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Motivation & Outline 
 

Agriculture has accompanied humanity since the beginning of its civilization by stimulating 

enormous social and technological changes, and water use has been a fundamental factor in this 

symbiotic path1. 

In fact, the history of humanity could be described through its epic relationship with water and 

agriculture. Man’s life has always been inextricably linked to the presence of water resources. The 

greatest civilizations of the past have flourished along the rivers: the Nile in Egypt (3000 BC), the 

Yellow River in China (3000 BC), the Tigris-Euphrates in Mesopotamia (2400 BC) and the Indus in 

northern India (2500 BC). Civilizations fell when water resources were lacking or were poorly 

administered. Still today, the quality of life of every person depends on this precious resource1,2. 

Climate change has been dominating the global agenda for the last few years. Greenhouse gas 

emissions are showing no signs of falling, in spite of the fact they must meet the goals of the Paris 

Agreement and the 2030 Agenda for Sustainable Development. The world is in danger of missing the 

target of limiting global warming to 1.5 °C this century, set out in the Paris Agreement. FAO’s State 

of the World’s Biodiversity for Food and Agriculture and the report from the world’s top biodiversity 

body, IPBES, laid out how climate change will accelerate the loss of the ecosystems and biodiversity 

that provide foundations for human existence, including food production3. With these premises, the 

most important challenge that humanity is facing today is climate change with all its consequences. 

Among these, the most dramatic is the scarcity of water resources with a strong impact on agricultural 

production up to 83% of the yield loss. It should be underlined that 70% of all water withdrawals are 

employed in agriculture4 and global demand for water could increase by 50% by 20305: as an 

indication of the intensive use of water, consider that 180 liters of water are needed to produce 1 kg 

of tomatoes6. Moreover, the exponential increase in the world population of the recent decades, 

together with the impact of climate change, poses a serious threat to food security since the demand 

for food is increasing and will further increase in the coming years, while at the same time the arable 

land will decrease. Starting from 1980 until 2000, the total global population grew from 4.4 billion 

to 6.1 billion, with a 50% increase in the world food production5. Since 2000, the world population 

has increased by about 2% each year, reaching a total of 7.3 billion in 20147. It is estimated that the 

world population should reach 9.7 billion8 by 2050 and this will have a significant impact on the 

environment, which in turn will affects food production capacity through changes in arable land 

availability. 
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For all these reasons, the focus of the recent years is reducing water consumption, without decreasing 

yield and the quality of crops by means of something that accompanies man symbiotically since the 

dawn of civilization: technology. 

In the last few years, scientists have been involved in thinking, developing and engineering devices 

to monitor crop health status indirectly and directly. These included: proximal sensors that measure 

soil humidity, temperature, and air humidity; remote sensors, in particular image sensors integrated 

on drones and satellites9–12. 

In this frame, a new sensor called Bioristor has been developed in the laboratories of the CNR-IMEM, 

able to collect biophysical and biochemical information from the inside of the plant in-vivo, in real-

time and continuously. The Bioristor is a textile - Organic Electrochemical Transistor (tex-OECT), 

belonging to the class of electrolyte-gated transistors, whose organic semiconductor channel and gate 

are immersed into an electrolyte. The main advantages of the OECT are the high local amplification, 

the low voltage operation, the easiness of manufacture, and its excellent biocompatibility 13,14. The 

OECT has lent itself to a wide range of promising applications, ranging from the recording of neural 

activity of organs to the detection of ions, analytes and metabolites15.  

In light of these considerations, the overall goal of this work was to exploit the Bioristor to monitor 

the physiological changes that occur in the plant following abiotic stress and environmental changes 

both in controlled conditions and in the open field. Moreover, since plant performance can be strongly 

improved by agriculture practices, the effect on plants of biostimulants as enhancer for the plant 

defence response was monitored. 

The thesis is organized as follows: in Chapter 1 the theoretical background regarding the main issues 

of PEDOT:PSS and OECTs is presented. The second part of Chapter 1 describes Bioristor state of 

the art, as well as basic guidance on plant response to abiotic stress. In Chapter 2 the materials and 

methods of Bioristor preparation as well as the settings of the measurements of each experiment are 

described. Chapter 3 presents the application of Bioristor in the study of water stress in a controlled 

environment on different types of plants, and the comparison of these results with the data 

simultaneously registering from the Italian phenotyping platform in ALISA-Metapontum. The second 

part of the chapter focuses on the promising use of Bioristor to study the effect of biostimulants on 

plants under water stress and as a tool to select varieties of mutant plants resistant to water deprivation. 

With a different approach but with the same objective as the previous chapters, Chapter 4 is 

dedicated to exploring the response of Bioristor in plants under changes of environmental Vapor 

Pressure Deficit (VPD), in greenhouse to increase water use efficiency. Following the excellent 

results obtained in a controlled environment, Chapter 5 is focused on the application of Bioristor on 
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tomato and kiwi plants in open fields subjected to different irrigation regimes during the harvest 

seasons of 2018, 2019 and 2020. This step was mandatory to ground validating Bioristor as tool for 

precision agriculture, managing the hydric resources in a sustainable way. Finally, Chapter 6 

reported the application of Bioristor in saline soil condition as strictly related to water scarcity and 

use efficiency.
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Chapter 1 
 

 

Introduction 

 

This chapter is dedicated to give the basis of bioelectronic sensors, involving the general concept and 

the state-of-the-art technologies. Organic electrochemical transistor (OECT) will be the main focus 

of this thesis and will be discussed in more details. The second part of the chapter focuses on an 

accurate description of the Bioristor, and on a short introduction in essential physiological response 

of plants to abiotic stresses. 

 

 

1.1   Bioelectronics 

 

Bioelectronics is a rapidly growing interdisciplinary field in which organic electronics interfaces with 

the living world, both animal and vegetable, in order to i)study biochemical and biophysical 

mechanisms directly inside the organism in real time thanks to the use of biocompatible materials16; 

ii) interact directly with biological systems and regulate their physiological mechanisms17.  

However, bioelectronics is strongly limited by materials used, as it enables these two fields, that seem 

apparently distant, to interact. In particular, devices based18 on conventional materials, such as metals 

or metal oxides, can show low compatibility towards biological systems. It should be considered that 

the classical electronics is based on electrons as dominant charge carriers, which rarely happens in 

biology as ions and small molecules are exploited much more frequently in inter- and intra-cellular 

communications18. 

The polymers can strongly affect direct interfacing with biological materials; in addition, the 

similarity between structural and functional properties, such as the "soft" nature of conductive 

polymers, ideally mimics the biological tissues19. In fact, several types of standard cell viability tests 

were carried out to assess the biocompatibility of conjugated polymers for biological applications20 , 

showing that materials such as poly(3,4-ethyldiphenoxythiophene) (PEDOT), doped with 
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poly(styrene sulfonic acid) (PSS), were extremely suitable and efficient in operating in biological 

environments19. 

Due to the electronic and ionic mixed conductivity of conductive polymers, these materials provide 

highly efficient signal transduction and amplification between the device and the biological 

environment. The growing updates in organic electronics offered new and improved electro-active 

characteristics compared to inorganic oxides. In particular, the organic oxide-free interface, together 

with the efficiency of ionic transport between the biological environment and the entire volume of 

organic film, allowed the development of powerful biosensors to pacemakers, neural implants and 

biomedical or precision agricultural devices21,22. 

As a result the development of low-cost and easy to use devices as fabrication and fine-tuning 

electrodes, organic field effect transistors (OFETs) and electrolyte-gated field-effect transistors 

(EGOFETs), organic electronic ion pumps (OEIPs), ionic diodes and circuits have shortened the gap 

between electronics and biology. 

One of the most promising devices emerging from this field is the organic electrochemical transistor 

(OECT) based on the conductive polymer PEDOT:PSS. This device will be accurately described in 

the next two sections15. 

 

 

1.2    Conductive Polymers 

 

The invention of conductive polymers dates to 1977 when Shirikawa, Heeger and Macdiarmid 

discovered that it was possible to dope polyacetylene (Figure 2) with arsenic pentafluoride (Asf5) to 

obtain an organic material with a conductivity value comparable to the metal semiconductor. The 

basic skeleton of a conducting polymer is a carbon chain consisting of conjugated double bonds in 

which each carbon atom is hybridized sp2. Three of the electrons in the carbon’s sp2 hybrid orbital 

will form three σ bonds, while the remaining electrons in the pz orbitals will form a π bond, which 

permits the electrons relocation along the polymer spine.  

Because of their properties, semiconductors are conventionally described as materials with 

intermediate characteristics between conductors and insulators23. As shown in Figure 1, the gap 

energy in the insulators is relatively high preventing electrons from passing from the valence band to 

the conduction band, hence leading to a lack of conductibility in this type of materials. 
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Figure 1: Energy gap in conductor, semiconductor and insulator24 

 

In contrast, in metals the conduction and valence bands are superimposed. This allows the electrons 

to pass freely between the two bands, causing the material to lead. The peculiarity of semiconductor 

materials is the lack of the two overlapping bands, that are separated by a gap although smaller than 

that of insulators. The smaller width of the gap band allows that, at temperatures which are higher 

than 0 K, some electrons can still pass from the valence band to the conduction one, leaving in the 

first of the gaps. Electrons in the conduction band and gaps in the valence band are responsible for 

the conductivity of the material. 

The conductivity of neutral conjugated polymers is closer to insulators than to semiconductors. To 

increase the conductivity polymers doping is essential and, unlike metal semiconductors, it must 

affect a greater fraction of the material. In the doping of crystalline semiconductors (ex. silicon and 

germanium) the doping atom replaces an atom of the crystalline lattice, establishing with the 

surrounding atoms a covalent bond. On the contrary, in conjugated polymers, the interaction between 

the polymer chain leads to an ionic bond. In addition, polymer doping may be caused either by the 

oxidation of the polymer chain due to the substitution of electrons by the π system (p-type); or to the 

reduction of the π system leading to negatively charged units in the conjugated system (n-type).  

The most used methods for doping conjugated polymers are: 

 

 Chemical doping   It occurs through redox reactions between the polymer to be doped and 

the doping species, in case of oxidation doping it is type p, in case of reduction it is type n. 

This doping, however, leads to the formation of a non-homogeneous material. 
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 Electrochemical doping. An electrode is polarized to produce an ion flow from the polymer 

to dope that tends to maintain neutrality in the polymer itself. The difference in potential 

applied to the electrode determines the level of doping. 

 Photodoping The polymer is oxidized and reduced by photo-absorption and consequent 

separation of charges, to produce electron-gap pairs and thus free carriers. 

 Charge injection   Electrons and gaps are injected through a metal contact, resulting in a state 

of oxidation or reduction of the polymer. It does not need any counter-ion, unlike chemical or 

electrochemical drugs. 

 

 

Figure 2: Chemical structure of polyacetylene 

 

More precisely, its conductivity could vary from 103 S/m to 1011 S/m, which means that the polymer 

was able to assume, based on the treatment used, the conductivity of an insulator, a semiconductor, 

or a metal. 

These studies lead to the development of the so-called "synthetic metals" called intrinsically 

conductive polymers (ICPs), as well as the attribution of the Nobel prize for chemistry to the three 

scientists in 2000. Since the 80s, the excellent processing properties, lightness, and versatility in 

addition to the electronic ones described, have led to an in-depth study of ICPs, including 

polyparafenilene (PPP), polyparafenilensulfide (PPS), polyparafenilenvinilene (PPV), polyaniline 

(PANI), polypyrrole (Ppy), polyethylene (PT), polyisotianafene (PITN) and 

polyethylenenediossitiophene (PEDOT). 

 

 

1.3   PEDOT:PSS 

 

One of the most studied and characterized conjugated polymers is the p-doped poly(3,4-

ethylenedioxythiophene) (PEDOT)25. 
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Figure 326: Chemical structure of PEDOT:PSS (a); Molecular arrangement of pristine (b), Acid-treated (c) and PEG-

treated (d) PEDOT:PSS27–29 

 

Main properties that distinguish this ICP and make it one of the most used to date are30–32. 

 

• High conductivity. PEDOT is characterized by a band gap of about 1.5 1.6 eV that can fall 

below the eV if subjected to doping. This results in a high electrical conductivity of about 550 

S/cm. 

• Reversibility of the drug state. PEDOT can return to the initial state after undergoing a drug 

and be drugged again. In addition, the PEDOT, normally dark blue and opaque, if doped 

becomes light blue and transparent: it is this change of color and opacity to make it exploitable 

in some optical devices. 

• Regularity of the structure. Being composed of chains of reduced length of the alcoholic 

group, the PEDOT has in the space a regular structure. 

• Stability.PEDOT has excellent thermal and chemical stability and its electrical conductivity 

properties seem to remain almost unchanged over time. 

• Electrochemical stability. Electrochemically synthesized PEDOT films present not only low 

reduction and oxidation potentials, but also excellent stability in their doped state. 

Some properties, as for example conductivity, can be implemented depending on the dopant used. 

Traditionally, a water-dispersible polyelectrolyte poly(styrene sulfonic acid) (PSS) is the most used 

dopant in increasing conductivity (1 - 100 S/cm) and, at the same time, in overcoming the insolubility 

problems of PEDOT25,31. The PSS is a polyanion which compensates the gaps in the PEDOT 

backbone with its negative charges.  
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Figure 4: PEDOT polymerization mechanisms33 

 

Other properties related to the use of PSS worth to be mentioned are:  

• transparency,  

• good film forming,  

• wide commercial availability. 

 

PEDOT:PSS can be prepared with standard chemical or electrochemical polymerization (Figure 4). 

During electrochemical polymerization, in a three-electrode electrochemical cell, the metal electrode 

oxidizes the monomer solution of 3,4-ethylenedioxythiophene (EDOT) in presence of sodium salt 

PSS. The resulting cations will combine into chains that eventually fall on the electrode. In the 

chemical approach, the oxidation of EDOT monomers is carried by oxidizing agents such as iron (III) 

chloride or nitride and peroxodisulfates. In both methodologies, the PSS is the key factor to stabilise 

the process and solvate the PEDOT. An excess of PSS is also required to form shells around the 

highly conductive PEDOT:PSS particles and prevent aggregation. 
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PEDOT characteristics and its degree of doping can also be regulated through the variation of some 

additional components, which perform different functions in the mixture. Ethylene glycol (EG) was 

used to increase conduction of PEDOT and a surfactant like dodecylbenzenesulfonic acid (DBSA) to 

change the viscosity of the polymer mixture and improve substrate adhesion34.  

Main deposition techniques of PEDOT:PSS are here described35. Different deposition methods can 

be identified: the coating technique and the printing technique.  The coating technique consists in 

covering all the available surface of the substrate, while in the printing techniques a solution (called 

ink) is printed on the substrate. Considering as selection criteria the viscosity of the solution used, the 

shape, the homogeneity and the adhesion of the substrate, the waste of solution and the speed of the 

process, the best deposition technique to employ can be determined. 

 

 Drop casting: is the simplest deposition method. It consists in depositing a drop of solution 

on a substrate, and wait for the evaporation of the solvent, which leaves a thin solid polymer 

film. It is a very fast and chip method but has the defect of producing uneven substrates. 

 Spin coating: a quantity of liquid ink is deposited on the substrate that is sufficient to cover 

it all, then the spin coater specifies the angular velocity and acceleration chosen for spinning. 

Based on these parameters the thickness of the film on the substrate is adjusted, which remains 

within 100µm, and can be calculated with a relation of the type: d = kωα, in which ω is the 

angular velocity of spinning, k and α are constants that depend on the solvent and the substrate 

chosen. By spin coating a homogeneous film over large areas (even up to about 30 cm2) and 

highly reproducible is obtained. In fact, its main characteristics are determined by the 

parameters chosen for spinning and the type of solution used, rather than the amount of ink 

initially deposited. Because of the working principle of this technique, a certain amount of 

solution will be certainly wasted. However, this does not cause problems, at least in a 

laboratory, since the process requires a small amount of ink. 

 Ink-jet printing: the use of this technique prevents the waste of solution, at the cost, however, 

of putting appropriate measures during its preparation. In fact, the ink-jet printing consists in 

the injection of ink onto the substrate accelerating the solution droplets through an electric 

field. In order to accelerate them, they must be electrically charged, whereas to form them, a 

needle is used, and the solution is heated. The solution must therefore dispose of a high surface 

tension and a low viscosity. 

 Electro-deposition: unlike the first two techniques described, electrodeposition has a different 

nature. In situ, that is directly on a conductive substrate, EDOT is polymerized with doping 
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PSS. This method takes place in an aqueous electrolytic solution, containing EDOT and PSS 

in right quantities. The deposition takes place by applying a potential difference of a few volts, 

constant or variable, between two electrodes: one that makes the substrate and the other, the 

counter electrode, which polarizes the solution. However the electrodeposition requires that 

the layer on which the PEDOT:PSS is deposited is conductive. One solution is therefore able 

to perform electro-deposition on a layer of PEDOT:PSS already deposited by means of other 

techniques.  

 

 

1.4    Organic Electrochemical Transistor 

 

Organic electrochemical transistors (OECTs) belong to the class of electrode-gated transistors 

(EGTs)32 with electrode-gated organic field effect transistors (EGOFETs). Due to their nature all 

ECD are suitable to be used in aqueous environment, allowing to exploit their potential even in 

biological environment32. In the OECTs, the main difference to the EGOFETs is that the ions are 

injected from the electrolyte into the conducting polymer, modifying its doping state, and thereby its 

bulk conductivity32. This latter feature allows OECTs to generate large amplifications, while working 

with potential differences of less than 1 volt. 

In recent years, OECTs have aroused considerable interest. The characteristics that make these 

devices interesting technology in the scientific research and for sensory applications are: 

 

• low costs of production; 

• ease of use; 

• possibility of miniaturization; 

• low voltage operation; 

• selectivity towards ions and molecules through functionalization; 

• high sensitivity with high trans-conductance ratio. 

 

Among the different applications of this kind of sensors, their use in the biomedical and agricultural 

field is particularly interesting, for analysis of biological matrices such as saliva, sweat, plasma and 

sap36–39. 
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A scheme of an Organic Electro Chemical Transistor (OECT) is shown in Figure 5. It is a device 

composed of three terminals namely source, drain and gate. The source and drain terminals are 

connected by a layer of organic conductive material called channel. The gate, on which the third 

terminal is placed, can be formed by another layer of organic conductive material or by a metal 

electrode. The essential and integral part of the transistor is the electrolyte (solid, liquid or gel), which 

contacts the channel and the gate, otherwise separated. 

 

 

Figure 5: Schematic representation of the OECT operation40 

 

An OECT can work in two modes. When a positive gate voltage is applied (depletion-mode), cations 

from the electrolyte are injected into the channel, resulting in a decreasing of the number of holes in 

the channel (de-doping by electrochemical point of view), which leads to a drop in the drain current15. 

By contrast, in accumulation-mode, the application of a negative gate bias causes injection of anions 

into the channel and a corresponding accumulation of holes (doping)15. 

The following discussion concerns the depletion-mode, because of its greater interest in the following 

chapters compared to the second mode. Furthermore, p-doped organic conductive materials are 

considered, in which holes are responsible for the current transport, since this is the case of 

PEDOT:PSS. According to the depicted transistor, Vds potential difference is applied to drain and 

source terminals (the letter connected to ground) and Vg is applied to the gate terminal. Vg is set to 0: 

if a positive Vds is applied, the holes in the channel will flow from drain to source, generating an Ids 

current in the channel. Turning on the Vg with a positive value, the cations of the electrolyte are 

pushed into the channel, where they interact with the organic semiconductor, causing an alteration of 

the doping level of the same and a consequent decrease in Ids. 
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To give a quantitative view, a physical model of the transistor is required to explain the dependence 

of Ids on Vg. The model developed by D.A. Bernards and G.G. Malliaras41 considered the combination 

of an electronic model and an ionic one. The electronic model accounts for the transport of holes that 

takes place in the channel, while the second illustrates the transport of charged ions in the electrolyte.  

 

 Electronic circuit.  The electronic circuit of an OECT is ruled by the generalized Ohm’s 

law: 

 

𝐽(𝑥) = 𝑞𝜇𝜌(𝑥)
𝑑𝑉(𝑥)

𝑑𝑥
 

 

where µ indicates the mobility of holes and ρ(𝑥) their concentration in the semiconductor, while 𝑥 is 

the coordinate of  the axis on which the channel is placed longitudinally. The cation migration into 

the polymer film is a process that maintains the neutrality of the polymer and decreases its doping, 

because each cation that is added balances the charge of a hole extracted from the source electrode. 

In this way the number of holes and then the doping decreases, but the electroneutrality of the material 

is guaranteed. The expression that describes this process is: 

 

𝜌 = 𝜌0(1 −
𝑄

𝑞𝑉𝜌0
) 

 

where ρ0 indicates the holes concentration for Vg = 0, 𝑉 is the semiconductor volume and 𝑄 is the 

electrical charge of the cations injected into the polymer film. As expected, as 𝑄 increases, ρ 

decreases.  

 

 Ion circuit    the ion circuit concerns the transport of the cations present in the electrolyte 

in the direction of the channel and can be modeled as a capacitor and a resistance placed 

in series between them. The resistance describes the conductivity of the electrolyte and 

measures its ionic force, while the polarization at channel-electrolyte and gate-electrolyte 

interfaces is expressed by the capacitor. 
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Measurements through the transistor can be made according to two methodologies. 

• Static behavior: situation in which the transistor is applied a constant Vg voltage over 

time and the current Ids is evaluated according to the source-drain potential (Vds). 

• Dynamic behavior: it involves working under constant Vds conditions, varying Vg 

between zero and a constant value for a finite time and then returning to Vg = 0V. 

The static method allows a uniform de-doping process throughout the polymer film. The equation 

that governs the behavior of the organic electrochemical transistor is: 

 

𝐽(𝑥) = 𝑞𝜇𝜌[1 −
𝑉𝑔 − 𝑉

𝑉ds
]

𝑑𝑉(𝑥)

𝑑𝑥
 

 

The result of this equation changes with Vds (for Vg > 0) 

 

 Vds > 0, Vds < Vg: de-doping occurs throughout the film; 

 Vds > 0, Vds > Vg: is called emptying condition (de-doping) and occurs when V(x) < 

Vg; 

 Vds 0, Vds ≤ Vdssat: saturation voltage Vdssat is the critical drain voltage. Upon reaching 

the Vdssat the polymer doping can be undone. The local density of injected cations is 

equal to that of the semiconductor’s intrinsic doping. The current saturation will then 

be observed. 

 

The resulting curve through this system is called a "Characteristics" (Figure 6). 
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Figure 6: Characteristic curve of a transistor sensor. The curves are obtained at constant Vg while Vds is being varied. 

 

During dynamic behavior, the application of a positive gate potential allows the de-doping phase of 

the polymer, this is followed by a doping phase when Vg is returned to zero. The "trans-characteristic" 

curve (Figure 7a) depicts the system response to different electrolytic solutions13. A signal variation 

can be observed by changing the composition of the solution, as the presence of ions alters the 

electrochemical processes at the base of the transistor’s operation. 

 

 

Figure 7: a) Ids modulation when gate voltage is applied in OECT. Green circles indicate the drain-source current when 

Vg=0 (Ids0), and the drain source-current when Vg > 0 (Ids); b) Igs behavior when gate voltage is applied in OECT. Green 

circles indicate the gate-source current when Vg=0 (Igs0), and the gate-source current when Vg > 0 (Igs) 
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The device response, called modulation, is a dimensionless value obtained from the ratio of source 

and drain currents.  

The application of positive gate potential results in a decrease of the current flowing into the channel, 

caused by the entry of positive ionic charges into the polymer. The modulation of the current between 

on and off state is called response (R) calculated by the following formula for each potential applied 

to the gate:  

 

𝑅 =
|𝐼ds − 𝐼ds0|

𝐼ds0
 

 

Once a positive gate bias is applied, a current starts flowing also through the solution from the gate 

to the main channel (Igs). Then, according to Gentile et al 202042 the variation observed may be 

proportional to the OECT wettability status. The difference of the gate-source current between on and 

off state is calculated by the following formula: 

 

∆𝐼𝑔𝑠 = 𝐼𝑔𝑠 − 𝐼𝑔𝑠0 

 

where Igs0 is the current across the electrolyte when Vg = 0. 

Another parameter considered in the analysis of the data is the time constant (τ), which is calculated 

by fitting the curves of the current Ids as a function of time, as shown in Figure 8a. 
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Figure 8: a) Ids curve fitted with an exponential model; b) Igs curve fitted with an exponential model 

 

The value of the constant τ is derived from the formula: 𝐴(1 − e(−𝑡 𝜏⁄ ) )which represents how fast the 

curve reaches a plateau situation. Therefore, the presence of different ionic species that may have 

overlapping trends is not taken into consideration. The change of τ as well as the composition of the 

effect of all ionic species will be assessed. With the same approach τgs is calculated by fitting the 

curves of the current Igs as a function of time (Figure 8b) resulting from the formula: 𝐴(e(−𝑡 𝜏⁄ ) ). 

The conductor polymer, used in its doped state (PEDOT:PSS), forms the main channel of the 

transistor. Applying a suitable potential difference to the heads of the channel the current Ids is 

obtained. Thanks to the presence of electrolyte ions the current of the device channel can be 

modulated, obtaining a current characteristic of transistors. 

 

 

1.5    Climate change and Smart farming 

 

The agricultural sector will face enormous challenges due to the sever impact of climate change on 

the planet. For centuries, man has exerted an increasing influence on the climate and on the variation 

of temperatures.  

Climate change affects all regions of the world, albeit in different ways and in different forms with 

dramatic consequences: from the melting of polar ice sheets and perennial ice to rising sea levels; 

from the change in the annual distribution of rainfall to the increase in drought and fire risk; not to 
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mention the extinction of some species and the change in agricultural productivity and 

quality/nutritional capacity. In addition, the United Nations predicts that the world population will 

reach 9.7 billion by 2050, leading to the necessity to increase the global agricultural production of 

69% between 2010 and 20508. 

Food and agriculture are the larger water consumers, it is estimated that 70% of the fresh water 

available in the planet goes into irrigation43 of this only a part of the water withdrawals are effectively 

used in the production of food since a large proportion of water does not even not reach the crop 

plants being evaporated from the soil in the field, or is used by non-productive growth such as weeds. 

Thus, new agriculture practice and new technology is needed to overcome this challenge. The 

encounter between technological innovation and agriculture is not new in human history, indeed it 

has accompanied its moments of greatest growth: from chemical fertilizers and the first gas tractor of 

the 1800s, until the end of the 1900s, when farmers started to use satellites to plan their work. 

Smart farming or precision agriculture is a powerful strategy to reduce the ecological footprint of 

farming. Minimized or site-specific application of inputs, such as water inputs, fertilizers and 

pesticides, in precision agriculture systems will reduce the water use in agriculture as well as the 

emission of greenhouse gases44. The overall idea of smart farming is to have a continuous monitoring 

to farm activity by creating a sensor network. 

Today thanks to the Internet of Things (IoT), farmers can use a smartphone to monitor remotely their 

equipment and crops as well as get statistics on livestock feed or crop. Farmers have already started 

to exploit IoT in agricultural techniques and technologies to improve the efficiency of their daily 

work. For example, the sensors positioned in the fields allow farmers to obtain detailed maps of both 

topography, soil humidity and temperature. Drones have also become a tool for farmers to monitor 

their land and generate crop data. Pioneering companies such as the John Deere Manufacturing 

Company have started to connect their tractors to the Internet and have created a method to view data 

on farmers' harvests. All these techniques contribute to precision agriculture as an interface between 

agriculture and science. They will permit to observe and record data with the aim of improving 

production while minimizing costs and safeguarding resources.  

All devices and technologies mentioned so far include proximal sensors and remote sensors. None of 

them can simultaneously provide in-vivo, continuously and in real-time information on physiological 

changes in plants due to abiotic stress or environmental changes. For the reasons discussed in 

paragraph 1.3, the OECT is the ideal technology to develop a sensor to overcome the limitations of 

all the other devices mentioned, also combining their potential. In paragraph 1.6 a new sensor called 

Bioristor will be described. It has been developed in the laboratories of the CNR-IMEM and it is able 
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to collect biophysical and biochemical information from the inside of the plant in-vivo, in real-time 

and continuously.  

 

 

1.6    The Bioristor’s state of the art 

 

Bioristor is an Organic Electrochemical Transistor (OECT) based sensor whose channel (a 

functionalized textile fiber) and gate electrodes are directly integrated into the plant stem (Figure 9).  

 

Figure 9: a) Sketch of the Bioristor showing it working principle in the plant system. b) Example of a Bioristor inserted 

in a stem of a Vicia faba plant 

 

When Bioristor was introduced, for the first time in a crop plant as tomato39, its behavior was 

consistent with a transistor placed inside a conductive fluid (sap in this case). Following the increase 

in Vg, the Ids decreased due to the de-doping of the conductive polymer; the lymph of the plant 

interacted with the Bioristor and therefore the response of the sensor was modulated by the 

concentration of cations in the lymph. The variation in R for each test plant is shown in Figure 10 and 

indicates a periodicity ascribable to the circadian cycle: R increased during the period of darkness 

and fell during the period of light. This observation supported the effectiveness of Bioristor in 

measuring physiological changes within the plant sap. In fact, the increase of the sensor’s response 

at night followed by a decrease during the day is consistent with the transpiration oscillation and 

circadian regulation of the photosynthesis39,45. 
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Figure 10: Sensor response (R) over 22 days (a) response at different Vgs bias; (b) detail of the sensor response for different 

gate voltages. Colored overlay highlights three day/night cycles39. Reported from Coppedè et al., 201739 

 

After the use in a biological environment, it was mandatory to evaluate the biocompatibility of this 

new sensor. Analysis of the stem sections of the plants near the functionalized fiber indicated that the 

introduction of Bioristor did not alter the general morphology of the stem, while the absence of 

adventitious buds indicated that the vascular connections had not been interrupted. In addition, 

Bioristor had no impact on plant growth as sensor plants were indistinguishable from controls39. 

Bioristor technology is patent pending (published as BR112019012631A2; EP3559647A1; 

IT201600130803A1; MX2019007526A; WO2018116149A1) in Europe, USA, Brazil and Mexico 

and it is owned by Consiglio Nazionale delle Ricerche (CNR). 

 

1.7    Plant response to abiotic stress 

 

Here a brief introduction of the mechanisms triggered by the plant to overcome the principal abiotic 

stresses are reported. Mainly, abiotic stresses are induced by water scarcity, high salinity of the 

irrigation water and/or the soil, sub-optimal or over-optimal temperature levels and nutritional 
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deficiency. From a strictly agronomic point of view, stress related to hypoxia conditions caused by 

the prolonged flooding and the excessive salinity of the soil are also relevant. 

 

Figure 11: Water potential of plants under various growing conditions and sensitivity of various physiological processes 

to water potential. The intensity of the bar color corresponds to the magnitude of the process.46 

 

Plant responses to environmental stimuli and stresses vary according to stress conditions, although 

different types of stress often lead to identical or similar responses (Figure 11). At the cellular level, 

abiotic stress, especially water deficiency (drought and salinity), cause a decrease in the pressure 

potential. Solutes, concentrated in the cell, are linked to water loss, and are actively accumulated to 

keep the cytoplasm osmotically balanced. Osmotic adaptation is one of the major components of 

abiotic stress tolerance and contributes to maintaining pressure potential. The main solutes used in 

osmotic adaptation include various quaternary amines, amino acids or alcoholic sugars. The 

accumulation of these osmolytes facilitates water retention in the cytoplasm, the protection of 

membranes, protein complexes and cellular structures 47. 

Plants can continuously absorb water thanks to the difference in water potential between the 

atmosphere and the plant compartments (Figure 12)48. 
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Figure 12. Scheme on how plants absorb water and how the transpiration flux is regulated48. 

 

As a response of the water loss, the plants trigger a series of defence response mechanisms aimed at 

preserving the water in the cells. An example are the osmotic osmotic adjustments can depend on 

concentration increases of a certain number of common solutes such as sugars, amino acids, and ions. 

Enzymes extracted from the cytosol of plant cells are shown to be very inhibited by high 

concentrations of ions. Due to the subdivision of the ions, solutes can be accumulated in the cytosol 

so as to maintain the balance of the water potential within the cell and thus named as compatible 

solutes. Glycine betaine, proline, polyamines, and certain molecules that are part of sugar metabolism 

such as mannitol, fructans, trealose, and D-inositol are well known compatible solutes. The synthesis 

of compatible solutes is important in the regulation that the plants implement in response to the 

increase of salinity in the root zones. The osmotic regulation that occurs in radical meristems, 

increasing turgor and maintaining root accretion, is an important component in changes in root growth 

patterns during drought periods. Yet it is not clear whether osmotic regulation is a response to water 

stress or whether it is the result of some other factors such as the decrease in growth capacity. The 

osmotic regulation also takes place at a radical level, even if the process has not been studied in such 

details as for the leaves. Attempts to increase osmotic regulation in leaves, both genetic and 

physiological, have resulted in slow-growing plants. 
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The process of adaptation to stress involves most of the metabolic processes of plants, but generally 

the most important role is played by plant hormones and, especially by abscisic acid (ABA). The 

levels of this hormone increase considerably under conditions of stress and the variations in 

endogenous levels of ABA stimulate a series of metabolic and physiological events (Figure 13) that 

lead to the acquisition of tolerance 49. When the onset of stress is quicker, responses intervene that 

allow the plant to protect itself from immediate dehydration such as the closure of the stomata. Their 

closure can be considered the first line of defense against drought, because it reduces evaporation 

from the foliar surface. In fact, during water stress the pH of the xylem sap becomes slightly alkaline 

(pH 7-8), and this favors the dissociation of ABA → ABA- + H3O+. Since ABA- does not easily cross 

the membranes, during water stress more ABA will reach the on-call cells causing the activation of 

the output channels of K+ (potassium) and a loss of turgor of the guard cells with the consequent 

closure of the stomata. 

 

 

Figure 13: Redistribution of ABA in the leaf resulting from alkalinization of the xylem sap during water stress.46
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Chapter 2 
 

 

Material and methods 

 

2.1  The Bioristor preparation 

 

The functionalization process of Bioristor was performed as indicated in Tarabella et al.50 with slight 

modifications. Two textile fibers were treated by soaking them for 5 min in aqueous poly(3,4-

ethylenedioxythiophene) doped with polystyrene sulfonate (Clevios PH1000, Starck GmbH, Munich, 

Germany), after which ethylene glycol (10% v/v) and dodecyl benzene sulfonic acid (2% v/v) were 

added. Fibers were then baked at 130 °C for 90 minutes. Finally, the whole process, from deposition 

to heat treatment, must be repeated 3 times to complete the preparation. Before functionalization, 

each thread was cleaned by plasma oxygen cleaner treatment (Femto, Diener electronic, 

Ebhausen/Germany) to increase its wettability and facilitate the adhesion of the aqueous conductive 

polymer solution.  

Since a degree of degradation and instability was seen in the continuous use of Bioristor in plants, 

some arrangements were performed in the sensor preparation to increase the duration and the 

feasibility of Bioristor. 

In sections 3.3, 3.4, 5.1 (2019 open field trial) and 5.2, the addition of ethylene glycol was replaced 

by a treatment with concentrated sulfuric acid (95%) for 20 minutes to increase the crystallinity of 

the polymer, and therefore its electrical properties, as well as its duration over time51–54 (Table 1). 

In its first version the gate was represented by a silver wire (section 3.1). Since a degree of necrotic 

tissue was observed following the measurements in tomato for 30 days, the silver wire was replaced 

by a second functionalized textile thread (Table 1) (Figure 2). 
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Table 1: Evolution of the Bioristor preparation during the experiments. Different PEDOT:PSS treatment, gate used and 

gate voltage used in the experiments described in the different chapters (Note thet the experiments are not in chronological 

order) 

Chapter Treatment Plant species 
PEDOT:PSS 

Treatment 
Gate 

Gate 

voltage 

3.1 Drought stress Tomato 
Ethylene 

glycol 
Silver wire 0.6-1 V 

3.2 
Drought stress and 

mutants 
Tomato  

Ethylene 

glycol 

PEDOT:PSS 

fiber 
0.6-1 V 

3.3 
Drought stress and 

biostimulants 
Tomato H2SO4 

PEDOT:PSS 

fiber 
0.5 V 

3.4 Drought stress Kiwi  H2SO4 
PEDOT:PSS 

fiber 
0.5 V 

4 VPD Tomato 
Ethylene 

glycol 

PEDOT:PSS 

fiber 
0.6-1 V 

5.1 
Drought stress in open 

field (summer 2018) 
Tomato 

Ethylene 

glycol 

PEDOT:PSS 

fiber 
0.6-1 V 

5.1 
Drought stress in open 

field (summer 2019) 
Tomato H2SO4 

PEDOT:PSS 

fiber 
0.5 V 

 5.2 
Drought stress in open 

field (summer 2020) 
Kiwi  H2SO4 

PEDOT:PSS 

fiber 
0.5 V 

6 Salt stress A. donax 
Ethylene 

glycol 

PEDOT:PSS 

fiber 
0.6 -1V 

 

 

2.2   Bioristor biocompatibility  

 

To verify the Bioristor compatibility, three plants with the integrated sensor and one control plant 

were analyzed at the end of the experiment for biocompatibility following the protocol described in 

Barrs and Weatherley55. Sections of stem tissue were prepared using a fresh razor blade and stained 

with Toluidine Blue O (TBO, Sigma Aldrich, Milano, Italy), a metachromatic stain that produces 

different colors depending on the polymer to which it adheres. Primary walls (parenchyma, 
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collenchyma, and phloem) are purple and lignified secondary walls of xylem tracheids and vessels (a 

subtype of vascular tissue) and sclerenchyma are blue, while some other cells may take on a greenish 

color. Pictures were acquired with a digital camera equipped with a macro lens.  The introduction of 

Bioristor did not significantly altered the stem morphology and the plant growth since the plants 

equipped with the sensors were indistinguishable from other plants not monitored used as control 

(data not shown)39,56. Indeed, the insertion of the sensor did not damage the functionality of the 

vascular tissues, and even if the vascular tissues were interrupted in the insertion point, the normal 

stem structure was restored immediately after the insertion point39,56. Moreover, the use of a textile 

thread as gate strongly reduced (Figure 2.3), if compared with the silver one (Figure 2.4), the onset 

of necrosis in the tissues surrounding the sensor39,56. 

 

 

Figure 2: Optical microscope image of stem section after 42 days of continuous sensor measurements: (1) stem area on 

top, (2) silver gate area, (3) textile fiber area, (4) steam area on bottom.39 

 

 

2.3   Bioristor insertion 

 

Bioristor was inserted in the plant stem by performing a hole in the stem of the plant using a needle. 

The treated fiber was completely inserted in the stem of plant. The fiber was connected on each end 

to a metal wire with silver paste to stabilize the connections, forming the “source” and “drain” 

electrodes (Figure 1b). The transistor device was completed by inserting the gate electrode. In fruit 

trees such as kiwi (sections 3.4 and 5.2), due to the woody nature of the trunk, a drill was used to 

perform a 0.8 mm holes in the trunk of the plants for the sensor insertion. 
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2.4   Bioristor main outputs  

 

In each experiment a constant voltage (Vds=-0.1V) was applied across the main transistor channel, 

along with a positive voltage at the gate (Vg, see Table 1) which leads to a decrease in channel 

conductivity due to the cation pushed from the elctrolyte into the channel; the resulting current (Ids) 

was monitored continuously. The main sensor response parameter (R) used in all experiment, and 

proportional to the cations present in the electrolyte, was given by the expression |Ids − Ids0|/Ids0  where 

Ids0 represented the current across the channel when Vg = 0. Upon application of a positive gate bias, 

gate electrode and the device channel charge capacitively, then a current flowing also through the 

liquid from the gate to the main channel (Igs) was monitored continuously. The difference ∆Igs = Igs − 

Igs0 was considered (section 3.3, Chapter 4) to evaluate the sensor wetting status, where Igs0 

represented the current across the solution when Vg = 042. Moreover, two time constants, τ and τgs of 

the sensor were evaluated in more complex experiment (section 3.3, Chapter 4) in the context of a 

multivariate analysis. τ and τgs, calculated by fitting the non-linear drain and gate current curves (see 

section 1.3), are related to the time that ions take to enter the polymer, τ, and to the diffusivity of ions 

in the solution, τgs
39,56,57, respectively. For R, ∆Igs, τ and τgs parameters the first derivative as a function 

of time was also calculated to highlight specific trends and indicated as dR, dτ, d∆Igs and dτgs
56

 

(section 3.3, Chapter 4).  

To solve PEDOT:PSS degradation problems encountered at gate potentials of 1 V in summer 2018 

open field trial (see Chapter 6.1), thanks to an in-vitro experiment (data not shown), the gate potential 

of 0.5 V (Table 1) is identified as optimal value to increase sensor lifetime58. 

 

 

2.5   Electronic components for signal readout 

 

Bioristor elements were connected to a NI USB-6343 multifunction I/O device (National Instruments, 

Austin, TX, USA), which is a multichannel digital analogic converter connected to a PC where 

current data are processed through an home-made software and then saved in cloud. This requires, 

especially in field conditions, the presence of several meters of wires connecting the plant with the 

digital converter. Thus, to facilitate the installation of the sensor, the NI digital converter has been 

replaced for the most recent experiments (section 5.2). A control unit has been developed in our lab 

https://www.sciencedirect.com/topics/chemistry/behavior-as-electrode
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enabling the reading and transmission of Bioristor signal with an IoT approach (Figure 3). The control 

unit was developed through Arduino system and connected to a battery powered by a photovoltaic 

panel, to ensure continuity of measurement. The Bioristor data are saved locally in a micro-SD 

memory card and transferred to remote server via wireless connection. 

 

 

Figure 3: Wireless control unit and its components
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Chapter 3 
 

 

In-vivo early detection of drought stress in plants grown in controlled 

conditions 

 

This chapter reports the ability of Bioristor to efficiently monitor the effects of water stress in tomato 

and kiwi physiology and growth in controlled environment. In the first paragraph two experiments 

were performed on tomato plants, one at IMEM CNR in Parma (pilot experiment) and the main 

experiment at the Italian phenotyping platform of ALSIA Agrobios – Metaponto. In addition, to 

support the ability of Bioristor to monitor the physiological variations that the water stress induces, 

tomato mutant lines identified as potentially tolerant to drought stress thanks to a mutation induced 

in a gene responsible for abscisic acid production were monitored. In the last paragraph, due to the 

importance of the Italian fruit production, the effectiveness of the Bioristor in monitoring also tree 

species as kiwi fruit will be demonstrated. 

 

 

3.1   Tomato plants  

 

Two experiments in controlled conditions were performed49. A pilot experiment, carried out in Parma 

(Italy), was set up to demonstrate the ability of the Bioristor to respond to drought stress. Then, on 

the basis of the results obtained in the pilot experiment, the main experiment was performed in the 

ALSIA plant phenomics facility (Metaponto, Italy)59.  
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3.1.1 Materials and Methods 

 

Plant Growth and stress application 

In the pilot experiment, the seeds were kindly furnished by ALSIA Metapontum Agrobios Research 

Center. Seven Red Setter plants were grown up to the stage of 5th fully expanded leaves in 1.5 dm3 

soil-filled pots under controlled conditions, namely, a constant temperature of 24° C, a relative 

humidity of 50%, and a 16 h photoperiod. The plants were kept fully irrigated until their fifth true 

leaf had fully expanded, after which a Bioristor was inserted in the stem of each plant (Figure 1A). 

After 3 days, four of the plants were exposed to drought stress by withholding watering for 14 days 

(DSI); the plants were then irrigated over 2 days (RE), and, finally, a 6 days stress episode was 

imposed by withholding water (DSII) (Figure 1A). A set of four plants was kept fully watered as the 

control59.  

On this basis, the main experiment was performed in the ALSIA plant phenomics facility (Metaponto, 

Italy). The trial was based on eight Ikram plants, available at the ALSIA Metapontum Agrobios 

Research Center, grown in 3 dm3 pots exposed to a 12 h photoperiod (light intensity 180 μmol m-2 s 
-1) with a daytime temperature of 24° C and a nighttime one of 18° C; the relative humidity ranged 

from 50 to 60%. When the plant reached the stage of 5th fully expanded leaves, the sensors were 

integrated and 1 day after the implantation of the Bioristor, watering was withheld from four of the 

plants for 16 days (DSI) and then restored for a further 7 days (RE) (Figure 1B). A limited irrigation 

50 cm3 was supplied to the 3 dm3 pots to maintain the plant turgor and allow for the acquisition of 

images (day 8). The remaining four plants were kept fully watered as the control59. 

 

 

Figure 1: Schematic illustration of the experiments conducted in (A) Parma and (B) Metaponto. White blocks indicate 

days during which full watering was provided following the Bioristor’s implantation (SI), grey blocks indicate days during 

which watering was withheld (DSI, DSII), and the shaded blocks indicate the recovery phase (RE). Arrows indicate the 

timing of the Scanalyzer readings and image acquisition, while the black star shows when the emergency irrigation was 

provided59. 
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3.1.2 Bioristor measurement  

 

The Bioristors were prepared, inserted into the plant stems, and connected to a computer, as described 

in Chapter 2. The calculated R parameter at gate voltage of 0.6V (see Chapter 2) was analyzed with 

MATLAB (https://uk .mathworks.com/) and Microsoft Excel 2016). The normalized sensor response 

(NR) was shown as the Bioristor output and calculated as the ratio between the daily mean R of 

stressed and non-stressed plants59.  

To validate the results obtained with the Bioristor a series of standard physiological analyses were 

necessary.  

 

 

3.1.3 Physiological and image analysis 

 

Four controls and four stressed plants have been analyzed for the relative water content (RWC) as 

reported by Barrs and Weatherley55, by taking the fully expanded leaf as the sample (two replicates 

for each plant). Chlorophyll content measurements were performed by using the SPAD 502 meter 

(Konica Minolta, Ramsey, USA). Measurements from 10 leaves of each plant of varying age and 

color were selected for measurements made under diffuse lighting. The relative SPAD value was 

considered. All data were analyzed statistically applying Student’s t-test, and the standard error was 

calculated between replicates59. 

Leaf stomatal conductance was measured from two fully expanded leaves per plant (fourth and fifth 

leaf) of the Ikram plants, using an SC1 leaf porometer (Decagon Devices, Pullman, WA, USA)59. 

Moreover, images were captured at 2 days intervals from Ikram plants following Petrozza et al.60, 

using a Scanalyzer 3D device (LemnaTec GmbH, Aachen, Germany). The imaging, initiated prior to 

the imposition of drought stress, involved three mutually orthogonal vantage points, using near-

infrared (NIR) and white (RGB) illumination. The NIR images were used to evaluate the plants’ water 

content; the RGB ones were for the assessment of both the plants’ state of health (green: healthy 

tissue, yellow: chlorotic tissue, and brown: necrotic tissue) and for morphological measurements; 

these data were used to calculate the plants’ biovolume and height; their biovolume (a parameter 

proportional to the aerial mass of the plant) was calculated from the expression: 
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𝛴𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑑𝑒𝑣𝑖𝑒𝑤 0° +  𝛴𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑑𝑒𝑣𝑖𝑒𝑤 90° +  𝐿𝑜𝑔 𝛴𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑑𝑒𝑣𝑖𝑒𝑤

3
 

 

 following Eberius and Lima-Guerra, and Petrozza et al60,61. 

Plant compactness, which describes how much of the hull area is covered by leaves, was calculated 

as object area/convex hull area62. The NIR index was calculated as weighted mean from the pixel 

intensities of greyscale NIR images divided into 128 bins, representing a range in leaf water content, 

while the green index that expresses the fraction of green color detected in the leaves was calculated 

in accordance with Casadesús et al59,63. 

 

 

3.1.4 Results 

 

The monitoring over 26 days of the behavior of four drought-stressed and three well-watered Red 

Setter plants confirmed the Bioristor’s capacity to record day/night changes in the xylem sap’s 

composition39. The R parameter fell during the daytime and rose during the nighttime, as was 

expected (data not shown). When each 24 h cycle of data was averaged to generate a mean NR value, 

four distinct phases (defined by a slope change) were recognized (Figure 3): the first phase (PI) 

covered the first 3 days following the sensor’s implantation; PII was initiated 24 h after the 

withholding of water and was characterized by a decrease in NR over a 6 days period, followed by a 

short 2 days innate recovery (DA). PIII reflected the plants’ recovery following rewatering, during 

which time NR rose back to its pre stress level; finally, during PIV, when the plants were once again 

deprived of water, NR fell, this time more rapidly than it did during PII.  
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Figure 3: The behavior of the averaged normalized sensor response parameter (NR) used to monitor the drought response 

of Red Setter plants subjected to two cycles of drought stress (DSI and DSII) interrupted by a rewatering recovery phase 

(RE). Arrows show the timing of the initiation of each treatment. Data represent the mean of three well-watered (control) 

and four stressed plants. The various phases have been highlighted by grey boxing: PI—sensor insertion, PII—drought 

stress, and PIII—post recovery59 

 

Measurements of both leaf chlorophyll content (as estimated using a SPAD device, Figure 4A) and 

relative water content (RWC, Figure 4B) confirmed that the plants were experiencing drought stress 

(Figure 4B). The SPAD value in the stressed plants significantly increases during the drought stress 

(p ≤ 0.05) although only two points have been acquired, and as expected, the RWC consistently 

decreases by about 23% (p ≤ 0.05) during the drought stress and is completely restored when the 

recovery occurred (Figure 4B). The validation of the Bioristor as a tool permitting the early detection 

of drought stress allowed a more detailed analysis conducted in the main experiment, in which four 

drought-stressed and four well-watered cv59. 
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Figure 4: Physiological analyses performed on four drought-stressed plants (dark grey) and the regularly irrigated controls 

(light grey). (A) SPAD. (B) Relative water content (RWC). Asterisks (∗) indicate significant differences of the drought-

stressed plants from the control plants, according to Student’s t-test (p ≤ 0.05)59. 

 

Ikram plants were continuously monitored over a period of 23 days under controlled conditions 

(Figure 5). Once again, the slope of the NR parameter was used to define a number of phases. The PI 

phase followed the implantation of the sensor; during PII, there was an initial (days 2-4) sharp fall in 

NR as the intensity of the drought stress increased, but over the subsequent 4 days, NR recovered 

somewhat (DA) but with higher extent as for the Red Setter cultivar59.  

 

Figure 5: The behavior of the averaged normalized sensor response parameter (NR) used to monitor the drought response 

of Ikram plants subjected to drought stress. DS: period during which water was withheld; RE: rewatering recovery phase. 

The data represent the mean of four well-watered (control) and four stressed plants. The various phases have been 

highlighted by grey boxing: PI—sensor insertion, PII—drought stress, DA—drought avoidance, and PIII—post-

rewatering recovery59. 
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The stress applied had a strong effect on stomatal conductance, a widely used indicator of drought 

stress64, over the period 7-14 days after the withholding of water reducing it by 4-5-fold in comparison 

to the well-watered plants (Figure 6). Reductions in stomatal conductance not only reduce 

transpiration water loss from the leaf but also constrain their photosynthetic activity, due to the 

limitation imposed on gas exchange65. An equivalent, although less pronounced, stomatal 

conductance response was, in retrospect, also recognized in the Red Setter plants monitored in the 

pilot experiment, suggesting the existence of genotypic variation for the response. However, this 

defense mechanism failed as the stress period was prolonged, as was shown by the resumed fall in 

NR over days 7-9, after which the parameter remained at a low but stable level through to 23 day. A 

slight increase in the NR was observed corresponding to the limited irrigation operated (days 10-16). 

PIII was initiated upon the plants’ rewatering, during which period NR increased to a level which 

was maintained through to the end of the experiment. This level was, however, much lower than the 

baseline obtained at the start of the treatment, reflecting a degree of irreversible damage caused by 

the stress (Figure 7D). Overall, the conclusion was that a stress response was detectable through the 

negative trend of the NR parameter already within the first 30 h following the withholding of water. 

 

 

Figure 6: The response of stomatal conductance to moisture deficiency. Control and drought-stressed Ikram plants were 

assayed after 0, 7, 14, and 21 days of treatment. Asterisks (∗) indicate significant differences of the drought-stressed plants 

from the control plants, according to Student’s t-test (p ≤ 0.05)59. 

 

In the main experiment, imaging was used to monitor the phenotypic response to the stress treatment 

(Figures 7A and 7B).  
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Figure 7: High-throughput phenotyping experiment: (A) plants implanted with a Bioristor; (B, C) drought-stressed and 

well-watered plants during the process of image acquisition; (D) the plants monitored continuously with a Bioristor and 

scanned every other day with the Scanalyzer over a period of 23 days59. 

 

The chosen indices involved four based on RGB images (digital biovolume ,Figure 8A; plant height 

Figure 8B; plant compactness Figure 8C; and green index, Figure 8D) and one based on NIR images 

(hydration index, Figure 8e). The growth of the plants, as indicated by their biovolume, height, and 

compactness, their greenness, and their hydration status were all strongly affected by the drought 

treatment. Changes in plant compactness and height were clearly visible, while the green and NIR-

based indices first became detectable after 6-8 days (Figure 8E). Biovolume fell markedly over the 

first 8 days of the stress and were not recovered following rewatering (Figure 8A). The stress triggered 

severe wilting (Figures 8B and 8D); within 6 days of the withholding of water, the height of the 

stressed plants was 15% lower than that of the well-watered plants (Figure 8B). Plant compactness 

differed significantly between the treated and control plants within 4 days of the withholding of water; 

the stressed plants lost turgor, which steadily increased their compactness over the period 4-14 days; 

a gradual recovery occurred following rewatering and the compactness reached the level shown by 

the controls at the end of the experiment (Figures 7D and 8C). A similar trend was observed for the 

NIR intensity. For the control plants, the NIR-based index rose strongly over the first 6 days; this was 

also the case, although less markedly, for the stressed plants. For the latter, the index fell between 

days 7 and 10, until emergency irrigation was supplied to prevent plant death; the level was fully 

restored by rewatering carried out on day 16. The green index of the stressed plants fell slightly over 
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the initial 12 days following the withholding of water, then remained steady, in contrast to the 

response of the control plants, which comprised a continuous fall over the whole measurement period 

(Figure 8D)59. 

 

 

Figure 8: Indices derived from the Scanalyzer experiment imaging data on control plants (green) and drought-stressed 

plants (red): (A) digital biovolume, (B) plant height, (C) plant compactness, (D) green index, and (E) NIR intensity 

Asterisks indicate significant differences of the drought-stressed plants from the control plants according to ANOVA 

(∗∗∗∗0 ≤ p ≤ 0.0001, ∗∗∗p ≤ 0.001, ∗∗p ≤ 0.05, and ∗p ≤ 0.01)59. 

 

The ability of the Bioristor to monitor physiological mechanisms strictly related to the changes of ion 

concentration in the plant sap in relation to the transpiration stream is strongly supported by the 

correlation analysis performed59. In fact, a strong and highly significant correlation between the 

sensor response (R) and the stomatal conductance (SC) (r = 0.82, p ≤ 0.001; Figure 9) was observed, 

highlighting also a clear separation of the stressed and non-stressed samples indicating a strong 

influence of DS on the R value59. 
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Figure 9: Scatter plots of the sensor response (R) and stomatal conductance (SC) measured on control plants (green) and 

drought-stressed plants (red). The scatter plot and linear regression displayed indicate a strong correlation between the 

two variables, with a correlation coefficient of r = 0.82. p ≤ 0.001 indicates the statistical significance level of the observed 

correlation59. 

 

To confirm the suitability of the Bioristor to complement the image-based high-throughput 

phenotyping techniques, we performed a Pearson correlation analysis between the digital biovolume 

as the index of drought stress66 and the in-vivo Bioristor sensor response. A good and significant 

correlation (r = 0.66, p ≤ 0.001; Figure 10) was observed between the two variables, firstly confirming 

the occurrence of the drought stress, and secondly supporting the suitability of the Bioristor to monitor 

in-vivo the drought stress profile in plants. A comprehensive correlation analysis of all image-based 

index and manual-based measurements allowed us to observe a high correlation between the sensor 

response and those parameters linked with the transpiration process and the water use efficiency (SC 

and DB) and to exclude, at least in this experiment conditions, a direct correlation with the NIR 

intensity (NI), the green index (GI), and compactness (Figure 10)59.  
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Figure 10: Correlation of the acquired physiological and morphological measurements including the Bioristor response 

(R), image-derived data (DB: digital biovolume; GI: green index; NI: NIR intensity; C: compactness), and manually 

determined stomatal conductance (SC). Red dots indicate stressed plants; green dots indicate control plants 

 

In addition, to evaluate the overall phenotypic profile and distinguish plants of different agronomic 

groups, we performed a principal component analysis (PCA) evaluating the compactness (C), green 

index (GI), stomatal conductance (SC), sensor response (R), NIR intensity (NI), and digital 

biovolume (DB) as variables. The first two components explain 71.1% of the variability (Figure 11). 

The first PC (PC1) explains almost a half (49.1%) of the phenotypic variation, which perfectly 

separated stressed plants from control plants. Stomatal conductance (SC) and digital biovolume (DB) 

have large positive loading on the PC1. The regularly irrigated controls and the drought-stressed 

plants are well separated in the biplot indicating the efficacy of the drought treatment59. 

 



Chapter 3: In-vivo early detection of drought stress in plants grown in controlled conditions 
 

44 
 

 

Figure 11: Biplot showing the PCA results. The first two PCs display 71.1% of the total phenotypic variation observed in 

11 days of drought stress. The component scores (shown in points) are colored according to the agronomic groups (red, 

drought stressed plants; green, control plants). The component loading vectors (represented in lines) were superimposed 

proportionally to their contribution. C: compactness; GI: green index; SC: stomatal conductance; R: sensor response; NI: 

NIR intensity; DB: digital biovolume59. 

 

 

3.2   Understanding the defence response mechanism by monitoring the tomato 

mutant Lcy-e1  

 

Here a small introduction on the strategy used to obtained the novel tomato mutant lines called  

TILLING and its importance in plant breeding will be given  The goal of this experiment is to 

understand whether Bioristor is able to detect the improvements in the plant defense response 

operated by the introduced mutation in the Lcy-e gene. The Lcy-e gene is involved in the metabolic 

cascade that ends with the biosynthesis of abscisic acid (ABA), that is one of the key players in water 

stress tolerance. Therefore, the increased biosynthesis of ABA could lead to the generation of plants 

more resistant to water stress. This experiment was conducted in collaboration with the ALSIA 

genetics laboratory. 
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3.2.1 Mutagenesis and TILLING to dissect gene function in plants 

 

Briefly, being among the main factors of phenotypic diversification, hereditary genotypic variation 

is one of the fundamental drivers of evolution. Thus, natural alleles and induced mutations were used 

as tools to study the gene function of plants and to develop crops with agronomically important 

characteristics (http://mvgs.iaea.org/). The Targeting Induced Local Lesions in Genomes (TILLING) 

method is considered the most robust, transverse, productive, and being non-transgenic allowed to 

use the obtained lines as material for breeding67,68. In TILLING mutagens such as 

ethylmethanosulfonate (EMS) are typically used to induce random single point mutations throughout 

the genome. The adult plant resulting from a mutagenized seed is called chimera because different 

cells that make up the plant are characterized by different mutations (M1). In a second step the 

chimeras must be dissolved by self-fertilization or in-vitro techniques before the mutation screening 

(M2). In the third and last step the DNA of each M2 is collected for mutation screening, while the 

seeds of M3 are collected and stored as a reserve of germplasm.   

ALSIA Metapontum Agrobios developed and exploit the LikoTILL Tomato TILLING database 

(http://www.agrobios.it/tilling/) which allows search on-line of images and phenotype data of an EMS 

tomato (cv Red Setter) mutant collection and allow us to validate the Bioristor efficacy in detecting 

physiological changes upon drought on this extraordinary material 

  

 

 

 

 

 

 

 

 

http://www.agrobios.it/tilling/
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3.2.2 Materials and Methods 

 

Plant Growth and stress application 

ALSIA performed the identification and characterization of induced point mutations in SlLcy-e gene 

(accession number Solyc12g008980) was done on the Red Setter TILLING platform69 according to 

the experimental conditions described in Dalmais et al., 200870. The Lcy-e gene encodes the lycopene 

ϵ-cyclase that, by using lycopene as substrate and along with lycopene β-cyclase, makes α-carotene 

and consequently lutein (Figure 12). The allelic variation Lcy-e1 was identified and showed 

modifications in the carotenoid content of leaves and fruits, theorizing a consequent increase of the 

amount of abscisic acid (ABA) in the plant, and therefore an improvement of the stress tolerance. 

 

 

Figure 12: The ABA metabolic pathway. Each word in bold indicates an enzyme. 

 

Mutant plants and Red Setter wild type used as control were grown both in greenhouse at 22 °C day, 

16°C night and 12h day length. The experiment took place during the last two weeks of July in the 

ALSIA greenhouse with an average daily temperature of 30°C, a relative humidity of 45% and solar 
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radiation of 167 Par, 15 plants of Red Setter control genotype and 15 plants of lcy-e1 were grown in 

16 cm diameter soil-filled pots and fully irrigated until the 5th-6th true leaf stage.   

At this development stage, for each genotype, 7 plants were irrigated with 250 ml of water twice 

daily, early the morning and in the evening. 8 plants were exposed to drought stress by withholding 

watering for 12 days. Before the drought stress imposition, leaf material was collected from mutant 

and control tomato genotypes (day 1) and from stressed and well-watered plants at 4 and 10 days.  At 

1-, 4- and 10-days leaf material was harvested at same time in the morning (9:00 AM) and for each 

genotype and for each experimental condition (stress and no stress application) leaf tissue was 

harvested from 3 independent plants (3 biological replicates). The sampled green material was soon 

stored at -80 °C then lyophilized and used in the carotenoid analysis measurements. 

  

Bioristor monitoring 

The Bioristors have been prepared, inserted into the stems of plants, and connected to a computer 

using a multichannel digital analogic converter (National Instruments Corporation), following the 

method described in Chapter 2. The calculated R parameter at gate voltage of 0.6V (see Chapter 2) 

was analyzed with MATLAB (https://uk .mathworks.com/) and Microsoft Excel 2016). Then it was 

mediated over the day to smooth out day/night oscillations for each of four theses. The normalized 

sensor response (NR) was shown as the Bioristor output and it was calculated as the ratio between R 

of stressed and non-stressed plants.  

Finally, an analysis of the principal components (PCA) using the "prcomp" function of R 

(https://cran.r-project.org/doc/ FAQ/R-FAQ.html#Citing-R) has been performed to distinguish the 

different phenotypic profiles of the two theses. The relationship between variables provided by the 

different image indices, Bioristor and stomatal conductance have been analysed represented as biplot 

(R package factoextra)71. 

 

Biochemical, Physiological and Imaging analysis 

To validate the results obtained with Bioristor, ALSIA performed the analyses of the carotenoid 

content as previousely described in D’Ambrosio et al 201172. The two-leaf stomatal conductance was 

also measured for each plant, using a porometer SC1 (Decagon Devices, Pullman, WA, USA). 

Non-destructive plant phenotyping, the image analysis was carried out through the use of phenotyping 

Scanalyzer 3D LemnaTec GmbH by taking three images: one from top view of the plant and two 
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from side view (0 ° and 90 °). The imaging, initiated prior to the imposition of drought stress (day 1), 

using near-infrared (NIR) and white (RGB) illumination. The NIR images were used to evaluate the 

plants’ water content; the RGB ones were for the assessment of both the plants’ state of health (green: 

healthy tissue, yellow: chlorotic tissue, and brown: necrotic tissue) and for morphological 

measurements; these data were used to calculate the plants’ biovolume and height; their biovolume 

(a parameter proportional to the aerial mass of the plant) was calculated from the expression: 

 

𝛴𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑑𝑒𝑣𝑖𝑒𝑤 0° +  𝛴𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑑𝑒𝑣𝑖𝑒𝑤 90° +  𝐿𝑜𝑔 𝛴𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑑𝑒𝑣𝑖𝑒𝑤

3
 

 

 following Eberius and Lima-Guerra, and Petrozza et al60,61. 

Plant compactness, which describes how much of the hull area is covered by leaves, was calculated 

as object area/convex hull area62. The NIR index was calculated as weighted mean from the pixel 

intensities of greyscale NIR images divided into 128 bins, representing a range in leaf water content. 

Those measurements were coupled and statistically analyze to validate the Bioristor measurements. 

 

 

3.2.3 Results 

 

Seven stressed and three well-irrigated tomato plants for each genotype (Red Setter wild type and 

mutant) were in-vivo monitored for a total of 14 days. The trend of the two curves starts to differ from 

the beginning of the water stress (day 1). In particular, NR of wild type plants showed, as expected 

and previously reported, a drastic and continuous decrease with two drought avoidance picks at day 

3 and 4 as previously reported for the same cultivar59. Then, the sensor response reached a steady 

level at day 4 that continue till the end of the drought stage (Figure 13).  

On the contrary, the NR of the mutant plants showed a slight decrease after 12h from the beginning 

of the stress and then the slope showed a rapid and continuous increase up to day 4 reaching maximum 

values leading to hypothesize the accumulation of osmolytes and compounds triggered by a defense 

response. From day 4 to day 10, the NR slope rapidly decrease indicating a stress condition, reaching 
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at day 10 an NR value comparable with the pre-stress. A second increases was observed from half of 

day 10 till the end of the experiments. 

 

 

Figure 13: Plot of the daily smooth average of the NR measured on all Lcy-e1 mutant plants (gray line) and wild type Red 

Setter plants for all days (blue line). 

 

The chosen indices involved three based on RGB images (digital biovolume, plant, plant 

compactness, and green index) and one based on NIR images (hydration index). The growth of the 

plants, as indicated by their digital biovolume, height, compactness and their hydration status were 

not strongly affected by the drought treatment.  

By performing the Analysis of Variance (ANOVA) on R values of controlled and stressed plants for 

both treatments to consider all possible variables, showed a high significance difference between all 

four theses (p≤0.001) throughout the stress period of the experiment. 

The correlation analysis carried out between the data collected by Bioristor and both imaging and 

physiological surveys confirms that Bioristor can monitor the physiological mechanisms related to 

changes in ionic concentration in the lymph of the plant, in relation to the transpiration flow of the 

latter. A strong, highly significant correlation has been observed between sensor response (R) and 

stomatal conductance (SC) (r = 0.74, p ≤ 0.001; Figure 14).  
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Figure 14: Scatter plots of the sensor response (R) and stomatal conductance (SC) measured on control and drought-

stressed plants for each genotype. The scatter plot and linear regression displayed indicate a strong correlation between 

the two variables, with a correlation coefficient of r = 0.74. p ≤ 0.001 indicates the statistical significance level of the 

observed correlation. 

 

The trend R values, and trend have been compared with those recorded thanks to high throughput 

imaging techniques. For this purpose, the R value was correlated with the digital biovolume as a clear 

stress indicator66. A strong and significant correlation (r=0.7, p ≤ 0.05; Figure 15) was observed, 

demonstrating the validity of the sensor response the effectiveness of Bioristor to monitor in-vivo 

physiological effects of water stress on plants.  
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Figure 15: Scatter plots of the sensor response (R) and stomatal conductance (SC, mmol) measured on control and 

drought-stressed plants for each genotype. The scatter plot and linear regression displayed indicate a strong correlation 

between the two variables, with a correlation coefficient of r = 0.7; p ≤ 0.05 indicates the statistical significance level of 

the observed correlation. 

 

The first two components (PC1 and PC2) explain 83.6% of the variability of the described 

phenomenon (Figure 16). The first PC (PC1) explains 62.31% of the phenotypic variation, and 

perfectly separates the genotypes and the different treatment. The wild type stressed plants are 

separated in the biplot from all other genotypes, indicating that drought stress strongly impacted on 

all traits analyzed. The presence of the mutant genotypes with the control wild type not stressed, 

suggest the importance of the mutation in relieving the effects of drought stress.  

The PCA confirms that R and stomatal conductance are positively correlated (R2=0.55, p≤0.01 ) as 

previously demonstrated59,73,74. 
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Figure 16: Biplot showing the PCA results. The first two PCs display 83.6% of the total phenotypic variation observed. 

The component scores (shown in points) are colored according to the combination of agronomic and genomic groups 

blue, control mutant plants; red, mutant water stressed plants; grey, wild type control plants; yellow, wild type water 

stressed plants). The component loading vectors (represented in lines) were superimposed proportionally to their 

contribution. C: compactness; SC: stomatal conductance; R: sensor response; NIR: NIR intensity; DB: digital biovolume; 

h: height; area; convex_hull_area; hue_circular. 

 

A further step of analyses was conducted to direct link the R values with different drought tolerance 

of the genotypes analyzed because of the specific mutation carried in the Lcy-e1 mutant. 

With this purpose a correlation analyses was performed between R and the violaxantina content 

showing a high and significant correlation (R2=0.67, p ≤ 0.001) between these traits (r=0.82, p ≤ 

0.001; Figure 17), suggesting a link between the increase in NR in stressed mutants and the increase 

in violaxanthin produced in the Lcy-e1 mutant. 



Chapter 3: In-vivo early detection of drought stress in plants grown in controlled conditions 
 

53 
 

 

Figure 17: Scatter plots of the sensor response (R) and violaxanthin measured on control and drought-stressed plants for 

each genotype. The scatter plot and linear regression displayed indicate a strong correlation between the two variables, 

with a correlation coefficient of r = 0,82; p ≤ 0,001 indicates the statistical significance level of the observed correlation. 

 

 

3.3   The use of biostimulants to reduce drought stress effects in agriculture. 

Can Bioristor detects biostimulants effects? 

 

The use of biostimulants on water-stressed plants is a promising new approach to limit the effects of 

water scarcity on plants75–77. This section will describe the monitoring of biochemical and 

physiological effects of glycine betaine on stressed plants. Exogenous glycine betaine applications 

have been proven to induce the expression of genes involved in oxidative stress responses, with a 

restriction of ROS accumulation and lipid peroxidation in cultured tobacco cells under drought78 and 

salinity stress, and even stabilizing photosynthetic structures under stress79. 
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3.3.1 Material and methods 

 

Plant Growth and stress application 

The experiment was performed at the Catholic University’s laboratories (Piacenza, Italy). The trial 

was based on 12 plants. Here a commercial biostimulant composed by glycine betaine > 30% w/v 

was used, as a source of glycine betaine, in doses of 100 mL per each treated plant. When the plant 

reached the stage of the first flower, the sensors were integrated and after 4 days, six of the plants 

were treated with glycine betaine. Later, 6 drought-stressed and 6 well-watered plants have been 

monitored from day 7 for 4 days; within each thesis there are 3 plants treated with glycine betaine 

and three untreated plants (Table 1). The stressed plants were then irrigated over 36 hours from day, 

and, finally, a 2 days stress episode was imposed to all plants by withholding water (Table 1). 

 

Table 1: Schematic illustration of the experiments conducted by Catholic University’s laboratories (Piacenza, Italy).  

Days Operation 

4 glycine betaine treatment 

7-11 1st drought stress 

11-12 Recovery 

12-14 2nd drought stress (all plants) 

 

Bioristor measurement   
The R index (analyzed with MATLAB (https://uk .mathworks.com/) and Microsoft Excel 2016) was 

smoothed on days to eliminate variations related to the circadian cycle. 

Data were statistically analysed using R software v3.4.1 package 9 (https://www.r-project.org/). 

Principal components analysis (PCA) and k-means cluster analysis were performed using the 

“prcomp” function in the R package factoextra71 (https://cran.stat.unipd.it/bin/windows/ contrib/3.5/) 

and showed as a biplot. PCA and k-means cluster analyses were performed to better dissect the single 

components of the defence response. The first two principal components (PC1 and PC2) and the 

corresponding component loading vectors were visualized and summarized in a biplot, in which 

component scores (indicated in dots) were colored according to thesis classification.  
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3.3.2 Results 

 

Tomato plants were monitored over 14 days.  

 

 

Figure 18: Plot of the daily smooth average of the R measured on all well-watered plants (blue line), biostimulant treated 

plants (orange line), drought stressed plants (grey line) and drought stressed plants treated with biostimulant (yellow line) 

for 14 days. 

 

All the plants have been irrigated regularly irrigated at 90% of field capacity for 7 days. This was 

evident also when R was analysed and a same trend in the sensor response for all thesis was observed. 

From day 7 irrigation was suspended for 4 days to three plants control and three biostimulant treated 

plants. The slope of the R in the stressed plants decreases of about 35% in this time window while, 

the R of the stressed plants treated with glycine betaine, showed a rapid increased of the R signal that 

remains stable for 48 h, reasonably as a consequence of the establishment of the onset of defence 

responses. After a small decrease, the R slightly increased again as a second round of defence 

response. Then the R slowly decreases until the end of the stress period. 

From day 11 to day 12, the irrigation was restored for all theses, which involved a reset of the R signal 

more consistent for the stressed plants, and the stressed treated plants. From day 12 until till the end 

of the experiment a drought stress was re-imposed and a slight decrease in the R response observed 

in all thesis with the exception of the control (Figure 18, blue line).  
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The ability of Bioristor to fine detect the onset of the drought stress, is clearly evident at day 5 where 

the regular irrigation was suspended as immediately detected by Bioristor that showed a drop of the 

sensor response. 

In Figure 19a, we reported all Bioristor measure (see Chapter 2) expressed as a function of the first 

two principal components, PC1 and PC2. Each point in the diagram describes the state of the system 

measured at specific times for each plant. 

PCA was performed for all plants and then validated by cluster analyses.  The first two principal 

components (PC1 and PC2) explain 57.7% of the total variance and allowed for a clear separation of 

variables in two different groups (Figure 19b) confirming the hypothesis that effects of drought stress 

on plants physiology are correctly tracked by the sensor. The first PC (PC1) explains 39.1% of the 

phenotypic variation and shown a clear separation of two super groups, in fact controls and the 

stressed plants are well separated in the biplot. The sensor response (R) and its first derivative (dR) 

are negatively correlated with ∆Igs and d∆Igs (sensor wettability status indices, see 

sections 1.3 and 2.4),  respectively. From the PCA plot analyses, the control super-group seems to be 

more influenced by R and dR, thus on the cation dissolved in the plant sap.  Moreover, drought 

stressed treated plants belong to the super group of control plants, supporting the effectiveness of 

glycine betaine in enhancing stress tolerance in plants. Controls and the stressed plants are well 

separated in the biplot indicating. Moreover, drought stressed treated plants belong to the super group 

of control plants, proving the effectiveness of glycine betaine in increasing stress tolerance of plants. 

The two super groups well irrigated and stressed plants were also confirmed by the cluster analyses. 

In addition, this separation showed that also pre-treated stressed plants belong to the first group, 

confirming the ability of glycine betaine in increasing plant resistance to water stress. After PCA, 

sample points are clearly separated in two clusters: thus, the technique correctly operates sample 

classification on the basis of their originating time of measurement.  
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Figure 19: a) Principal component analysis (PCA). The component scores (shown in points) are coloured according to 

the agronomic groups: blue, control untreated plants; red, stressed untreated plants; grey, wild type control treated plants; 

yellow, treated stressed plants, ∆Igs; difference between minimum and maximum current gate values, τ and τgs; time 

constant. From the acquired data, the first derivative of R, ∆Igs,  and gs (dR, d∆Igs, dτ and dgs) were calculated. The first 

two components PC1 and PC2 explain the 57.7% of the variability observed. Each dot represents a plant each day.  b) 

The clustering was performed using k-means distance calculation 

 

 

3.4   Bioristor monitoring of fruit trees (Actinidia chinensis, kiwi fruit) under 

drought stress 

 

The effectiveness of the Bioristor in detecting the physiological response to drought stress in a 

horticulture species such as tomato, this chapter aim at demonstrating the effectiveness of Bioristor 

in monitoring fruit tree species as Actinidia chinensis (kiwi fruit). 
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3.4.1 Materials and Method 

 

Plant growth and stress conditions 

The experiment was conducted at the laboratories of CNR-IMEM in Parma on five kiwi plants kindly 

supplied by Apofruit Italia - Coop. Agricola and grown outdoor in 7 dm3 pots in May 2020. Pots were 

irrigated at field capacity and weighed to monitor the soil RSWC (Relative Soil Water Content). Pots 

weight was monitored throughout the experiment and compared with the weight of the pot at field 

capacity to obtain on the percentage of the irrigation volume and, indirectly, on the amount of the 

water losses form plant and soil transpiration. Plants were randomly divided into 2 control plants and 

3 stressed plants. All plants were watered daily to field capacity until day 2, to allow the sensor to 

settle. From day 2 controlled plants were regularly irrigated up to 80% of the field capacity, while 

drought stress was imposed by irrigating up to 60% of the field capacity. Being outside plants were 

subjected to climate conditions, thus a storm occurred between day 5 and day 6 complete restored the 

field capacity in all thesis, thus a second round of drought stress was imposed by keeping the plants 

at 60% of the field capacity (Table 2).  

 

Table 2: Schematic illustration of the experiments conducted kiwi plants in controlled environment.  

Days Irrigation 

0-2 Field capacity (100%) 

2-5 I differential irrigation (control: 80%, stress: 60%) 

5-7 Rain (recovery) 

7-12 II differential irrigation (control: 80%, stress: 60%) 

 

Bioristor monitoring 
Bioristors were prepared and inserted in the plants trunk and connected to a computer using a 

multichannel digital analogic converter (National Instruments Corporation), following the method 

described in Chapter 2. The R index (analyzed with MATLAB (https://uk .mathworks.com/) and 

Microsoft Excel 2016) was smoothed on days to eliminate variations related to the circadian cycle. 
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Physiological measurments 
Being the first time that a fruit tree was measured with Bioristor a series of physiological 

measurements were performed to ground validating the Bioristor output. In detail the relative water 

content (RWC)55 was recorded in two fully expanded leaves for each plant and calculated as reported 

by Barrs and Weatherley, 196255. 

 

 

3.4.2 Results 

 

The R values mediated over the day to smooth out day/night oscillations (Figure 20) were collected 

and analysed for a total of 12 days.  

 

Figure 20: Plot of the daily smooth average of the R measured on all well-watered plants (blue line) and drought stressed 

plants (red line) for 12 days of measurements. 

 

Four distinct phases have been recognized in the kiwi measurements with Bioristor according to the 

R variations. The first phase (P1, day 0-2) identifies the first two days after the implantation of the 

sensor; the second phase (P2, day 2-5) is evidenced by a constant and continuous decrease of stressed 

plants’ R that corresponds to the beginning of the decrease of the irrigation. On the contrary, control 

plants showed a steady level of the R signal being regularly irrigated. The third phase (P3, day 5-7) 

is characterized by an increase of R for both theses related to a storm registered in those two days that 

completely restored the plant hydration level. The registered increased of R values ranging between 

116 and 175 % can be due to the strongly increases of the air relative humidity surrounding the plant 
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leaves causing in turn a reduction in transpiration and of the water flux in the xylem causing the 

consequent concentration of solutes in the sap (see Chapter 3).  

During the fourth phase (P4, day 7-12) a second and prolonged drought events occurred in 

correspondence of which the Bioristor measured a greater and more sudden decrease of R value of 

the stressed thesis. In addition, if we compare the percentages of irrigation with the daily trend of R 

of both theses, the irrigation of the stressed thesis goes below 80% during the fourth phase and reaches 

60% only from day 8. This data is consistent with the greater decrease of the signal of R that 

distinguishes phase four.  

 

 

3.5   Discussion 

 

Plants commonly experience periods of drought in the course of their life cycle80. Drought stress 

therefore represents a critical constraint for crop productivity81. The ability to detect drought stress 

before it causes irreversible physiological and morphological damage is important for crop 

management, to increase the water use efficiency in agriculture and to accelerate the selection of more 

adaptable crop varieties to drought. Conventional phenotypic assays for drought tolerance are often 

labor intensive and rely on the operator experience, so the development of automated phenotyping 

platforms represents a promising advance82 in plant breeding and precision agriculture. Current 

platforms combine the robotic handling of plants with sensors and high-end computing to capture 

high-resolution, highly precise data in a high-throughput mode82. Their ability to collect data in real 

time in a nondestructive manner allows for potential insights to be gained into the temporal response 

of large numbers of plants to a particular treatment. Moreover, an image-based index (RGB, NIR, 

and FLUO) is increasingly used to study the plant defense response mechanisms upon drought stress 

both in controlled conditions81 and in the open field83. The development of both proximal and remote 

sensors has been accelerating in the last decade, however, the availability of simple-to operate and 

affordable sensors which can be implanted within the plant is still missing. In this scenario, Bioristor 

represents a model technology for generating in-vivo high-resolution data able to monitor the plants’ 

physiological status in real time and continuously. The Bioristor was able to detect for the first time 

in-vivo the onset of drought stress within 30 h from the water withholding, and this is extremely 

relevant in terms of water use sustainability in the open field. In addition, its capacity to monitor the 

plants’ physiological status on a continuous basis, rather than relying on sampling at a series of 
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discrete time points, should greatly enhance the data’s value in the context of understanding how 

plants respond to drought stress. Plant breeding in order to release variety more adaptable to the 

predicted changes in climate demands detailed knowledge of the mechanisms underlying the 

tolerance of plants to water deficiency and their ability to escape the stress. Changes in the 

composition of the xylem sap can represent a major component of the drought defense machinery. 

Moisture deficiency inevitably reduces a plant’s water content, thereby altering both the concentration 

of solutes in its transpiration stream and the mass of solutes exported from its roots at a given time84. 

Several reports described the changes in nutrient and ion uptake and transport in plants during the 

occurrence of drought stress. In particular, a reduction in nutrient uptake by the roots partially due to 

the reduction in soil moisture was observed, which causes a decreased rate of nutrient diffusion from 

the soil matrix to the absorbing root surface85 and translocation to the leaves86,87. During stress, a 

reduction in the general mineral accumulation87 in the plant tissues together with a general low 

nutrient availability in the soil and lower nutrient transport in plants was also reported85,88. Stomatal 

closure is also a known mechanism of drought resilience that reduces transpiration, the nutrient 

transport from the roots to the shoot, and causes an imbalance in active transport and membrane 

permeability, resulting in a reduced absorption power in the roots85,89–91. A direct measurement of the 

plant sap content during the drought stress also demonstrated that the amount of K+ ions gradually 

decreased in the xylem sap of maize plants88. The Bioristor has been designed to detect the movement 

and concentration of electrolytes through the vascular tissues. Its application in the context of tomato 

and kiwi plants exposed to drought stress has shown that changes in both the composition and the 

concentration of key solutes occurred within 30h of the withholding of water. Xylem flux, 

transpiration rate, solubilization, and translocation of solutes are all negatively affected by drought 

stress in a range of plant species88,92–95, including tomato92,96 and kiwi97. In addition, the development 

of more drought‐resistant crop plants needs and an in‐depth understanding of the adaptive mechanism 

and responses to water stress. Since bioristor was proposed as tool for in-vivo phenotyping, was used 

to monitor new tomato lines carrying a mutation in the Lcy-e gene that should promote an higher 

accumulation of ABA in drought  stressed plants, conferring higher tolerance to this stress. Several 

papers have described the importance of ABA as hormones of the abiotic stress response; in these 

conditions the slight pH alkalinization (from pH 6.3 to pH 7.2) leads to the dissociation of ABA46 in 

ABA- and H3O+. Chemically, the hydronium ion (H3O+) behaves as a cation, whose growth leads to 

a net increase of the Bioristor response. To confirm the ability of the Bioristor to monitor the high 

concentrations of ABA contained in the xylem of mutant plants, a high correlation between 

violaxanthin and the response of the Bioristor has been observed. A similar trend has also been 

identified in tomato plants that before being stressed had been treated with glycine betaine. Indeed 
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the increase in R of treated plants increases for 48 hours from the onset of stress as a consequence of 

the detection of the ABA accumulated, translocated and compartmentalized in xylem sap due to the 

combined effect of glycine betaine and drought stimulate the production of ABA98, as well as its 

translocation and compartmentalisation77. Moreover, the ABA accumulation involves the release of 

potassium from the guard cells causing the loss of turgor of the guard cells and the consequent 

stomatal closure46. 

Here our data support the hypothesis that, as a result of the reduction in the transpiration rate in the 

early phases of the plant defense response, a reduction in the concentration of ions in the xylem sap88, 

and a significant increase of ABA in mutant plants. The integration of the Bioristor data with image-

based analyses has provided insights into the timing of the tomato phenotypic and physiological 

response. It suggests that at the start of the drought stress response, a change in the transport, 

allocation, and production of metabolites and ions occurs within the plant, which acts as a signal for 

stomatal closure and the subsequent decrease in transpiration. The high correlation coefficient 

between the sensor response (R), stomatal conductance (SC), and digital biovolume (DB) confirms 

the hypothesis that the Bioristor can detect ions and molecules related to the drought stress and, in 

particular, those dissolved and transported through the transpiration stream, thus efficiently detecting 

the occurrence of drought stress immediately after the priming of the defense responses. A difference 

in the extent and timing of a possible drought avoidance (Figures 3 and 5) was observed between the 

two cultivars tested, together with the different responses to water stress monitored between red setter 

wild type plants and mutants (Figure 13). These findings open new perspectives for the use of a 

Bioristor as a tool to study and select drought tolerant genotypes and varieties. Finally, the 

combination of the image based of the phenotyping platform, and of the Bioristor values in a PCA, 

allowed for the clear separation of stressed and unstressed plants and the clear identification in the 

plot of the mutant genotypes. Similar results were obtained when plants were treated with 

biostimulants, where a clear signal was observed in the mutant lines and correlated to the Lcy-e1 

mutation. 

These results here described paves the way to deepen the knowledge in the onset of the defence 

mechanism triggered during the drought stress with a focus on the ionomics.
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Chapter 4 
 

 

In-vivo monitoring of the effects of Vapour Pressure Deficit (VPD) on 

plant physiology 

 

Vapour pressure deficit is widely consider as the driving force of the water uptake from the soils since 

has a strong impact of plant transpiration99 and is one of the main environmental features impacting 

on protected cultivations56 that so far produced about 50% of the fresh vegetables due to the reduction 

of land and water availability. 

The greenhouse environment, if properly managed, can significantly increase yield and quality; in 

fact, more than 1560 world producers choose controlled environment for vegetables cultivation, with 

405,000 hectares of greenhouse space dedicated to vegetable production worldwide100. In the 

upcoming years, the application of greenhouse automation, sensors, and distributed and pervasive 

computing will allow provision of the optimal growth and cultivation conditions for vegetables101.  

Technology should be improved to better controlled and set greenhouses to reduce the carbon and 

water footprint. Among the parameters that can be controlled, VPD plays a major role in estimating 

the real loss of water by the plant and for increasing plant water use efficiency notwithstanding its 

indirect evaluation through the measure of air temperature and relative humidity102. From a physics 

perspective, water transport along the soil-plant-atmosphere continuum is a passive process driven 

by gradients of free energy. As mentioned before, the driving force for water movement is the 

transpiration rate that is determined by changes in VPD along the gas phase (from internal leaf to the 

atmosphere) and is expressed as a combined function of air temperature and relative humidity103–106. 

Previous papers investigated the effects of VPD on the transpiration rate107 and on plant growth 

(mainly on decreased leaf area)108 and highlighted that VPD regulation can improve water use 

efficiency, with concomitant improvements in biomass and fruit production109. The possibility to 

monitor the effects of VPD changes is becoming of great interest in greenhouses with technology 

developers aiming to provide fine regulation of atmospheric moisture to positively affect the 

reduction of water consumption and improve water use efficiency under cultivation. However, so far, 

few remote and proximal devices have been tested and are available to monitor the environmental 

conditions as humidity, temperature, lux, and CO2 content (Table 1) and in turn to assess the VPD. 
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The implementation of tools to correlate the effects of VPD environmental on the plant physiology is 

mandatory to increase the efficiency of indoor growth and production.  

 

Table 1. Climate remote sensors for environment measuring of VPD56 

Sensors Type of sensor References or web link Technical notes 

Smart Bee system  Remote 

https://hightimes.com/grow/und

erstanding-vapor-pressure-

deficit/ 

Measure of air temperature and 

humidity 

Microcontroller run in Arduino Remote Ramos-Fernandez et al., 2016110 Fuzzy modelling 

Pointed Microclimate sensor Proximal 
https://www.30mhz.com/industr

y/agriculture/ 

infrared temperature 

sensor+vented temp/ humidity 

sensor 

Digital infrared thermometer (Model 

GM320) 
Proximal Zhang et al., 2017111  

smart sensor Remote Millan-Almaraz et al., 2010112 

air temperature, leaf temperature, 

air relative humidity, plant out 

relative humidity and ambient 

light 

Pulse One 
Remote https://getpulse.co/ 

Remote monitoring of 

temperature, RH, light, and VPD 

Micro Grow’s Water Pro 
Remote and 

proximal 
https://microgrow.com/ 

Irrigation controller through 

environmental monitoring with 11 

sensors. VPD is included and 

estimated by temperature and 

relative humidity 

Digital infrared thermometer (Model 

GM320) 
Proximal Zhang et al., 2017111  Measure of the leaf temperature 

ATMOS 14 
Climate remote 

sensors 
www. growlink.com 

temperature, relative humidity, 

barometric pressure, and vapour 

pressure 

 

The focus of this chapter is to gain additional information on how VPD can affect the ion status in 

the plant sap and to establish a correspondence between the R (the response of the OECT) and a 

physical characteristic of the system, paving the way for the use of Bioristors as an innovative tool to 

achieve a sustainable use of natural resources.56 

 

 

https://www.mdpi.com/search?authors=Jesus%20Roberto%20Millan-Almaraz&orcid=
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4.1   Material and methods 

 

Plant growth and environment conditions 

Five tomato plants (S. lycopersicum L.) cultivar Ikram were grown in 2.6 L pots up to the initial phase 

of flowering development109 0.4 m3 h cabinet, under a 16 h photoperiod; the Relative Humidity (RH) 

ranged from 55–70%. The growth chamber was equipped with a EasyLog data-logger (Lascar 

Electronics Ltd., Salisbury, UK) to monitor and register constantly the temperature (T) and RH (Table 

2, Vurro et al., 2019)56.  

 

Table 2: Daily average of Temperature (T, °C), Relative Humidity (RH, %) and Vapor Pressure Deficit (VPD, kPa) for 

the 15 days of the experiment.56  

 

 

Plants were kept fully irrigated until their last phase of vegetative development, after which a 

Bioristor was inserted in the stem of each plant between the third and fourth leaves (Figure 1A,C)56.  
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Figure 1: Experimental Outline. (A) Time line of the experiment. White blocks indicate the days in which plants are under 

normal VPD (0.1 and 0.8 kPa); grey blocks indicate the days of low VPD value (between 0.0 and −0.1.; (B) Scheme of 

the Bioristor measurements in high (left) and low (right) VPD conditions, the increases or decreases in the expected 

transpiration rate is also indicated as blue wave in the box; (C) Bioristor insertion in a tomato plant: A, channel and, B, 

Gate. The sections of the stem indicating the tissues crossed by the Bioristor are reported and the vascular tissue interested 

by the Bioristor are indicated P, pith; Xy, xylem; Ph, phloem56. 

 

All plants were irrigated over 2 days post insertion, and then exposed to low VPD by nebulization of 

100 mL of water in the cabinet previously sealed with PVC film (2–7 days, Figure 1A). 200 mL of 

water was supplied to the plants when the growth chamber was opened and plants exposed to an 

increased VPD (7–10 days). From day 10–13 the VPD was again altered to confirm the previously 

observed mechanisms from 13 to 15 day, Figure 1A). On the basis of the parameters recorded with 

the data-logger, the VPD value was calculated as follows56,113,114: 

 

𝑉𝑃𝐷 = (1 −
𝑅𝐻

100
) 𝑆𝑉𝑃 
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where RH is relative humidity and SVP is Saturated Vapour Pressure. The Saturated Vapour Pressure 

(SVP) was calculated applying the following equation113: 

 

𝑆𝑉𝑃 = 610.7 × 10 
7.5𝑇

237.3+𝑇 

 

where T is the temperature measured in the growth chamber56. 

 

Bioristor measurement  

The Bioristors was prepared and inserted in the stems of plants and connected to a computer using a 

multichannel digital analogic converter (National Instruments Corporation), following the method 

described in Chapter 2. The calculated R parameter at gate voltage of 1V (see Chapter 2) was analyzed 

with MATLAB (https://uk .mathworks.com/) and Microsoft Excel 2016) to smooth out variations 

related to the circadian cycle. 

 

Statistical analysis 

Data were statistically analysed using R software v3.4.1 package 9 (https://www.r-project.org/). 

Principal components analysis (PCA) was performed using the “prcomp” function in the R package 

factoextra (https://cran.stat.unipd.it/bin/windows/contrib/3.5/)71 and showed as a biplot. The first two 

principal components (PC1 and PC2) and the corresponding component loading vectors were 

visualized and summarized in a biplot, in which component scores (indicated in dots) were coloured 

according to time classification. PCA was performed for all plants and validated by cluster analyses. 

 

 

 

 

 

 

 

 

https://www.r-project.org/
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4.2   Results 

 

Analyses of the Bioristor Response in Relation to the VPD 

The Bioristor response (R) continuously monitored for 15 days in 5 plants in altered Vapour Pressure 

Deficit (VPD) conditions (Figure 1A, B) and showed a specific trend in sensor response (R) following 

small changes in the VPD values56.  

Although inserted in the plant stem, the high biocompatibility of the sensor, has been confirmed 

(Figure 1C). The introduction of Bioristor did not alter the overall morphology of the stem and of the 

plant growth since the plants equipped with the sensors were indistinguishable from other plants not 

monitored used as control (data not shown). Indeed, the insertion of the sensor did not damage the 

functionality of the vascular tissues, and even if the vascular tissues were interrupted in the insertion 

point (Figure 1C), the normal stem structure was restored immediately after the insertion point as also 

previously reported in Coppedè et al39. Moreover, the use of a textile thread as gate strongly reduced, 

if compared with the silver one, the onset of necrosis in the tissues surrounding the sensor (Figure 

1C). The day and night trend of R was verified and showed a decrease during the day and an increase 

during the night tracing the circadian rhythm under normal growth conditions (data not shown) as 

previously shown in Coppedè et al39. When VPD and R were plotted together an opposite trend was 

observed (Figure 2). After the expected adaptation period due to sensor integration (days 0–2), when 

VPD was decreased from 1 to 0.7 Kpa a rapid positive slope of the R was observed for two days (days 

2–4, 48 h) followed by a smooth decrease of R in constant VPD conditions (Figure 2A). 

 

 

Figure 2: A) Plot of the average of the R measured on all plants for all days at Vg = 1 (dashed line) and the calculated 

VPD trend (solid line); (B) Diagram of the sensor response of the system (R) and the VPD reporting the trajectories 

described, the arrows indicate the direction of the curve from the beginning to the end of the experiment56. 
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When VPD was rapidly increased (0–0.7 kPa; day 7.5) R rapidly dropped, showing a complete 

opposite trend with respect to VPD. When the VPD was decreased (9 day) R returned to higher values 

and remained almost constant, to decrease again when VPD was increased (13 day, Figure 2A). When 

R and the VPD are plotted one as a function of each other and the resulting trajectories are 

parameterized by time, over approximately 13 days, the curve folds upon itself completing several 

loops, further indicating that the R and VPD variables are anti-correlated (Figure 2B)56.  

 

 

Figure 3: Scheme reporting the sensor response (R) in (A) low VPD conditions; (B) high VPD56 

 

To summarize, in presence of high humidity and low VPD, thus low transpiration conditions, the 

Bioristor showed a positive increasing trend (high R, Figure 3A); while in low humidity, and high 

VPD thus high transpiration the Bioristor response showed a minimum (Figure 3B). 

The electrolyte (in this case the plant sap) is an integral part of the OECT device; variations in its 

ionic concentration affect the device properties32,50. Another parameter that can be affected by 

changes in the plant sap ion composition and concentration is τ that gives the time of how fast the 

channel of the OECT will be de-doped and is directly linked to the diffusion properties of charged 

species in electrolyte solution (atomic mass, net charge, diffusion coefficient). τ was also acquired to 

give further information on the ionic composition of the plant sap37,39,56,57.  

When τ in comparison to R was studied, we noted (Figure 4) that in some portions of the diagram 

they are correlated, being in an inverse relationship, while in other portions there is a poor correlation 

between variables. 

Recalling that R is related to the quantity of ions in solution, while τ is related to the inverse of both 

ion quantity and mass16, we can observe an increasing R value is indicative of solutions becoming 

enriched with more ions of the same type. Moreover, we reported an increasing value of τ, without a 
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correlation with a decrease of R that is indicative of solutions becoming enriched with ions with larger 

mass. The slope of R and τ determined as a function of time, indicates whether the transformation of 

the system is of the first (1) or second (2) type, or a combination of the two τ and the VPD trends 

were comparable (Figure 5)56. 

 

 

Figure 4: Average of R measured during the day on all plants at Vg = 1 (dashed line), τ signal (dashed and pointed 

line) and the calculated VPD trend (solid line). Grey block indicates when the Low VPD conditions were applied56. 

 

A close analysis of the time dependence of τ and VPD, allows the shift of τ and, with the VPD phase 

in advance by ~12 h (Figure 5). This may be attributed to the different diffusivity of the ions dissolved 

in the solution, suggesting that Bioristor reveals the changes occurring in the ion uptake, storage and 

distribution triggered by the plant in altered environmental conditions56. 
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Figure 5: Average trend of τ (dashed pointed line) and VPD (solid line). Grey block indicates when the Low VPD 

conditions were applied56 

 

A biplot was produced and  including all variables56. The first two principal components (PC1 and 

PC2) and the corresponding component loading vectors were visualized and summarized in a biplot, 

in which component scores (indicated in dots) were colored according to time classification. PCA 

was performed for all plants and validated by cluster analyses. PCA is a statistical technique of 

analysis that reduces the dimensionality of a data-set still retaining much of its informative content. 

After PCA, a signal is decomposed into a few variables (termed principal components), that are 

representative of the state of the system.  

In Figure 6, we report the system’s response expressed as a function of the first two principal 

components, i.e., PC1 and PC2. Each point in the diagram describes the state of the system measured 

at specific times. Samples measured at the same time have the same color. For the analysis, we have 

considered 5 different time groups (i.e., days 2, 3, 6, 8 and 8.5), and 5 samples (plants) for time 

group56.  
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Figure 6: Principal component analysis (PCA). ∆Igs; difference between minimum and maximum current gate values, τ 

and τgs; time constant. From the acquired data, the first derivative of R and  (dR and dτ) was calculated. Values, exhibited 

clear separation between the groups with different periods of exposure to VPD variations (2, 3, 6, 8 and 8.5 days). The 

first two components PC1 and PC2 explain the 66.5% of the variability observed. Each dot represents a plant56. 

 

PCA shows that the first two principal components explain the 66.5% of the total variance. Moreover, 

a clear separation of PC variables for all considered times (Figure 6) confirms the hypothesis that 

alterations in the VPD are correctly tracked by the sensor and encoded in the system’s response, R. 

After PCA, sample points are clearly separated in clusters: thus, the technique correctly operates 

sample classification on the basis of their originating time of measurement. Since the time at which 

a sample is measured encodes information about the VPD history of a plant, the fact that the PCA 

(that is a mathematical transformation of the signal R) discriminates between different time steps 

automatically implies that the response R is indicative of VPD changes, confirming the initial 

hypothesis. The groups including 8 and 8.5 days can be considered as an individual super-group, 

where the plants responded to a VPD increase. The analyses of the correlation between R and VPD 

at 15 days (r = −0.80; p ≤ 0.05) further supports the anti-correlation between the two variables and 

the ability of Bioristors to sense changes in VPD. In addition, the plant-to-plant variability in terms 

of VPD-R-correlation was verified and the single plant R and VPD trends were measured for the 

entire length of the experiment (Figure 7). No significant difference was observed between all plants 

considered or in the average of the sensor response over 15 days (about 60 measurements per day)56. 
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Figure 7: (a) Plot showing the average of the individual plant R measured at Vg=1V (Plant 1-5, dashed colored lines) and 

the calculated VPD trend (black line); (b) Average and standard deviation of R values for each plant (colored bars) and 

considering all plants (dark blu bar) performed over 15 days; (c) Scatter plots of the individual plant R and VPD. The 

scatter plot indicated a high negative correlation between the two variables for plant 1 and 2, and a strong negative 

correlation for plant 3 and 4 (p≤0.05), the total correlation coefficient ρ is also indicated (dark blue bar)56 

 

Time constant (τ) analysis 

A consistent positive correlation between τ and the VPD values was observed (r = 0.88; p ≤ 0.05). To 

support the observed 12 h time lag, we measured the degree of similarity of the VPD and τ functions 

using cross correlation. We applied a varying displacement ϕ between the VPD and τ functions, then 

we calculated the cross correlation between functions as their inner product. The resulting cross 

correlation is displayed in figure 8 as a function of ϕ. The value of ϕ in correspondence of which the 

cross correlation is peaked, indicated the lag between the VPD and τ. For this configuration, the lag 

is of nearly 12 h56. 
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Figure 8: The VPD and time constant (τ) functions measured as a function of time (A). Of the originating functions, we 

isolated the portion of the functions curves around the maximum (B). We then performed the cross correlation between 

functions, as a function of the arbitrary time lag ϕ: the peak of the cross correlation indicates the lag between functions 

that, for this configuration, is approximately of 12 h (C)56. 

 

In view of the reported sensor features (R and τ), a closer analysis of the first 84 h (3.5 days), 

characterized by a VPD decrease was done performing a PCA analyses. The first two PCs explain 

the 69% of the total variance and the PCA scores are separated into four groups. In particular, the 

loading directions indicated that the first two groups were more influenced by τ (thus on the type of 

ion dissolved in the sap) than the others (Figure 9). 
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Figure 9: PCA used the processed data, which consist of the sensor response (R), the difference between minimum and 

maximum current gate values (∆Igs), the sensor constants time (τ and τgs) and the first derivative as function of time of R 

and τ (dR and dτ) and exhibited clear separation between the groups with different periods of exposure to VPD variations 

(2, 2.5, 3 and 3.5 days). The first two components PC1 and PC2 explain the 69.2% of the variability observed56. 

 

 

4.3    Discussion 

 

The analyses of the changes in the R value and trend following changes in the environmental VPD, 

support by in-vivo measurements the recently reported data on the effects of an alteration of VPD 

conditions on plant water use efficiency and growth summarized in a strong reduction in the 

transpiration rate, plant hydraulic conductance, and water flow in general111. The novelty resides in 

the acquisition of this information directly at xylem level, continuously and in real time. It is well 

documented that R increases as a consequence of the increased ionic content of the tested solution, in 

this case the plant sap37,39,50. In low VPD conditions and low transpiration rate, the Bioristor always 

responded with a rapid increase of the R value (2–4 days and 9–12 days; Figure 2), presumably 

because of the accumulation of electrolyte (mainly as Na+ and K+)115,116 in the xylem sap as 

consequence of stomatal closure and the subsequent reduction of the transpiration stream117. On the 

contrary, by increasing VPD from 0.1 to 0.8 kPa the transpiration stream seems to be restored with a 

reduction of the concentration of ions in the xylem that is evidenced by the Bioristor response (rapid 

increase of R)59. 
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The possibility to monitor the changes in the plant xylem sap composition, during low VPD and high 

relative humidity condition, is of great interest towards the plant health field. 

Firstly, a fine tune of greenhouse environmental conditions guided based on the real plant health 

conditions can concretely reduce the CO2 footprint and the environmental sustainability of 

greenhouse production. 

Water and leaves wetness can also play a key role in the establishment of pathogen diseases. 

Several factor impacts on the ability of pathogen to reach and colonized plant tissues and among 

these, the degree of leaves wetness, and in particular the water droplets on the leaf surface, plays an 

important role in pathogen infection118,119. Thus, the capability to detect and measure directly from 

the plants the increased amount and exposure time of water can foster the identification of the right 

time to perform treatment, reducing the number of treatments and increasing the sustainability of the 

agriculture production.
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Chapter 5 
 

 

Optimization of water management in open field through OECT-based 

in-vivo sensing 

 

Based on the results obtained in controlled environment and already described in the Chapter 3, the 

natural evolution of the Bioristor application, being a good indicator of the drought stress occurring 

in plants, was its application in open field to optimize the water use efficiency in ensuring crops yield 

and quality. In this chapter, the application of Bioristor in real field systems will be described. 

Three seasons (2018, 2019 and 2020) and two different crop species as tomato and kiwi were 

monitored. The summer ’18 trial was carried out thanks to the collaboration with Mutti S.p.A., one 

of the biggest italian companies in the production and processing of tomatoes. Most of the trials were 

conducted during the PORFESR project POSITIVE in collaboration with CIDEA (Centro 

Interdipartimentale per l'Energia e l'Ambiente), universities (Catholic University of Sacred Heart and 

University of Bologna) and companies (Mutti S.p.A. and Apofruit) to develop scalable protocols for 

precision agriculture with the aim of improving water management in agriculture. 

 

 

5.1   In-vivo monitoring of tomato plants in open field  

 

This section follows the description of tomato plants monitoring through the Bioristor during the 2018 

and 2019 trial. 
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5.1.1 Material and methods 

 

Field trials description  

Summer 2018 and 2019 field trials were carried out at the experimental farm of Podere Stuard, in 

Parma (60 m a.s.l., 44° 48' 29.888" N 10° 16' 29.074" E) in two different experimental fields, 

respectively. Heinz 340 variety was tested both years. In the Table 1 are collected all the operations 

carried out during both trials. 

 

Table 1: Field operations conducted during the 2018 and 2019 trial 

Open field trial Day Operations 

2018 

0 
Bioristor insertion 

Soil probe placement 

6 Actara 25 WG 

8 Differential irrigation 

16 
Quantum R-OK 

Dimetomorf plus copper 

63 Harvest 

2019 

0 Bioristor insertion 

13 Differential irrigation 

23 Soil probe placement 

33 
Ridomil Gold R WG 

Quantum R-OK 

41 Treatment for noctuids 

60 Harvest 

 

 

The field was organized in three plots, each divided into three rows for each treatment. The middle 

row of each plot was considered for Bioristor measurements by measuring 10 plants for each water 

regime. Each plot was irrigated with different irrigation volumes established based on the water 

council defined by Irriframe (https://www.irriframe.it/Irriframe) and conventionally follow in the 

farm. Thus, the thesis hereafter identified as 100%, 80% and 60% were selected.  



Chapter 5: Optimization of water management in open field through OECT-based in-vivo sensing 
 

79 
 

In 2019 trial, a fine diversification of the water regime was performed based on 2018 results. Thus 

80%, 60% and 20% were identified and monitored. 

A randomize block design was applied, and 5 plants each block of irrigation were monitored by the 

Bioristor.  

 

Irrigation and phytosanitary treatments 

Differential irrigation started on day 8 and day 13 respectively for the summer 2018 trial and the 

summer 2019 trial, after a period of sensor settling in the plant and a subsequent signal stabilization. 

Before those days, for both trials, the same amount of water was provided to all thesis, in line with 

the daily advices by the Emilia Romagna’s system Irriframe for an optimal irrigation (100%). The 

irrigation rate is based on the time of use of the drip watering system. 

In addition, phytosanitary treatments were necessary during both seasons. In the 2018 trial, due to the 

occurrence of aphids infestation in the field, plants were treated at day 6 with Actara 25 wg, and with 

two different fungicide (Quantum r-ok and Dimetomorf with copper) at day 16.  

Throughout the 2019 trial, fungicide treatment with Ridomil Gold R WG and Quantum R-OK was 

necessary on day 33; an additional treatment for noctuids was required on day 41. 

 

Agronomic measurements: Soil probe and meteorological data 

Agricultural Support soil humidity probes (Figure 1) were installed at 9, 18 and 27 cm depth in both 

seasons in correspondence of the plot monitored with Bioristor. According to the manufacturer 

instructions, probes need for 10 days to settle. 

In our experiments (2018, 2019) data from the soil sensors were available from day 0 and day 23, 

respectively (Figure 2). 
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Figure 1: Soil humidity support during summer 2018 and summer 2019 

 

 

Figure 2: Soil humidity daily mean of probe at 9-18-27 cm depth for summer 2018 trial (a; blue: 100%, red: 80%, gray: 

60%) and summer 2019 trial (b, green: 80%, yellow: 60%, light blue: 20%) 
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Moreover, rainfall volume (Figure 3) as well as relative humidity (Figure 4) at 2 m above the ground 

were collected with the agrometeorological station of the ARPAE located in each field. 

 

 

Figure 3: Cumulative daily rainfall measured during summer 2018 (a) and summer 2019 (b) 

 

 

 

Figure 4: Relative humidity (RH) measured during summer 2018 (a) and summer 2019 (b) 
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Bioristor measurements  

The Bioristors were prepared, inserted into the plant stems, and connected to a computer as described 

in Chapter 2 (Figure 5). Then, the calculated R value at gate voltage of 0.6 V (see Chapter 2) was 

analyzed with MATLAB (https://uk .mathworks.com/) and Microsoft Excel 2016) to smooth out 

day/night oscillations. 

 

 

Figure 5: Bioristor implantation in field. A) plot and wires connecting the NI converter and the plants, B) Bioristor in site, 

C) Bioristor holder and connectors 

 

Physiological analysis 

To validate the results obtained with the Bioristor a series of standard physiological analyses were 

necessary. Five plants and two plants for each thesis in 2018 and 2019 trial, respectively, have been 

analyzed for the relative water content (RWC) as reported by Barrs and Weatherley55, by taking the 

fully expanded leaf as the sample (two replicates for each plant). Chlorophyll content measurements 

were performed by using the SPAD 502 meter (Konica Minolta, Ramsey, USA). Measurements from 

3 leaves of the same plant used for RWC analysis of varying age and color were selected for 

measurements made under diffuse lighting. The relative SPAD value was considered.  

During 2018 trial leaf stomatal conductance was measured from one fully expanded leaf of seven 

plant per thesis, using an SC1 leaf porometer (Decagon Devices, Pullman, WA, USA). All data were 

analyzed statistically applying Analysis of Variance, and the standard error was calculated between 

replicates. 
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5.1.2 UAV image analysis 

 

In 2019 trial thanks to the collaboration with Stefano Amaducci Labs of Catholic University of Sacred 

Heart in Piacenza, multispectral images were captured at days 26, 32, 46 and 52 (three flights per 

day: 9:00, 12:00, 15:00) to ground validate the results obtained with Bioristor. Multispectral images 

were acquired using the Micasense RedEdge-Mx multispectral sensor. Among the vegetation indices 

obtained from the multispectral images, the NDVI (Normalized Difference Vegetation Index)120 was 

chosen to validate the Bioristor measurements being NDVI, a well-established vegetation index, used 

to estimate the health and vigor of plant vegetation. NDVI is calculated as121: 

 

𝑁𝐷𝑉𝐼 =
(𝑅800 − 𝑅680)

(𝑅800 + 𝑅680)
 

 

where R800 is the reflectance at 800 nm and R680 at 680 nm. Due to the high NIR reflectance of 

chlorophyll, this index is used to detect plants greenness122.  

 

 

5.1.3 Results 

 

Pilot tomato field trial (2018 season) 

In summer 2018 the Bioristor was able to monitor, for the first time, the tomato plants growth in field 

conditions for 63 days covering the entire development season from the end of flowering to the 

harvest (Figure 6).  
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Figure 6:  Bioristor measurements in 2018 season (63 days). 

 

The sensor response gives us a clear picture of the plant status during the entire course of the 

experiments.  An increase in R between 200% and 400%, was observed at each rainfall event, 

although not proportional to the mm of precipitation.  

This finding suggests that wet leaves cause VPD to decrease, leading to a significant decrease in 

transpiration with associated blockage of ion and solute transport in the xylem111, resulting in an 

increase in R that lasts until the leaves are completely dry56.  

The association of the R trend with the relative humidity of the air confirms this finding (Figure 7).  
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Figure 7: Plot of R trend (100% thesis: blue line, 80% thesis: red line, 60% thesis: gray line) with relative humidity of the 

air (black line) 

 

This last result further supports the previous reporter relationship between R and VPD variation in 

the environment (See Chapter 4). 

By analyzing the R trend in the time, it is clear that because of the extremely rainfall season, the thesis 

showed a similar behavior in the sensor response for the entire monitoring season and according to 

the R response trend, the entire analyses time-course revealed four phases (Figure 8) worth to be 

commented. The first phase (P1, 0-5 days) is the result of the sensor integration in the plant and a 

settling phase for the sensor the second phase (P2, 5-22 days) is characterized by a constant and 

continuous decrease in the R signal of all theses. This decrease in the R response, usually attributed 

to the occurrence of drought stress, was deeply analyzed since the irrigation plan showed enough 

water was given. By looking the management plan, the beginning of P2 coincides with the use of an 

anti-aphid (ACTARA 25WG) whose active ingredient is thiomethoxan, a neonicotinoid that promotes 

the plants growth and triggered a defense response like those used under drought stress. This leads to 

an R trend like the one encountered in drought stress conditions. Indeed, the third phase (P3, 22-44 

days) was the most interested once of the entire season. The reduction of rain events and the increases 

of the environmental temperatures allowed to observe a separation between thesis in the R response. 

Days from 28 to 34 are the core measures of the entire season were all thesis showed a significantly 

different (p ≤ 0.05) R response.  
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While the 100% thesis does not show a significant difference till day 33 with the 60% thesis. a 

significant increase, as expected, was recorded between 80 and 60% theses. From days 31 and 35 the 

R of the 60% thesis decreases between 10% and 40% compared to the control, and a larger decrease 

(from 40% and 60%) was observed in the 80 % thesis. Our data suggest the occurrence of a stronger 

severe stress in the 80% thesis. These data are in accordance with those recorded with the soil sensors, 

(Figure 2a). Finally, the fourth phase (P4, 40-63 days) is characterized by a progressive decrease in 

R due probably to the beginning of fruit ripening. Indeed, in this period, the dry substance 

progressively increases in the fruit, with consequent leaves senescence and reduction of 

transpiration123.  

 

 

Figure 8: Plot of the daily smooth average of the R measured on 100% thesis (blue line), 80% thesis (red line), 60% thesis 

(gray line) for 63 days of measurements. Differential irrigation starts at 8 day (red triangle). 

 

Regarding the operational life of the sensors, 75% of the installed Bioristors functioned correctly 

during the whole experiment. However, from day 22 eight sensors (not included in the analysis) were 

replaced to evaluate a possible drift effect.  
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Figure 9 shows the increase in the response of R resulting from the replacement of the sensors. The 

nature of this function was found in the treatment of the conductive polymer used, as well as in the 

gate potential used, and thus resolved as described in Chapter 2 in subsequent experiments. 

 

 

Figure 9: Sensor drift. Solid lines: damaged sensor; dashed lines: changed sensor. The colors indicate the smooth mean 

of R for each thesis (blue: 100%; gray: 80%; red: 60%) 

 

The physiological measurements are in accordance with the Bioristor data. The stomatal conductance 

and the RWC data, collected through the experiment, do not showed any significant difference 

between the thesis for all time points. As expected, although not significant between thesis, both the 

SPAD and the stomatal conductance values showed an expected reduction at day 50 due to the 

senescence process at maturity. (Figure 10) 
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Figure 10: Physiological measurements collected at 1, 20, 22, 27, 34, 46, 50 days. (A) Stomatal conductance using SC-1 

Decagon Porometer; (B) Relative Water Content (RWC); (C) SPAD relative unit to measure chlorophyll content. Color 

bars indicate 100% thesis (blue), 80% thesis (red) and 60% thesis (gray). Error bars represent standard error 

 

To make some statement regarding the suitability of Bioristor, to efficiently monitor the changes in 

plant sap ion composition correlated with the drought stress, and to hypothesis its use as tool to fine 

tune the irrigation, the evaluation of yield was performed by Stuard and Mutti. In particular, the 

analyses of the commercial yield % was considered and revealed no significant difference between 
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the theses. Through 2018 trial, according to the Bioristor it would have been appropriate to irrigate 

the entire field at 60% of field capacity, except for a 7-day period (29-35 days) when only the 100% 

thesis has not signaled any decrease. This allowed us to calculate the potential % of water saving 

operable by using the Bioristor to guide the irrigation system and established as the 36%.  

 

Second tomato field trial (2019 season) 

In 2019 Bioristor allowed to monitor continuously and in real time 60 days the growth of tomato 

plants in open fields confirming 2018 findings (Figure 11).  

 

Figure 11: Bioristor measurements in 2019 season (60 days). 

 

An increase in R was observed during rain showers with picks proportional to the gravity of the 

precipitation. (Figures 3b) showing larger range of variations in comparison with 2018 (100-600%), 

confirming that an increase in the relative humidity leads to a decrease in VPD and in turn to a 

decrease in transpiration resulting in an increase in R (Figure 12). The greater increase in R during 

the 2019 trial rains suggests that leaf area was greater, resulting in a greater number of wet leaves 
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Figure 12: Plot of R trend (100% thesis: green line, 80% thesis: yellow line, 60% thesis: light blue line) with relative 

humidity of the air (black line). 

 

Four phases can be identified in the total R tend for the trial. The first phase (P1, 0-5 days), as for 

2018 correspond to the installation phase of the sensor. In the second phase (P2, 5-23 days), no 

significant difference was observed between thesis and this is due to frequent and abundant rain 

events occurred (Figure 3b) that mask the effect of the differential irrigation started on day 13 (Figure 

13). During the third phase (P3, 23-35 days) the 80% and 20% theses showed a similar trend, and 

significantly differently from the response of the 60% thesis (p ≤ 0.05) but not within them. Although 

not consistent with irrigation volumes, this trend is confirmed by soil moisture volumes, especially 

since day 28 (Figure 2b). Only in the last phases, an appreciable and significant difference occurs in 

the R trend of the thesis (P4, 35-60, p ≤ 0.001). Here the R of the 20% rapidly drop till the end of the 

experiment, while 80 and 60% are well separated according to the given amount of water only from 

day 42 (Figure 2b).  
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Figure 13: Plot of the daily smooth average of the R measured on 80% thesis (green line), 60% thesis (yellow line), 20% 

thesis (light blue line) for the 2019 season (60 days of measurements). Differential irrigation began at 13 day (red triangle) 

 

 

Figure 14: Physiological measurements. Plants were tested at 13, 17, 20, 26, 32, 36, 44, 51 and 59 days. (A) Relative 

Water Content (RWC); (B) SPAD relative unit to measure chlorophyll content. Different colors indicate 80% thesis 

(green), 60% thesis (yellow) and 20% thesis (light blue). Error bars represent standard error. Asterisks indicate significant 

differences of the drought-stressed plants from the control plants according to ANOVA (p ≤ 0.01, ∗∗; p ≤ 0.05, ∗). 
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The evaluation of the physiological tests performed was not completely consistent with the Bioristor 

data. A significant difference mainly between 80 and 20% thesis at day 20 was observed for RWC 

and SPAD (Figure 14). Interestingly, the RWC data and the Bioristor data do not agree specifically 

in the initial days of phase 3, reinforcing the concept that Bioristor can look at microscale level in the 

plant physiology revealing hidden aspects of the plant defence response during drought.  

The physiological data confirm however the similarity of the health status occurring in the 80 and 

60% thesis and highlighting that the thesis at 20% irrigation is the most affected by the drought stress. 

 

Sensor validation with multispectral indices 

A ground validation of Bioristor with known, used, and accepted indices is needed to foster its use as 

tool for precision agriculture in open field. 

Thus, the NDVI index was chosen as effective index of the health status and obtained from the 

multispectral images captured by the drone flights. The research group of Prof. Amaducci flew over 

the field during the season in frame of the POSITIVE project. 

Here we present the NDVI data only as indicator of the exploitability of the R as alternative and in-

vivo index of the plant health status. 

The NDVI values were over 0.8 for the entire season indicating plant in good health status, well 

hydrated and not affected and reflect the physiological data. NDVI data agree with the Bioristor data 

clearly separating the 20% thesis form the 80% and 60% once. 

However, when plotted together, R and NDVI (Figure 15) showed a good level of correlation 

highlighting that if present an appreciable difference is visible between the 60 and 80 % thesis with 

the 20% thesis. 
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Figure 15: a) NDVI index derived from the drone flights on sensor parcel and adjacent parcel. Imaging data on 80% thesis 

(green), 60% thesis (yellow) and 20% thesis (light blue). b) correlation analysis between NDVI index and sensor R. 

 

Fruit harvesting was carried out at the end of the trial and, as expected the 20% thesis was the most 

affected in terms of yield considering the percentage of commercial yield (80: 71.8%; 60: 70.8%; 20: 

64.4%). 

This experiment supports the hypothesis that Bioristor can significantly help in defining the right 

amount of water in the right time when needed perfectly in line with the precision agriculture dogma. 

During the 2019 trial, the Bioristor suggested irrigating the field for the entire season at 60% of regular 

irrigation except for two periods between days 23 and 28, and between days 42 and 54, when 80% 

irrigation was required. Here, the calculated percentage of water that could have been saved without 

preventing yield and quality was estimated in 34% totally in agreement with the pilot experiment in 

2018.  
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5.2   In-vivo monitoring of kiwi plants in open field  

 

Aim of this work is the application of Bioristor as novel  technology to cope with water scarcity for 

agriculture and food security (www.fao.org/docrep/) and achieve the UN sustainable development 

goals124. Widen the type of crops and production is mandatory to concretely impact of the water 

management in agricolture. Thus, during the project, the Bioristor was tested to monitor a woody fruit 

plants (G3 - yellow kiwi) irrigated with two different irrigation councils, in season 2020. In Cesena 

cultivation conditions, kiwifruit seasonal irrigation volumes can reach about 10–12,000 m3/ha 

(Holzapfel et al., 2000)125. In view of the foreseen climate change and reduced water availability for 

agricultural sector (Doll, 2002)126, it is important to develop new and more efficient irrigation 

strategies for this crop (Torres-Ruiz et al., 2016)127. 

 

 

5.2.1 Material and methods 

 

Field trial description  

The kiwi trial was conducted at the Severi farm in Cesena (41m a.s.l. N 44° 8' 20.76'' E 12° 14' 

35.339''), in collaboration with the food cooperative Apofruit, a leader in the production and 

commercialization of fresh vegetables and fruit (http://www.apofruit.it/en). In the commercial vines 

two differently irrigated blocks were identified and equipped with 8 Bioristors each block on four 

plants (2 sensors per plant, Figure 16).  

The sensors were mounted on two-year-old branches (Figure 17) one oriented at east and one at west 

of the yard. In this experimental setup, a wireless controller was developed and employed. Each 

controller serves 4 sensors, and it is powered by a battery connected to an 80W photovoltaic panel 

placed on top of the field (see Chapter 2).  

http://www.fao.org/docrep/
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Figure 16: Kiwi vines and Bioristor installation map. Blue circle and red circle indicate plants irrigated at 100% and 120% 

of regular irrigation, respectively 
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Figure 17: a) Bioristor installed in kiwi fruit in vines; b) example of the wireless controller connected 

to an 80W photovoltaic panel placed on top of the field; c) control unit detail formed by Arduino 

DUE board, charge controller and 12V battery 

 

Irrigation 

Two systems were used in combination in this experiment: the microjet and drip system. The two 

plots monitored with Bioristor were differentiated in a 100% thesis, and one 100%+ extra 20% given 

with drip irrigation. 

 

Agronomic measurements: Soil probe and meteorological data 

Here, the rainfall events (Figure 18) volume, soil humidity (Figure 19b) and temperature (Figure 19a) 

at 9, 18 and 27 cm depth are reported as indicated the Bluleaf service (http://www.bluleaf.it/) from 

SYSMAN Progetti & Servizi S.r.l, furnishing the DSS (Decisional Support System) to the Severy 

farm. 

 



Chapter 5: Optimization of water management in open field through OECT-based in-vivo sensing 
 

97 
 

 

Figure 18: Cumulative daily rainfall measured during summer 2020 trial 

 

 

Figure 19: Soil humidity (a) and temperature (b) daily mean of probe at 9-18-27 cm depth for summer 2020 trial (blue: 

100%, red: 120%) 
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Bioristor measurements  

Bioristors were prepared and inserted into the plant stems through the use af a drill, and connected to 

a wireless station, as described in Chapter 2. Then, The R parameter (analyzed with MATLAB 

(https://uk.mathworks.com/) and Microsoft Excel 2016) was mediated over the day. 

 

Physiological analyses 

A set of physiological measurements was performed during the experiment in collaboration with Prof. 

Luigi Manfrini (University of Bologna) but are not here presented. 

 

 

5.2.2 Results 

 

The first result is the demonstration of the operability of Bioristor also in kiwi fruit in open field 

continuously for 123 day (4 months). As reported for tomato, also in kiwi, the Bioristor was able to 

detect the rainy events by an increase of the sensor response R as a result of a decrease in transpiration 

although with smaller values with respect with tomato (18-25%). This can be due to the type of 

training adapted for kiwi cultivation, usually at pergola that prevents the canopy to be completely 

reached by rain, leading thus to a smaller increase in the sensor response (Figure 20).  
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Figura 20: Rainfall events (black histogram) and Bioristor response (blu: 100% thesis; red: 120% thesis).  

 

The sensor response has been analysed and divided in four phases (Figure 22). Although differently 

irrigated, during the first phase (P1, 0-36 days), the two theses had a superimposable trend. Upon an 

exchange with the runner of the field, the differentiation was not imposed resulting in a 100% of 

water given for both theses. However, the volume of water used in this 36 days was not sufficient to 

prevent the occurrence of a severe drought stress as highlighted by the rapid and continuous decrease 

of R until day 27 that remains steady till day 36.   

Here an interesting information is gained by the application of Bioristor. Although the irrigation was 

considered sufficient and, as reported in Figure 21, the soil humidity indicates similar and normal 

values (30-35%), the Bioristor enabled the detection of a severe drought stress occurring in both thesis 

(Figure 20). 

These data are supported also by the Bluleaf DSS that recorded an intense drought stress in the 

indicated dates (data not shown). 
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Figure 21: Kiwifruit agronomic measurements: soil humidity (blue dashed line: 100% thesis; red dashed line: 120% 

thesis) and Bioristor response (blue: 100% thesis; red: 120% thesis).  

 

The second phase (P2, 36-67) starts with the significant and evident differentiation for the R value of 

the two theses (p≤0.001), in accordance with the water volumes used for each thesis. The third phase 

(P3, 67-110 days) is characterized by the completely different trend observed in the two theses. The 

120% thesis revealed a severe stress in 67-89 days, as also confirmed by physiological tests (data not 

shown), followed by a recovery period that brings the R of the 120% thesis back to pre-stress values 

by the end of the phase. In contrast, as expected, the 100% thesis remains stable throughout the 

duration of the third phase. Finally, the signals of both theses decline following the onset of fruit 

ripening (P4, 110-123 days). As in tomato, also in yellow kiwifruit the dry substance progressively 

increases in the fruit, with consequent leaves senescence and reduction of leaves transpiration123.  

 



Chapter 5: Optimization of water management in open field through OECT-based in-vivo sensing 
 

101 
 

 

Figure 22: Plot of the daily average of the R measured on 100% thesis (blue line) and 120% thesis (red line) for 123 days 

of measurements. 

 

Yields have been evaluated for both thesis and no significant differences have been recorded for both 

theses, leading to hypothesize that the 20% increase was not necessary to enhance kiwi productivity 

in the 2020 season. 

However, further elaborations are needed to better dissect the single physiological components to 

analyse them with respect to the acquired R data from Bioristor. 

 

 

5.3    Discussion 

 

The ability to detect drought stress before it causes irreversible physiological and morphological 

damage is important for crop management and to increase water use efficiency in agriculture. To date 

crops and livestock already account for 70 percent of all water withdrawals globally, and up to 95 

percent in some developing countries (http://www.fao.org/3/i9900en/i9900en.pdf). This water 

demand is likely to increase as global population growth and economic development drive up food 
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demand. FAO estimates that more than 40% of the world’s rural population in river basins are 

classified as water scarce (2011) and if current consumption patterns continue, two-thirds of the world 

population could be living in water-stressed countries by 2025. Sustainable and efficient water 

management practices in agriculture are key to the success of the 2030 Agenda and offer many climate 

changes benefits.  

In this thesis we considered tomato as key crop in the Italian fresh horticulture products. Tomato (S. 

lycopersicum L.) is one of the largest cultivated vegetable species worldwide, with a production of 

approximately 182x106 metric tons in 2018 and more than 4x106 ha of area harvested with a total 

value of approximately $1.67 billion. Tomato is also a higher water demanding crop that requires 

irrigation throughout the growing season. The irrigation water demand in tomato growth in field 

conditions can range between 400 and 600 mm depending on climatic condition128 ensuring a 

production in terms of dry fruit yield biomass from 4 to 8 t ha-1 and fresh fruit yield from 80 to 160 t 

ha-1. More than 1,340 m3 of fresh water must be used to produce only 1 Kg of Passata di pomodoro, 

370 liters of water consumed to gain 1 Kg of fresh food129.  In the last year due to water scarcity and 

the effects of climate change, the production of tomato for industry shrunk of about 15% the total 

production in the north Italy district. Here the importance to optimize the water consumption through 

irrigation, firstly to preserve the natural resources and in second place to ensure food security.  

Here we consider also as target species Actinidia (kiwi fruit-G3) being Italy the second world 

producers with 562.00 metric tones produced in 2018 with 25000 ha cultivated.  Actinidia species 

originated in South-East China, are conventionally growth under conditions of high precipitation and 

relative humidity. Actinidia deliciosa (kiwifruit) requires high amounts of irrigation water when 

cultivated in Mediterranean regions, and can reach seasonal irrigation volumes of about 10–12,000 

m3/ha125. In view of the foreseen climate change and reduced water availability for agricultural 

sector126, it is important to increase water use efficiency for this crop.  

To this end precision agriculture is considered an efficient approach to optimize agriculture 

management. Usually, proximal sensors (soil probe) and remote sensors (drones and satellites) are 

nowadays commonly used in precision agriculture although not able to simultaneously provide in-

vivo, continuously real-time information on physiological changes in plants due to abiotic stress or 

environmental changes. Based on our experiments, the Bioristor confirmed to be suitable for 

monitoring in open field changes in the ion uptake and transport in plants during severe drought stress 

in a proportional manner. Here Bioristor is proposed as additional and fundamental tool to be included 

in measurement systems used so far in agriculture, considering the higher sensitivity in detecting 

changes in plant state even compared to conventional physiological tests.  Indeed, as well as 
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confirming its effectiveness in working for the growth cycle in field and detecting water stress even 

in the open field in different plant species (tomato and kiwi), it can discriminate physiological changes 

in the plant induced by different levels of water deficiency, from 20% to 120% of regular water 

irrigation. The percentage of water saving, estimated in the case of tomato as 36% and 34% of the 

water used in regular irrigation, highlight its efficacy in optimizing water use. Water management 

and environment sustainability can significantly benefit of Bioristor use, save in tomato cultivation 

35% of water means 67 billion of cubic meter of water saved in one season is equal to a volume 

of water comparable to 3 times the Lago di Como (22.5 Km3). 

At the onset of water stress kiwi triggers a range defense mechanisms mainly focused on the stomatal 

control to reduce water losses and to keep its water potential high enough to avoid serious damage127. 

This control of stomatal behavior has been previously observed for other species. Fruit development 

and the mechanisms leading to growth and dry matter accumulation in the fruit play a pivotal role in 

defining kiwi water demand. Bioristor proves to be effective in determining water stress in contrast 

with the soil water humidity measurements and showed that during the last phases of fruit 

development, an excess of water given through irrigation can triggered a set of responses like those 

of water deprivation, negatively impacting on fruit development and quality. Our results agree with 

the general observation that vascular and transpiration flows to/from the fruit showed a decreasing 

trend during the season reported in Torres et al 2016127. 

Even though kiwi G3 plants were regularly irrigated, the occurrence of severe drought stress was 

detected by Bioristor in early phases of measurement and might indicate that an alteration of the 

transpiration regulation occurred altering the the ion concentration and accumulation in the plant 

vessels. 

Another important result achieved through the application of Bioristor both in horticulture and in fruit 

plants in fields is the ability to detect the conditions that can boost plant diseases, widespread in 

vineyards. As described in chapter 4, the degree of leaves wetness, and in particular the water droplets 

on the leaf surface impacts on the ability of pathogen to reach and colonized plant tissues118,119. Being 

Bioristor able to detect and measure directly from the plants the increased amount and exposure time 

of water on the leaves surface, can enable the identification of the most efficient time window to 

perform pesticides treatment thus preventing yield losses and preserving food safety. 

Taking all together our result, lead to hypothesize that in filed conditions Bioristor can give a concrete 

support to precision agriculture and towards the achievement of the UN SDG.
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Chapter 6 
 

 

In-vivo monitoring of Arundo donax response to salt stress through an 

OECT-based biosensor 

 

One of the main impacts of climate change on agriculture production is the dramatic increase of saline 

(Na+) content in soil, that will impair crop performance and productivity. Soil salinization is a major 

threat to agriculture in arid and semi-arid regions where water scarcity and inadequate drainage of 

irrigated lands severely reduce crop yield. Moreover, salt accumulation inhibits plant growth and 

reduces the ability to uptake water and nutrients, leading to osmotic or water-deficit stress. Globally, 

the area of saline soil worldwide is as large as 397 million ha, and almost 19.5% of the irrigated soils 

are today salt-affected130. It is well established that a high soil salinity impacts on the survival of 

many plant species, especially glycophytes131. To address growing needs of food production, usable 

land must be expanded, and plant species (genotypes) resistant to salinity must be identified132. 

Salinity may be tolerated by plants through different strategies involving either ‘tissue tolerance’, 

where toxic ions are compartmentalized into specific tissues, cells and subcellular organelles, or 

‘toxic ion exclusion’, where plant survival is maintained by fast translocation of Na+ out of the plant 

to avoid excessive accumulation into the shoot apical meristems133–135.  

So far, a wide range of physiological, biochemical, and molecular analyses are employed to detect 

and study salinity stress and how it adversely affects plant growth and performance136–142. However, 

these methods, that mainly rely on destructive assays or on digital imaging, allow us to assess only 

indirectly the effects of saline stress on plants performances82,135,143–146. Here the ability of the 

Bioristor to monitor A. donax plants challenged with a severe salt stress was proved. A. donax is a 

monocot species responsive to salt treatment147and a promising crop for both bioenergy and biomass 

feedstock148. In this chapter the use of the Bioristor as a rapid and non-destructive method of salt 

stress detection was evaluated, to increase the knowledge on the mechanisms employed by A. donax 

to overcome saline stress. Data and the text in this chapter are taken from a paper submitted to a major 

journal such as Scientific Report. 
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6.1   Material and Methods 

 

Plant material and salt (NaCl) stress application  

Our experiment was conducted and included in a series of experiments performed by IPSP-CNR. A. 

donax plants were propagated by rhizomes in Sesto Fiorentino (43°81′75″ N, 11°18′88″ E) (Italy). 

Plants were obtained from rhizomes and growth in 6 L pots containing quartz sand. In two months 

and then kept growing in a climatic chamber under controlled environmental conditions: maximum 

and minimum (day/night) temperature of 30°C and 22°C, respectively; maximum and minimum 

relative air humidity of 60% and 40%, respectively; photosynthetic photon flux density (PPFD) of 

700 μmol m-2 s-1 for 14 hours per day). Plants were watered weekly with full strength Hoagland 

solution in order to supply mineral nutrients to optimal level until the beginning of the experiment.  

The experiment was performed by growing two different groups of 10 A. donax plants: a) under 

optimal nutritional conditions by applying the standard Hoagland solution (control); b) by applying 

Hoagland solution where 200 mM NaCl (Na+ salt stress) were added. These solutions were supplied 

twice a week; the treatment lasted 37 days (Figure 1A). 

 

 
Figure 1. Real-time monitoring of salinity response in A. donax with Bioristor. A) Experimental set-up: the green block 

indicates the insertion of sensors into A. donax stem; brown lines indicate saline treatments (200 mM NaCl) and the black 

lines correspond to the sensor maintenance. Destructive measurements were performed at T0 (1 day), T1 (day 18, median 

phase), T2 (day 24, final phase); B) A detailed view of a Biostor inserted into A. donax stem. Dashed yellow and red lines 

represent the sap movement directions. (C) Scheme of the Bioristor installation into A. donax plants; two sensors were 

inserted: one between the 2nd and the 3rd leaf (apical sensor, AS), and a second one between the 5th and 6th leaf (basal 

sensor, BS).  
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Bioristor measurements 

Bioristors were prepared, inserted into the plant stems, and connected to a computer as desribed in 

Chapter 2. The calculated R parameter at gate voltage of 0.6V (see Chapter 2) was analyzed with 

MATLAB (https://uk.mathworks.com/) and Microsoft Excel 2016). When monitoring the plant sap 

concentration over several days it showed to be useful to smooth out the day/night signal oscillations 

due to plant circadian rhythms that characterize the Bioristor response39.  Thus, the ratio between the 

signal recorded form sensors installed in salt-stressed and control plants was expressed as Normalized 

Response (NR): 

  

 𝑁𝑅 =
𝑅𝑠𝑡𝑟𝑒𝑠𝑠

𝑅𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

         

To investigate the possibility to track the ion transport (in specific of the Na+ ion) along the plant 

culms of A. donax plants, two Bioristor sensors were integrated at two different heights along the 

same culm, the apical sensor (AS) between the 2nd and 3rd leaf and the basal sensor (BS) between the 

5th and 6th leaf from the apex (Figure 1C) in 3 control and 3 salt-stressed A. donax plants (for a total 

of 12 sensors). From the overall data acquired (37 days), three intervals, defined from the day of 

installation (days 1-7; days 13-19; days 27-37) have been selected as the most representative of the 

entire set of measurements due to both their low background noise and accuracy which have been 

indicated as initial (days 1-7), median (days 13-19) and final (days 27-32) phase. The median and 

final phases began with a sensor maintenance causing a variation in the recorded values due to the 

new sensor’s part integration. Therefore, these three intervals should be read as independent 

measurements and therefore the moving average of the NR was evaluated for each of those.  

The operability of the Bioristor was validated within the range of sodium (Na+), calcium (Ca2+) and 

potassium (K+) concentrations detected in the leaves; the sensor response was measured in-vitro by 

using different solutions at low concentrations of Na+ (0.01 to 0.19 M), K+ (0.2 to 0.8 M), and Ca2+ 

(0.01 to 0.1 M).  

Physiological analysis 

The transpiration flux of H2O (TR) and the photosynthetic CO2 assimilation rate (PR) were measured 

in-vivo in the 2nd and 5th leaf (from the shoot apex) of A. donax plants by IPSP-CNR. Analysis was 

performed in leaves sampled at different days post insertion of the sensor: day 1, day 14, day 24. 

Moreover, IPSP-CNR group determined the concentrations of Na+, Ca2+ and K+ (µg g-1 DW) 

accumulated in 1 g of leaves of A. donax plants by flame atomic absorption spectrometry (Analyst 
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200, Perkin Elmer). Analysis of these mineral elements was performed in the same leaves following 

gas exchange measurements.  

 

Statistical analyses 

All data retrieved from the sensors were statistically analysed by applying a multi-comparison 

approach using the Analysis of Variance (ANOVA) in MatLab 2014a (8.3.0.532). Principal 

components analyses (PCA) was performed using the R “prcomp” function and represented as a 

biplot by using the R package factoextra71. The first two principal components PC1 and PC2 and the 

corresponding component loading vectors were visualized and summarized in a biplot, in which 

component scores (indicated in dots) are colored according to thesis classification. Analysis of 

variance (ANOVA) was performed to assess the effect of Na+ supply in A. donax plants (p ≤ 0.05 

level). 

 

 

6.2   Results  

 

In this study, the Bioristor was applied to investigate changes in A. donax sap composition to track 

in-vivo and in real-time the plant’s response triggered by the application of severe saline stress 

conditions. The Bioristor confirmed its ability to monitor daily variation of the sensor response (R) 

in A. donax as previously reported in tomato39, with R values increasing during the night and rapidly 

decreasing during the day (Figure 2) both in the apical sensor (AS) and in the basal sensor (BS).  

 
Figure 2. Sensor response (R) calculated as average over a period of 5 days (3-7 days). Grey boxes refer to a day period. 

Triangle indicates the application of saline treatment. Each line is the mean of data collected in 3 plants. 
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The ability of Bioristor to reveal changes in the concentration of Ca2+, K+, and Na+ during the saline 

stress was firstly demonstrated in-vitro. The transfer characteristics of the sensor response were 

measured (Figure 3) using concentrations of these ions within the range found in the leaves during 

the saline stress (see Table 1). The in-vivo test on A. donax plants confirmed this property of the 

Bioristor. The linear response of the sensor versus the ions concentration (Figure 4) showed that the 

Bioristor was able to detect changes in all tested ions.  

 

 

 

Figure 3: Transfer characteristics of the Sensor Response (R) measured using different concentration of A) K+, B) Ca2+ 

and C) Na+ salts, as a function of gate voltage from 0.2 to 1 V with 0.2 V step. 

 

 

The linear response of the sensor versus the ions concentration (Figure 4) showed that the Bioristor 

was able to detect changes in all tested ions. 

 
 

Figure 4. Scatter plots of the correlation between the Sensor Response (R) measured at 1V and the molar concentration 

of A) K+ (blue dots); B) Ca2+ (red dots); C) Na+ (grey dots).Table 1. Concentration of Na+ (µg g-1), K+ (µg g-1) and 

Ca2+ (µg g-1) in control and salt stressed. A. donax plants were measured at different sampling times: T0 (initial phase), 

T1 (median phase), and T2 (final phase). Values are means ± standard errors are shown (n= 4). ANOVA was reported to 

assess statistical differences between control and salt-stressed plants and between apical and basal leaf level (***, p 

≤0.001; **, p ≤ 0.01; *, p ≤ 0.05; ns, not significant). 
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Table 1. Concentration of Na+ (µg g-1), K+ (µg g-1) and Ca2+ (µg g-1) in control and salt stressed. A. donax plants were measured at different sampling times: T0 (initial phase), T1 

(median phase), and T2 (final phase). Values are means ± standard errors are shown (n= 4). ANOVA was reported to assess statistical differences between control and salt-stressed 

plants and between apical and basal leaf level (***, p ≤0.001; **, p ≤ 0.01; *, p ≤ 0.05; ns, not significant). 

day   Na+ (µg g-1)  K+ (µg g-1)  Na+/K+  Ca2+  (µg g-1)  

   Control Stress  Control Stress  Control Stress  Control Stress  

    

p-level (control 

vs stress)   

p-level (control 

vs stress)   

p-level (control 

vs stress)   

p-level 

(control vs 

stress) 

0 apical leaf  - -  49935.5 ± 3922.2 -  - -  
2562.4 ±  

479.8 
-  

 basal leaf - -  44195.7 ± 5828.3 -  - -  
4068.9 ±  

610.9 
-  

 

p-level 

(apical vs 

basal) 

 

  

ns 

 

    * 

  

              

18 

apical leaf  
0.0 ±  

0.0 

7338.4 ± 

1124.1 
*** 34108.4 ± 789.7 46975.7 ± 5582.3 * 

0.0 ±  

0.0 

0.48 ± 

0.03 
*** 

1581.7 ±  

189.8 

2770.2 ±  

659.7 
** 

basal leaf 
1070.3 ± 

284.4  
7033.4 ± 216.6 *** 30336.0± 1680.7 33284.7 ± 6036.5 ns 

0.11 ± 

0.01 

0.66 ± 

0.04 
** 

7418.6 ±  

358.1 

6441.9 ±  

1199.0 
* 

p-level 

(apical vs 

basal) 

*** ns  ns ns  *** *  *** * 

 

              

 apical leaf  
0.0 ±  

0.0 

9024.3 ±  

0.5 
*** 42085.8 ± 2140.0 37007.5 ± 0.5 * 

0.0 ±  

0.0 
0.74 ± 0.00 *** 

2735.7 ±  

413.2 

6364.3 ±  

0.0 
*** 

24 basal leaf 
3939.4 ± 

789.4 
8829.3 ± 501.8 *** 36123.7 ± 3347.9 44650.0 ± 1475.7 * 0.32 ± 0.01 

0.59 ± 

0.01 
** 

8957.4 ±  

328.9 

5438.0 ±  

727.8 
** 

  

p-level 

(apical vs 

basal) 

*** ns  ns ns  *** *  *** *  
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To gain more accurate results on the trend of the Bioristor response upon saline treatment, the NR 

parameter allowed us to overcome the disturbance due to day/night oscillation. In the initial phase of 

the experiment (1-7 days), the NR of the BS showed a rapid and consistent increase (60%) after 

addition of Na+ (3 day, Figure 5A) up to a maximum recorded at 6 day (p≤ 0.001, Figure 5A, Table 

1). Whereas, the AS showed a constant and lower response than BS up to day 4 (Figure 5A). In the 

median phase of the experiment (13-19 days; Figure 5B, Table 1), the NR value of BS significantly 

increased up to 15.5 day (p ≤ 0.001), and then decreased up to 17 day, suggesting first an ongoing 

accumulation and compartmentalization of Na+ in the basal leaves. Upon a new addition of Na+ at 

day 17 (the fifth salt supply, see Figure 1A), NR of AS showed a new and continuous increase (p ≤ 

0.001) (Figure 5B). 

 

 
Figure 5: Normalized Sensor Response (NR) of the apical sensor (AS, solid line) and the basal sensor (BS, dashed line) 

in three different intervals of the experiments: (A) initial phase (1-7 day); (B) median phase (13-19 day); (C) final phase 

(27-37 day). Solid triangles indicate the application of saline treatments. The asterisk indicates the maintenance of the 

sensor. These data collected in-vivo are consistent with the observed general decrease in the 

transpiration rate measured in salt-stressed plants (Figure 6). 
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Figure 6: Transpiration rates of control (A) and salt stressed (B) A. donax plants measured at different sampling times: 1, 

18 and 24 day (see Figure 1). Black circles indicate measurements collected from the 2nd leaf (apical leaf) and white 

circles indicate measurements collected form the 5th leaf form the top (basal leaf). Values are means ± standard errors (n= 

4). 

 

The final phase of the experiment covered day 27-37. Early in this phase, a stable NR signal was 

observed in BS. However, NR of BS increased rapidly after the addition of salt (Figure. 1A) at 32 

day (p ≤ 0.001, Figure 5C, Table 1). On the other hand, an increase of the NR signal was observed in 

AS at 28 day, which was not followed by additional increases after subsequent Na+ treatments. 

The transpiration rate (TR) measured in the same time range (1, 18 and 24 day) in salt-stressed plants 

was lower than in control ones and, in particular, TR was higher in the apical than in basal leaves of 

salt-stressed plants (Figure 6). Na+ progressively accumulated in leaves of salt-stressed plants. 

However, Na+ concentration did not show any statistical difference between apical and basal leaves 

in the median and final phases (Table 2).  

PCA was performed by considering the measured variables (Na+, K+ and Ca+2 concentration and the 

total cations concentration and transpiration rate). Of note, to increase the accuracy of the PCA 

analyses the Bioristor’s response R was here considered to allow for the analyses of stressed and 

control response. The first two components explain 86.8 % of the variability (Figure 7). 
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Table 2: Sensor Response (R) of control and salt stressed A. donax plants measured at different times: T0 (before the 

beginning of the experiment), T1 (initial phase), and T2 (median phase). Values are means of the daily R value ± standard 

errors are shown (n = 3). ANOVA has been used to assess statistical differences between leaves of control and salt-

stressed plants (***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05) 

 

 

The first PC (PC1) explained 54.9 % of the total variability. In particular, the total cations 

concentration (TCC) and Na+, K+ and Ca+2 concentrations and R have large positive loading on the 

PC1 and are positively correlated (Figure 7). The regularly irrigated controls and the salt-stressed 

plants are well separated in the biplot indicating the efficacy of the saline treatment. 

 

 day   Sensor Response (R)   

  Control Stress  

    
p-level  

(control vs stress) 

0 apical leaf 5.24 x 10-2 ± 1.72 x 10-3 
2.81 x 10-2 ± 6.03 x 10-4 

 
n.s. 

 basal leaf 
3.27 x 10-2 ± 1.72 x 10-3 

 

8.52 x 10-3 ± 6.24 x 10-4 

 
n.s. 

 p-level (apical vs basal) *** ***  

     

18 
apical leaf 2.51 x 10-2 ± 1.17 x 10-3 

4.23 x 10-2 ± 9.32 x10-4 

 
*** 

 basal leaf 
1.53 x 10-2 ± 7.02 x 10-4 

 

8.07 x10-2 ± 1.44 x 10-3 

 
*** 

 p-level (apical vs basal) *** ***  

     

24 
apical leaf 3.94 x 10-2 ± 2.70 x 10-3 

1.03 x 10-1 ± 2.56 x 10-3 

 
*** 

 basal leaf 
4.52 x 10-2 ± 3.51 x10-3 

 

7.72 x 10-2 ± 2.1 x 10-3 

 
*** 

 p-level (apical vs basal) n.s. ***  
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Figure 7: Biplot of the PCA results. The first two PCs display 88.3% of the total physiological variation. The component 

scores are colored according to the agronomic groups (yellow dots, stressed plants; green dots control plants). The 

components loading vectors were proportionally superimposed to their contribution, and their direction indicated the 

influence of variable group. R, Bioristor Response; Na+, sodium concentration; K+, potassium concentration; Ca2+, 

calcium concentration; TCC, total cations concentration; TR, transpiration rate; PR, photosynthetic rate. 

 

The analyses of the PCA loading vectors showed a high correlation between R and Na+  concentration 

(r=0.79, p≤0.05) and this is confirmed by the multivariate analysis (Figure 7), supporting the efficacy 

of Bioristor in revealing in real-time changes in the plant sap cation concentration during the stress. 

Furthermore, the analyses of the correlation between R and TR, showed a high and inverse correlation 

between R and TR (r=-0.71, p≤0.05) that is recognized as strongly affected by the saline stress (r=-

0.89, p≤0.05).  

The time course analyses of the ions in the plant leaves showed that Na+ increased following the salt 

treatment and the decreased of Ca2+ concentration in salt-stressed basal leaves in comparison to the 

control ones, both at medial and final stages of the salt treatment. Furthermore, K+ showed an 

accumulation in apical leaves only in salt stressed plants in the medial stage, whereas K+ decreased 

in apical leaves and increased in basal leaves at the final stage of stress, compared to respective 

controls (Table 2, Figure 4,8). 
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Figure 8: Qualitative visualization of the Bioristor (NR, normalized sensor response; TR, transpiration rate) and plant 

ions concentration (Na+, sodium; K+, potassium; Ca2+, calcium) 

 

 

6.3   Discussion 

 

Enhancing the ability to investigate plant functions and structure through non-invasive tools and 

methods with high accuracy has become a major target in phenotyping for plant breeding and 

precision agriculture82.  

Here we use a bioelectronics approach to investigate the plant defence responses occurring under 

adverse growing conditions. 

Organic bioelectronic devices are based upon organic electronic materials that offer efficient signal 

transduction from electronic input to ionic output and vice versa, while the toolbox of organic 

chemistry enables design and tailoring of active materials with desired characteristics, such as 

functionality, processability, and biocompatibility15,17. Organic bioelectronics devices and materials 

have been applied mainly in the context of light-emitting and photovoltaic devices, stretchable and 

wearable devices, and biomedical applications. However its usefulness and applicability in plants to 

monitor and control plant physiology has begun to be explored17,39,149,150.  
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Conventionally, to detect the physiological status of plants, a range of technologies and/or their 

combinations have been applied151–153, such as chlorophyll fluorescence imaging154,155, multispectral 

imaging156, thermal imaging157 and electric signals158.  

Here, an OECT based sensor namely Bioristor has been applied to monitor in-vivo the physiological 

effects of salt application in A. donax in three intervals and we demonstrated the ability of Bioristor 

to return a salt stress specific response.  

In particular, an increased NR in both BS and AS (Figure 5) and Pearson correlation between R and 

the concentration of cations clearly indicated that the Bioristor can effectively reveal presence and 

changes of all cations in the plant sap. Indeed, R is consistent with the daily transpiration trend due 

to light-driven stomatal opening and the consequent onset of transpirative passive flux from the soil 

to the air45. Plant growth and development relies on the movement of various ions through the plant 

sap159. The observed circadian variation in sap electrical conductivity of A. donax was consistent with 

the long distance transport of solutes through the xylem. In fact, ion concentrations are typically 

higher during the night than in the day160 when they are diluted by the higher water transpiration 

stream39. 

Absence of changes in normalized response (NR) values of apical sensor (AS) during the initial stage 

of the salt treatments (4-6 days), may indicate that Na+ mainly accumulate in basal leaves of A. donax 

(and it does reach the apical ones) during the first days upon the treatment (4-6 days), despite these 

data are not supported by quantitative data on ions concentration in leaves. Overall, our results support 

a positive ion compartmentalization, namely of Na+, in the basal portion of the plant during the early 

phases of the saline stress, following the addition of NaCl to the substrate. The ion transport was 

differently described by the NR: the basal sensor (BS) continuously detected a different and higher 

amount of positive ions at lower rate, whereas the upper leaves showed that higher values of ions 

occurred at a later stage of salinity stress (14 day). When compared with in-vivo assessment of leaf 

transpiration, the Bioristor showed a similar trend of the transpiration stream allowing for the 

continuously measured of the ion presence in the plant sap and indirectly of the occurrence of the 

transpiration stream in A. donax plants growth under saline stress conditions. High-resolution sensors 

are powerful tools to investigate promptly plant responses. In this study case, the Bioristor highlighted 

the potential to synchronize plant functions and environment variations in time series, by providing 

a continuously monitoring in real-time of the dynamic changes. 

The lower transpiration rate (TR) in salt-stressed plants than in control ones and the higher TR in the 

apical than in basal leaves of salt-stressed plants were expected as root absorption of Na+ enhanced 

the synthesis of ABA that causes a prompt stomatal closure and thus limits transpiration161,162. 
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However, the toxic accumulation of Na+ and the enhancement of both K+ uptake and accumulation 

imply that Na+ and K+ transporters and channels play a major role in salt stress tolerance163.  

The combination of sensors applied in the apical and basal plant parts allowed to hypothesize the 

trend in time and space of ions or positive electrolytes transport along the culm. The application of 

the Bioristor to A. donax plants revealed an initial compartmentalization of the Na+, K+ and Ca2+ ions 

into the basal leaves during the early stages salt stress, whereas Na+ reaches the apical leaves at later 

stages of the salt stress. The application of the Bioristor on several plant species and its development 

for the ion specific detection can significantly improve in-vivo plant phenotyping and the real-time 

monitoring of salt stress for the identification of salt resilient genotypes.
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Chapter 7 
 

 

Conclusions 

 

The present thesis work represents a breakthrough in the use of in-vivo sensing technology in plant. 

The bioristor provides new insights in the dynamic changes of the chemical composition of the sap 

in the xylem occurring in drought-stressed tomato and kiwi plants in controlled environment.  

Moreover, its potential to differentiate the response between two cultivars is foreseen, proposition for 

Bioristor as a tool breeding selection for drought resilient genotypes. Interestingly, Bioristor provides 

information on the defense response enhanced by the application of biostimulants on drought-stressed 

plants.  

Our experiments performed in controlled and open field conditions, reinforce the characteristic 

features of Bioristor: i) its ability to continuously monitor plant physiology, ii) its minimal 

invasiveness, iii) its low cost, and its ease of generating readable and sharable data hypothesizing a 

future as new sensor in the high-throughput phenotyping scenario as demonstrated in the tomato 

Bioristor mesurements coupled with image based phenotyping data. Considering that agriculture is 

currently withdrawing 70% of the fresh water available in the planet, the possibility to early detect 

the onset of a water deprivation, can represent a concrete step forward the optimization of irrigation 

and the achievement of UN sustainable development goals. The use of Bioristor to guide the irrigation 

in both tomato and kiwifruit would reduce of approx. 35% the irrigation volumes.  

The use of the Bioristor as a smart sensor in greenhouse conditions to fine tune the regulation of VPD 

can be used to achieve increased water use efficiency and yield. 

Finally, salinity stress, was detected in a specific manner, allowing to hypothesize the ability to define 

the use of sea water for tomato irrigation and improve fruit quality by constantly monitoring the plant 

health boosting water reuse and improving quality without compromising yield (Chapter 6). 
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