlation is more pronounced in cases where the humidity difference (B and D) 
is considered compared to the average humidity (A and C). The production values pertain to the entire truffle orchard. 

 

As with the previous parameters, it is important to check whether the effect of soil 

temperature on production is immediate or not. Moreover, as for air temperature, the effect of 

the maximum temperature of the day of collection and the maximum temperature difference 

of the previous 7 days is compared with the production. 

The average soil temperature seems to be positively correlated with production, and this is 

mainly true for the average temperature of the harvest day (fig. 16-A). A similar correlation is 

also observed with the maximum temperature reached during the day of collection (fig. 16-B) 

and with the average temperature of the 7 days preceding the harvest (fig. 16-C). On the other 

hand, the correlation between production and the maximum temperature difference seems to 

be negative in the 7 days before the harvest (fig. 16-D). 

 

 

 

R2= 0.04 
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B 

 

C 

 

D 

 
Figure 16: Correlation between production and soil temperatures. Graph A shows the correlation with the average soil 
temperature on the day of harvest, graph B the maximum soil temperature on the day of harvest, graph C the average soil 
temperature on the 7 days before harvest, graph D the maximum daily difference reached during the 7 days before the 
harvest. The correlation is positive with the mean and maximum temperature (A, B, C), but negative in the case of the 
maximum difference.  In particular, production is concentrated within a narrow range of maximum difference, between 5 
and 10 °C. The production values refer to the whole truffle orchard. 

 

 

These observations may be correlated with the maturation period of Tuber aestivum. As 

depicted in Figure 17, the average soil temperature increases during the summer months (A), 

while, conversely, the temperature difference decreases (B). This dynamic could influence the 

correlation between truffle production and soil temperature. 

 

 

 

 

 

 

 

 

R2= 0.01 R2= 0.08 
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A 

 

B 

 
Figure 17: production trend compared to the soil temperature difference (A) and average temperature (B). The columns in 
red represent the production of the whole truffle orchard, while the lines in black respectively the difference of soil 
temperature and the average temperature of the soil. The temperature difference decreases during the summer season, 
while the average temperature increases. 

 

Soil moisture is expected to significantly influence mushroom and truffle production, as 

suggested by literature and traditional truffle cultivation techniques. However, the graphs in 

Figure 18 reveal that, among all the parameters considered so far, soil moisture has the least 

impact on production. There is no observable correlation between the two variables, whether 

it is the average soil humidity on the day of harvest (A), the temperature difference on the day 

of harvest (B), the average humidity in the 7 days before harvest (C), or the maximum 

difference of humidity in the 7 days before the harvest (D). 
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Figure 18: correlation between production and soil moisture. In graph A correlation between production and average soil 
moisture on the day of harvest, in graph B with the soil moisture difference on the day of harvest, in graph C the average 
humidity of the 7 days before the harvest and in graph D the maximum daily difference of humidity reached during the 7 
days before the harvest. Humidity data were obtained by averaging the data of the 2 TDR installed. The production values 
refer to the whole truffle orchard. 

 

For VPD (vapor pressure deficit) as well, I considered the average value on the day of 

collection, the maximum value on the day of collection, and the difference of VPD on the day of 

collection. In all these cases, the correlation seems to be slightly positive (Fig. 19).  

The best result, however, was obtained by considering the weekly production in relation to 

the maximum difference of VPD reached during the week. A high difference of VPD indicates 

that the plant must adapt to a change in air humidity, which could lead to more or less 

transpiration. To adapt to these changes, also in this case, the plant must osmoregulate. It 

needs to accumulate osmotically active compounds to maintain a constant flow of water or 

reduce them to rebalance the difference in water potential between leaves and roots. This 

may suggest that production is influenced in some way by the plant’s reaction to changes in 

environmental parameters, rather than by a direct response of the fungal organism. 

 

 

R2= 0.003 

R2= 0.005 
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Figure 19: correlation between production and VPD. In graph A is the correlation between production and average VPD of 
the day of collection, in graph B the maximum VPD on the day of collection, in graph C the difference of VPD on the day of 
collection and in graph D the weekly production with the maximum weekly difference reached. Graph D reaches a value of 
R2 higher than the others. 
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3.1.3 Productive and non productive plants’ status and physiological parameters 

in Caltrano 

At the truffle orchard in Caltrano, with the expertise of the truffle farmer, productive plants 

(producing truffles and thus mycorrhized) and non-productive plants (under which no 

truffles are harvested and, therefore, are not mycorrhized) have been distinguished. 

 

Detrending the series become even clearer that non-productive plants have wider 

fluctuations: this means that they experience greater dehydration peaks than productive ones, 

and that the latter can better control water loss (fig. 20).  

In 2021 (Figure 20A), oscillations are relatively limited throughout the initial part of the 

season, significantly increasing in September when soil moisture levels experience a sharp 

decline (Figure 13). Following this drought phase, productive plants return to low 

dehydration levels, while non-productive plants consistently maintain elevated peaks. 

In 2022 (Figure 20B), dehydration levels increase in the middle of the season, with productive 

plants reaching peaks comparable to non-productive plants. This occurs as soil moisture 

values reach their absolute minimum (Figure 13). While plants recover in September, the 

productive ones do not return to zero, in contrast to non-productive plants that maintain wide 

oscillations. In 2023 (Figure 20C), with a shorter timeframe, a similar trend is observed, 

wherein non-productive plants exhibit significant fluctuations, while productive plants appear 

to better regulate dehydration levels. 
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C 

 
Figure 20: The graphs show the levels of dehydration of productive (red) and non-productive (black) plants expressed as 
reduction of stem radius in millimeters. The values were obtained by detrending the target plant data and averaging 
between 3 productive and 3 non-productive plants. In all years (2021-A, 2022-B and 2023-C) productive plants 
variations are much more limited than non-productive plants. In all 3 cases the Wilcoxon signed rank test for paired 
samples shows a p-value < 2.2e-16. 
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To conduct a more in-depth analysis of the dehydration data, it would be beneficial to present 

them alongside sapflow data.  

In 2021, before the onset of production (Fig. 21 A), the variations in dehydration levels are 

more limited for productive plants compared to non-productive ones, which have already 

started to dehydrate more. Daily variations in sapflow levels are also limited. The situation 

changes when plants enter full production (Fig. 21 B). Specifically, June 21, 2021, coincides 

with the peak of production. During this period, the variations recorded by the dendrometers 

increase, and particularly between June 21 and 22, the levels of dehydration become higher. 

While non-productive plants dehydrate without recovering, productive plants recover 

completely (return to 0). Sapflow trends at this stage are also more regular. As production 

ends around September (Fig. 21 C), daily variations in dehydration levels become more 

limited, and the period of the day when sapflow is active is shorter than in previous months. 

In 2022, a very dry year, the data in the first part of the season (Fig. 22 A) are very similar to 

those of 2021, with moderate fluctuations in dehydration values and limited variations in 

sapflow levels. During the peak of production (Fig. 22 B), the oscillations of the plant radius 

increase, but in this case, the productive plants are not able to fully recover, unlike what 

happened in 2021. In 2022, as mentioned earlier, production is slightly lower than in 2021. 

Starting from 2022, there is a coupling between the sap flow data of productive and non-

productive plants. This issue likely arose due to the system's difficulty in heating the probes, 

caused by shading from the photovoltaic panel due to the growth of branches and leaves. As a 

result, meaningful sapflow comparisons between productive and non-productive plants are 

not possible from June 2022 onwards.
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Figure 21: The bold red line represents the oscillation of the dendrometers for productive plants in 2021, while the bold 
black line represents non-productive plants. The red thin line shows the temperature difference of the Granier sensor 
probes, indicating the sapflow of productive plants, and the thin black line represents non-productive plants. In the first 
part of the season when production is not yet active (A), the fluctuations in the radius of productive plants are minimal, 
and sapflow levels are lower than those of non-productive plants. During the peak of production (B), the oscillations 
become wider, and the sapflow becomes more regular. At the end of the production season (C), the oscillations return to 
being limited for productive plants. 
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Figure 22: the bold red line represents the oscillation of the dendrometers for productive plants in 2022, while the bold 
black line represents non-productive plants. In panel A, the thin red line represents the temperature difference of the 
Granier sensor probes, indicating the sapflow of productive plants, and the thin black line represents non-productive 
plants. In this case, during the first part of the season (A), productive plants exhibit very limited daily variations, 
contrasting with non-productive plants. The sapflow is quite irregular. During the production peak (B), changes in 
hydration levels increase, and at the end of production (C), the productive plants can no longer recover the previous levels 
of hydration. 
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Figure 23: the bold red line represents the oscillation of the dendrometers for productive plants in 2023, while the bold 
black line represents non-productive plants. Both in graph A (pre-production period) and graph B (start of production 
period), dehydration levels remain limited in productive plants and wider in non-productive plants. 
 

In 2023, changes in hydration levels remain higher in non-productive plants. However, unlike 

other years, productive plants also experience a certain degree of dehydration in April (Fig. 23 

A), even though the soil moisture is comparable to that of the previous year (Fig. 13). In May 

(Fig. 23 B), between the 15th and 19th, the situation even reverses for a few days, showing 

higher levels of dehydration for productive plants. This change could potentially be an effect 

of the extreme stress experienced in the previous year. 
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For sapflow sensors, collected and processed data can initially suggest conflicting information. 

Specifically, in April 2021 (Figure 24, Graph A), it appears that the flow of productive plants 

remains constant during the night (when non-productive plants do not show flow signals), 

while during the day there is a small peak, which, however, is more contained than in non-

productive plants. In June and September, it might seem that non-productive plants activate 

their flow earlier in the day compared to productive ones, suggesting greater efficiency 

(Figure 24, Graphs B and C). However, both groups reach the peak at the same time, and 

during the sapflow reduction, the curves of productive and non-productive plants overlap. It 

is essential to note that, as revealed by dendrometer data, productive plants exhibit higher 

osmoregulatory capacity. 

 
 

 

Figure 24: The graphs show the daily flow for productive 
plants (in red) and non-productive (in black), in the 3 
moments of the production season: before its beginning 
(April), during the peak (June) and at the end (September). 
In April 2021 (Graph A) it appears that variations in the 
flow of productive plants (in red) are particularly small 
compared to non-productive plants (in black). Especially 
non-productive plants reach higher levels of flow. In June 
(Graph B) and September (Graph C) the flow peaks 
between the two groups are nearer, but always showing a 
later activation of the flow in the productive than non-
productive. The flow levels of the productive ones are more 
limited regarding the not productive ones. The data 
presented were obtained by calculating the percentage of 
flow (given every 15 min) based on the daily minimum and 
maximum. Subsequently, the average was calculated 
between the values of 3 target productive plants and 3 
target non-productive plants. 

 

In April 2022 (Figure 25), a pattern similar to April 2021 is observed, with a small peak in the 

early hours of the day and then a subsequent peak in the afternoon. Activating the flow in the 

early hours could be a strategy to limit transpiration in the middle of the day. Moreover, the 

fact that the flow line of productive plants remains below that of non-productive plants during 

the central hours of the day suggests a less urgent need to activate the flow by productive 

plants, indicating greater efficiency in concentrating transpiration in the early morning hours. 

%
 

%
 

%
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Figure 25: The graph depict the daily flow trend for productive plants (in red) and non-productive plants (in black) before 
the beginning of truffle production (April). The trend is similar to that observed in 2021, showing a small peak in the early 
morning when the stomata open, followed by a second peak in the afternoon. However, the flow levels of the productive 
plants remain lower compared to those of the non-productive ones. 

 

A more detailed analysis of sapflow cycles during the peak production in 2021 (Figure 26) 

reveals a small nocturnal peak, more pronounced in productive plants than in non-productive 

ones. This is unusual, as plants typically transpire when the stomata are open during the day. 

Another notable feature is the shift in the activation of sapflow. It appears that non-productive 

plants initiate sapflow earlier compared to productive plants. They peak together in the 

middle of the day, and then the flow is reduced equally for both groups. 
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Figure 26: Analysis of sapflow performance for productive plants (red) and non-productive plants (black) during the peak 
production in June 2021. The values are derived from the average data of 3 productive plants and 3 non-productive plants. 
The grey shading represents the deviation between the two curves, while the pink shading indicates the night peak of 
sapflow. Initially, it appears that sapflow is activated later in productive plants. 
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It appears that non-productive plants have a greater capacity for transpiration. However, as 

shown earlier (fig. 20), productive plants are more hydrated. Given that the ability to cope 

with drought is closely related to the capacity for osmoregulation through the accumulation of 

sugars in tissues, it is crucial to investigate whether there are differences in the physiological 

structure of plants. 

A 

 

B 

 

C 

 
Figure 27: The red dots on the map represent the productive plants within the truffle orchard, while the black dots 
represent the non-productive plants. The map colors range from lower (colder) to higher (warmer) values. In Graph A, the 
crown volume is depicted, in Graph B, the trunk volume, and in Graph C, the height. 

 

In the truffle orchard, plants with larger canopy volumes are situated along the north and 

west sides, corresponding to the areas where the truffle orchard borders the meadow (Figure 

27A). It doesn't appear that the groups of productive plants are localized solely in areas with 

greater foliage growth; instead, they are dispersed across areas with smaller foliage as well. 

The distribution of trunk volumes seems more uniform in the truffle orchard, along with the 

distribution of heights (Figure 27B and C). 

The biomass of woody plant species is predominantly composed of dead mass (Vanninen et 

al., 1996), which does not contribute to the metabolic functions of the organism. The greater 

the crown-to-stem volume ratio in favor of the part that photosynthesizes, the more it is 

reasonable to expect a surplus of sugar (and therefore carbon not stored in the form of wood). 

It raises the question of whether productive plants, with the same crown volume, could 

produce more sugar due to their greater height, potentially making them dominant over non-

productive plants. 

For the construction of the linear model, edge plants are excluded from consideration to 

obtain a more homogeneous sample in terms of crown distribution. 
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The results do not indicate differences in the ratio between crown volume and stem volume 

(Figure 28) and between canopy volume and height (Figure 29); the two groups are 

equivalent. 
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Figure 28: The ratio between crown volume and stem volume is displayed in log-log scale, with productive plants 
represented in red and non-productive plants in black. The differences between the groups are not statistically significant 
(p-value from linear model regression = 0.25). 
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Figure 29: The relationship between the volume of foliage and height is depicted in log-log scale, with productive plants 
shown in red and non-productive plants in black. The differences between the two groups are not statistically significant 
(p-value from linear model regression = 0.33). 
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In September 2022, pre-dawn leaf water potentials were measured for both productive and 

non-productive plants to assess potential differences in nocturnal recovery.  

The results indicate no statistically significant difference in pre-dawn leaf water potential 

between the two groups (fig. 30). Although the leaf water potentials are generally very low (<-

1 MPa), there is increased variability in the potential of non-productive plants, although the 

groups cannot be considered distinctly different. 

Additionally, leaves were collected and their weight, leaf water potential as they dehydrated 

in the air, and dry weight were measured. This was done to determine potential differences in 

the ratio of potential to water content during dehydration. The relationship between leaf 

water potential and water content appears to be consistent between productive and non-

productive plants (fig. 31).  

This reaffirms the earlier observation in figure 30 that there are no significant differences in 

leaf water potential between the two plant groups. 
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Figure 30: The figure displays pre-dawn leaf potential values, with non-productive plants represented by black and 
productive plants by red. Both groups exhibit low leaf water potential (Ψ) values, and the p-value of 0.24 confirms that 
there are no statistically significant differences between them. 
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Figure 31: The graph illustrates the relationship between leaf water potential and water content, with productive plants 
depicted in red and non-productive plants in black. The analysis indicates no statistically significant difference between 
the two groups. 

 

Certainly, the ability of productive plants to better control dehydration may be attributed to 

their efficient allocation of resources, potentially including the accumulation of sugars in 

various organs. This sophisticated resource management could contribute to their resilience 

in maintaining optimal hydration levels. 
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3.1.4 Differences in physiological response in two parts of forest in Carlino 

affected by different levels of aquifer 

 
At the Carlino site, a discernible contrast exists in the soil water content. This is likely due to 

the different height of the soil profile between the erstwhile production segment and the non-

productive sector (refer to Figure 32). Specifically, the aquifer height in the former production 

site is lower, whereas in the non-productive area, it registers as higher. This discrepancy 

implies that vegetation situated in the non-productive section may experience comparatively 

enhanced accessibility to water resources, particularly during periods of drought. 

 
Figure 32: soil moisture trend throughout the summer season of 2021. Notably, the values for the former production 
sector (depicted in red) are lower compared to those for the non-productive area (depicted in black). These values are 
derived from the averaging of data collected by two Time Domain Reflectometry (TDR) sensors strategically positioned at 
distinct depths within the respective forest sections. Peaks observed in the graph align with precipitation events. The 
arrows indicate 5 June, 4 July and 8 August, focus dates in the description of site dynamics 

 

Throughout the month of June, notable disparities in hydration and dehydration cycles of 

plants between the two areas are not prominent (see Figure 33 A). However, it is noteworthy 

that, despite the higher aquifer levels, plants in the non-productive area often exhibit elevated 

levels of dehydration during this month. This discrepancy becomes more pronounced in July 

(see Figure 33 B) and intensifies further in August (see Figure 33 C). 
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On specific dates, such as June 5th and July 4th, there were discernible peaks in soil moisture 

levels (refer to Figure 32), corresponding to a reduction in dehydration peaks as depicted in 

Figure 2. At June 5th (Figure 33A) and July 4th (Figure 33B), hydration increases, especially in 

the production area (in red) in June. Moreover, during the season the plants of the non-

productive area dehydrated more than those of the former production area (Figure 33C). 

A  

B  

C  

Figure 33: dendrometer trends observed throughout the 2021 season. In this representation, dehydration values for 
plants in the former production area are presented in red, while values for plants in the non-productive area are shown in 
black. These values were derived by detrending the series, accounting for the increase in diameter due to growth, and 
subsequently averaging the data from individual dendrometers. Graph A corresponds to the month of June, graph B 
illustrates trends in July, and graph C portrays the dynamics observed in August. The color-coded presentation facilitates a 
visual comparison of dehydration patterns between the two areas across these specific months. The circles indicate 5 June, 
4 July and 8 August, focus dates in the description of the site dynamics 

 

 



59 
 

On August 8th, 2021, a notable peak in soil moisture was exclusively recorded on the non-

productive side (Figure 32), resulting in a reduction of dehydration levels, as illustrated in 

Figure 33 C. Despite this isolated event, the disparities between the former production area 

and the non-productive area persist prominently throughout the month of August. 

On July 4th, a day characterized by increased water availability, an alignment in the flow 

dynamics of plants from both parts of the forest is discernible. On other days, there appears to 

be a tendency for the "productive" plants to initiate sapflow later and close stomata at a 

delayed pace. This observation extends into the month of August, where, similar to the case in 

Caltrano, the former productive plants often exhibit a sustained minimum level of nocturnal 

flow (Figure 34). 

 

A  

B  

Figure 34: sapflow dynamics during the initial ten days of July (Graph A) and the first ten days of August (Graph B) for plants 
in both the former production area (depicted in red) and the non-productive area (depicted in black). A small delay merges 
between the two curves, suggesting that former productive plants tend to reach their sapflow peak at a slower rate and 
exhibit a delayed closure of stomata when compared to their non-productive counterparts. 
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Figure 35: relationship between maximum daily dehydration (D) and soil moisture (SM). Notably, dehydration levels 
exhibit constancy up to a critical threshold of approximately 0.3 m³/m³. Beyond this threshold, there is an exponential 
increase in dehydration levels, highlighting a significant relationship between soil moisture content and the observed 
dehydration patterns. 

 

The dehydration levels exhibit stability up to a critical threshold of approximately 0.3 m³/m³, 

beyond which there is an exponential escalation in dehydration: when the humidity drops 

below 0.2 the plant can no longer recover hydration and continues to have high levels of 

dehydration (Figure 35). Upon reaching the 0.3 threshold, plants encounter challenges in 

regulating dehydration. Notably, for the former production area, this threshold is surpassed 

towards the end of June, while for the non-productive segment, it occurs in August, as 

depicted in Figure 32. Despite the similarity in the amplitude of daily fluctuations in soil 

moisture levels during August, plants in the production area demonstrate a more effective 

control over dehydration throughout the season, as illustrated in Figure 33. 

In the dataset for 2022, spanning from late July to late August, the disparity in soil moisture 

levels is sustained, attributable to variations in aquifer depth (Figure 36). Unfortunately, no 

other data are available due to damage to the technical equipment, caused by wildlife activity 

and some wind damage. Noteworthy hydration peaks in the soil are observed, such as on July 

26th, where an increase in soil moisture is recorded in both forest sections. However, this 

increase does not manifest evident effects on hydration and dehydration cycles, except for a 

minor peak in dehydration, as indicated in Figure 37. The unique and highly restricted nature 

of the observed cycles during this period may be attributed to the extreme drought 

conditions, as daily cycles are markedly narrow compared to those observed in 2021. The 
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slight peak in dehydration might signify the plants’ attempt to initiate transpiration in 

response to the modest increase in water availability. Analysis of the flow patterns during this 

period suggests that plants are still maintaining active sapflow (see Figure 38). However, 

examination of the daily oscillation ranges of dendrometers reveals a significantly constrained 

fluctuation, which means that the plant is experiencing a situation of severe water shortage 

(Figure 37). 

 
Figure 36: progression of soil moisture levels between July and August 2022. Notably, values for the former production 
area (depicted in red) are lower compared to those for the non-productive area (depicted in black). These values were 
computed by averaging data from two Time Domain Reflectometry (TDR) sensors strategically positioned at different 
depths in the respective forest sections. Peaks in the graph align with precipitation events. 
 

 
Figure 37: dendrometer trends observed between July and August 2022. Dehydration values for plants in the former 
production area are depicted in red, while those for plants in the non-productive area are represented in black. These 
values were derived by detrending the series, accounting for the increase in diameter due to growth, and subsequently 
averaging the data from individual dendrometers.  
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Figure 38: sapflow performance during the final week of July 2022. Notably, there are no discernible differences between 
the plants in the former productive zone (illustrated in red) and the non-productive zone (depicted in black). Despite 
extremely low soil moisture levels, plants in both areas exhibit an attempt to engage in photosynthesis. This observation 
raises the possibility that plants may be accessing deeper soil water through their root systems to sustain essential 
physiological processes. 

 

By applying a linear regression model it was possible to compare the relationship between 

leaf water potential and water content in plants from the former production area and the non-

productive area, revealing no statistically significant differences (figure 39). Nevertheless, it is 

noteworthy that, at equivalent water content levels, plants in the former productive area tend 

to exhibit less negative leaf water potential than their counterparts in the non-productive 

area, despite the lower aquifer level in the former. In addition, the relative water loss 

(compared to the full turgor) could be lower in non-productive. 
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Figure 39: relationship between leaf water potential (Ψ) and relative water content for former productive plants 
(depicted in red) and non-productive plants (depicted in black). Despite the apparent difference in leaf water potential at 
the same hydration level, statistical analysis indicates no significant difference between productive and non-productive 
plants. 
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3.2 Laboratory experiment 

This section presents the data related to the two laboratory experiments, the one using Zea 

mays L. and the one with Quercus ilex L. 

 
3.2.1 Laboratory experiment using Zea mays L. 

Preliminary experiment 

Figure 40 presents the preliminary findings from the 2019 experiment. In this experiment, 

due to the programming of the climate cell, the plants were subjected to the recovery phase 

during the night hours, when the stomata were closed, and the cells could rehydrate. Sampling 

took place during the pre-dawn phase.  

In graph 40-A, the carbon content of hydroponic solutions used for maize cultivation is 

illustrated. The red columns represent carbon content during the stress phase, while the black 

columns represent the recovery phase. Notably, the release of carbon in the recovery phase is 

significantly higher in stressed plants (exposed to peg 200 and peg 400) compared to plants 

in the control group, where such release is absent as these plants consistently remain in the 

nutritional solution. 

Figure 40-B reveals the relationship between the electrical conductivity of solutions and 

carbon content, indicating that conductivity can serve as a reliable predictor of actual carbon 

content (R2=0.85). 

Figure 40-C displays the osmolality of both root and foliar liquids during the stress phase 

(depicted in red) and the subsequent recovery phase (depicted in grey). During the recovery 

phase, a reduction in osmolality is observed in both leaves and roots. This suggests the release 

of osmotic content, as the decrease is consistent across all tissues, indicating a uniform 

alteration rather than a differential allocation within the plant. 
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Figure 40: a comprehensive overview of the experiment 
conducted in 2019. In Graph A, the carbon content in plant 
growth solutions is presented. The red columns represent 
the carbon content during the stress phase for the control 
group (SN), the group with an intermediate peg level 
(peg200), and the group with a high peg level (peg400). The 
black columns denote the carbon content of the nutrient 
solutions to which the plants were transferred during the 
recovery phase. Graph B depicts the relationship between 
carbon content and the electrical conductivity of the 
solutions. Notably, the data suggests a correlation, 
demonstrating that electrical conductivity can serve as a 
predictor of carbon content, as indicated by the coefficient 
of determination (R2). Graph C illustrates the osmolality 
levels of both radical and foliar fluids during the stress 
phase (peg) and the subsequent recovery phase (rec). The 
reduction in osmolality during the recovery phase in both 
leaves and roots implies the release of osmotic content, 
supporting the hypothesis that such content has been 
mobilized uniformly across various plant tissues. 

 

Test n. 1 

In 2021, a parallel experiment was conducted, encompassing a control group consistently 

exposed to nutrient solution (designated as "c" in the graph in Figure 41), a treatment group 

subjected to mild stress (marked as "m"), and another group experiencing intense stress 

(denoted as "i"). The experiment comprised four distinct phases: the initial stress phase (1, 

first day), the first recovery phase (2, second day), the second stress phase (3, third day), and 

the second recovery phase (4, fourth day). To mitigate potential cell damage in the root 

apexes due to dehydration, two stress cycles were implemented. 

In this experiment, the treatments (stress and recovery) start in the morning, while the 

sampling was carried out during the day hours. 

The graph in Figure 41 illustrates the Relative Water Content (RWC) of leaves (depicted in 

red) and roots (depicted in black) during the different phases of the experiment: 1-first stress 
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phase, 2-first recovery phase, 3-second stress phase, 4-second recovery phase. Notably, the 

levels of dehydration do not exhibit significant variations, a finding corroborated by statistical 

analyses (ANOVA and Tukey test). These analyses were conducted to ascertain potential 

differences in RWC between leaf and root tissues within the same group and among RWC 

values of different experimental groups.  

Within the same experimental group, a statistically significant difference between root RWC 

and leaf RWC is evident for the "i1" and "m1" conditions (p-value < 0.05), specifically during 

the first stress phase. However, in all other instances, this difference is not statistically 

significant. Furthermore, when comparing root RWC among different experimental groups, no 

statistically significant difference is observed (p-value > 0.05). 

Regarding leaf RWC, statistically significant differences (p-value < 0.05) are identified only in 

specific group-to-group comparisons, reported in table 3: 

 C1 M1 I1 C2 M2 I2 C3 M3 I3 C4 M4 I4 

C1             

M1             

I1 *   *   *      

C2             

M2   *          

I2   *          

C3             

M3         *    

I3      * *   *   

C4             

M4   *      *    

I4             

Table 3: the matrix shows between which RWC leaf group there is a statistically significant difference. 

There is a plant response to stress, confirmed by the diversity of leaf hydration levels in the 

various groups and the difference in leaf and root hydration levels during the first stress 

phase (m1 and i1). However, along the experiment, it seems that the reduction of hydration 

levels occurs only after intense stress. In addition, there are no clear differences between the 

control and treatment plants. This may be since the plants showed signs of stress (yellowing 

and withering) already at the beginning of the experiment. 
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Figure 41: representation of root Relative Water Content (RWC) (depicted in black) and leaf RWC (depicted in red) across 
various phases of the experiment. The experiment included three groups: "C" (control group, consistently in nutrient 
solution), "M" (group subjected to two cycles of moderate stress with peg 100, followed by recovery in nutrient solution), 
and "I" (group subjected to two cycles of intense stress with peg 200, followed by recovery in nutrient solution). The 
numbers correspond to different phases of the experiment: 1 represents the first stress phase, 2 denotes the first recovery 
phase, 3 signifies the second stress phase, and 4 indicates the second recovery phase. The average values were calculated 
by averaging the RWC values for both leaves and roots within each group. This visualization offers insights into how root 
and leaf RWC fluctuate during distinct phases of the experiment across different stress conditions. 

 

The graph in Figure 42 depicts the percentage variation in electrical conductivity of the 

solutions during various phases of the experiment. The data are expressed as a percentage in 

order to highlight the changes in conductivity, since the starting solutions do not all have the 

same conductivity. Notably, for plants subjected to intense stress (depicted in red), an 

increase in conductivity is observed during the stress phase, potentially attributed to 

substances released due to damage to the root tissues. However, this increase is not observed 

during the recovery phase. However, in this case the experiment was conducted by subjecting 

the plants to the recovery phase during the day. Sampling also took place during daylight 

hours, and this may have affected the results: the plants could not have fully recovered 

because they kept the stomata open for transpiration. Conversely, the reduction in 

conductivity, likely resulting from nutrient absorption, is less pronounced during the recovery 

phase for plants subjected to intense stress and more evident for those subjected to moderate 

stress. 
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The observed differences in the stress response between plants subjected to intense and 

moderate stress conditions suggest that the pre-existing stress condition experienced by 

plants prior to the experiment may have influenced their subsequent stress responses. 

 
Figure 42: percentage change in the conductivity of the solutions throughout different phases of the experiment. In the 
graph, values corresponding to plants subjected to intense stress are depicted in red, those for plants subjected to 
intermediate stress are in grey, and values for the control group plants (consistently in nutritional solution) are represented 
in black. At the initiation of each phase, the value is set at 100. After the conclusion of the recovery or stress phase, values 
may exhibit positivity (>100, indicating potential substance release) or negativity (<100, suggesting likely absorption of 
osmotically active compounds).  

 

 

During Test 2, the plants exhibited clear signs of severe stress during their growth phase, 

rendering it impractical to complete the experiment. The observed stress indicators (change 

of color of the leaves that become yellow or black, withering and desiccation) likely 

compromised the viability of the experimental conditions and the reliable collection of data. 

Understanding the causes and manifestations of stress in the plants was crucial for refining 

experimental protocols and obtaining meaningful results in subsequent attempts. 

Test 3 

During test 3, maize seedlings were divided into three groups. Each group was grown in a 

nutrient solution at different concentrations: 540 μs, 300 μs, and 100 μs. After growth, each 

group was in turn divided into two groups, one remaining in nutrient solution for other 24 

hours (540 μs, 300 μs, and 100 μs) and the other transferred to PEG 400 for 24 hours, thus 

obtaining 6 groups. The 6 groups were then all transferred to distilled water. Figure 12 shows 

the conductivity of the distilled water into which the plants subjected to 6 different 

treatments were transferred.  Notably, the conductivity is higher in plants that experienced 
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stress for 24 hours, especially in the case of the less concentrated solution. This difference 

diminishes as the concentration of the starting nutrient solution increases (figure 43). 

An analysis of variance (ANOVA) reveals no statistically significant differences between the 

release of root exudates from plants stressed using PEG 400 solution and those grown in the 

most concentrated solution (p-value=0.53). So, this suggests that an excessively concentrated 

solution could induce plants to osmoregulate as much as a water stress. Consequently, the 

decision was made to continue using the original (or less concentrated) nutrient solution 

concentration in order to minimize potential osmotic stress effects on the plants. 

 

 

 
Figure 43: mean levels of electrical conductivity in distilled water, in which plants were placed for recovery after 24 hours 
of induced water stress using a solution containing 400g/L of polyethylene glycol (PEG). The graph illustrates the average 
conductivity values for two distinct conditions: plants that consistently remained in nutrient solution are represented in 
grey, while plants that underwent a 24-hour water stress event are indicated in red.  

 

 

 

 

 

 

 

 

SN100 vs. SN100-PEG400: p-value=0.00029 

SN100 vs. SN300-PEG400: p-value=0.004 

SN100 vs. SN540-PEG400: p-value=0.005 

SN300 vs. SN100-PEG400: p-value=0.003 

SN540 vs. SN100-PEG400: p-value=0.03 
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Test 4 

Also in this test, the treatments (stress and recovery) start in the morning, while the sampling 

was carried out during the day hours. 

Graph A in Figure 44 demonstrates the significant concentration of osmolites in leaf tissues 

following a water stress phase. However, during the subsequent recovery phase, osmolality 

returns to pre-stress levels, indicating the transfer of these substances out of the leaves. An 

intriguing confirmation of this hypothesis lies in the quantity of osmolites present in the roots, 

as illustrated in Figure 44, graph B. 

During the stress phase, roots exhibit an increase in their osmolite content as a mechanism to 

withstand water stress. However, after the recovery period, the quantity of osmolites 

decreases, mirroring the trend observed in leaves and, notably, reaching levels even lower 

than in plants that remained in a control condition. Unfortunately in the analyzed solutions 

there are no traces of exudates, and this suggests that probably the stress to which the plants 

were subjected was too intense.  
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Figure 44: osmolality of leaf tissues (graph A) and root tissues (graph B) in maize, observed during a water stress phase 
and a subsequent recovery phase. Notably, there is an apparent increase in osmolality for both leaves and roots in the 
post-stress phase for the treated group. The letters above the columns in the graphs indicate the ANOVA results, 
confirming a statistically significant difference between the stress group and the control group. 

 

Nevertheless, a critical consideration arises from the findings in Figure 45: the reduction in 

Relative Water Content (RWC) observed in stressed plants. This reduction might have led to 

an increase in osmolite concentrations not necessarily due to differential allocation but 

potentially as a consequence of reduced water content. Careful interpretation of these results 

is crucial for a comprehensive understanding of the dynamics involved. 

a b b c 
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Figure 45: Relative Water Content (RWC) for leaf tissues in graph A. A significant difference in RWC is observed between 
the values of the Treatment Post Stress phase and those of the control group.  

 
Regarding leaf water potential, there is a significant decrease following a period of stress 

(Figure 46), validating the plant's response to water stress and its strategy to sustain 

hydration by reducing the water potential. Upon reintroduction into the nutrient solution, the 

water potential resumes an upward trend. This observation indicates that the plant has not 

experienced stress to the extent that it cannot recover, affirming its resilience to the imposed 

stress conditions. 
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Figure 46: evolution of leaf water potential during the experiment. The leaf water potential undergoes a reduction in 
plants subjected to water stress, followed by a subsequent increase during the recovery phase, eventually returning to 
levels comparable to those of control plants (depicted in blue). 

 



73 
 

Graph 47 illustrates the conductivity of the distilled water used for leaf immersion. Notably, 

the highest conductivity is observed for leaves that underwent intense stress, indicating that 

these plants had accumulated osmotically active compounds as a response to drought. This 

observation suggests that osmoregulation (graph 44) may play a more substantial role in 

determining osmolality values than dehydration alone (graph 45). 
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Figure 47: conductivity of the distilled water in which leaves were immersed for 3 hours to facilitate rehydration to full 
turgor and enable the calculation of Relative Water Content (RWC). The conductivity is notably higher for plants 
transferred to a PEG 300 solution (depicted in red). During the recovery phase (depicted in rose), the conductivity 
decreases, while it remains relatively constant for plants in the control group (depicted in blue). 
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3.2.2 Laboratory experiment using Quercus ilex L. 

The experiment involving holm oak is detailed through the graphs in figures 48, 49, and 50. 

The labels correspond to the following conditions: 

 

1_1: Control group, exposed to nutrient solution during the night (phase 1) 

1_2: Control group, exposed to nutrient solution during the day (phase 2) 

1_3: Control group, exposed to nutrient solution during the night (phase 3) 

2_3: After the initial two phases (night and day) in nutrient solution, followed by phase 3 

(second night) in PEG 280 

3_1: Treatment group consistently exposed to PEG 280, during the night (phase 1) 

3_2: Treatment group consistently exposed to PEG 280, during the day (phase 2) 

3_3: Treatment group consistently exposed to PEG 280, during the night (phase 3) 

4_3: After spending the first two phases (night and day) in PEG 280, followed by phase 3 

(second night) in nutritive solution 

5_1: Treatment with PEG 500 during the first two phases (night and day), with measurements 

taken after the night (phase 1) 

5_3: Treatment with PEG 500 during the first two phases, followed by recovery in nutrient 

solution during the night (phase 3) 

Graph 48 depicts changes in leaf water potential during the experiment. For plants 

consistently exposed to nutrient solution (1_1, 1_2, and 1_3), the leaf water potential is higher. 

Group 2_3 underwent two phases in nutrient solution (night and day), and the measurement 

displayed in the graph corresponds to the third stress phase (the night spent in PEG 280). The 

plants exhibit water stress control by lowering the leaf water potential, indicative of 

osmoregulation. 

 

Plants 3_1, 3_2, and 3_3 remained in PEG 280 for the entire experiment. Notably, in 3_2 (and 

also in 1_2), the leaf water potential is lower. This is attributed to transpiration activity, as 

these measurements were taken during the day after stomatal opening. 
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In the case of group 5_3, no recovery is observed, possibly indicating that the stress was too 

intense, and the plants were unable to recover during the night. Generally, it is observed that 

the initial leaf water potential is already relatively low, placing the plants in a condition of 

slight stress from the beginning of the experiment. This could be attributed to the process of 

cleaning the roots from the soil where the plants initially grew, potentially causing slight 

damage to the root system. 

 
Figure 48: leaf water potential (Ψ) of holm oak plants throughout the experiment. The values represent the average of 
individual plant values for each group. Plants consistently exposed to nutrient solution (1_1, 1_2, and 1_3) exhibit lower 
leaf water potential compared to plants subjected to water stress. Groups 4_3 and 5_3 show leaf water potential after 
recovery from lighter and more intense stress, respectively. In the case of 4_3, the potential decreases relative to the 
situation in 3_2, suggesting a continued impact even after recovery from lighter stress. Conversely, in 5_3, the leaf water 
potential is higher than during stress (5_1), indicating that the plant has not fully recovered after more intense stress. 
These findings provide insights into the varying responses of holm oak plants to different stress conditions and recovery 
phases. 

 

Figure 49 displays variations in root Relative Water Content (RWC) during different phases of 

the experiment. In groups 3_1, 3_2, and 5_1, under stress, the loss of RWC is noticeable but not 

substantial, indicating that the plant has accumulated sugars to mitigate drought effects. 

During the stress recovery phase (4_3), RWC experiences a further decline compared to the 

stress phase (3_2). Moreover, the leaf water potential (Ψ) at this stage remains constant (as 

observed in Figure 48). This suggests that the sugars accumulated by the plant must have 

been transferred elsewhere, as retaining them within its tissues would have led to an increase 

in RWC. 
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Figure 49: Root Relative Water Content (RWC) at different stages of the experiment. Notably, root RWC tends to be lower 
than foliar RWC as depicted in Figure 19. In the control group exposed to nutrient solution, root RWC is higher, whereas 
upon transfer to PEG 280 (2_3), it decreases. In plants placed in recovery after a night and a day of stress (4_3), RWC 
decreases. In plants subjected to intense stress, RWC remains consistently low both during stress and recovery phases.  

Leaf Relative Water Content (RWC), as illustrated in Figure 50, is generally higher than root 

RWC (Figure 18). This observation indicates that to support leaf transpiration, the roots do 

not necessarily need to be turgid. An excess of sugar could potentially limit the root, as its 

cells might experience significant pressure due to water uptake following the osmotic 

gradient. It is important to note that RWC might also decrease due to the plant's challenge in 

acclimating to the new root submersion conditions. 

 
Figure 50: Relative Water Content (RWC) of the leaves at different stages of the experiment. Generally, foliar RWC is higher 
compared to root RWC as shown in Figure 18. In the nutrient solution (1_1, 1_2, and 1_3) groups, RWC is higher, even 
though it gradually decreases. A lower RWC is observed during the stress recovery phase (4_3), highlighting the impact of 
stress and recovery on foliar water content. 
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4. Discussion 

 
The discussion of the results is structured for clarity according to the order of presentation of 

the results, discussing first the work done in the field and then the experiments conducted in 

the laboratory. 

The investigation into the field experiment reveals noteworthy trends in Tuber aestivum 

production, particularly during the summer months (Figure 13). Across all observed years, a 

consistent pattern emerges, indicating the highest truffle yield during summer. Notably, in the 

drier years of 2022 and 2023, there is a discernible reduction in production. This observation 

suggests a plausible association between truffle harvest and environmental factors, 

emphasizing the potential impact of climate on truffle productivity, as suggested by Büntgen et 

al.  (2019) and Le Tacon (2016).  

Examining temperature dynamics (Figure 14), a slightly positive correlation is observed 

between truffle production and both maximum daily temperature and average temperature on 

the day of collection. The correlation with the average temperature of the 7 days preceding the 

harvest is marginally lower. Intriguingly, the weakest correlation is noted between production 

and the maximum temperature difference (T °C daily max - T °C daily min) in the 7 days before 

harvest. It remains unclear whether increased temperature directly corresponds to enhanced 

truffle production. The ripening period of Tuber aestivum occurring in summer (Büntgen et al. 

2017) introduces complexities, as higher temperatures during this season may reflect the 

natural maturation process rather than a direct temperature effect. 

An observation emerges regarding temperature differences in the seven days prior to harvest, 

indicating that truffle production is notably constrained within the range of 9-11 °C. 

Production appears to be negligible below or above this range. Soil temperature analysis also 

yields positive correlations, likely attributable to the maturation period. Notably, a negative 

correlation is apparent between harvested truffles and the maximum difference of soil 

temperature in the seven days before harvest. This observation may be influenced by seasonal 

variations, as temperature differentials between day and night are typically more pronounced 

in autumn and spring. 

Turning attention to air humidity, a lack of correlation is observed when considering average 

air humidity levels. However, correlations become more pronounced when assessing the 
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difference of daily humidity on the day of collection and the difference of maximum humidity 

over the 7 days preceding harvest. This insight is pivotal, as a substantial difference in 

humidity signifies rapid adaptations by the plant to humidity fluctuations, potentially 

influencing transpiration (Niglas et al. 2014). In scenarios of reduced humidity, the plant 

engages in osmoregulation (Mehmood et al. 2020), while decreased osmolite content in foliar 

tissues may occur in response to humidity increase. This nuanced understanding underscores 

the complex interplay between truffle production and humidity, elucidating the need for a 

comprehensive examination of these environmental factors. 

The observed positive correlation with the difference of air humidity suggests that the truffle 

may derive benefits from the plant's regulatory mechanisms against environmental changes. 

Traditionally, mushroom production has been linked to soil moisture; however, our study 

challenges this notion, revealing that soil moisture is the least influential parameter among 

those considered (Figure 18). 

A noteworthy correlation is established with the vapor pressure deficit (VPD), especially when 

considering weekly production relative to the maximum difference of VPD reached during the 

week. A high VPD difference indicates the plant's necessity to adapt to fluctuations in both 

relative humidity and air temperature (Badalotti et al. 2000) This, akin to air humidity, implies 

that truffle production is influenced by the plant's response to environmental parameter 

changes rather than a direct response from the fungal organism to the environment. 

In the Caltrano site, where all plants are of the same species, age, and planted in the same year, 

and the truffle grounds are uniformly treated (for example, with thinning on the Fraxinus 

ornus renewal), there is observed variability in truffle production. Some plants exhibit 

productive symbiosis, while others do not. The study identifies physiological distinctions 

between productive and non-productive plants. For instance, it is evident that productive 

plants exhibit superior control over dehydration levels compared to non-productive plants (as 

illustrated in figures with dendrometer oscillations in 2021, 2022, and 2023). In 2021, this 

difference persists throughout the season, up until September when the most severe drought 

is encountered. Productive plants utilize sugars produced through photosynthesis to activate 

osmoregulation (Kavi Kishor et al. 2005; Ozturk et al. 2021), effectively controlling 

dehydration, unlike non-productive plants. 

In 2022, beyond a certain threshold of drought, productive plants begin to resemble non-

productive ones. This might be attributed to the fact that, due to water scarcity, productive 
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plants can no longer photosynthesize at previous rates, resulting in insufficient sugars for 

osmoregulation. Furthermore, post-reaching the maximum drought level, productive plants do 

not fully recover from dehydration. This phenomenon suggests that complete rehydration 

would require plants to retain a substantial amount of fluid in their tissues, achievable only 

with an adequate supply of osmotically active compounds. It appears that towards the end of 

the season, when plants diminish vegetative activity, accumulating sugars becomes 

challenging and resource-intensive (Martel et al. 2005). Interestingly, during this period, in 

contrast to 2021, truffle production ceases. It can be hypothesized that insufficient sugars 

hinder both plant rehydration and transfer to the fungus for completing its life cycle. At this 

juncture, the correlation between production and physiological parameters of the plant 

becomes more apparent, suggesting a stronger link with the plant's vital status than with 

environmental parameters, which indirectly influence the plant's condition and, consequently, 

sugar transfer to the fungus. 

A preliminary insight into the mechanism by which plants transfer sugars to fungi is obtained 

by focusing on the period of peak production in 2021 (figure 26). Notably, production 

experiences a significant surge on June 21, coinciding with productive plants initiating an 

increase in dehydration levels. The dehydration observed is moderate, suggesting that plants 

can potentially regulate it through the osmoregulation mechanism. This inference is 

supported by the fact that during nighttime hours, dehydration levels return to zero in 

productive plants, a phenomenon not observed in non-productive plants. This implies that 

productive plants accumulate sugars in their tissues during the day and, during the night 

when stomata are closed, successfully rehydrate. In contrast, non-productive plants 

experience daytime dehydration without the ability to recover hydration at night due to closed 

stomata. Similar patterns are evident in 2022. 

Concerning the data from flow sensors, an initial observation may suggest conflicting 

information compared to dehydration data. It appears that sapflow is activated later in the day 

in productive plants (refer to the figure depicting hourly flow trends) compared to non-

productive plants. At first glance, this might imply that productive plants transpire less than 

non-productive plants, thus potentially having fewer water resources available.  

What emerges from most of the literature in many cases is that mycorrhizal plants (which in 

this case correspond to productive plants) have more available water (Ruth and Khalvati 

2011), and therefore, they should exhibit a faster flow activation and a greater amount of 
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transported water. This leads to the question of whether productive plants need to rehydrate 

more. However, the answer to this question is negative because, as seen before, dehydration 

data indicate that productive plants experience less dehydration compared to non-productive 

plants. 

Of equal importance is the small peak of sapflow observed at night. This is especially unusual, 

since during the night the plants close the stomata, as a result should be absent any type of 

flow. 

A possible explanation may come from osmoregulation, the mechanism through which plants 

regulate their water response (Rontein et al. 2002). The osmotic potential of cells, from roots 

to leaves, must balance along a gradient from soil to the atmosphere, becoming progressively 

more negative to allow water passage (figure 51). This gradient fluctuates throughout the day. 

Cells in productive plants, as we have seen, have greater osmotic capacity, generating more 

turgor. If the cell is in a turgid state, water can be easily extracted. This suggests that, during 

full hydration, morning transpiration in productive plants with turgid cells may initially be 

sustained not by sapflow, but rather by fluids in leaf tissues. Only later the plant will need to 

activate root flow. Non-productive plants have lower turgor, so they activate root flow earlier.  

After the transpiration phase follows stomatal closure. However, leaves of productive plants 

still contain many sugars at this point, and this could cause a continuous flow of water 

towards the canopy even if the stomata are already closed. Over time, this continuous flow 

might damage cells due to excessive water content. This could push sugars downward and 

toward the roots, allowing the plant to regulate the osmotic gradient. The increased sugar 

concentration in the lower parts of the plant could trigger a small nocturnal flow peak, 

rebalancing the osmotic gradient. Such flow would be greater with a higher sugar 

concentration, explaining the observed larger peak in productive plants. However, it's 

essential to consider the possibility of excessive sugar loading. In this case, the plant would be 

forced to expel them through the release, for example, of root exudates.  

Contrary to a perceived delay in the activation of sapflow in productive plants, the situation is 

more nuanced: these plants are indeed transpiring, but they utilize water accumulated in their 

tissues during the night. This dynamic leads to a side effect crucial for soil microorganisms, 

namely the release of root exudates. Consequently, a subtle positive correlation between air 

moisture difference or VPD and the biomass of harvested truffles may be observed. This 
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underscores the intricate interplay between plant transpiration, water dynamics, and the 

consequential release of compounds that significantly impact the soil microbial environment. 

 

 
Figure 51: The representation illustrates the process of osmoregulation in plants throughout the day, with the blue line 
depicting the osmotic gradient. In the early morning, the osmotic gradient is minimal, indicating a lower potential for 
water movement. As the morning progresses, the gradient increases when the stomata open, initiating transpiration. To 
sustain adequate hydration levels, the plant engages in osmoregulation, adjusting its internal solute concentrations. After a 
certain period, typically in the afternoon, the plant undergoes stomatal closure. During this phase, the plant initiates 
rehydration, drawing up water resources and, notably, transferring sugars stored in the leaves. This transfer of sugars plays 
a crucial role in maintaining osmotic balance and facilitating the rehydration process. The osmotic gradient reflects these 
dynamic changes, showcasing the plant's adaptive response to varying environmental conditions throughout the day. 

 

The factors contributing to the enhanced efficiency of productive plants in controlling 

dehydration and their superior osmoregulation abilities remain elusive (in fact, the 

adaptations that a plant can make to face the drought are several (Lo Gullo and Salleo 1988; 

Grzesiak et al. 1997). 

 The study aimed to investigate potential differences in the relationship between the 

photosynthetically active portion of the plants, known as the crown, and the segment 

comprising non-productive cells, namely the stem. If the ratio favours the crown in productive 

plants, it could imply that they possess an advantage over non-productive plants by producing 
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more sugar. Alternatively, non-productive plants may adopt a strategy centred on the 

production of structural carbohydrates to promote growth and optimize light absorption. This 

investigation seeks to shed light on these intricate dynamics within the plant physiology that 

may contribute to the observed variations in dehydration control and osmoregulation 

efficiency. 

However, there are no discernible differences in either the ratio between the volume of the 

crown and the volume of the stem or the ratio between the volume of the crown and the 

height of the plant between the two groups. Therefore, it can be asserted that productive 

plants do not derive an advantage from a broader photosynthetically active portion. 

Moreover, there are no distinctions between productive and non-productive plants concerning 

leaf water potential at pre-dawn (as otherwise reported by Yuste et al. 1999). This indicates 

that productive plants, having been rehydrated during the night, attain the same leaf water 

potential levels as non-productive plants, despite demonstrating superior control over 

dehydration during the day compared to their non-productive counterparts. 

Similarly, in the relationship between leaf water potential and leaf water content, no 

distinctions are evident among productive plants. This implies that, with an equivalent 

osmotic content, the water content remains consistent across plants. Therefore, the observed 

difference does not lie in the dehydration process itself, such as the ability to sustain greater 

hydration at similar leaf water potential levels. Instead, the variation is attributed to the 

plant's capacity to accumulate varying quantities of osmotic compounds within foliar tissues. 

At the Carlino site, the data indicates a lower groundwater level in the formerly productive 

region compared to the non-productive section. However, an interesting observation emerges 

as plants in the former production area exhibit lower levels of dehydration than those in the 

non-productive area. This distinctive trait is shared by the productive plants in Caltrano. One 

plausible hypothesis is that previously productive plants, potentially in conditions of greater 

water availability, demonstrated enhanced resilience against dehydration. This ability allowed 

them to effectively osmoregulate and produce sufficient quantities of sugar, thereby initiating 

the development of truffle fruit bodies of the Tuber magnatum Pico species. 

In the context of sapflow data, subtle differences are noted between the two areas of the 

forest. Specifically, it appears that sapflow is activated later in the former productive part 

compared to the non-productive part. Notably, a small nocturnal flow peak is often present, 
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similar to the observations in Caltrano, although not consistently (the work of Deng et al 

(2021) suggests that groundwater depth can cause difference sap flow velocity). 

This observation could serve as a confirming clue to the predisposition of this plant 

population to engage in symbiosis conducive to the development of fruiting bodies belonging 

to the Tuber genus. However, the cessation of production remains unclear, making it 

challenging to envision treatments that could reactivate this process. It is plausible that by 

regulating the aquifer's height through the existing channeling on the site, it might be feasible 

to augment water availability in the former productive area, aligning it with the levels 

observed in the non-productive area. This approach aims to ensure equal access to resources. 

Consequently, leveraging the advantage demonstrated by plants in the "productive" area in 

terms of dehydration control could potentially result in increased sugar production and 

subsequently greater release into the soil. 

An analysis of the correlation between soil moisture and dehydration levels reveals that, 

beyond a certain threshold, plants lose their ability to control dehydration. By employing 

water channeling systems to regulate groundwater and thereby delaying the approach to this 

critical threshold, it may be feasible to sustain plants above the point at which they can no 

longer manage dehydration effectively. 

While there are no statistically significant differences observed when comparing the 

relationship between leaf water potential and water content in plants from the former 

production area to those in the non-productive area, there is a noticeable trend. Despite equal 

water content, the former productive plants appear to exhibit less negative water potential 

than their non-productive counterparts. This suggests the possibility that productive plants 

may require less negative leaf water potential to maintain hydration, even in conditions of 

lower groundwater. To establish definitive differences in the physiology of the two groups, 

further comprehensive analyses are imperative. 

In the case of 2022, soil moisture levels are further diminished, and hydration and 

dehydration cycles exhibit an exceptionally narrow range. This narrow range is likely a 

consequence of the intense water stress experienced by the stand plants. Sapflow persists, yet 

the distinct delay observed between the two areas in 2021 is no longer evident. It seems as 

though, following the severe drought, trends have become more uniform. 

Laboratory experiments are designed to substantiate the hypothesis that the release of radical 

exudates is instigated by the osmoregulative processes activated by the plant during stress 
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and recovery cycles. These experiments aim to provide empirical evidence supporting the 

connection between plant osmoregulation and the subsequent release of root exudates in 

response to varying environmental conditions (Canarini et al. 2016, Preece et al. 2018). 

Regarding the initial pilot test, the initial hypothesis finds confirmation. Specifically, the 

carbon content in the recovery solution is found to be directly proportional to the stress levels 

experienced by the plants. The activation of the osmoregulation process, facilitated by the 

transfer in polyethylene glycol (PEG), is further substantiated by the higher osmolality 

observed in foliar and radical liquids during the stress phase. 

Regrettably, in the subsequent three experiments, the hypothesis has not consistently held 

true, primarily due to challenges encountered in the growth of maize. These challenges are 

particularly evident in the Relative Water Content (RWC) values, which remain unchanged 

across the control group, mild stress group and intense stress group. Additionally, there is no 

discernible increase in electrical conductivity in the solutions following the recovery phase.  

However, in the test with plants grown at different concentrations of nutrient solution, the 

plants performed the recovery phase in distilled water. In this case the increase in electrical 

conductivity of the solutions was evident, confirming a release of probably radical exudates 

and showing an effect of mild stress caused by the concentration of solutes in the most 

concentrated nutritional solutions. 

Upon repeating the experiment with healthy maize plants, the initial hypothesis was partially 

validated: during the stress phase, roots augmented their osmolite content as a response to 

water stress. However, following the recovery period, their quantity decreased, mirroring the 

trend observed in leaves and reaching levels even lower than those in plants that remained in 

a control condition. This preliminary evidence supports the hypothesis that excess osmolites, 

including sugars, can potentially be released in the form of root exudates by the roots 

following a stress and recovery phase. Further investigations are necessary for a 

comprehensive understanding of this phenomenon. 

The reduction in Leaf Relative Water Content (RWC) during the stress phase might initially 

suggest that the increase in osmolality is a straightforward consequence of dehydration. 

However, the conductivity measurements of the distilled water in which the leaves were 

immersed for 3 hours (aimed at restoring turgor for RWC calculation) reveal a higher 

conductivity in the case of stressed plants. This indicates that the elevated osmolality is, in 



85 
 

fact, attributable to a higher concentration of osmotically active compounds, emphasizing the 

active role of such compounds in response to stress conditions. 

The experiment conducted on holm oak plants shows how plants control water stress by 

lowering the leaf water potential, and thus osmoregulating. Typically, measurements taken 

during the day yield lower leaf water potential values, reflecting diurnal transpiration. 

Notably, plants subjected to intermediate stress were capable of returning to the same leaf 

water potential levels as control plants. In contrast, plants exposed to high stress levels 

maintained or even reduced their leaf water potential, signalling an inability to recover from 

the imposed stress conditions. This observation suggests a limitation in their capacity for 

physiological rebound under severe stress. 

During the stress phase, plants initially reduced their root Relative Water Content (RWC), and 

in the subsequent recovery phase, the RWC continued to decrease. Despite the reduction in 

RWC during recovery, the leaf water potential (Ψ) remained constant. This implies that the 

sugars accumulated by the plant must have been transferred elsewhere. If retained in the 

tissues, the RWC during the recovery phase would have increased. 

Notably, the foliar RWC is consistently higher than the root RWC. This suggests that, to support 

leaf transpiration, roots do not necessarily need to be turgid. An excess of sugar could even be 

limiting for the roots, as their cells might experience heightened pressure due to water influx 

following the osmotic gradient. However, it is important to consider that RWC could also 

decrease due to the plant's challenge in acclimatizing to the new condition of root submersion. 

 

 

 

 

 

 

 

 

 



86 
 

5.  Conclusions 

This study has elucidated a mechanism that regulates the release of radical exudates based on 

cycles of osmoregulation (stress phase) and recovery (return to water availability). 

Understanding this mechanism is pivotal for unraveling the intricate relationships governing 

soil microorganism life cycles. 

The experiment conducted at Caltrano revealed significant differences between productive 

plants (engaged in active mycorrhizal symbiosis) and non-productive plants. These 

differences, though not structural, primarily revolve around the distinct ability to control 

dehydration. 

The research underscores the fundamental importance of considering plant physiology to 

comprehend the development of truffle fruit bodies, advocating for a holistic approach 

beyond reliance on abiotic factors alone, which fall short of fully explaining production 

dynamics. 

Regrettably, the data sets from field experiments are occasionally incomplete due to technical 

instrument damage caused by wildlife and insects. Challenges such as wild boars damaging 

power wires and ants oxidizing electrical contacts of dataloggers, compounded by 

environmental factors like wind-induced plant damage, necessitate a constant operator 

presence for timely repairs. Unfortunately, logistical and personal constraints hindered this 

constant presence, resulting in data gaps. 

While replicating and measuring this mechanism in the laboratory poses challenges, 

preliminary results from experiments under controlled conditions align reasonably well with 

the initial hypothesis. Notably, findings from the Quercus ilex experiment suggest that the 

proposed interpretation of the radical exudate release mechanism is well-founded. 

In conclusion, it appears plausible to assert that osmoregulation is a key mechanism 

underlying root exudation. Water stress prompts the plant to accumulate sugar in leaf tissues, 

and upon the cessation of the stress period, the plant, no longer requiring these compounds 

and needing to establish a new potential gradient from roots to leaves, releases them in the 

form of root exudates. 

Future experiments aimed at replicating the exudate release mechanism could facilitate the 

development of protocols to control exudate release in the field (e.g., through irrigation, 

thinning). This could promote symbiotic soil microorganisms. Monitoring physiological 

parameters could serve as a foundation for truffle farmers to assess their truffle orchard and 

enhance productivity in the future. 
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