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“It is not the quantity of water applied to a crop, it is the quantity of intelligence applied which 

determines the result - there is more due to intelligence than water in every case.”  
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Abstract 

 

Extreme weather events, water scarcity and excessive heat threaten agriculture management and food 

security. In the face of these challenges, the need for adaptive crops is urgent but it is slowed by traditional 

breeding programs, which are a major drag on the progress because of their cost and time required. In this 

work we demonstrate that the use of the OECT-based sensor called bioristor can accelerate the selection 

of improved genetic material for drought and heat stress resilience. To do so, the response of plants 

exposed to stress was monitored with the bioristor, allowing for the classification and identification of 

different responses belonging to different genotypes, in terms of tolerance and resilience to the stress. 

This demonstrated the feasibility to apply the bioristor in pre-breeding programs and its crucial role in 

deepening the knowledge on the dynamic of the response to drought and heat. Then, bioristor was 

integrated in a High-Throughput Phenotyping platform and its contribution validated in monitoring in real 

time, in vivo and in continuous plant growth and responses to drought. The exploitation of bioristor in 

frame of a climate smart agriculture approach in plant monitoring and water management automation in 

developing countries adds value to the ongoing research. 
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1. Motivation and outlines 

 

The discovery of agriculture, likely happened in the Fertile Crescent around 12000 years ago, represented 

one of the first consistent evolutions of the human species as, thanks to it, humanity changed its lifestyle, 

progressively leaving the hunting-gathering and embracing a more sedentary life (Rindos 2013); this 

change shaped the evolution of human culture, as people enlarged their community and developed 

languages, religions, arts, and sciences, and formed social hierarchies, laws, and institutions. Moreover, 

it implied a deep change in the human digesting apparatus as well as in body posture and in the progressive 

evolution of hands (Gowdy 2020). Over the centuries, as a result of population growth, agriculture has 

seen incessant improvements, from the development of the first irrigation systems to the domestication of 

animals and plants, from the use of fertilizers to the discovery of genetics and biotechnology; as a result, 

human dependence on it for food has also increased. 

Nowadays, FAO estimates that about half of the population directly or indirectly depends on agriculture 

for their food supply, hence climate change, which is strongly impacting agriculture and therefore human 

beings’ basic nutritional requirements, is considered a dangerous threat to human life on this planet. 

Nevertheless, as the rate of human population growth has soared, anthropogenic-related CO2 emissions 

have also massively increased, in order to satisfy the higher need for food. In this sense, humanity is 

fueling a chain mechanism capable of rapidly bringing climate and human society to collapse. 

Hence, a higher attention to the environment, in maximizing input use efficiency and preventing the 

simultaneous greenhouse gasses emission increase, will also be crucial. To this end, possible solutions 

can be the adoption of better agronomic practices, through the introduction of precision agriculture, or the 

improvement of breeding strategies, to accelerate the selection of more tolerant varieties. 

Within this panorama, IMEM-CNR developed a new sensor named bioristor to enable real-time and in 

vivo monitoring. The sensor is based on the PEDOT:PSS organic semiconductor and its main strengths 

are the biocompatibility, which enables long-term operations, and the capability to lead in vivo and real-

time monitoring.  

The aim of this study is to address the need of identifying novel sources of drought tolerance through the 

use of innovative technologies and, in particular of bioristor, by accelerating the phenotypic selection.  

Overall, this thesis deals with the use of the novel biosensor for plant phenotyping, both as novel tools for 

precisely selecting improved genetic material. To investigate this potential, genetic material ranging from 

https://www.zotero.org/google-docs/?o74mox
https://www.zotero.org/google-docs/?69rLad
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commercial varieties to introgression lines were analyzed with bioristor and classified according to their 

dynamic response to drought, drawing some conclusions on their potential tolerance or susceptibility.  

Then, a case study combining both applications was carried out, taking advantage of the research project 

Maison Parma. This is an international cooperation project in view of a climate smart agriculture 

approach. The idea was to first test and select varieties with increased tolerance to adverse climate 

conditions suitable for the cultivation in Burundi, and then to apply the sensor as a tool for precision 

climate smart agriculture through the real time open field monitoring of tomato cultivation performed in 

2023 the same place. 

Finally, to fulfil the goal of developing a tool for in-vivo phenotyping, during this thesis the integration 

of the bioristor in a real phenotyping platform, thanks to the collaboration with ALSIA Metapontum 

Agrobios, was positively experimented. 

Both approaches were successful in demonstrating the efficacy of bioristor in plant phenotyping and as a 

tool for plant monitoring in the field. 

 

The thesis is organized as follow: 

• Chapter 1 reports the work outlines and motivation. 

• Chapter 2 provides an overall description of the state of the art on climate change, plant 

phenotyping, precision agriculture and plant sensors. 

• Results are organized in 4 sections (Chapters 3, 4, 5 and 6, Fig. 1), structured with the aim of 

validating the use of the bioristor as an innovative tool for plant phenotyping.  

• Chapters 3 and 4 report two experiments focused on commercial varieties during which bioristor 

was used to monitor the different responses of the varieties exposed to drought stress. The bioristor 

indices were compared with physiological based indices and the correlation between bioristor and 

the plant’s physiological state analyzed. These indices were used to classify the different varieties 

in terms of tolerance to stress.  

• Chapter 4 is dedicated to the application of bioristor in a case study in frame of an international 

cooperation project (Maison Parma). Here, bioristor serves as a selection tool for plant varieties. 

In a second instance, bioristor was used in open field in adverse environmental conditions as the 

Burundi environment.  

• The purpose of Chapter 5, is the exploitation of bioristor to select complex tomato genomes as the 

tomato Introgression Lines (ILs), to demonstrate the ability of the sensor in detecting tolerant 
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genotypes. This part of the experiment was performed in the facility of Prof. Vicent Arbona in the 

Castellón de la Plana Universitat Jaume I. 

• The last section (Chapter 6) is dedicated to the implementation of bioristor in a phenotyping 

platform; to this end, the chapter described the development of a control unit dedicated to the 

Phenotyping platform held by ALSIA Metaponto Agrobios. 

• Overall conclusions in Chapter 7 shed light on the novel use of bioristor in plant monitoring and 

phenotyping applications. 

• Chapters 8 and 9 show products of the research and bibliography, respectively. 

 

 

Fig. 1 - Scheme of the results of the thesis.  
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2. Introduction 

 

2.1 Climate change, water shortage and drought events: being prepared 

for emerging threats 

Climate change severely affects food security and agronomic practices due to the increasing severe 

weather events. (FAO 2022a), as a consequence, food safety emerges as a paramount and highly sensitive 

issue on a global scale facing continuous disruption (Yadav et al. 2021). Scientists express concern that 

the speed at which climate change events are occurring may leave some living things with no chance to 

adapt (Kemp et al. 2022). What if humanity is on that list? 

The definition given for Climate change by scientists is a - significant divergence in the average values 

of meteorological elements, as precipitation and temperature, for which data have been computed over a 

long period (Abbass et al. 2022) -. This divergence is mainly reflected in the increased probability of 

extreme weather events. 

Earth’s history is populated by many of these events, such as ice ages, the last of which occurred during 

the Quaternary (Gamache et al. 2015); however, changes taking place at similar speed have never been 

reported before. Indeed, CO2 levels as well as temperature are increasing vertiginously, with a speed ratio 

over 1:1000 compared with the last glaciation, see Fig. 2 (Nelson 2021).  

 

https://www.zotero.org/google-docs/?JzRrbN
https://www.zotero.org/google-docs/?pEE4VB
https://www.zotero.org/google-docs/?BSitgY
https://www.zotero.org/google-docs/?RDk6Om
https://www.zotero.org/google-docs/?SDI99t
https://www.zotero.org/google-docs/?nwnfXx
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Fig. 2 - Evolution of two climate change indices: CO2 and temperature (Morice 2021; GCB 2023). A) 

Total cumulative emissions of carbon dioxide, since the first year of available data, measured in tonnes. 

B) Global average land-sea temperature anomaly relative to the 1961-1990 average temperature. 

 

Although there are multiple competing factors in the evolution of climate change, some of them natural 

such as changes in solar and volcanic activity as well as ocean circulation (Knutti and Rugenstein 2015; 

Holme and Rocha 2023), the major causes of this worldwide occurrence have to be identified in human 

activity as, since the beginning of the industrial era, anthropogenic activities on Earth have introduced a 

massive amount of gasses into the atmosphere (Stern and Kaufmann 2014). These include compounds 

such as carbon dioxide, methane and nitrous oxide, which are able to absorb infrared radiation naturally 

emitted from the planet’s surface, preventing it from being scattered and emphasizing the so-called 

‘Greenhouse effect’. The accumulation of solar energy that is no longer allowed to disperse in the form 

https://www.zotero.org/google-docs/?DMkJM3
https://www.zotero.org/google-docs/?L9hr1q
https://www.zotero.org/google-docs/?L9hr1q
https://www.zotero.org/google-docs/?i8RrYh
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of infrared radiation, in turn, is responsible for the temperature increase and the triggering of extreme 

weather events (Bolin and Doos 1989).  

Climate change generates considerable uncertainty about human life’s future on planet Earth since, by 

affecting precipitation, runoff and snow/ice melt, with outcomes on hydrological systems, water quality 

and water temperature, as well as on groundwater recharge, it jeopardizes fresh water availability (some 

of these effects are summarized in figure 3). In many regions of the world, this issue will present a major 

challenge for climate adaptation, and will be aggravated by sea-level rise that will affect the salinity of 

surface and groundwater in coastal areas (FAO 2015).  

 

Fig. 3 - Effects of climate change (NOAA 2021): among them, glacial ice melting, extreme thunders, 

excessive heat, whose consequences are fires and flooding as well as drought. 

 

Considering agriculture’s need for water, it is easy to see that the effects of climate change on water 

availability are immediately mirrored in this sector. To better distinguish and study them, a classification 

was proposed (Raza et al. 2019). Depending on their mechanism of action, three groups can be recognized, 

these are:  

● Direct effects 

● Indirect effects 

● Socio-economics effects 

https://www.zotero.org/google-docs/?YlNaGz
https://www.zotero.org/google-docs/?e3ZQkR
https://www.zotero.org/google-docs/?0HiBMy
https://www.zotero.org/google-docs/?HgWCvw
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Direct effects strongly impact on plants’ morphological, physiological or phenotypic characteristics and 

yield. Indirect effects refer to the impact on the environment and in particular about soil fertility, irrigation 

availability, rise in sea level, pest aggressivity, and the well-known heat, flood and drought. Whether 

socio-economic effects are other consequences to be considered since they have negative impacts on 

global food security and safety, and they consist of food demand increase, farmer’s response, cost, policy, 

trade and unequal distribution. 

Another example of direct effect is the loss of biodiversity, which is specifically caused by the deep 

variation in precipitation and temperature (FAO 2022a, pp. 2022–2031; Habibullah et al. 2022). The latter 

not only impacts ecosystems’ stability but in turn endangers crop breeding by eliminating possibly 

attractive genetic resources, and thus greatly reduces the effectiveness of this method in combating climate 

change itself (Prakash 2021). The International Union for Conservation of Nature (IUCN) is thoroughly 

studying the risks associated with it, and created the famous ‘Red List’ (IUCN 2023). The Red List tracks 

all the animal, fungus and plant species under extinction risk and, since its establishment in 1964, it 

represented an important starting point in the evolution of conservation plans as well as on their efficacy 

(Betts et al. 2020). Moreover, the list serves as a ‘Barometer of Life’, offering a continuous measurement 

of the pressures affecting species and providing insight into the overall health status of life on this planet 

(IUCN 2021).  

Being agriculture the sector with the highest water needs among all industries, using approximately 70% 

of the available freshwater of the planet for irrigation (FAO 2022a, pp. 2022–2031; Vurro et al. 2023a; 

Kohli et al.), the most severe indirect effect of climate change is drought. To understand the impact of 

climate change in agriculture it must be considered that 12 million hectares are lost each year due to 

drought and desertification (23 hectares/minute), where 20 million tons of grain could have been grown 

(Azadi et al. 2018). In terms of water consumption, crops require different amounts of water for irrigation. 

The volume depends on the environment in which plants are grown and on their genome. In fact, tolerance 

and resilience to stress, as well as higher water use efficiency (WUE) can sensibly vary plants’ water 

needs and productivity (Ozeki et al. 2022). See figure 4 for a comparison of water needs between some 

of the main crops. 

https://www.zotero.org/google-docs/?qjyLTK
https://www.zotero.org/google-docs/?0yjdLH
https://www.zotero.org/google-docs/?VgMVHt
https://www.zotero.org/google-docs/?FV3jvf
https://www.zotero.org/google-docs/?KyEeFV
https://www.zotero.org/google-docs/?UbNRKh
https://www.zotero.org/google-docs/?UbNRKh
https://www.zotero.org/google-docs/?ZI6b7j
https://www.zotero.org/google-docs/?vXAFXM
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Fig. 4 - Freshwater withdrawals per kilogram of food product (Ritchie and Roser 2017): comparison 

between crops. 

 

To understand how climate change can simultaneously exert its influence on many aspects related to the 

agricultural sector, including socio-economic, consider that coffee cultivation in Mexico, whose net 

revenue is drastically reducing, is forecasted to become unaffordable in the upcoming years (Gay et al. 

2006). 

Joint initiatives of several world states are in progress to globally reduce the effects of climate change. 

An example is the Paris Agreement (UNFCCC), for limiting the global temperature rise to well below 2 

degrees Celsius, even though the continuous increases of greenhouse gas emission (GHG) are preventing 

most of the countries from reaching this goal.  

Other important agreements are the famous Kyoto Protocol, adopted in 1997 (UNFCCC) and the COP28 

Climate Change Conference, that took place in Dubai 2023 (UNFCCC). Overall, the objectives pursued 

are to address climate change by setting legally binding emission reduction targets for developed countries 

and establishing mechanisms to promote international cooperation in reducing greenhouse gas emissions, 

keeping the global warming limitation below 1.5 degrees Celsius, compared to pre-industrial levels, as a 

central goal.  

The most recent one involved nearly 200 countries and focused on 4 paradigms shift: fast-tracking the 

energy transition and slashing emissions before 2030, transforming climate finance, by delivering on old 

https://www.zotero.org/google-docs/?rkXDn7
https://www.zotero.org/google-docs/?USO8D3
https://www.zotero.org/google-docs/?USO8D3
https://www.zotero.org/google-docs/?v0JyiG
https://www.zotero.org/google-docs/?5orO6h
https://www.zotero.org/google-docs/?esrkHb
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promises and setting the framework for a new deal on finance, putting nature, people, lives, and 

livelihoods at the heart of climate action and mobilizing to make next COPs more inclusive (UNFCCC).  

Considering the ongoing increases in world population, new agriculture practices and new technologies 

will be needed soon to ensure food security, therefore the science community has a very important role. 

 

2.2 Strategies to cope with climate change effects: drought stress, variety 

selection, improving growth techniques 

Several strategies are adopted in agriculture to cope with drought stress, among them two main groups 

can be recognized; the first one regards the use of improved agronomic management, e.g, through the 

adoption of smart and digital agriculture, whereas the second one implies the selection and identification 

of novel genetic material, more adaptable to the ongoing climate change (Venkateswarlu and Shanker 

2009).  

Regarding the first, many approaches and new agronomic practices, including soil tillage, intercropping, 

increase the efficiency of nutrient management, and improve the efficiency of irrigation, have been 

suggested (Tyagi et al. 2020). Improvements in inputs use efficiency, in particular water use efficiency, 

has always been a major objective in agriculture, given the great impact on the environment. The 

application of fertilizer as well represents a major topic, since it is directly correlated with the increase of 

water use efficiency, as it determines greater yield in comparison with that of evapotranspiration (Sharma 

et al. 2015). However, the cost of these resources and the deriving need of maximizing their efficacy by 

providing fertilizer and water, where and when needed, led to the spread of the precision farming 

paradigm, a subject that will be discussed in the next section (Cammarano et al. 2023).  

On the other hand, as previously cited, the identification of more adaptable crop varieties to address the 

needs of increased food production while improving food sustainability, represents another valid approach 

for climate change effect mitigation. In this scenario plant phenotyping is mandatory to achieve the 

characterization of novel genetic material; however, despite the big advances in other related fields like 

genomics, that lead to a faster production of novel material, phenotyping is still a bottleneck in the 

characterization of novel genetic material due to the limited number of phenotyping installation available, 

both in controlled conditions as well as in open fields (Song et al. 2021), and because it still relies on time-

consuming and labor-intensive techniques, mainly performed by hand and heavily influenced by 

subjectivity. The discussion on the strategies to cope with climate change effects will be opened debating 

the newest agronomical practices first and plant breeding later. 

https://www.zotero.org/google-docs/?dUGCNz
https://www.zotero.org/google-docs/?ZoT2gh
https://www.zotero.org/google-docs/?ZoT2gh
https://www.zotero.org/google-docs/?Or7F1F
https://www.zotero.org/google-docs/?4TEtxI
https://www.zotero.org/google-docs/?4TEtxI
https://www.zotero.org/google-docs/?dqHSXl
https://www.zotero.org/google-docs/?Q3q8Cj
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2.2.1 Sensing technologies and precision agriculture  

The Precision agriculture idea, also known as Site-Specific input Application, arose from the observation 

of inter and intra-field variability, consisting of soil texture, slope value, vegetation cover, etc., and is 

based on the integration of information and actuation technologies in a parcel’s management (Meena et 

al. 2019).  

The International Society of Precision Agriculture (PA) defined it as a field management strategy that 

gathers, processes and analyzes temporal, spatial and individual data and combines it with other 

information to support management decisions accordingly to estimated variability for improved resource 

use efficiency, productivity, quality, profitability and sustainability of agricultural production 

(Cammarano et al. 2023). 

It is therefore evident that recognition and discrimination of parcels of different characteristics is crucial, 

for this reason, key factor in the emergence of precision agriculture has been GPS technology that, 

together with Geographic Information System (GIS) and Remote Sensing, help farmers to locate the exact 

position of field information, such as soil type, weed invasion, pest occurrence, boundaries, water leakages 

and obstructions, and to couple real-time data collection with accurate position (Meena et al. 2019): this 

process, that is the creation of maps using location-based data, is called Geo-mapping. Remote sensing 

and GIS will be further described in the next chapters.  

In the last decade, the agriculture’s challenge of improving agri-food products’ quality and quantity while 

respecting human health and the environment (Coulibaly et al. 2022), which is achievable through the 

reduction of input employment obtained by maximizing their use efficiency, is the lever that has opened 

the debate on the crops’ health status among scientists. Proximal sensors, e.g., enabling soil humidity, air 

temperature, and air humidity monitoring, as well as remote sensors, like figure sensors integrated on 

drones and satellites, are some of the results of these studies (Dobriyal et al. 2012; Aqeel-ur-Rehman et 

al. 2014; Krishna 2017; Bansod et al. 2017). In figure 5 are depicted the most commonly used 

technologies. 

https://www.zotero.org/google-docs/?NJT1Wz
https://www.zotero.org/google-docs/?NJT1Wz
https://www.zotero.org/google-docs/?30nwAo
https://www.zotero.org/google-docs/?3vjDBK
https://www.zotero.org/google-docs/?R7fP8v
https://www.zotero.org/google-docs/?rOjU2L
https://www.zotero.org/google-docs/?rOjU2L
https://www.zotero.org/google-docs/?rOjU2L
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Fig. 5 - Overview of the main precision farming technologies: among them are recognizable cloud storage, 

drones, animal and plant sensors, together with the actuators like automatic irrigation systems and 

autonomous vehicles (Iberdrola 2024) 

 

Sensing technologies play a crucial role in precision agriculture, upscaling the amount of information 

available as well as the precision and efficacy of the consequent decisions taken. The most used techniques 

are remote sensors, based on  the use of satellite, airborne or unmanned aerial vehicles (UAV), platforms 

using multi- or hyperspectral imagery (Ranghetti et al. 2020), and proximal sensors, that are close to the 

object and usually installed on platforms ranging from handheld, fixed installations, or robotics and 

tractor-embedded sensors (Alexopoulos et al. 2023). Overall, the types of sensors involved include RGB 

or gray-level-cameras to multispectral and hyperspectral high-resolution imaging systems or even 

thermographic cameras. Associated with plant growth conditions and used for many phenotyping 

techniques, remote and proximal sensing enable the acquisition of information on nutrient deficiency, 

biotic stress, such as pests and diseases, as well as on abiotic stresses. 

The main result in the processing of this information is the calculation of a Variable Rate Application (or 

VRA), a concept that refers to the variable distribution of the input in the field following the necessity of 

each field unit. Depending on how the application rate is modulated, two types of VRAs can be 

distinguished: a map-based VRA and a sensor-based VRA. In the former, the rate is adjusted on the basis 

of an electronic map; in the latter, no map is needed and the rate is calculated on the basis of data collected 

https://www.zotero.org/google-docs/?2MZ3wc
https://www.zotero.org/google-docs/?yszb3L
https://www.zotero.org/google-docs/?WFGpQj
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by sensors (Grisso et al. 2011). The implementation of VRA has required the development of new tools, 

which in some cases resulted from the integration of advanced electronics into previous generation 

machines (Singh et al. 2023). One example is the Automated Steering System that enables self-driving 

machines, allowing to increase work cycles; these vehicles are essentially tractors modified to replace 

direct human control with computer-controlled actuators (Lange and Peake 2020). However, the need to 

perform new tasks in some cases has led to the design of completely new machines; consequently, it is 

not surprising that the revolution brought by precision agriculture is accompanied by a strong acceleration 

in the field of robotics (Botta et al. 2022). In fact, the use of robots may not only be intended to enable 

automation and relieve humans from doing labor-intensive tasks, but also to speed up weeding, planting, 

crop monitoring, fertilization, pest control, harvesting, pruning and thinning, soil sampling and analysis, 

data collection and mapping (Mahmud et al. 2020; Danton et al. 2020; Zhang et al. 2020b; Beloev et al. 

2021; Botta et al. 2022).  

The precision agriculture concept was extended to animal farming too, resulting in the so-called ‘Precision 

livestock farming’ (PLF) (Aquilani et al. 2022): PA and PLF belong to the ‘precision farming’ 

macrogroup. Recently, with the rapid development of electronic devices and their reduction in price, a 

new concept, called smart agriculture, is rapidly spreading, which can be seen as an evolution of precision 

agriculture, involving the widespread implementation of electronics in many aspects of the sector. The 

topic will be extensively treated in an ad-hoc paragraph, after the in-depth agriculture sensors analysis. 

 

2.2.2 Plant breeding and variety selection  

As mentioned, the use of more adaptable to climate change novel genetic material is a valid strategy to 

mitigate its effects on agriculture and to reduce the overall input and energy required; the identification 

of these variants can be obtained both through the selection of useful traits in the reservoir of genetic 

variability and through the production of novel material.  

Genetic reservoirs consist of a group of individuals bearing, on the whole, a big number of alleles and 

genetic variations and storing the overall genetic diversity of a population; their composition is the result 

of many centuries of mutation and natural selection cycles (Yolcu et al. 2020). Since the beginning of 

domestication, crop selection has used these sources of variability to identify variants best suited to human 

needs (Purugganan 2019). Despite all these years of exploitation have resulted in a constant depletion, 

genetic reservoirs still represent useful resources that may help mitigating climate change effects on 

agricultural production (Ceccarelli et al. 2010; Pignone and Hammer 2013; Pignone et al. 2015), 

especially because the negative impact of climate changes on agriculture, and therefore on food 

production and quality, is aggravated by the greater uniformity existing in the agricultural crops of 

https://www.zotero.org/google-docs/?iQJVV9
https://www.zotero.org/google-docs/?2lkLjK
https://www.zotero.org/google-docs/?8YcFhO
https://www.zotero.org/google-docs/?HVKSn7
https://www.zotero.org/google-docs/?PTzitG
https://www.zotero.org/google-docs/?PTzitG
https://www.zotero.org/google-docs/?PTzitG
https://www.zotero.org/google-docs/?PTzitG
https://www.zotero.org/google-docs/?cfzbFI
https://www.zotero.org/google-docs/?t0M39q
https://www.zotero.org/google-docs/?a3lUOR
https://www.zotero.org/google-docs/?oZJWJK
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developed countries, whose production generally relies on few closely related and genetically uniform 

cultivated varieties (pure lines and hybrids) (Pignone et al. 2015).  

These crops mainly originated from the selection among previously produced élite lines, since landraces 

are seldom utilized in breeding programs; this is due to both lack of genetic uniformity, which makes it 

harder to make the best use of their potential, and to the difficulty of analyzing a large number of 

genotypes, which can be more than ten per each single landrace (Raman et al. 2010). For these reasons, 

landraces and traditional varieties have received very little attention by researchers, especially after the 

introduction of molecular tools, which have amplified the resolution of genetic studies. On the other hand, 

this method implied and is implying a gradual reduction of their genetic base.  

Developing a new variety is a time-consuming process, which can take up to 11 years, so it is crucial to 

make it as efficient as possible. Nowadays, many techniques have been developed for this purpose 

(Schaart et al. 2016), among them, ideotype breeding is probably the most common breeding strategy and 

consists in the definition of an ideotype, i.e. an a priori defined traits set, to which the breeder is trying to 

get closer during the selection (Ahn et al. 2023). The identification of the selection traits drives the entire 

process and establishes the success of the selection, therefore it is usually the result of a deep market 

research that takes into account what consumers’ personal preferences will be in the next decade (Lenaerts 

et al. 2019). Key factor of ideotype breeding is the identification of genes, strongly related with the 

focusing traits to produce desirable and predictable changes in the traits (Ahn et al. 2023).  

Molecular markers are commonly used to trace the heritage of genes under selection in breeding programs 

(Hasan et al. 2021). The implementation of molecular markers for selection purposes is called marked 

assisted selection, or MAS, and was proposed for the first time by Soller and Beckmann in 1983 and by 

C. Smith and P. Simpson in 1986 (Altman and Hasegawa 2012). Marker-assisted selection, as well as 

Genomic Selection (GS), are the most common approaches used to follow useful traits during breeding 

programs, which is crucial to precisely select the individuals to be used for the creation of the following 

generation during the selection process. Genomic Selection, in particular, can significantly accelerate 

genetic gain and reduce generation interval enabling early and accurate selection based on the evaluation 

of individual reproductive value, called breeding value, which in turn is an estimation of the individual 

merit for a particular trait (Cappetta et al. 2020). This approach has become feasible thanks to the 

availability of numerous molecular markers, whose abundance led to a consistent increase of the 

estimation accuracy and the selection (Goddard and Hayes 2007). 

The past decade has seen rapid development in genetic testing techniques and in the size of cultivated 

populations; indeed, advances in genetic analysis techniques, such as high-throughput sequencing and 

molecular tools, have enabled the rapid decoding of the genomic information of crops (Varshney et al. 
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2021). Simultaneously, there has been a significant increase in the scale and diversity of crop populations, 

driven by the demand for improved agricultural productivity, conservation efforts to preserve genetic 

diversity, and the integration of crop databases (Ahmar et al. 2020). However, in this climate of 

innovation, phenotyping has emerged as the main bottleneck limiting crop selection (Reynolds et al. 

2021). The principal limitations linked with it are: manual labor and time-consuming, subjectivity and 

human error, limited throughput and scale, environmental variability, complex traits and multifactorial 

interactions, trait measurement precision and accuracy, limited trait coverage and resolution, 

technological and infrastructure constraints (Fiorani and Schurr 2013; Li et al. 2014; Costa et al. 2019; 

Haworth et al. 2023). 

Drones, in particular UAVs, represented a revolution in this field, opening new opportunities for plant 

selection and in particular for tomato field phenotyping (Fullana-Pericàs et al. 2022). The implementation 

of such machines, equipped with remote sensing instruments as RGB, multispectral and hyperspectral 

cameras, quickened plant scoring by some orders of magnitude. Some of the most commonly measured 

traits through this kind of analysis are fresh shoot mass, fruit numbers, yield mass at harvest, biomass, 

height, leaf area index (LAI) and chlorophyll (Johansen et al. 2020). Among the image-based data, the 

normalized difference vegetation index (NDVI) is one of the most informative; being correlated with 

canopy reflectance and therefore with leaf’s pigment composition, it is an indicator of plant physiological 

status (Enciso et al. 2019). For these reasons, the use of UAVs for abiotic stress detection, like the heat 

and drought, is experiencing increasing success. Compared with traditional methods, unmanned aerial 

system (UAS) based phenotyping is non-destructive, time-saving, high-efficient, low-cost, scalable and 

has high resolution data acquisition (Xie and Yang 2020). Although studies in recent years have focused 

on the analysis of the aerial part of the plant, root apparatus is getting greater attention, given its role in 

water uptake, in the reaching of deep reservoirs, and so in drought avoidance (Ilyas et al. 2021). Therefore, 

phenotyping is undergoing a rapid evolution, which is bringing it to have a wider and more complete 

vision of plant’s traits. 

In addition, along with phenotyping, an ‘omics’ approach was proposed to study the molecular function 

and the gene impact on the phenotype (Chaudhary et al. 2019), giving the opportunity to explore plant 

genetics and to detect even single nucleotide polymorphisms (SNPs). This approach was employed in the 

research of genes responsible for stress tolerance, in association with the use of novel genetic material, 

such as the introgression lines (ILs) (Bolger et al. 2014). Another application consisted in the 

identification of molecular markers associated with similar genes or directly in the identification of the 

trait causative genes for breeding program assistance (Sonah et al. 2011); to do so, the quantitative trait 

loci (QTL) mapping and genome-wide association studies (GWAS) has been utilized. These technologies 

aim to discover the genetic variants responsible for the studied trait, but with a different precision level. 
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The first mentioned can push the investigation resolution up to the chromosomal region while the second 

one can even identify the gene or genes involved (Cano-Gamez and Trynka 2020; Powder 2020). In both 

cases the working principle is based on the correlation between a specific trait manifestation with the 

presence of a given allele (Burton et al. 2007).  

 

2.2.3 Plant phenotyping and variety selection 

The challenge to develop sustainable and resilient agroecosystems with increased productivity is a key 

objective for the upcoming decades (Janni and Pieruschka 2022). Integrated solutions and new 

technologies to improve plant production, based on knowledge-driven innovations in the farming sector 

as well as in agricultural and seed industries, have been proposed on the way towards sustainable 

agriculture (Watt et al. 2020; Morisse et al. 2022; Janni and Pieruschka 2022). Moreover, with the rapid 

progression of functional genomics, an increasing number of crop genomes have been sequenced and a 

lot of genes influencing major agronomic traits have been identified (Hu et al. 2019), facilitating the 

research on the integration of genotyping and phenotyping for crop improvement (Xiao et al. 2022). 

Nevertheless, current genome sequence information has not been adequately exploited yet, due to a lack 

of phenotypic data and the consequent impossibility to understand the exact genetic contribution in trait 

determination. In fact, due to the link between genotype and phenotype, the latter being the result of the 

interaction of the phenotype with the environment, it is possible through the study of one to investigate 

the effect genes have on traits, such as the agronomic ones. In this sense, efficient, automatic and accurate 

technologies capable of capturing phenotypic data are crucial for crop improvement.  

Plant phenotyping is an emerging science that combines multiple methodologies and protocols to measure 

plant traits (e.g., growth, morphology, architecture, function, and composition) at multiple scales of 

organization (Carvalho et al. 2021b). In more detail, it refers to a quantitative description of anatomical, 

physiological and biochemical properties, and generically to all the features deriving from the genome 

interaction with the environment (Dhondt et al. 2013; Watt et al. 2020; Morisse et al. 2022); these 

characteristics, by definition, compose the so-called phenotype. The chance of using phenotyping to 

understand environmental effects and to study genotype performance in a specific environment are two 

direct consequences of this link with environmental stimuli; moreover, although phenotyping is, currently, 

mainly used to monitor crops health status, to evaluate fertilization requirements and to detect the presence 

of weeds in the field (Chawade et al. 2019), many more are its possible applications. Phenotyping can be 

used for breeding as well as for growth monitoring but also to understand plant-environment interaction 

principles (see figure 6) and to individuate better agronomic practices. 
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Fig. 6 - Scheme of the environment (E) and management (M) plant performance’s (Response) modulation. 

Two plants having the same genotype (G) exposed to the same stimulus (Signal) can respond in different 

manners, bringing to the manifestation of two different responses (Großkinsky et al. 2015).  

 

Given its potentialities and the increasing importance held by the phenotype, a discipline called 

“Phenomics” has been created; specifically, this term refers to the systematic study of an organism’s 

phenotype and usually involves a wide range of analyses to achieve a comprehensive view of the plant 

phenotype (Großkinsky et al. 2015), this is because there is no holistic technique that can give a complete 

view of the whole plant at once. Each of these techniques has different execution methods and instruments, 

and focus on different part of the plant; for this reason, traditional phenotyping methods still largely rely 

on manual measurements, which are laborious, time-consuming, and hinder the acquisition of 

comprehensive phenotypic data from individuals in large populations (Chawade et al. 2019; Xiao et al. 

2022). However, in recent decades, phenotyping has rapidly advanced since many scientists have become 

aware of its limitations to the advancement of crop breeding (Kumar et al. 2020; Song et al. 2021). This 

acceleration led to the development of new tools aimed at simplifying and speeding up data acquisition, 

and at extending the investigation traits range (Watt et al. 2020). 

On the one hand, technological progress has led to the development of new sensing devices. As described 

in the figure below, these can be distinguished into two main groups depending on the distance between 

the plant and the sensor chosen (Tao et al. 2022). The ‘Proximal group’ includes all the technologies 

whose working principles require them to be in contact or in proximity with the analyzed individual; 

examples of these instruments are hand-helds, sensors array constituting networks, autonomous ground 

vehicles, tractor based, phenotyping towers and field scanning platform (Morisse et al. 2022). On the 

contrary, the ‘Remote group’ is composed of devices like UAVs, dirigible/fixed wings and satellites, 

capable of performing scans even kilometers away from the target (Impollonia et al. 2022; Tao et al. 2022; 
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Barbedo 2023). The technology used can substantially be the same applied for Smart agriculture, but with 

a different purpose. 

 

Fig. 7 - Phenotyping sensing technologies: from proximal to remote sensing (Morisse et al. 2022). 

 

The main advantage shared by all of these technologies is the possibility to perform non-invasive 

quantification and function analysis of plant structure, as well as to investigate plant’s interactions with 

the environment.  

In parallel with the use of new sensors, the creation of artificial spaces with the ability to control 

environmental conditions has facilitated the study of the environmental contribution in phenotype 

determination and allowed the analysis of plants during unsuitable growing periods (Samantara et al. 

2022). As a result, this led to the distinction of ‘field phenotyping’ and ‘phenotyping under controlled 

conditions’; the former referring to the performing of phenotyping techniques in-situ, with plants growing 

in open field, whereas the latter considering all the applications of phenotyping performed inside these 

structures (Kumar et al. 2020).  

Recently, due to the increased needs for screening big numbers of plants and for speeding up the process, 

the high-throughput phenotyping was conceived, enlarging inspection capabilities of phenotyping 

analysis by assimilating fast and large-scale automated systems originally designed for the industrial field, 

and exponentially increasing data reliability (Rebetzke et al. 2019). High-throughput phenotyping 

platforms integrate three essential elements: a control terminal, a data acquisition equipment and a data 

analysis computing unit (Cardellicchio et al. 2023); the second element usually uses non-invasive imaging 

and spectroscopy techniques whereas the third, consisting in a high-performance computing equipment, 

is able to deal with the large datasets generated and is adopted to rapidly analyze traits like plant growth 

activities and physiological status (Sarić et al. 2022). Compared with traditional phenotyping methods, 

high-throughput phenotyping facilitates simultaneous data acquisition for multiple traits in large 
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populations and dynamic observation of plants at different growth stages. Second, once again compared 

to traditional methods, such as visual scoring, which are prone to subjective interpretation, trait 

characterization based on spectra or images is more objective. High-throughput phenotyping facilities are 

in high demand among phenotyping operators such as scientists, prebreeders, and breeders as they can be 

used to study the phenotypic diversity of genetic resources and therefore to apply increasingly complex 

traits to crop improvement.  

Phenotyping is another area that is strongly taking advantage of the rapid progress in automation and 

robotics, as the introduction of robots can not only allow the automation but also be a winning strategy to 

extend the high-throughput phenotyping concept to the open field (Xu and Li 2022). Robotic technologies 

are constituted by three essential parts: a sensing module, a computational module and an actuation 

module; this bone structure confers the ability to perceive plants and the surrounding environment, to 

interpret the data and make a decision, and to realize an operation respectively (Atefi et al. 2021). Unlike 

the traditional phenotyping, the application of robots in the field offers higher operational efficiency, 

precision, consistency and dynamic monitoring, but it also provides a great amount of data that can be 

extremely precious in the development and improvement of AIs and so in the evolution of the phenotyping 

itself (Yao et al. 2021). An example of a field phenotyping robot is the Field Scanalizer, visible in the 

figure 8. 

 

Fig. 8 - A field phenotyping platform consisting of an automated structure moving on two rails. The 

sensing devices are embedded inside central tower, which is lifted according to crop’s height, so that the 

operation can be conducted fully automatically (Sadeghi-Tehran et al. 2017). 
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2.3 Tomato  

Tomato is the second most important vegetable crop next to potato, with a world production of about 100 

million tons of fresh fruit with 3.7 million ha cultivated (FAOSTAT 2010), thanks to its adaptability to 

both field and greenhouse conditions. Italian tomato production is a good example to appreciate the 

cultivation trend and the success of this crop since, as in the rest of the world, the country's yield has been 

increasing unstoppably since 1961 (Ritchie et al. 2022). The overall evolution is clearly visible in figure 

9. 

 

Fig. 9 - Average tomato yield per hectare in Italy. Our World in Data (Ritchie et al. 2022). 

 

Regarding production, the entire Italian territory, considering both the productive district of the North and 

the South-Central Italy, produces about 5 million tons, equivalent to 50% of what worked in the European 

Union. Italy as a whole is the first producer of tomato for European industry ahead of Spain and Portugal 

(OI Pomodoro da Industria Nord Italia). 

The Italian National Register of Varieties counts around 350 tomato varieties, among them 65 are 

considered traditional. Data from 2010 confirmed that the entire production of Italian tomatoes reached 

660 thousand tons, mainly represented by processing varieties (Sardaro et al. 2013). In Italy, the 

processing tomato’s principal cultivation is the Southern Capitanata plain (Giuliani et al. 2019), whether 

the North Italy tomato district includes Emilia Romagna, Lombardia, Piemonte and Veneto regions 

accounting for over 36000 ha of industry tomato. This district covers 2000 producers and 25 factories for 

the processing of about 2.5 million tons of tomato (OI Pomodoro da Industria Nord Italia). 

Tomato (Solanum lycopersicum) is a member of the Solanaceae family which also includes potato, pepper 

and aubergine. Its center of diversification is the Peruvian and Ecuadorian regions of South America, 
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where the tomato ancestors S. pimpinellifolium, S. lycopersicum var. cerasiforme and S. pennellii can be 

found (Bolger et al. 2014; Mata-Nicolás et al. 2020; Takei et al. 2021). Tomato originated from Latin 

America at the beginning of the XVI century, however, as a consequence of the different pedoclimatic, 

cultural, and political environments, the tomato found in Italy a secondary center of diversification 

(Farinon et al. 2022). The distribution of this crop is almost worldwide, moving from east to west over 

many latitudes and altitudes and involving many countries, such as China, India, European Union, Turkey, 

United States, Egypt, Mexico, Brazil, Nigeria and Iran (Costa and Heuvelink 2018; FAO 2022b).  

In general, for all crops, the domestication process occurred in prehistoric times and aimed at reducing 

the growth habit, increasing earliness, preventing seed dispersal and dormancy, and emphasizing 

morphological diversity in the more interesting portion of the plant (Frary and Doganlar 2003). In tomato, 

the process led to a profound modification of the wild relative characteristics, resulting for example in a 

massive increase in fruit size, see the figure below (Bai and Lindhout 2007).  

 

Fig. 10 - Comparison between the fruit of the cultivated tomato (on the right) and that of its ancestor 

Solanum pimpinellifolium (Doebley et al. 2006). 

 

Despite the substantial advantages gained in terms of yield and ease of cultivation, domestication reduced 

tomato’s tolerance to stresses and its adaptability to the environment, increasing plants’ dependence by 

human management and strongly narrowing the crop’s genetic background (Jaiswal et al. 2020).  

Cultivated tomatoes varieties offer a wide range of alternative forms; examples are the vegetative 

apparatus, having a determinate, indeterminate, semi-determinate, and dwarf growth habit, depending on 

the duration of the production of new leaves and branches, the fruit color, which can oscillate between 
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red, yellow, orange, pink, orange-red, and brown, and the time for fruit maturation, having a range of 

more than 25 days among the earliest and the latest genotype (Nankar et al. 2020; Islam et al. 2021).  

The variability observable around tomato’s principal diversification center remains even more 

pronounced, reporting morphological differences in leaves, fruit (shape, size and color) and flower. 

Moreover, the tomato’s wild relative S. lycopersicum var. cerasiforme, praises a high phylogenetic 

relatedness with the cultivated one, making its genetic resource available for tomato breeding too (Mata-

Nicolás et al. 2020).  

Within the available genetic variability of tomato germplasm, several levels of drought tolerance were 

recognized among germplasm accessions; examples are the high tolerant “Lycopersicon pennellii” and 

“Lycopersicon chilense”, the moderate “Punjab Chuhara”, “Pusa Ruby” and “Ailsa Craig”, and the 

sensitive “Roma”, “Avinash-2” and “Ratan” (Shamim et al. 2014; Ilakiya et al. 2022; Pessoa et al. 2023). 

Summarizing, these genetic reservoirs represent a valuable resource for crop improvement, demonstrating 

an enormous variability yet to be exploited and the presence of stress-associated genes contained in 

closely related species, useful for counteracting the effects of climate change. 

In tomato improvement programs, breeders pursue the objective to enhance species’ majors traits such as 

yield, water use efficiency, fruit sugar content as well as biotic and abiotic stresses tolerance; among them, 

the latter are assuming a particular relevance with the upcoming climate change (Causse et al. 2020). For 

this purpose, the newest technologies have been applied in the field to accelerate the selection for such 

traits (Conti et al. 2021). The genomic selection is widely diffused in tomato breeding, solving issues like 

increasing the selection efficiency for traits with polygenic inheritance as well as simplifying the 

improvement for all the traits with low heritability in general (Xu et al. 2020). This is possible thanks to 

a genome-wide distribution of the markers, which in turn is capable of explaining all the genetic variance 

(Voss-Fels et al. 2019). However, in order to take advantage of this approach, a good calibration of marker 

density, population structure, phenotyping, and statistical model reliability has to be made (Heslot et al. 

2015). In this scenario, many different phenotyping methods have been tested, ranging from the use of 

phenotyping platforms to the application of sensors (Janni et al. 2019). Genomic selection can be 

particularly useful for complex traits like disease tolerance as well as drought, salinity and heat tolerance, 

representing a difficult task for breeders (Cappetta et al. 2020). In recent years, a methodology to associate 

complex traits and phenotypes, coupling modern sequencing technology and high throughput 

phenotyping, has been developed; its name is genome wide association mapping and consists in a 

comparison of the genomes of many individuals which have a certain trait with those which do not, 

looking for the small variations in DNA responsible for this phenotypic difference (Tibbs Cortes et al. 

2021). 
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Apart from its importance as a total amount of food produced, tomato has interesting nutraceutical 

properties too (Carvalho et al. 2021a); its fruit provides a valid protection against oxidative stress, as a 

consequence of the rich phytonutrient and antioxidant content, such as retinol, ascorbic acid, potassium, 

folate, carotenoids (lycopene, β-carotene and phytoene), polyphenols, and glycoalkaloids (Chaudhary et 

al. 2018; Yong et al. 2023).  

In this thesis work, tomato has been chosen as a reference crop, not only for its world-wide distribution, 

its centrality in human nutrition and its nutraceutical role, but also for its cultivation ease and growth 

speed, that allowed experiments to be performed with minimal equipment, as well as for its anatomy. 

Indeed, the distribution and abundance of the vasculature proved to be crucial aspects in achieving the 

goal of the thesis, this topic will be later clarified in the course of the following chapters. 

 

2.4 Bioelectronics 

Bioelectronics is an interdisciplinary field that combines biology, electronics, chemistry and physics to 

create new devices that interface with biological systems (Simon et al. 2016). This in-vivo and in real-

time interfacing can be aimed at the study of the biological, biochemical and biophysical mechanisms or 

at their regulation (Liao et al. 2019; Bernacka‐Wojcik et al. 2019). For these reasons, bioelectronics is a 

rapidly growing field with significant potential for future development. 

Some of the main topics in bioelectronics are biosensors and implantable devices: biosensors are devices 

that detect and measure biological signals or molecules in living beings’ bodies. They can be used for 

diagnostic purposes or for monitoring physiological parameters like heart rate, blood glucose levels and 

plant sap composition (Contardi et al. 2021). Implantable actuators, instead, are devices that are implanted 

into the host's body to perform specific functions, such as drug delivery and cell stimulation, triggered by 

biological stimuli (Srinivasa Rao et al. 2020).  

Interfacing electronic devices with biological systems represents a huge challenge since the establishment 

of a connection between these apparently incompatible fields is not straightforward. In fact, among the 

number of obstacles to overcome, the availability of biocompatible materials with appropriate physical 

and chemical characteristics is surely one of the main bottlenecks in this field (Li et al. 2022). Moreover, 

despite electronic devices almost completely rely on electron currents, biological systems usually prefer 

ions as charge transporter (Simon et al. 2016); the reason is that ion form is privileged because, depending 

on the cross section of membranes’ pores and molecular dynamics, it is able to migrate through organic 

soft materials more easily (Simon et al. 2016).  
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Recently, the synthesis of innovative polymeric materials capable of mimicking living tissues reduced 

rejection risks simplifying the interfacing issue (Berggren and Richter-Dahlfors 2007); among them, 

PEDOT:PSS is worth a citation. Additionally, these polymers offered high signal transduction and 

amplification, which led to the improvement of device sensitivity. Other consequent innovations have 

been the enhancement of electro-active characteristics, the substitution of oxide with organic materials 

and the increased efficiency of ionic movement between device and living tissue, which led to the 

development of innovative, low cost and easy to use devices (Simon et al. 2016; Berggren et al. 2019). 

Among them there are organic electro-chemical transistors (OECTs), organic field effect transistors 

(OFETs), electrolyte-gated field-effect transistors (EGOFETs), organic electronic ion pumps (OEIPs) and 

ionic diodes and circuits (Rivnay et al. 2018). 

 

2.4.1 Conductive Polymers 

Research on conductive polymers began in 1977 when Shirikawa, Heeger and MacDiarmid discovered 

the possibility to dope polyacetylene by using arsenic pentafluoride (AsF5) and obtaining an organic 

material with a conductivity level similar to the metal semiconductor. The basic skeleton of a conducting 

polymer is a carbon chain consisting of conjugated double bonds with hybridized sp2 carbon atoms. Three 

of the electrons in the carbon’s sp2 hybrid orbital form three σ bonds, while the remaining electrons in the 

pz orbitals form a π bond, permitting the electrons relocation along the polymer spine. 

Thanks to their properties, semiconductors are conventionally described as materials with intermediate 

characteristics between conductors and insulators (Garrett and Brattain 1955).  

As shown in figure 11, insulators exhibit a relatively substantial energy gap that impedes the movement 

of electrons from the valence band to the conduction band, resulting in the non-conductivity of these 

materials. Conversely, metals feature overlapping conduction and valence bands, which facilitate the 

unhindered passage of electrons between them, thereby determining their conductive nature. 

https://www.zotero.org/google-docs/?oWk1Tm
https://www.zotero.org/google-docs/?hygS1z
https://www.zotero.org/google-docs/?7EHXbp
https://www.zotero.org/google-docs/?KgTX0F
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Fig. 11 - Energy gap in conductor, semiconductor and insulator (Wikipedia 2006). 

 

The distinctive attribute of semiconductor materials lies in the presence of two non-overlapping bands 

separated by a narrow gap. The reduced gap width permits the transit of some electrons from the valence 

band to the conduction band, determining in this way the presence of electron vacancies in the valence 

band and electron mobility in the conduction band. These electrons in the conduction band and the 

vacancies in the valence band are key contributors to the material’s conductivity (Zhang et al. 2020a). 

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

therefore, in order to increase the conductivity of polymers, doping techniques is mandatory, but a larger 

fraction of the material must be affected if compared to metal semiconductors (Kar 2013). In fact, in the 

doping of crystalline semiconductors (e.g. silicon and germanium), the doping atom replaces an atom of 

the crystalline lattice establishing a covalent bond with the surrounding atoms. The doping of conjugated 

polymers instead leads to ionic bonding. Moreover, polymer doping can be induced through two distinct 

mechanisms: oxidation of the polymer chain, resulting from the substitution of electrons by the π system 

(p-type), or reduction of the π system, which introduces negatively charged units into the conjugated 

system (n-type) (Kar 2013).  

The most commonly employed methods for doping conjugated polymers include: 

● chemical doping: occurs through redox reactions between the polymer to be doped and the doping 

species. In case of oxidation, doping is p-type, in case of reduction it is n-type. This doping, 

however, leads to the formation of a non-homogeneous material (Lu et al. 2021); 

● electrochemical doping: doping atoms are accelerated through an electrical field, an electrode is 

polarized to produce an ion flow moving from the polymer under doping, the process tends to 

maintain neutrality in the polymer itself (Bargigia et al. 2021); 

https://www.zotero.org/google-docs/?FT26oF
https://www.zotero.org/google-docs/?G8voB6
https://www.zotero.org/google-docs/?QBqGTR
https://www.zotero.org/google-docs/?qPjfUF
https://www.zotero.org/google-docs/?WaKvGJ
https://www.zotero.org/google-docs/?ko103Y
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● photodoping: photo-absorption induces the oxidation and reduction of the polymer resulting in a 

consequent separation of the charges which produce electron-gap pairs and thus free carriers 

(Ghini et al. 2021); 

● charge injection: consists in the injection of electrons and gaps through a metal contact, reducing 

or oxidizing the polymer. Unlike chemical or electrochemical drugs, no counter-ions are needed. 

Polymers subjected to these treatments may vary their conductivity from 103 S/m to 1011 S/m, essentially 

assuming the characteristics of an insulator, a semiconductor, or a metal. 

The discovery of these ‘synthetic metals’, also known as ‘intrinsically conductive polymers’ (ICPs), 

worthed the attribution of the Nobel prize in chemistry to Alan J. Heeger, Alan G. MacDiarmid and Hideki 

Shirakawa in 2000. Thanks to their excellent processing and electronic properties, ICPs have been the 

subject of many studies; among them, a particular consideration deserved polyparaphenylene (PPP), 

polyparafenilensulfide (PPS), polyparaphenylene vinylene (PPV), polyaniline (PANI), polypyrrole (PPy), 

polyethylene (PT) and polyethylenedioxythiophene (PEDOT). 

 

2.4.2 PEDOT:PSS 

The poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the most successful conducting polymers ever 

studied (Groenendaal et al. 2000). Its primary structure is composed by a sequence of partially cationic 

ethylenedioxythiophene and anionic styrenesulfonic acid monomer units (Fig. 12 A); the interaction of 

these two elements, held by electrostatic forces, causes the polyion complex to assemble (secondary 

structure). Since it is usually sold diluted in water, the polymer rearranges in the form of a colloidal gel 

particle (tertiary structure, Fig. 12 B); among these particles, numerous groups with diameters of several 

tens of nanometers can be observed (Fig. 12 C), these densely packed aggregates form the pristine (Fig. 

12 D, quaternary structure).  

https://www.zotero.org/google-docs/?g7qj0c
https://www.zotero.org/google-docs/?oUoR3C
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Fig. 12 - PEDOT:PSS arrangements: A) primary structure, B) secondary structure, C) tertiary structure, 

D) quaternary structure (Horii et al. 2015). 

 

PEDOT:PSS belongs to the class of p-doped semiconductors and is characterized by (Nikolou and 

Malliaras 2008; Wang 2009; Shi et al. 2015; Strakosas et al. 2015; Sun et al. 2015; Kim et al. 2019b): 

● high conductivity: PEDOT’s band gap is around 1.5-1.6 eV and can be further reduced if doped; 

the resulting electrical conductivity is about 550 S/cm; 

● drug state reversibility: the polymer can be turned back to its initial state many times after 

subsequent doping events. Furthermore, PEDOT’s optical properties can be changed behind 

doping treatments, making it suitable for optical applications; 

● structural regularity: the regular structure characterizing the polymer is a consequence of its short 

chain composition; 

● stability: PEDOT has an excellent thermal stability, in fact, film temperature can be rise up to 100 

°C for over 1000 h with only minimal changes in electrical conductivity. Moreover, it shows high 

chemical stability levels; 

● electrochemical stability: electrochemically synthesized PEDOT films show low reduction and 

oxidation potentials as well as excellent doped state stability. 

Some of the properties previously mentioned can be tuned choosing different dopants, in any case the 

polystyrene sulfonate (PSS) is the preferred dopant. Its link with the polymer gives a considerable increase 

https://www.zotero.org/google-docs/?9tHsD0
https://www.zotero.org/google-docs/?0CykCd
https://www.zotero.org/google-docs/?0CykCd
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in conductivity (up to 100 S/cm) and allows its dispersion in water (Groenendaal et al. 2000; Nikolou and 

Malliaras 2008). The PSS, being a polyanion, is able to compensate for the PEDOT backbone’s gaps, 

thanks to its negative charges. Moreover, PSS affects polymer transparency and the effortless preparation 

of high-quality films, making it widely available on the market. 

 

Fig. 13 - PEDOT polymerization mechanisms considering the interaction with a positively charged metal 

ion (in this case Fe2+) (Kim et al. 2019a). 

 

PEDOT:PSS polymerization can be carried out chemically or electrochemically, figure 13 summarizes a 

generic polymerization process. Electrochemical polymerization implies the use of a three-electrode 

electrochemical cell in which the metal electrode oxidizes 3,4-ethylenedioxythiophene (EDOT) 

monomers in presence of PSS sodium salt. Chemical procedure uses iron (III) chloride or nitride and 

peroxydisulfates as oxidizing agents, inducing EDOT monomers oxidation; the role of PSS is crucial in 

both the procedures since it stabilizes the process and solvates the PEDOT. In order to prevent the 

aggregation of the highly conductive PEDOT:PSS particles, an excess of PSS is also imperative for the 

formation of protective shells around them. Further, the addition of some extra components can be used 

to modulate PEDOT characteristics and its degree of doping; among them, ethylene glycol (EG) and 

dodecylbenzenesulfonic acid (DBSA) are the most common. The first one improves polymer 

conductivity, the second one changes suspension viscosity and increases substrate adhesion (Dimitriev et 

al. 2009). 

Once synthesized, PEDOT:PSS can be subjected to different deposition methods, the most common two 

are coating and printing. The term “coating” refers to the complete coverage of a substrate’s entire surface, 

as opposed to “printing”, which implies the application of “'ink” onto selected portions of the substrate. 

 

https://www.zotero.org/google-docs/?xyRVg6
https://www.zotero.org/google-docs/?xyRVg6
https://www.zotero.org/google-docs/?TRSDHp
https://www.zotero.org/google-docs/?WQ5fDg
https://www.zotero.org/google-docs/?WQ5fDg
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Deposition techniques can be selected depending on various aspects of the material under study as:  

● volume and viscosity of the solution  

● shape, homogeneity and adhesion of the substrate 

● process speed 

Here is a brief list of the most used deposition techniques (Deegan et al. 2000; Nguyen 2012; Islam and 

Islam 2013; Kaliyaraj Selva Kumar et al. 2020; Wang et al. 2021, 2023; Karami et al. 2022): 

● drop casting: is probably one of the simplest deposition techniques. The procedure consists in the 

casting drop-by-drop of a solution on the substrate's surface, and waiting for the evaporation of 

the solvent. The deposition generates a thin film however, being a fast and cheap method, it results 

in uneven deposition rates, convex regions and denser deposits 

● spin coating: together with drop casting is usually included among the easiest deposition 

techniques. The process begins by diluting the material in a solvent and distributing it on the entire 

substrate surface. The plate is then spun at high speed provoking the removal of the exceeding 

material. Spin coating leads to the formation of a sufficiently planar surface whose thickness can 

be controlled by varying angular velocity, acceleration chosen for spinning, surface tension and 

viscosity of the solution, as described by the relation  d = kωα (ω is the angular velocity of 

spinning, k and α are constants depending on the solvent and the substrate chosen). The technique 

is applied to sol-gels and various ceramics deposition as well as for fotoresist transferring during 

photolithography  

● ink-jet printing: is a 2D printing technology with industrial and scientific applications  (e.g. 

electronics, biosensors, catalysts, and bio-cells). The use of this technique serves to mitigate 

solution wastage, but necessitates the implementation of precise measures during its preparation. 

Specifically, ink-jet printing involves the precise injection of ink onto the substrate, which propels 

solution droplets under the influence of an electric field. To facilitate this propulsion, the droplets 

must be endowed with an electric charge. In contrast, the formation of these droplets entails the 

application of heat, achieved using a needle. Consequently, the solution must exhibit high surface 

tension and low viscosity. Inkjet printing is a reliable, affordable and feasible method for high-

quality thin films development; 

● electro-deposition: is an economic and effective method to process conductive materials and 

implies the immersionion of the substrate in an electrolytic solution containing the material to be 

deposited. Electrodeposition is achieved by imposing a constant or variable voltage between two 

electrodes. One of these electrodes is in direct contact with the substrate, while the other, termed 

the counter electrode, polarizes the surrounding solution. This electrochemical process unfolds 

within an aqueous electrolytic solution containing precisely measured quantities of EDOT and 

https://www.zotero.org/google-docs/?hDW20S
https://www.zotero.org/google-docs/?hDW20S
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PSS. Electro-deposition is commonly used with different methodologies like cyclic voltammetry, 

potential step deposition and double pulse. Deposit characteristics, such as its component, phase 

and microstructure, can be modulated by varying parameters like current density, electrolyte 

composition and temperature.  

 

2.5 Organic electrochemical transistor 

An Organic EleCtrochemical Transistor (OECT) is a transistor in which the electrolyte constitutes an 

integral part of the device; transistors of this class are also called EGT (electrolyte gated transistors). A 

direct consequence of this characteristic is the pronounced affinity with water and consequently with 

biological environments (Strakosas et al. 2015). Moreover, this configuration implies the pumping of ions 

into the transistor’s channel, that is the key factor conferring OECTs the ability to realize large 

amplification even in subvolt regimes (Khodagholy et al. 2013; Strakosas et al. 2015). Interest around 

OECTs is rising during the last years, since their characteristics make them suitable for many research 

applications like cell culture, biomedical diagnosis and electrophysiological stimulation (He et al. 2022).  

Other remarkable characteristics of such a device are: 

● reduced production cost 

● ease of use 

● miniaturizability  

● low voltage requirement 

● high sensitivity  

● high trans-conductance  

Two of the most interesting applications of OECTs are the ones in biomedicine and agriculture. In these 

particular sectors, OECTs can work as sensors for saliva, sweat, plasma and sap monitoring (Coppedè et 

al. 2014, 2017; Keene et al. 2019; Moudgil and Leong 2023). 

Main components of an organic electrochemical transistor are two electrodes (called channel and gate) 

and the electrolyte solution. The channel is composed of an organic semiconductor and is the heart of the 

device as the behavior of the whole transistor mainly depends on it. The gate electrode can consist of a 

metallic or an organic conductive material additional layer. An OECT has three terminals called source, 

drain and gate; drain and source are located at the opposite sides of the channel, whereas the third terminal 

is located at the extremity of the gate electrode. The role of the terminals is to ensure the connection of 

each OECT component to the electronic circuit needed for powering the device and reading its parameters. 

https://www.zotero.org/google-docs/?MmaNln
https://www.zotero.org/google-docs/?Wk11wY
https://www.zotero.org/google-docs/?oox5UR
https://www.zotero.org/google-docs/?0fYEjS
https://www.zotero.org/google-docs/?0fYEjS
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The last essential part of the transistor is the electrolyte solution that links the two electrodes and can be 

represented by a solid, a liquid or a gel containing electrolytes (see Fig. 14).  

 

Fig. 14 - Anatomy of an OECT and response of the electrolytes in the solution when a positive voltage is 

applied to the gate (Friedlein et al. 2016). 

 

OECT’s operation modes are distinguishable into depletion-mode and accumulation-mode (Ohayon et al. 

2023). In depletion-mode, the positive bias, applied to the gate terminal, pushes the cations into the 

channel, resulting in a decreased number of holes in the channel (de-doping). On the contrary, in 

accumulation-mode a negative bias is applied, pushing anions inside the channel and increasing the 

number of holes (doping). The resulting doping and the de-doping of the channel led in turn to decrease 

and increase of its electrical conductivity (Khodagholy et al. 2013).  

Seen PEDOT:PSS’ importance in the OECT’s landscape (Liao et al. 2019), to describe the physics and 

chemical principles governing OECTs a focus on the depletion-mode operation is proposed here. 

The polarization of the OECTs, similarly to the inorganic transistors, is indispensable for the device to 

work correctly. As a convention, the source contact is grounded and a positive voltage and a negative 

voltage respect to ground are applied to the drain (Vds) and gate (Vgs) contacts, respectively. A physical 

model of the transistor has been proposed by D.A. Bernards and G.G. Malliaras, who supposed the 

combination of an electronic and a ion circuit (Bernards and Malliaras 2007a). The electronic circuit 

illustrates the transport of holes inside the channel, while the second one describes the transport of charged 

https://www.zotero.org/google-docs/?Riz2by
https://www.zotero.org/google-docs/?LioG7L
https://www.zotero.org/google-docs/?LioG7L
https://www.zotero.org/google-docs/?8v6tuN
https://www.zotero.org/google-docs/?HnaYc1
https://www.zotero.org/google-docs/?DOBEzx
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ions in the electrolyte. This model allows to study transistor transcharacteristic, explaining the dependence 

of Ids on Vgs.  

The electronic circuit can be described using the generalized Ohm’s law:  

𝐽(𝑥) = 𝑞𝜇𝜌(𝑥)
𝑑𝑉(𝑥)

𝑑𝑥
  

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

stands for the coordinate of the axis on which the channel is placed longitudinally. As previously 

mentioned, despite Vds to be fixed, Ids current is a time varying variable because of the effect of the cation 

interaction with the channel polymer. When an ion is added to the chain, a hole is removed from the 

source (de-doping) without altering its electroneutrality. This process is described in the following 

formula: 

𝜌 =  𝜌0 (1 −
𝑄

𝑞𝑉𝜌0

) 

here ρ0 stands for holes concentration at Vgs = 0, 𝑉 for semiconductor volume, and 𝑄 as electrical charge 

of the cations injected into the polymer film. These two parameters are inversely correlated, as expected. 

The ionic circuit describes the migration of cations within the electrolyte toward the channel and can be 

conceptualized as a combination of a capacitor and a series-connected resistance. The resistance 

characterizes the electrolyte’s conductivity and gauges its ionic strength, while the capacitance accounts 

for polarization at the channel-electrolyte and gate-electrolyte interfaces. Depending on the trend of Vgs 

over time, transistor behavior can be distinguished in static and dynamic.  

The static behavior consists in applying a fixed Vgs and evaluating Ids according to Vds. In the dynamic 

behavior instead, the transistor works under constant Vds, varying Vgs for repetitive cycles from 0  to a 

positive value. 

The static mode involves a uniform de-doping process in the channel, and its working principle is 

described in this equation: 

𝐽(𝑥) = 𝑞𝜇𝜌[1 −
𝑉𝑔 − 𝑉

𝑉𝑑𝑠
]

𝑑𝑉(𝑥)

𝑑𝑥
 

The equation must be solved considering that its result varies depending on Vds. 

Assuming that Vgs >0:  



32 

 

at Vds > 0 and Vds < Vgs, the de-doping affects the entire film; 

at Vds > 0, Vds > Vg and V(x) < Vgs, the de-doping reach the emptying condition; 

at Vds 0 and Vds ≤ Vds,sat , Vds,sat is defined as the critical drain voltage at which the polymer doping is 

completely undone. This state, called “saturation”, is characterized by the lowering of the injected cations 

local density, down to the same level of the semiconductor’s intrinsic doping. When the channel is in 

saturation, the Ids current is called saturation current. 

This state assumes particular interest because it allows the study of the so-called “Characteristics”; this 

curves family (shown in the figure below) represents the function linking the output with the input and, 

in this sense, supplies fundamental information for sensors and transductors analysis (Fig. 15).  

 

Fig. 15 - Characteristic of a generic OECT: each curve resulted by maintaining Vgs constant and varying 

Vds (Marquez et al. 2020). 

 

The OECT dynamic behavior implies continuous cycles of doping and dedoping as a consequence of Vgs 

changes; as previously mentioned, during all these measurements Vds is maintained at a fixed value. In 

figure 16 the resulting Ids (figure 16 A) and Igs (figure 16 B) trend is shown. This regime was 

conceptualized to analyze variations in the electrolyte solution such as in ion concentration; the OECT is 

able to respond to a similar stimulus with a signal variation since the presence of ions in the electrolyte 

solution deeply affects transistor’s working parameters (Khodagholy et al. 2013).  

https://www.zotero.org/google-docs/?ZhwMYk
https://www.zotero.org/google-docs/?2B3WB6
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Fig. 16 - A) Ids modulation occurring when gate voltage is applied in OECT. Green circles indicate the 

drain-source current when Vgs=0 (Ids0), and the drain source-current when Vgs > 0 (Ids); B) Igs behavior 

when gate voltage is applied in OECT. Green circles indicate the gate-source current when Vgs=0 (Igs0), 

and the gate-source current when Vgs > 0 (Igs). 

 

In fact, the increase in ion concentration results in greater reductions of channel conductivity because a 

higher amount of ions are available to enter inside the polymer realizing a faster and more intense 

conductivity reduction in each cycle. To take into account this feature, a new variable called the 

‘Response’ (R) has been introduced. The response is calculated as: 

𝑅 =
|𝐼𝑑𝑠 − 𝐼𝑑𝑠0|

𝐼𝑑𝑠0

 

This kind of analysis shows a fundamental relation between OECTs parameters, which is the 

“Modulation”. The modulation is an adimensional value defined as the ratio between on-state (Ids) and 

off-state (Ids0) of the channel current (figure 17 A). 

Other essential variables used to characterize dynamic behavior of these transistors are Igs and the time 

constant 𝜏. After applying a positive gate bias, a current begins to flow through the solution from the gate 

electrode to the main channel, denoted as Igs. As noted by (Gentile et al. 2020), the effect is also a function 

of the moisture status of the OECT.  

The time constant 𝜏 is determined through curve fitting of the Ids (Fig. 17 A) and Igs (Fig. 17 B) currents, 

the parameter expresses the time to reach the steady state. 

https://www.zotero.org/google-docs/?mTull1
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Fig. 17 - Exponential curve fitting for 𝜏 calculation operated on Ids (A) and on Igs (B). 

 

The formula used for describing 𝜏ds (𝜏 referred to the Ids current) is: 

𝜏ds = 𝐴 (1 − 𝑒−𝑡/𝜏 ) 

where the exponent −𝑡/𝜏 determines the speed at which the plateau is reached. The possible effect 

determined by different ion species overlapping is not taken into consideration. Fitting the Igs curve with 

the same approach gives 𝜏gs: 

𝜏gs = 𝐴 ∗  𝑒−𝑡/𝜏 

𝜏ds and 𝜏gs are linked to the time required for ions to penetrate the polymer, and to the ion diffusion within 

the solution respectively. 

PEDOT is one of the most used semiconductors for OECT applications and is normally employed in its 

doped state (PEDOT:PSS). The low voltages required for the transistor to work, together with the 

following tiny currents determined, strongly limit the power consumption of these OECT. But most 

importantly, thanks to the intrinsic affinity with water, conferred by the architecture of the device, OECTs 

are capable of detecting solute concentration variation in an electrolyte solution, making them perfect 

biosensors. 
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2.6 IoT and Smart farming 

The Internet of Things (IoT) approach dates back to 1980 and refers to the integration of technology 

capable of exchanging information relatively to the surroundings in everyday life (Atzori et al. 2010). 

Primary goal of IoT is to enhance the efficiency, productivity, and functionality of various sectors by 

enabling seamless communication and data sharing between devices. In an IoT ecosystem, common use 

objects become "smart" as they acquire the ability to sense, analyze, and communicate information (Atzori 

et al. 2014). These devices can include many different items such as household appliances, wearable 

gadgets, industrial machinery and city infrastructure; other examples are depicted in figure 18. The 

deployment of this innovative concept owes its feasibility to the existence of an extensive 

telecommunications network, ensuring connectivity for all the nodes, and the deployment of a large 

number of sensors, serving for the connected devices as a window to the physical world (Sikimić et al. 

2020). 

 

 

Fig. 18 - Internet of Thing application in smart agriculture (Ansar et al. 2023). 

 

IoT architecture is structured in three parts: the hardware, the middleware and the presentation layer 

(Shafique et al. 2020). 

● Hardware: is represented by the sensors and all the electronics needed for interfacing them to the 

net; 

● Middleware: consisting in the data analysis and elaboration; 

● Presentation layer: aims at providing the elaborated information to the users. 

https://www.zotero.org/google-docs/?j6OohO
https://www.zotero.org/google-docs/?vZzVtl
https://www.zotero.org/google-docs/?vZzVtl
https://www.zotero.org/google-docs/?x1zsLU
https://www.zotero.org/google-docs/?x1zsLU
https://www.zotero.org/google-docs/?E9Ah0u
https://www.zotero.org/google-docs/?uO1KMO
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The concept of Smart Agriculture, or Smart farming, arose as an application of the IoT technological 

approach for the promotion of precision farming with modern, sophisticated technology, not only for 

enabling remote monitoring of the plants (Dhanaraju et al. 2022), but also for the control of agricultural 

processes and the contrast of agricultural emergencies (Xu et al. 2022). Central to this framework are 

sensors, which assume a critical role in capturing data related to diverse elements such as soil 

characteristics, meteorological conditions, water utilization, and overall plant status. Smart agriculture, 

more than many other IoT applications, has required significant technical and engineering efforts to 

establish a robust and well-managed network infrastructure with the aim of facilitating communication 

between individual nodes frequently located at considerable distances from each other and from the access 

point; similar attention has been taken to avoid congestion, which is a concrete risk in highly ramified 

nets (Poonia et al. 2023).  

Nowadays, the most used communication protocols are Wireless WAN (GPRS/4G/5G), WiFi, Bluetooth, 

ZigBee and LoRaWAN (Çorak et al. 2018; Kassim 2020; Bayılmış et al. 2022). The diverse characteristics 

of these technologies make them suitable for a wide range of applications and environmental conditions. 

Regarding net congestion avoidance, it is intuitive that a wide number of nodes generates a huge amount 

of data that need to be managed, therefore a new approach called Cloud Computing has been proposed as 

a possible solution; the latter is considered the most advanced computing paradigm and has the ability to 

lighten on-site hardware from storage, calculation and processing tasks (Kalyani and Collier 2021; Xu et 

al. 2022). Of equal importance is network node geolocation, as each data provider would become unusable 

if not referred to a specific site; on the other hand, spatial information can be particularly useful, as such 

data can be exploited to monitor the spread of diseases and prevent hydrogeological disasters. 

In Smart agriculture two advanced and widely diffused technologies deserve to be mentioned: radio 

frequency identification (RFID) and 3S. Their targets are completely different since the first one is used 

for  animal, equipment tracking as well as food tracing, transportation and logistics (Rayhana et al. 2021), 

whereas 3S enables the monitoring, geolocation and visual analysis of field information (Xu et al. 2022). 

RFID is a technology lying at the base of the data generation process which consists in powering antenna-

equipped systems and receiving their readings using electromagnetic waves. Essentially, unpowered 

devices (tags) are installed in the site of interest and consulted when needed using a reader, supplying 

energy via electromagnetic waves and receiving the replying information. Most of the RFID technologies 

require proximity during the reading process so these devices are particularly used in the perishable food 

supply chain tracing, implementation in which the reader is usually stuck and devices are moved close to 

it (Alfian et al. 2020). 3S, on the other hand, refers to the combination of Remote Sensing (RS), global 

navigation satellite system (GNSS), and Geographic Information System (GIS). RS includes a branch of 

technologies whose aim is to obtain data through distance monitoring, hence is not surprising its focus on 

https://www.zotero.org/google-docs/?EjHQqa
https://www.zotero.org/google-docs/?L4iOrn
https://www.zotero.org/google-docs/?lCC0Ve
https://www.zotero.org/google-docs/?qpk4l1
https://www.zotero.org/google-docs/?DjQe14
https://www.zotero.org/google-docs/?DjQe14
https://www.zotero.org/google-docs/?12rmaQ
https://www.zotero.org/google-docs/?8mktUc
https://www.zotero.org/google-docs/?jFtb46
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electromagnetic waves as source of information. This task is realized thanks to a broad range of 

transducers capable of analyzing a wide electromagnetic spectrum fraction, however the main importance 

is taken on light closer radiation like infrared, far-infrared, and microwaves (Xu et al. 2022). GNSS, 

instead, is capable of providing global three-dimensional position in all weather conditions with high 

precision allowing RS readings to be corrected. In closing, GIS is a technology that integrates, analyzes 

and visualizes spatial data and can therefore be used to merge the data obtained from the previous two 

and display them in the form of overlapping map layers. 

Summarizing, smart agriculture can be seen as an Iot application, evolved to optimize resource utilization, 

reduce wasting and facilitate farm management by encouraging data-driven decisions (Xu et al. 2022). 

The resulting new farming approach enables increased yields and enhanced crop quality, representing a 

promising strategy for climate change contrast; at the same time, cost reduction positively impacts 

farmers’ economy, contributing to the sustainability of the whole agriculture industrial sector (Farooq et 

al. 2020). In this scenario, it is crucial to remember sensors’ role, which lie at the base of the information 

cycle, since they act as information extractors, allowing an automatic reading of the surrounding world 

(Raj et al. 2021). 

 

2.7 In vivo plant sensing and monitoring 

In the landscape of sensors available for monitoring plants, whether in the open field or in controlled 

environments, the ability to monitor their health status and needs in real time and directly from the inside 

was missing. In the last 5 years, IMEM-CNR developed a novel sensor named bioristor that enables in 

vivo and in real-time monitoring. 

 

2.7.1 The bioristor's state of the art 

The bioristor is an OECT consisting of two electrodes, the channel and the gate, functionalized with 

PEDOT:PSS and immersed in an electrolyte solution. Being an OECT, the role of this electrolyte solution 

is crucial for the well-functioning of the device; the distinctive trait of the bioristor is that its peculiar 

architecture allows for its insertion in plants. This, in turn, let to cross plant’s vascular bundles, replacing 

the so-called electrolyte solution with plant’s internal fluids, as the sap (see figure 19 A), and conferring 

the possibility to analyze plant’s physiological conditions and making the transistor to act as a sensor. 

Hence, by inserting the bioristor in the plant stem it is possible to continuously monitor the plant health 

status. 

https://www.zotero.org/google-docs/?Vvuf6S
https://www.zotero.org/google-docs/?l0xs2a
https://www.zotero.org/google-docs/?N3FiVC
https://www.zotero.org/google-docs/?N3FiVC
https://www.zotero.org/google-docs/?f3mSTJ
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Fig. 19 - A) Bioristor working principle schematized, here is introduced the bioristor polarization circuit 

which consists of a constant voltage and a square wave generator, B) demonstration of bioristor 

implementation in Malus domestica, the connection blue and white wires are shown together with the 

holder. 

 

The working principle of the OECT was previously described in Gentile et al., 2022, Coppedè et al., 2017 

and is schematized in Fig. 19. The sensor is shown in figure 19 B. Upon application of a positive voltage 

to the gate, anions react at the gate electrode through a redox process and cations are forced towards the 

channel, which is the active part of the OECT device (Fig. 19 A). The sensor device measures a current 

of electrons flowing in the channel from the drain to the source, which is modulated by the current of 

cations that run from the plant to the channel. For this reason, the bioristor as well as the OECTs, can be 

considered an ion-electron transducer (Simon et al. 2016). Remarkably, the entire process is reversible: 

when the voltage between the gate and the source drops (Vgs =  0), ion diffusion from the channel to the 

electrolyte solution increases the number of conducting holes and, consequently, Ids (Bernards and 

Malliaras 2007b). In this configuration, the gate and the drain are the cathodes, and the source is the anode, 

thus positive charges move in the plant from the gate to the source, and in the channel from the drain to 

the source. 

The most frequently analyzed bioristor indexes are: Ids, Igs, R, 𝜏ds and 𝜏gs. 

 

https://www.zotero.org/google-docs/?YiGsqt
https://www.zotero.org/google-docs/?QQND25
https://www.zotero.org/google-docs/?QQND25
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Fig. 20 - Dependence of Ids on Vds and Vgs waveforms: Ids oscillations follow Vgs ones, maintaining the 

same frequency. 

 

Ids is the current flowing across the channel, from the drain to the source terminal; despite Vds to be 

constant, the former has a typical double exponential shape because Vgs oscillates as a 50% duty cycle 

square wave (Fig. 20). This leads to an alternating ion flux that regularly inverts its direction, entering and 

exiting outside of the polymer. The main parameter returned by the sensor is the response (R), which is a 

dimensionless unit obtained dividing I0 – I1 by I0, where I0 is the current flowing across the channel at Vgs 

= 0 whether I1 is the current flowing across the channel at Vgs ≠ 0. The imposition of Vgs causes a second 

current to flow, namely Igs, that is the current flowing across the gate electrode, plant sap and channel 

electrode. In contrast to Ids, Igs direction is continuously alternating. The shape of Ids and Igs curves don’t 

resemble the Vgs one, as ions flow across the sap, and their recombination with the polymer, determine a 

shifting in the two currents. The parameters 𝜏ds and 𝜏gs were introduced to take into account this delay, 

which can be examined to find indication about the solution characteristics.  

 

2.7.2 Bioristor and functional phenotyping 

As previously mentioned, the bioristor has been applied in plants to sense their physiological status, 

precisely, the first application was performed in tomato, demonstrating its ability to trace changes 

occuring in the plant sap during night-day circadian rhythms. During this test, it was demonstrated that 

sensor response R decreases during the day and increases during the night (Coppedè et al. 2017); the 

observation strongly links R with plant physiology, as a direct consequence of transpiration oscillation 

and of the photosynthesis circadian regulation (Coppedè et al. 2017). 

https://www.zotero.org/google-docs/?VgENkE
https://www.zotero.org/google-docs/?RZrEv3
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Tomato was also used to demonstrate bioristor biocompatibility, since no monitoring could be possible 

without a high affinity between plant’s and sensor’s constituents. Hence, stem sections surrounding the 

sensor’s insertion points were cut and stained to distinguish its constituents. The experiment reveals the 

complete absence of damages in the vascular tissues and slight necrotic lesions in correspondence of the 

silver gate electrode (Coppedè et al. 2017), suggesting the need to replace the material; after this 

experience, both the channel and the gate were made of PEDOT:PSS (Janni et al. 2019). Another 

important discovery resulting from the experiment was the substantial morphological identity between 

plants equipped with bioristor and control plants in absence of the sensor (Coppedè et al. 2017), 

demonstrating that woundings induced by sensor insertion were easily recovered by the plants and caused 

no excessive damages. 

The study continued by analyzing the link between bioristor parameters and the physiological state of the 

plant; to this end, the variation in sensor parameters was studied along with changes in the humidity of 

the plant’s surroundings. Consequently, a strong increase in sensor response was detected upon the 

increases in the relative air humidity (RH%) and a decrease in Vapor Pressure Deficit (Vurro et al. 2019). 

The bioristor showed a similar trend with the transpiration rate enabling to trace the plant transpiration 

throughout the measurements of the ions dissolved in the plant sap in the transpiration stream (Janni et al. 

2021). 

After these initial tests, essential to verify the usability of the transistor as a sensor for plants, the 

application of the bioristor in phenotyping was evaluated (Janni et al. 2019). In this context, our research 

group coupled bioristor measurements with high-throughput scanalizer image based platform 

(Lemnatech, Aachen, Germany) analysis of plants subjected to drought stress, envisaging the relevance 

of this tool in plant breeding and variety selection (Janni et al. 2019). The first study in the field was 

published in 2019 by Janni et al. and involved the use of tomato plants. The application of the bioristor 

showed its efficacy in detecting the ongoing stress and demonstrated sensor response’s correlation with 

the stomatal conductance as well as with the digital biovolume (Janni et al. 2019).  

Bioristor’s efficacy in detecting plant stress conditions was demonstrated under saline stress conditions 

too (Janni et al. 2021). The study, performed in Arundo donax, allowed to increase the knowledge around 

the dynamics of saline stress response (Janni et al. 2021). In particular, an increased R in both basal and 

apical sensors, as well as a linear correlation between R and the concentration of cations, clearly indicated 

that the bioristor can effectively sense presence and changes of cations in the plant sap. The R trend 

observed 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 air. Overall, the 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. Moreover, the ion transport was described 

https://www.zotero.org/google-docs/?jFOy54
https://www.zotero.org/google-docs/?zT3Usu
https://www.zotero.org/google-docs/?fq2M8b
https://www.zotero.org/google-docs/?fq2M8b
https://www.zotero.org/google-docs/?RBGKRk
https://www.zotero.org/google-docs/?u2otZO
https://www.zotero.org/google-docs/?jYmtjW
https://www.zotero.org/google-docs/?VvtZ1h
https://www.zotero.org/google-docs/?Smb3Cf
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by the NR as follows: the basal sensor (BS) continuously detected a different and higher number 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 days post insertion). 

The bioristor was applied in the field as a first use case as well, enabling the continuous monitoring of the 

plant health status during the entire tomato plant growth and development. The application of different 

water regimes led to the hypothesis that a water saving of 40% could be achieved if a bioristor was used 

(Vurro et al. 2023a). 

The feasibility of bioristor as a tool for plant monitoring was demonstrated also for fruit trees (Vurro et 

al. 2023b). In this study, the biosensor was applied to continuously monitor fruit tree crops, demonstrating 

its ability in analyzing physiological plant status and the changes in the physiological processes, such as 

the transpiration rate and environmental conditions; moreover, it reported the occurrence of water stress 

in a timely manner. The sensor response showed a trend in accordance with previously reported data in 

kiwi, where the fruit transpiration rates are generally high during early fruit growth but decline to much 

lower values towards maturity (Montanaro et al. 2012). As previously seen for herbaceous plants, sensor 

response inverse correlation with stomatal conductance was demonstrated in trees too, proving that the 

reduction in transpiration is triggered to prevent the loss of water (Janni et al. 2019). The fact confirmed 

its usefulness in deficit irrigation regimes, in which the stress level has to be carefully monitored; the 

deficit irrigation strategy is a water management practice born to reduce water usage as well as to 

manipulate fruit size and sugar content for a premium price in specific markets (Romero et al. 2022).  

Under drought, the R circadian pattern showed a decrease in the slope that is pronounced in apple and 

kiwi, while the flattening of the R is reduced in grapes, indicating an increased tolerance to drought. A 

difference among and within the fruit species’ transpirational water losses, which is responsible for a 

reduction in the fruit water balance, was also observed; this confirmed that there is a positive influence 

on the fruit’s ability to attract xylem and phloem flows, since they reduce fruit pressure potential, thus 

potentially increasing stem-to-fruit water potential and supporting the trend of the sensor response (Rossi 

et al. 2022).  

Sensor parameters prove sensitivity to rainfall events too, since, because of leaves wetting, it causes a 

strong increase in the R values, which in turn causes a block in the transpiration process. The strong 

increases in R value can thus be used to exactly calculate the overall time of leaves wetting and to correctly 

plan actions to avoid the development of fungal diseases (Jindo et al. 2021).  

Bioristor technology is patented in Europe, USA, and Mexico (published as EP3559647A1; 

IT201600130803A1; WO2018116149A1). 

https://www.zotero.org/google-docs/?Oh2EUh
https://www.zotero.org/google-docs/?P8DihI
https://www.zotero.org/google-docs/?P8DihI
https://www.zotero.org/google-docs/?TMbvC8
https://www.zotero.org/google-docs/?bV8FXH
https://www.zotero.org/google-docs/?x25n2S
https://www.zotero.org/google-docs/?gRYqq2
https://www.zotero.org/google-docs/?gRYqq2
https://www.zotero.org/google-docs/?89XKIR
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Due to its features and novel capabilities in plant phenology, all the information learned so far paves the 

way to a possible application of bioristor in plant phenotyping.  

 

2.7.3 Sensor assembling and readout 

The bioristor assembling procedure consists of 3 conceptual phases: sensor insertion, connection and 

securing. The first one is realized by employing a needle, required for the PEDOT:PSS functionalized 

fibers to be placed inside the plant. The phase can or not be preceded by a hole drilling pre-phase (⌀ 0.5 

mm), taking place just for tree species. Next, the textile fibers are physically and electrically connected to 

copper wires tying them to each other and surrounding the contact points among the two wires with 

conductive paste (RS Components Ltd., Northants, UK). The operation is completed by securing the entire 

structure with a holder, employed to reduce the weight of the wires on the plant. Sensor insertion’s last 

step is the sealing with some hot glue drops, this operation is done when needed. The result is visible in 

the photo below. 

 

Fig. 21 - Bioristor implementation in Malus domestica. The T-shaped blue part is the holder, fastened 

around the plant branch. On the right, the sensor’s label, use to ease its identification.  

 

The two electrodes composing the bioristor are prepared soaking a textile fiber in the PEDOT:PSS - 

DBSA solution and later inserted inside the plant.  
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The channel electrode protrudes outside of the plant at both the sides and is connected at the extremities 

with two copper wires whereas the gate is connected only at one end, in correspondence with the gate 

terminal. 

 

The three wires transmit the signal acquired to an Arduino based control unit designed by the authors 

leading the information to be recorded on-site and sent in real time at the server.  

The control unit reads and supplies the power to the sensors providing a fixed voltage across the channel 

electrode (Vds) and an alternate voltage between channel and gate (Vgs). The Vgs square wave oscillates 

between 0V and 0.5V with a period of 30 minutes and a 50% duty cycle. Each sensor is driven at low 

voltages (Vds = -0.1V, Vgs = 0.5V) in order to reduce plant rejection phenomena and to maximize the 

duration of the device itself (Manfredi et al. 2023).  

The control units utilized for sensor data acquisition have been custom-developed in our laboratory to fit 

in two distinct usage scenarios, the first one involves conducting experiments in open field conditions, 

while the second one within controlled environments. Both the control units share the core circuit designed 

for Bioristors reading, involving some analog-to-digital converters (ADCs), and powering as well as the 

two used to save data locally and send them wirelessly to the CNR server.  

Specifically, the control unit designed for field experiments is optimized for situations where plants under 

observation are spread across significant distances. To address this, the unit has only four channels for 

data acquisition (Fig. 22 A, B, C, D, E), moreover to ensure uninterrupted measurements in remote 

locations, this unit is equipped with a 12 Ah lead battery, a solar panel and a charge controller (Fig. 22 F, 

G, H). This configuration enables an IoT approach and a continuous data collection. 

The second control unit, planned for controlled environment experiments, reads 15 channels 

simultaneously (Fig. 22 I); each reading channel is connected to a bioristor. The unit doesn’t require 

extensive autonomous power equipment and is connected to the power grid, allowing for 24/7 operation. 

https://www.zotero.org/google-docs/?wmuLWW
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Fig. 22 - A) Field control unit fully assembled, B) Arduino DUE (providing the microcontroller for the 

field control unit), C) Arduino DUE shield for sensor reading, D) WiFi module (field control unit), E) 

RTC + SD slot (field control unit), F) lead battery for field monitoring, G) 10W solar panel for lead battery 

charging, H) charge controller, I) controlled environment control unit. 

 

Bioristor is read in real time using a data analysis script written in Matlab programming language 

(https://uk.mathworks.com/). 

 

2.7.4 Sap measurements sensors  

The sensor adopted in this thesis is original and, as far as we know, there are on the market a number of 

sensors enabling the measurements of sap flow but no previously reported sensors enable the detection of 

the ion’s concentration and changes within the plant sap.   

Within the sap flow sensors, heat-based sensors are the most common and commercially available, they 

use a heat pulse or a heat balance method to estimate the sap flow rate by measuring temperature 

difference between two or more probes inserted into the plant’s body (Dix and Aubrey 2021). Dye-based 

sensors instead use colored or fluorescent dye to track the movement of sap in the plant; they can provide 

high-resolution images of the sap flow distribution and velocity, but they are usually invasive (Swanson 

et al. 2011). NMR-based (nuclear magnetic resonance) sensors use a magnetic field to measure sap flow 

by detecting the spin of the hydrogen atoms in the water molecules. Although non-invasive, they provide 

accurate and continuous measurements of the sap flow and the stem water content.  

https://www.zotero.org/google-docs/?86rCPm
https://www.zotero.org/google-docs/?TRA26q
https://www.zotero.org/google-docs/?TRA26q
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However, they are expensive, complex to operate and hardly scalable (Kumar et al. 2022). In the field, 

most techniques focus on the flow of sap rather than its content, which gives the bioristor a strong 

advantage over all others.  

A second approach is the pH measurement. The procedure consists in the measurement of the sap pH and 

it normally implies destructive techniques to extract plant sap and plant samples. Thus, it does not involve 

in vivo measurements, however it can be used to measure plant stress level and metabolic activity (de 

Menezes de Assis Gomes et al. 2023). 

Recently, Electrical Impedance Spectroscopy (EIS) as described in Jócsák et al. 2019 has also been used 

as a method for plant measurements. EIS works in alternate current mode, using external electrodes placed 

on the leaves to measure impedance and its correlation with water and salt stress.  

The following table shows some commercial tools used for plant monitoring, with a focus on their 

biocompatibility, capability of performing in-vivo monitoring, real-time monitoring, analytical sap 

measurement and environmental monitoring. 

 

Tab. 1 - Comparison between the bioristor and some commercial plant monitoring instruments. 

 

 

Summarizing, bioristor represents a novel approach to analyze plant sap and to monitor the plant 

physiological status. Its innovative features concern not only the type of information that can be collected, 

but also the possibility of using it in vivo, in real time, non-invasive, with minimal stress to the plant and 

the possibility of rapidly scaling up the number of plants monitored. Moreover, it allows to extract more 

precise information about the composition of plant sap. 

https://www.zotero.org/google-docs/?JRgqzH
https://www.zotero.org/google-docs/?SfjlXc
https://www.zotero.org/google-docs/?SfjlXc
https://www.zotero.org/google-docs/?sYzlRx
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3. Commercial Variety experiment 

To demonstrate the efficacy of bioristor in classifying plant material more adaptable to climate change 

and adverse conditions, our approach covers the monitoring under drought stress of increasing genomic 

complex tomato material. 

We started using commercial varieties, developed with the aim of increasing yield and improving quality 

features. As previously explained, the ongoing selection approach leads to a depletion of the genetic 

background and variability of crops, strongly reducing their adaptability to the ongoing climate change. 

Two varieties developed in Emilia Romagna by a breeding company (ISI sementi), Mariner and Faber, as 

well as a reference variety called Red Setter, were identified as targets in this controlled condition 

experiment. 

Mariner is an elongated hybrid tomato variety with a medium-early cycle, with a compact plant, well 

covered, healthy and very productive, while Faber is a tomato hybrid with vigorous and healthy plants. 

The prismatic fruits have high consistency and hold, thick pulp, intense red color and excellent Brix. Red 

Setter is a processing tomato variety that completes its reproductive cycle within 110 days, it is a highly 

productive variety and its architecture permits mechanical harvesting. 

The experiment was conducted in the Parma University campus, inside a greenhouse under natural 

photoperiod (13/11 day/night). 

 

3.1 Material and Methods 

Plant material  

Three controls and three stressed plants for each variety were grown in a greenhouse. Twenty seeds for 

each genotype were sterilized in 70% ethanol solution for 5 minutes followed by a wash with 10% (v/v) 

sodium hypochlorite for 5 minutes. Seeds were placed in 9 cm petri dishes on wet filter paper and left for 

germination in a dark environment for 7 days at room temperature. Seedlings were then transferred to 

seedbed in a growth chamber at 18/6 h light/dark photoperiod at 25 °C and, at the fourth leaf stage, were 

moved to a greenhouse at 25 °C and potted into 0.6 L pots. 
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Drought treatment 

Plants were grown up to the fourth leaf stage under full irrigation conditions then, the biorsitor was 

inserted in the plant stem. After 6 days of sensor stabilization, the drought stress was imposed on half the 

plants (the stressed) by water withholding for 8 days (from 0 to 8 DAS) whereas controls were kept fully 

hydrated for all the duration of the experiment. Due to severe drought stress effects on stressed plants, an 

emergency irrigation occurred 4 DAS, hence 50 ml of water per pot was restituted to them. At 6 and 7 

DAS, 15 ml of water was also restituted to the stressed to avoid irreversible damages (Fig. 23). 

 

 

Fig. 23 - Experimental design of trial. DAS, Days after stress; red arrows indicate the physiological 

measurements. Watering cans visible during drought stress and red arrows mark the days during which 

irrigations and measurements respectively occurred. 

 

Sensor response analysis 

The main parameter returned by the sensors (sensor response) was extracted from the raw data acquired 

by the control units through a MATLAB script and analyzed using Excel (Microsoft Excel 2016) allowing 

the data to be cleaned, trends smoothed using 24 hours moving average and thesis curves to be merged. 

The normalized sensor response was shown. Bioristor sensor indices R, Igs, 𝜏ds, 𝜏gs and their derivative 

values dR, dIgs, d𝜏ds and d𝜏gs were acquired through bioristor and used in the principal components 

analysis (PCA) to increase the resolution analysis and emphasize the differences between genotypes. The 

normalized response (NR) was then calculated dividing stressed R by controls R in order to relativize 

stressed trend to the control once.  
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Physiological measurements 

Stomatal conductance 

Stomatal conductance (gsw) was measured in situ using the AP4 porometer (Delta-T Devices, USA). 

Within each measurement day, a variable number of measurements (between 6 and 12) were taken per 

plant, with a maximum of 36 measurements per water regime. All the measurements were performed at 

9:00 am. 

 

PSII: Fv/Fm  

The effect of the drought on photosystem II, Fv/Fm, was evaluated with the fluorometer FluorPen FP110 

(PSI, Drásov, Czech Republic). One measurement per plant was taken for a total of 3 measurements per 

water regime. Readings are acquired after 15 min of darkness acclimation of the leaf. All the 

measurements were performed at 9:00 am. 

 

Morphological analysis 

Plant height was recorded before stress imposition (0 DAS) as well as 6 and 15 DAS. To do so, the 

distance between the base of the plant and the youngest node was taken into account using a flexible 

meter. 

 

Stress rate (%) 

All pots belonging to control and stressed were weighed on 2, 4, 5, 6, 7, 8, 11, 12, 13, 14, 15 DAS, the 

relative soil water content (%) was calculated as follows:  

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑜𝑖𝑙 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%)  =
𝑠𝑜𝑖𝑙 𝑖𝑛 𝑠𝑡𝑟𝑒𝑠𝑠 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 (𝑔)  −  𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)

𝑠𝑜𝑖𝑙 𝑎𝑡 𝑓𝑢𝑙𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑔)  −  𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)
× 100 

 

Data regarding single variety water loss during the trial are reported as a table. 
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Environmental monitoring 

Environmental data were collected during the entire duration of the experiment using a datalogger having 

temperature and humidity sensors embedded, allowing the calculation of the VPD; values were reported 

as curves to show their trend over time (see figure 24). 

 

Fig. 24 - Environmental parameters: the graph shows the trend of temperature (°C), relative humidity (%) 

and vapor pressure deficit (kPa) during the entire experiment duration. DAS stands for days after stress 

 

The plot highlights the presence of strong daily oscillations during all the 16 days, except for the 6 DAS 

and for the 16 DAS. The average vapor pressure deficit (VPD) has a sensible reduction within the 6 DAS 

and is stable for the rest of the time; this trend is mainly driven by the falling of the temperature, whose 

maximum diurnal peaks move from 34 to 27°C, whereas relative humidity oscillations keep comparable 

fluctuations during all the time.  

 

Statistical analysis 

All bioristor data, subjected to analysis employing MATLAB (https://uk.mathworks.com/) and Microsoft 

Excel 2016, were smoothed over days to mitigate variations associated with the circadian cycle. 

Therefore, an Anova test (p-value < 0.05) was computed utilizing a MATLAB script to evaluate the 

significance of the differences observed between genotypes and treatment. R studio script 

(https://cran.rstudio.com/), based on the factoextra package 

(https://cran.stat.unipd.it/bin/windows/contrib/3.5/) enabled Principal Component Analysis and k-means 

clustering used for thesis by leveraging sensor parameters. Fv/Fm results were analyzed by applying the 
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ANOVA test with p-value < 0.05, followed by Tukey's test using R software 4.2.3 applying the ‘aov’ 

function. The Student t-Test was applied to analyze the difference in plant height and stomatal 

conductance. 

 

3.2 Results 

Morphological traits analysis 

Plants’ height observation revealed a variety-dependent effect of the stress (fig. 25).  

 

 

 

Fig. 25 - Plant height plot for the three varieties analyzed. 0 DAS, before the stress imposition, 6 DAS 

soon before the end of the drought stress, 15 DAS end of the recovery. A) cv. Red Setter, B) cv. Faber, 

C) cv. Mariner. Student’s test was applied (*p<0.05, **p<0.01, ***p<0.001).  

 

An overall decrease in plant height was observed in drought stress plants in comparison with the controls 

once, with the exception of Red Setter (Fig. 25 A), which did not show significant decreases even at 15 
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DAS. The treatment significantly reduced Faber’s growth of about 31.01% (Fig. 25 B) whereas Mariner 

growth decreases in height was about 19.24% (Fig. 25 C).  

 

Fig. 26 - Mariner, Faber and Red Setter plants during the drought stress experiment. A) control plants at 

0 DAS, B) two days after the onset of the stress (2 DAS), C) four days after the onset of stress (4 DAS), 

D) plants during the last day of recovery (15 DAS). 

 

Stressed plants visually showed reduced leaves turgor at 2 DAS (Fig. 26 B) and 4 DAS (Fig. 26 C), 

appearing more evident in Faber and Mariner; the phenotype was fully restored after rewatering (15 DAS, 

Fig. 26 D).  
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Bioristor characterization: Normalized Sensor Response and PCA analysis 

The analysis of normalized sensor response (NR) is shown in the following plot. 

 

Fig. 27 - Plot of the Normalized Sensor Response (NR). Each variety is represented by a coloured curve; 

red bar, marks the time during which the plants have been exposed to drought, blue bar, recovery time. 

Light blue lines and watering cans indicate the rescue irrigation.  

 

The analysis of normalized sensor response pointed out a strong and rapid reduction of the values within 

the first five days of the stress, with an acclimation peak at 2 DAS for Mariner. A rapid decrease of the 

NR signal was recorded in Mariner whereas Red Setter decreases much slowly (Fig. 27). In all lines, 

following emergency irrigations performed at 4, 6, and 7 DAS, an increase in NR was recorded. In the 

recovery phase Mariner showed an increase in the sensor response following rehydration (8.5 DAS) 

returning to pre-stress conditions, while Faber did not recover, despite the water input. Red Setter showed 

a variation attributable to the occurrence of a drought stress (9.5 - 11.5 DAS) and a recovery of the NR 

index at 11.5 DAS, three days after Mariner (Fig. 27). 

 

Relative soil water content 

The relative soil water content was monitored to ensure the establishment of the drought condition; values 

are visible in table 2. The water present in the pot rapidly decreases from 100% (the maximum volume of 

water the soil is capable of keeping) to around 58% in the first 2 DAS; the level is maintained quite stable 

over the whole stress because of the emergency irrigations. A consistent rise is visible at the beginning of 

the recovery; note, values above 100 are due to plant growth. 
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Tab. 2 - Relative soil water content variation over time: Treated only has been reported since Control has 

been maintained at fully hydration level (irrigations are always realized after sampling) 

 

 

Physiological measurements 

Stomatal conductance, as a proxy of physiological stress in the plant, was measured through the entire 

length of the test. 

 

Fig. 28 - Stomatal conductance. Solid lines, stressed plants (- T), Dashed lines, controls (- C). Red bar 

indicates the drought stress, blue bar, the recovery (rewatering). 

 

All the three varieties showed a considerable stomatal closure 2 DAS, after the stress occurrence. A 

81.66% reduction in the stomatal conductance was observed in Faber, 69.31% in Mariner and 61.85% in 

Red Setter (Fig. 28) compared to the starting values.  

A slight increase in the stomatal conductance, was observed at 5 DAS, due to the emergency irrigation 

with 50 mL. At 11 DAS, after about 2 days of recovery, all varieties restored the stomatal conductance. 

Being the photosynthesis emitted by chlorophyll an important parameter for photosynthesis monitoring 

during abiotic stresses, and being this parameter affected by drought (Al-Yasi et al. 2020), the Fv/Fm ratio 

was measured to monitor the effects of the stress at the photosynthetic system level (Tab. 3). 

https://www.zotero.org/google-docs/?tvcHyg
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Tab. 3 - Quantum efficiency of PSII (Fv/Fm), ANOVA test was applied: T stressed, C control. 

 

 

A significant reduction in PSII efficiency was observed in the stressed of all lines 4 DAS (Tab. 3). The 

PSII efficiency of stressed plants increased, following the rescue irrigation performed between 6 and 8 

DAS. 
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Fig. 29 - PCA plot of the bioristor parameters to identify the dynamics response.  A) before the imposition of the stress, B) soon before the end of the drought 

stress (6 DAS), C) at the end of the recovery (15 DAS). Faber is represented by green dots, Mariner by red dots, Red Setter by blue dots. 
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PCA was computed with all bioristor indices and the results are plotted in Fig. 29.  

At 0 DAS (Fig. 29 A), PC1 and PC2 explain 64.2% of the total variability observed in the varieties before 

the stress imposition, Red Setter and Mariner grouped together. Igs and R are strongly anti-correlated and 

they exert a positive and negative influence on PC1 respectively, which results in the segregation of the 

groups.  

Soon before the drought was stopped (Fig. 29 B), that is 6 DAS, the three varieties separated on PC1 

forming two groups. 𝜏gs and Igs are strongly correlated with each other but are negatively correlated with 

dR and d𝜏ds, the former positively contributes to PC1. At 6 DAS, PC1 and PC2 represent 66.8% of the 

variability. 

At the end of recovery (Fig. 29 C), after rehydration (15 DAS), the first two components represent 65.2% 

of the overall variability. Mariner and Faber grouped, although the overlapping is partial. Faber and 

Mariner showed higher Igs, while Red Setter higher 𝜏gs.  

Vectors’ orientation and length highlights the contributions of the variables to each principal component 

over time, particularly on PC1, thus leading to the differentiation of distinct groups. In fact, at 0 DAS, 

PC1 increase is mainly determined by R, 𝜏gs; in 6 DAS by 𝜏gs and Igs, and less by R and the decrease of 

the remaining features (dR, d𝜏ds); instead, 15 DAS by Igs and the decrement of all the others but R and the 

derivative of 𝜏gs.  
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Fig. 30 - Clustering analysis of the PCA’s using k-mean algorithm: A) before the imposition of the stress (0 DAS), B) close to the end of the drought stress 

(6 DAS), C) at the end of the recovery (15 DAS). 
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The cluster analysis supports the dynamic of the varieties under stress. Three groups are separated at 0 

DAS (Fig. 30 A); 6 DAS the three varieties are still separated into 3 groups, despite the almost complete 

overlapping in the bidimensional plane (Fig. 30 B). 15 DAS Faber and Mariner joined a single cluster 

while Red Setter is still separated (Fig. 30 C).  

 

Fig. 31 - Correlation plot of transpiration (gs) and sensor response (R). 

 

As previously observed a correlation between the parameter and stomatal conductance was observed 

(figure 31). The link between them proves the strong dependence of the bioristor’s parameters with the 

plant’s physiological status, suggesting the possibility to use it as a proxy of the transpiration trend. As 

shown in the figure, pearson’s correlation index has a value of 0.76, with a significance p-value < 0.001.  

 

3.3 Discussion 

During the experiment, three commercial varieties, Mariner, Faber and Red Setter were characterized 

under drought stress; in parallel, conventional phenotyping analysis was conducted to verify the plant 

physiological activity in comparison with the bioristor data ant to check for stress evolution. As witnessed 

by the negative slope seen in the transpiration level, all varieties confirmed the occurrence of a strong 

response to the stress imposed by closing the stomata already within the first two days of stress, as 

previously observed in several varieties (Liu et al. 2022), confirming that, the relative soil water content 

reduction seen was sufficient to trigger drought stress. Moreover, as shown by the environmental sensors, 

the sudden temperature variation may have emphasize the fast and severe drought and thus explains why 

https://www.zotero.org/google-docs/?akQr4E
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it was needed to add an emergency action. The entrance in the recovery phase was characterized by a fast 

increase of the transpiration levels.  

The process used to characterize the drought response of different varieties was based on interpreting the 

trend of the sensor R curves (see Fig. 32) and studying the set of sensor parameters in a multivariate 

approach. To do so, the PCA revealed itself to be the most feasible and effective method, together with 

the implementation of a cluster analysis algorithm, indispensable for an objective recognition of the 

groups. In fact, compared to other methods, like factor analysis, discriminant analysis, t-distributed 

stochastic neighbor embedding or multidimensional scaling, PCA facilitates data visualization, requires 

less computational resources and returns more interpretable and robust results, particularly in noisy 

datasets.  

The comparison with the conventional phenotyping methods demonstrated the advantage of using the 

bioristor in such studies as, despite stomatal conductance analysis also revealed the occurrence of a 

variety-specific recovery response, which was faster in Mariner and Faber, instead a little slower in Red 

Setter, and gave the picture of specific plant behavior on the day of measurement, the use of bioristor can 

provide more detailed and precise information on the plant health status, being also strongly correlated 

with the stomatal conductance, the water movements in the plant and the hydration level of the plant 

tissues (Vurro et al. 2019; Gentile et al. 2022). 

Indeed, normalized sensor response traced the stress response dynamics for each genotype, which is 

observable as a rapid and remarkable reduction of R over time, visible during the first days of stress, and 

made possible to observe a shifted entrance to the drought for Faber with respect to the other genotypes, 

evidenced as a temporal shift in the onset of the fall, and a reduced slope in NR for Faber and Red Setter 

up to the emergency irrigation. Hence, on the basis of the slope grade and of the sensor response in early 

phases of the stress our data confirm the medium tolerance of Red Setter to drought (Landi et al. 2023). 

On the contrary, Mariner showed the most rapid slope during early phases of drought. However, Faber 

did not recover from the stress, as exhibited by the unstopped NR decrease during the recovery, suggesting 

that the stress may have left chronic effects on it, as previously reported for tomato plants (Hasanagić et 

al. 2020). Instead, a rapid recovery was observed in Red Setter, and less rapid in Mariner, for which an 

increasing trend in NR is shown during the entire recovery. Among them, Mariner showed a longer and 

unstopped recovery from the drought; both the varieties reached at 15 DAS values of NR comparable to 

those recorded before the stress imposition. Faber bottom NR at 15 DAS, while Red Setter showed an 

alternation of drought and recovery phases and a final recovery at 13 DAS.  

These results are in accordance with the hypothesis formulated by Moshelion and coworkers in 2020 

stating that a recovery phase occurs if the stress and/or the adaptation mechanisms enable the plant to 

https://www.zotero.org/google-docs/?i8EsXW
https://www.zotero.org/google-docs/?Ydr9PQ
https://www.zotero.org/google-docs/?5eJv2V
https://www.zotero.org/google-docs/?5eJv2V
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increase its vegetative activity. Moreover, they classified the plant's response to abiotic stresses by 

distinguishing tolerance, as a measure of the response mechanism’s effectiveness and resilience, a 

measure of the rate of its return to optimal vegetative performance, which will allow it to fulfill its 

reproductive potential. Finally, resistant is the kind of plant that is not affected by stress at all (Moshelion 

2020, Fig. 32). 

 

Fig. 32 - Tomato variety classification approach based on bioristor measurements. 

 

On this basis, Red Setter has exhibited the highest resilience to the stress and the highest tolerance, 

Mariner the lowest tolerance but high resilience, while Faber medium tolerance and the lowest resilience.  

Moreover, the similarity detected by clustering analysis between Faber and Mariner during the recovery, 

mainly determined by their Igs and 𝜏gs values, may provide information about the different recovery 

strategies actualized as well as the diverse solute possibly accumulated, given their correlation with sap 

cation concentration (Vurro et al. 2023b); however this hypothesis has to be further investigated.  

Additionally, the correlation shown between sensor response and stomatal conductance reinforces the 

earlier evidence of the link between bioristor’s parameters and plants physiological status, together with 

the earlier detection of ongoing stress status, supporting its importance in functional plant phenotyping. 

 

 

 

 

https://www.zotero.org/google-docs/?WLLCne
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3.4 Conclusion 

1. The experiment showed the feasibility of using the bioristor to characterize the genotype-

dependent response to drought, enabling the detection of different tolerance capacity of tomato 

varieties and their resilience level. 

2. By using the whole set of parameters returned by the sensor, the varieties characterization is made 

possible through a multivariate approach involving PCA and cluster analysis. 

3. Given the capability of performing continuous monitoring, the implementation of the bioristor 

allowed us to observe the dynamic of the plant response to the stress. 

4. The observation of R underlined the importance of studying not only the plant’s response to the 

stress but also to the recovery to obtain a more complete characterization of the plant performance. 

5. The current experiment, together with the previously reported results, demonstrated the 

correlation of the bioristor with stomatal conductance and the plant water status. 

 

4. Project AICS international cooperation 

 

A further test was performed for an international cooperative ‘Maison Parma’ project focused on Burundi 

Agriculture. 

The objective of the project is to organize the production, processing and marketing of some products, 

including rice, cassava and other fruits and vegetables, according to a supply chain approach, to enable 

small producers to improve their activities, so as to contribute to food security and poverty mitigation. 

The project will address the problems daily experienced by the population of Burundi, such as lack of 

means, insufficient exploitation of production, post-harvest losses and limited knowledge of processing 

and storage techniques, leading to a sustainable and shared agriculture and technology transfer. 

‘Maison Parma’ represents a concrete experience of cooperation between territories (Parma and Burundi), 

international organizations, public and private bodies that make systems to fight hunger and poverty by 

promoting the skills and capabilities of our territory in the field of agri-food. Among them, the main 

characters were the City of Parma, the City of Burundi, Parmalimenta, Stuard and IMEM. 

Here, the bioristor aimed at selecting improved varieties more adaptable to climate change and to further 

push the possible use of the sensor to automatic irrigation management; hence a first experiment was 

performed in greenhouse in pots, while the second one was performed in open field in Burundi. 
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4.1 Greenhouse variety bioristor monitoring  

Similar to the previously described experiment, a greenhouse trial was performed to identify variations in 

genotype tolerance to drought, providing an additional proof of the bioristor application in plant breeding. 

 

4.1.1 Materials and Methods 

Plant material  

For the experiment were used the Tomato (Solanum lycopersicum) varieties 38244, 33012 and 25561 

kindly provided by ‘ISI sementi’ and previously selected by the same company according to their better 

adaptability to the burundian environment. 30 to 50 seeds of these varieties were sowed in seedbeds, and 

grown for 3 weeks after germination. Seedlings were transplanted and sensors inserted at the fourth leaves 

stage. A total of 18 plants were monitored using the bioristor, 9 control plants and 9 stressed plants; each 

variety was replicated in 6 plants. 

 

Environmental data 

Air temperature and relative humidity (T°C, RH%) have been recorded for the entire length of the 

experiments using a data logger, allowing for the calculation of the VPD (see figure below). 

 

Fig. 33 - Environmental parameters: the graph shows the trend of temperature (°C), relative humidity (%) 

and vapor pressure deficit (kPa) during the entire experiment duration. 
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As it turned out, the day-night temperature fluctuations remained constant throughout the experiment; 

relative humidity varied more, but only slightly affected VPD, which fell sharply only on the fifth day. 

  

Drought treatment 

Drought stress was imposed for 10 days by water withholding, leading to a gradual reduction of the 

relative soil water content; plants were later fully rehydrated during the recovery phase. At 6 DAS an 

emergency irrigation was operated to avoid irreversible damages as a consequence of the severe drought. 

Stress level was supervised by means of porometer measuring and pot weighting; the experimental design 

has been summarized in Fig. 34.  

Relative soil water content was assessed by weighting the pots and using the following formula.  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑜𝑖𝑙 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%)  =
𝑠𝑜𝑖𝑙 𝑖𝑛 𝑠𝑡𝑟𝑒𝑠𝑠 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 (𝑔)  −  𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)

𝑠𝑜𝑖𝑙 𝑎𝑡 𝑓𝑢𝑙𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑔)  −  𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)
× 100 

 

Fig. 34 - Experimental design for Burundi experimental trial. Drought stress 0-10 DAS, Recovery 10-18 

DAS. Red arrows indicate the physiological measurements days. 

 

Physiological measurements 

Stomatal conductance, together with relative soil water content analysis, was chosen to trace the evolution 

of the stress and was measured by using the AP4 porometer (Delta-T Devices, USA). Five measurements 
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were performed at 2, 4 and 10 DAS when stress conditions reached their maximum level, and 12 and 18 

DAS after the beginning of recovery. All the measurements were conducted at 9:00 am to ensure an 

optimal comparability and to prevent physiological daily plant fluctuation from influencing the data. 

 

Bioristor implementation in plant 

Bioristor were inserted at 4-leaves stage in the internode located just above the cotyledons (around 5 cm 

above the collar); each plant was equipped with one bioristor. Data collection was managed with the 

MATLAB script (https://uk.mathworks.com/) described above, then the PCA was computed from the 

main sensor parameters R, Igs, 𝜏ds, 𝜏gs and their derivative values. 

 

Statistical analysis 

Data reliability was evaluated using the k-mean clustering algorithm with 1000 iteration cycles. During 

the analysis, among the clusters having different numbers of input clusters, the best clustering was selected 

as the one that better divides the data into theses; a smaller number of clusters was preferred if they provide 

a better separation into different groups of varieties.  

 

4.1.2 Results 

Relative soil water content 

The relative soil water content was monitored to ensure the establishment and evolution of the drought 

condition; as visible in Tab. 4, values rapidly decreases from field capacity (FC, 100%) to 60% of FC in 

the first 2 DAS; the decrease is reduced by the emergency irrigations (6 DAS). A consistent rise is visible 

2 days after the beginning of the recovery (12 DAS); note, values above 100 are due to the increased 

weight resulting from plant growth. 
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Tab. 4 – Relative soil water content percentage: 2, 4 and 10 DAS are referred to the stress period, 12 and 

18 DAS are during the recovery 

 

 

Bioristor parameters 

The analysis of the sensor response showed a negative trend of R for all lines during the drought stress 

already at 1 DAS and a stabilization at 6 DAS, as a possible consequence of the re-watering (Fig. 35). An 

unexpected behavior of R, with a negative slope, was observed in control plants. At recovery (10 DAS) 

an increase in the R signal was observed for all lines, reaching the maximum at 14 DAS and a subsequent 

decrease, with the exception of line 25561. A virtually overlapping trend of 38244 and 33012 was 

observed during recovery with 38244, that showed a rapid and deeper decrease during drought (Fig. 35),  

 

Fig. 35 - Plot of sensor response. Mean values of the sensor response were reported. Blue, control, Red, 

stressed. Black dashed line indicates emergency irrigation performed in the stressed plants at 6 DAS. Red 

bar indicates a period of drought stress, blue bar indicates the recovery phase. 
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A strong influence on the sensor response of environmental parameters was already reported by Vurro et 

al., 2019, as a likely consequence of the environment on the transpiration. 

In fact, the analysis of the 24 hours smoothed VPD trend during the experiment, explains the abnormal R 

trend in the controls, since it is visible the correspondence of the negative VPD peaks with the positive 

sensor response peaks, as previously reported in Vurro et al., 2019 (Fig. 36). 

 

Fig. 36 - VPD influence on the sensor response. Yellow dashed line, VPD. Black dashed line indicates 

the emergency irrigation performed in the stressed plants at 6 DAS. Red bar indicates a period of drought 

stress, blue bar indicates the recovery phase. 

 

To highlight the differences recorded with the bioristor among the lines, all the sensor parameters were 

considered and used to perform PCA analysis during 3 target days.  

 

 



67 

 

 

 

 

 

Fig. 37 - PCA results of the normalized values of the stressed genotypes. A) 0 DAS control conditions, B) 10 DAS maximum level of stress, C) 18 DAS, 

end of the recovery.  
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The use of the bioristor enables to observe a marked separation among the varieties over time, leading to 

the distinction of three groups. At the beginning of the experiment (0 DAS, Fig. 37 A) they almost equally 

fill the bidimensional space, with line 33012 highly influenced by Igs, whereas the 38244, more influenced 

by 𝜏ds and 𝜏gs and 22561 by R; during that day, the first two principal components account for 65.6% of 

the total variability. At 10 DAS, lines are equally distributed along PC1 (Fig. 37 B) and, varieties 38244 

and 33012, which are oppositely lying, are mainly separated by the values of 𝜏gs, Igs and its derivative. 

The represented variability in the second moment analyzed is 63.6% of the total. At 18 DAS, the end of 

the recovery (Fig. 37 C), lines 38244 and 22561 are closer along PC1.  At 0 DAS, PC1 mainly represents 

R, 𝜏ds and the derivative of 𝜏gs, at 10 DAS from Igs, 𝜏gs, R and the derivative of Igs, and at the end of the 

recovery Igs, 𝜏ds, 𝜏gs, the derivative of 𝜏gs and the derivative of Igs.  
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Fig. 38 - Clustering analysis of bioristor’s parameters during: A) 0 DAS, B) 10 DAS, C) 18 DAS. Only stressed plants were considered for the analysis. 
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The k-means clustering algorithm, used to analyze the bioristor indices, allowed to trace the dynamics of 

the drought response and cluster the varieties according to that (Fig. 38). 

At 0 DAS, before the stress, and at 18 DAS, post recovery, 22561 and 38244 clustered together while 

only 33012 clustered separately (Fig. 38 A). 

During the stress at 10 DAS, 22561 grouped with 33012 while 38244 was separated, identifying a specific 

trend in the response and possibly, a different level of tolerance to the drought stress (Fig. 38 B). The 

pattern changed at the end of the recovery (Fig. 38 C), showing a higher similarity of the response to 

rewatering between lines 33012 and 38244. 

 

 

Fig. 39 - Morphological analysis performed at 10 DAS; A-C) stressed plants, D-F) controls. 

 

The analysis of the plant morphology confirmed the clustering observation highlighting a higher 

sensitivity of the 38244 to the stress (Fig. 39 C). If compared to that, the others (Fig. 39 A, B) look to 

better tolerate the stress as the former shows the wilty phenotype, typical symptom of turgidity loss due 

to the drought. 
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To confirm the ability of the bioristor in the detection of ionic changes occurring in plant sap, the 

correlation between R and stomatal conductance were studied, proving that they are highly correlated (r 

= 0.80) in this test too (see plot below).  

 

Fig. 40 - Correlation plot between R (sensor response) and gs (stomatal conductance). Analysis performed 

at 4 DAS and 10 DAS; the trend line as well as pearson’s index have been reported. 

 

The correlation between sensor response and stomatal conductance was evaluated also for this experiment, 

and provided a correlation index R = 0.8 with a p-value 0.05, reaching a comparable level to that of the 

previous correlation analysis. 

The validity of the analysis has been supported by an open field trial. Here the tomato varieties, already 

tested with bioristor, have been cultivated in Burundi in open field showing a difference in yield consistent 

with the reported bioristor data analysis. ISI 33012 produced 11.9 t/ha, ISI 2556 produced 19.0 t/ha and 

ISI 38244 produced 9.7 t/ha (Stuard personal communication). 

 

4.2 Field trial in the Maison Parma project  

Due to socio-economic issues, the variety Leonardo has been tested with bioristor in open field in Burundi. 

Here, plants have been monitored with the bioristor and two irrigation conditions were adopted, one based 

on bioristor monitoring, and the other conventionally irrigated, as the aim of this experiment has been to 

test the possibility of using the bioristor in automating irrigation systems 
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4.2.1 Material and Methods 

Plant material  

For the experiment sixteen plants of the tomato variety Leonardo were used.  The plants were sown 

seedbeds and transplanted in open field. Bioristor was inserted in sixteen plants. 

Here the scheme of the experiment is reported. 

 

Fig. 41 - Experimental design: day 0-7, Sensor stabilization, day 7-12, watering differentiation based on 

the bioristor data.  

 

Two water regimes are included in the trial: one traditionally irrigated, and the second bioristor guided. 

Plants were grown in optimal water conditions during the first 7 days to allow sensor stabilization, then 

different irrigation was applied.  
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Fig. 42 - Training of local people in Burundi for the use of bioristor; the photo is taken soon after a 

practical lesson. On the table is visible part of the material used for the dissemination, whereas the plants 

used for sensor insertion training are on the ground. 

 

A focus of the project has been the training, so training sessions about the sensor preparation and use were 

held with the aim of sharing knowledge and technology on the subject (Figure 42). To this end, theoretical 

and practical lectures were done on the operating principle of the control unit and sensor, data acquisition, 

sensor insertion and plant monitoring. 

 

4.2.2 Results 

Sensor response along the entire duration of the experiment will be recorded, here it is the monitoring of 

the first days. This is also called the “stabilization period” and is needed for the sensor to establish a secure 

contact with the plant.  



74 

 

 

Fig. 43 - Field bioristor test, first days of monitoring. Blue line, standard irrigated thesis; Green line, 

bioristor driven irrigated field. Standard error is reported. 

 

The two R curves exhibit slight oscillations, indicating no significant differences between the water 

regimes, as expected being the watering differentiation not applied yet. Furthermore, their overall trend 

remains constant, aligning with the typical response of sensors during a stabilization period (Fig. 43). 

The experiment encountered difficulties and was not terminated due to the complete damage of the sensors 

installed and the difficulty to manage the replacement remotely. However, thanks to the first local 

experience and based on the video material produced for the Maison Parma project, a second round of 

cultivation as well as the application of bioristor will be conducted. Moreover, the variety Leonardo will 

be soon tested in controlled conditions to verify its tolerance to drought. The project thus stimulated 

collaboration between the two countries by paving the way for wider use of the sensor, demonstrating the 

potential of phenotyping and electronics, and promoting its study. 

 

4.3 Discussion 

The results of this second drought stress trial provided an additional evidence of the bioristor’s ability in 

distinguishing  different responses to drought stress, which has been detected in the R trend first, shown 

as an unequal falling trend, and confirmed by clustering all the bioristor indices then, where the study 

enabled the identification of two groups; the interpretation of R as a plant physiological status index has 
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been later justified by further testing the correlation between the index and stomatal conductance. This, 

in turn, suggested that the method developed for the analysis of bioristor’s data involving the observation 

of R trend, the PCA and the cluster analysis is successful. 

A strong influence of VPD values on the sensor response were recorded as well, and it was seen to affect 

the trend of the controls plants in particular, as transpiration in them was regulated more according to 

VPD than to the drought stress, a regulation previously seen in Grossiord et al. 2020. 

Based on the field trial data recorded by Stuard in Burundi in 2022, some consistency with yield data have 

been found and this can be assumed as a further validation of the bioristor efficacy in characterizing 

varieties. In fact, as reported in results, 33012 produced 11.9 t/ha, 2556 produced 19.0 t/ha and 38244 

produced 9.7 t/ha.  

Therefore, the clusters revealed by bioristor, with varieties 33012 and 22561 within the same cluster, are 

in agreement with the yield data and demonstrate the effectiveness of the sensor in identifying different 

levels of drought tolerance. 

These results, together with the small number of plants required to obtain such data, underscore the 

profound improvement represented by the bioristor in plant phenotyping, declaring its potential to address 

the bottleneck problem of phenotyping, both under control and field conditions. 

The application of the sensors in Burundi demonstrates the high readiness level achieved by this 

technology, which can be easily transported and installed in most terrestrial scenarios; the main limitation 

of this setup is the need for an Internet connection, which was sometimes interrupted during the 

experiment. However, the control unit is equipped with an internal storage that allows to collect and 

analyse bioristor data locally, therefore the issue only slowed down data streaming. Moreover, this proof 

supports the feasibility of using the bioristor not only for breeding purposes, but also to automate irrigation 

systems in a sensor-driven approach (Vurro et al. 2023a).  

The case study represented by the AICS international cooperation project offered the chance to apply a 

smart innovative technology in a difficult climatic contest. 

Burundi is a low-income economy where 80% of the population is employed in agriculture. It is one of 

the most densely populated countries in Sub-Saharan Africa with 11.6 million people of which 50.4% 

(2019) are women. The agriculture sector, dominated by subsistence farming, accounts for nearly half of 

the country’s GDP (2019).  

https://www.zotero.org/google-docs/?y4Mc1g
https://www.zotero.org/google-docs/?nHJo6w


76 

 

The country is vulnerable to the impacts of climate change from changing climate patterns, such as 

increased rainfall and heat, as well as catastrophic situations, which impact the country’s development 

efforts and its key economic sector.  

Thus, here the improvement in water use efficiency and in the possibility to achieve higher yields in a 

high cost-effective agricultural activity, is of help in achieving the sustainable development goal 2, toward 

zero hunger, and in addressing the climate smart paradigm, sustainable agriculture and shared knowledge 

available for all. 

This experiment, is a case study on the application of bioristor to increase the sustainability in agriculture 

where water is a real issue in food safety. This application supports the importance of bioristor as an in 

vivo tool for in field monitoring and functional phenotyping. 

The possibility to increase the local population's knowledge through training was another goal 

successfully performed. 

 

4.4 Conclusions 

1. The bioristor allowed discrimination among three tomato varieties selected as adapted to grow 

and produce in extreme environments such as the Burundi region. 

2. The results obtained under controlled conditions were supported by the final yield data recorded 

in the open field, raising the variety 33012 as the most tolerant, based on the bioristor data. 

3. The correlation of sensor response with stomatal conductance was verified over again. 

4. Overall, bioristor has proven to be a valuable tool for selecting varieties due to the possibility to 

monitor in real time and continuously the dynamic of each variety to drought and prompt its use 

in conditions where water availability is already a real problem for food security.  
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5. Tomato Introgression Lines 

 

To further test the possibility to characterize different varieties based on bioristor data, in the following 

trial we have tested a more complex genetic background by monitoring the response of five introgression 

lines of tomato to the drought stress.  

 

5.1 Material and Methods 

Plant material  

The Introgression lines (ILs) experiment was performed during the visiting period at the Universitat Jaume 

I, Castellón de la Plana, Spain. A set of 4 Introgression Lines (ILs) were randomly selected within the 

population developed by Eshed and Zamir (Eshed and Zamir 1995), currently composed of 76 lineages 

(ILs) (Gur and Zamir 2004). This population was formed by initially crossing the processing tomato 

cultivar M82 with the S. pennellii wild accession LA716. The next generation was then subjected to 

recurrents cycles of backcrossing and marker-assisted selection (MAS), with M82 as the recipient parent, 

so that each IL is genetically identical to M82, except for a single homozygous chromosome segment 

donated by the wild relative (S. pennellii). The line 3475, corresponding to the parental M82, was included 

as reference of low tolerance to the drought and heat stress. 

A list of the used ILs is reported in Tab. 5 (IL number and the correspondence chromosomal fragment 

herited by the ancestor). 

Tab. 5 - Introgression lines (ILs) used in the trial. 

 

 

For the experiment, 15 seeds for each tomato genotype were germinated in the seedbed and transplanted 

in 0.7 L pots filled with 260-270 g of coconut fiber. Plants were grown in a greenhouse under natural light 

https://www.zotero.org/google-docs/?r5r9As
https://www.zotero.org/google-docs/?MaAR02
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photoperiod 14/10 (day/night) for 13 days at 35/20 °C (day/night). For each IL, 2 plants were used as 

control and 3 as stressed. 

 

Environmental data 

Environmental data, such as air temperature and relative humidity (T °C, RH %), have been recorded for 

the entire length of the experiments in both locations using a datalogger; VPD has been later calculated 

from these (see figure below).  

 

 

Fig. 44 - Environmental parameters: the graph shows the trend of temperature (°C), relative humidity (%) 

and vapor pressure deficit (kPa) during the entire experiment duration. 

 

The graph reports strong daily fluctuations during all 13 days. The averaged VPD increased significantly 

after 7 DAS as plants and datalogger were moved inside the heated growth chamber and the double stress 

started. The temperature rose to 39°C and fluctuations in humidity and VPD also increased. 

 

Drought and heat stress 

In the trial, plants were grown up to the expansion of the 4th leaves and, at this stage, equipped with the 

bioristor. After the 6 days of sensor stabilization period (0 DAS), drought stress was imposed by water 

withdrawal to the stressed plants, whereas control plants were kept fully hydrated. At 7 DAS, a combined 
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stress (heat + drought) was imposed placing all plants in a growth chamber and applying a constant 

temperature of 39 °C. During the combined stress, the control plants were irrigated every day to avoid 

drought occurrence although exposed to heat (Fig. 45).  

 

The experimental plan was conceived as follows. 

 

Fig. 45 - Experimental plan of the tomato ILs trial. DAS, Days after stress; red arrows indicate the 

physiological measurements performed with LI-COR. During double stress, controls were moved inside 

the heated growth chamber but kept fully hydrated to have an environmental reference. 

 

Physiological measurements   

Gas exchange 

Stomatal conductance was measured using the LI-COR 6800 (LI-6800, Lincoln, NE) portable 

photosynthesis system, accounting for one of the mains indicators of the plant physiology (Curtis 1926; 

Yoo et al. 2009; Wohlfahrt and Gu 2015; Zandalinas et al. 2016). Three measurements were carried out 

at 0 DAS, 6 DAS, 12 DAS; all performed at 9.00 am. 

 

Bioristor implementation in plant 

Biorsitor was implemented in a total of 25 tomato plants at the 4-leaves stage. The internode between the 

cotyledons and the first node was chosen as insertion point. Plants were kept fully irrigated for 6 days, 

https://www.zotero.org/google-docs/?tPfsTK
https://www.zotero.org/google-docs/?tPfsTK
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leading the sensors to acclimatize and establish a secure contact with plant vessels. A MATLAB script 

(https://uk.mathworks.com/) were used for data downloading from the server and for data analysis. 

Bioristor sensor indices R, Igs, 𝜏ds, 𝜏gs and their derivative values dR, dIgs, d𝜏ds and d𝜏gs were acquired 

through bioristor and used in the PCA analysis. The plants used for the experiment can be seen in the 

figure below. 

 

 

 

Fig. 46 - ILs lines during the drought stress (8 DAS).  

 

Statistical analysis 

The average of bioristor data was calculated to reduce noise effects. The ANOVA test was performed 

through MATLAB to evaluate the significance of the differences observed between genotypes and 

treatments. The Principal Component analysis and clustering was performed using an R script 

(https://cran.rstudio.com/). 

 

Drought treatment 

Conditions suitable for the drought stress’ occurrence were obtained by water withdrawal, this mode led 

the drought to be reached gradually and similarly to what plants experience in natural environments. Stress 

evolution was monitored by weighting pots and estimating relative soil water content (RSWC) as:  
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑜𝑖𝑙 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%)  =
𝑠𝑜𝑖𝑙 𝑖𝑛 𝑠𝑡𝑟𝑒𝑠𝑠 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 (𝑔)  −  𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)

𝑠𝑜𝑖𝑙 𝑎𝑡 𝑓𝑢𝑙𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑔)  −  𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)
× 100 

 

5.2 Results 

The R index plot is reported for the thirteen days of continuous monitoring (Fig. 47 A).  

The R index in IL4093 and IL4087 increased compared with controls among 4 DAS and 7 DAS while R 

of IL3475 drops severely (-33%) and rapidly in the same interval showing also a series of acclimation 

peaks in the drought stress plants at 10 and 11 DAS. 

In the Igs plot (Fig. 47 B), IL3475 and IL4093 show a comparable trend with a signal gradually dropping 

from 1-2 DAS until the end of the experiment. A sharp increase of the Igs was observed in IL4087 and 

IL4099, 24 hours after the heat stress began following the rehydration. On the contrary, ILs 4091, 4093 

and 3475 trend is unchanged showing no rehydration effects. 
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Fig. 47 - Plot of the bioristor indices: (A) Sensor response, R, (B) Gate to source current (Igs) for the 5 ILs 

analyzed. C, control, T, stressed. Orange bar indicates the imposition of drought stress, red bar indicates 

the days of heat+ drought stress. Dashed red line indicates the shift from single to double stress. 

 

To further understand the link between plant response and the bioristor signal (Gentile et al. 2022), all the 

indices of the sensor were examined in a principal component analysis (PCA), aiming at fully tracing the 

dynamics of the response of the different genotypes. This increased the investigation power of bioristor 

analysis and consequently conferred a higher chance to discriminate between genotypes. 

The PCA plots are reported in Fig. 48 A, B, C. 

 

https://www.zotero.org/google-docs/?fEVNAo
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Fig. 48 - PCA plot of bioristor traits. A) 0 DAS, no stress imposed, B) 6 DAS maximum drought, C) 12 DAS, end of the combined stress. Stressed and 

Control plants for all the 5 genotypes are shown.  
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Considering both controls and stressed plants, during 0 DAS (figure 48 A) no significant difference was 

observed among the ILs. At 6 DAS (figure 48 B) till the end of the drought stress, IL4093 stressed plants 

(IL4093-T) and IL3475 stressed (IL3745-T), clustered separately. At the end of the combined stress (12 

DAS) an increased difference within the thesis was observed (figure 48 C). IL3475, IL4093 clustered 

separately on the PC2 while IL4087 clustered separately on PC1, indicating a different response of the 

ILs under heat stress. However, being the separation not sufficiently clear because the large number of 

theses plotted causes a considerable overlap leading to a near overloading of the space, a second PCA was 

calculated. 
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Fig. 49 - PCA plot of bioristor indices in time.  A) 0 DAS, no stress imposed, B) 6 DAS maximum drought level reached, C) 12 DAS, end of the combined 

stress. Only stressed plants were reported.  
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The PCA plots (Fig. 49) report the dynamic of the ILs response of stressed plants under drought and 

combined stress; the analysis was focused on the sole stressed plants to better understand their differences.  

Before the stress imposition data were overlapped and no differences were detected among the genotypes 

(Fig. 49 A). Drought separated the ILs (Fig. 49 B) along the PC1, that mainly determined by the Igs, 𝜏gs, 

𝜏ds, and R. At 6 DAS, IL4093 and IL3475 grouped together and apart from the others (Fig. 49 B). 

Compared to the other lines, the 3475 is the one with the maximum dispersion along the second PC.  

After the combined stress, a similar pattern is visible despite the variation in loadings. IL4087 is separated 

by the others as previously observed along the PC1, IL4099 and IL4091 overlapped in the center of the 

plot and ILs 4093 and 3475 grouped together along the PC2. During the drought and the combined stress, 

PC1 and PC2 account for 52.7% and 50.8% of the total variability respectively (Fig. 49 B and C). 

These observations are confirmed also by the clustering analysis performed at 6 and 12 DAS (Fig. 50 A 

and B). 
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Fig. 50 - Cluster analysis using k-mean algorithm: A) 6 DAS, B) 12 DAS. 
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At about the end of the drought stress (6 DAS, Fig. 50 A), IL3475 and IL4093 grouped together, while 

ILs 4087, 4099 and 4091 formed a single group. The same composition remains stable also following the 

combined stress (Fig. 50 B).  

The model failed to separate less than 3.5% of the data.  

Observing the relative soil water content, revealed a fast and deep reduction of the water in the pot during 

the drought stress; as expected at 10 DAS an increase of the values is observed, as a result of the 

emergency irrigation at 8 DAS after the plants weighting.  

 

Tab. 6 – Relative soil water content of the stressed, meaned within genotype. 

 

 

Physiological measurements 

Conventional physiological measurements were performed in order to better link the bioristor data to the 

plant physiological conditions.  

Physiological traits observation revealed a severe reduction in stomatal conductance 6 DAS for all the 

lines. This reduction was increased during the combined stress (12 DAS) leading to a complete stop of 

the transpiration process for IL4099 and IL4091.  

To note that controls decrease in stomatal conductance recorded 12 DAS is a consequence of the heat 

stress to which they have been subjected (Fig. 51). 

 

 



89 

 

 

Fig. 51 - Stomatal conductance analysis performed at 0 DAS, 6 DAS and 12 DAS. Student’s test was 

applied (*p<0.05, **p<0.01, ***p<0.001).  

 

5.3 Discussion 

The 13 days of continuous monitoring with the bioristor of ILs lines under different stresses allowed to 

trace, directly in the plant, the stress response dynamic over time, also demonstrating that the sensor can 

recognize phenotypic differences determined by reduced chromosome portions, such as the ones owned 

by the ILs. 

With respect to what previously considered a typical curve in monitoring a stressed plant, a different trend 

was observed; this unexpected behavior, consisting of an increase of the R signal during the stress, can be 

explained as an overall increase of sap enrichment with osmolytes (Giordano et al. 2021) or a pH reduction 

(Davies et al. 2005; Pagliarani et al. 2019), before plant tissues dehydration. In fact, an increased sensor 

response may be the direct effect of two factors’ combination: the reduction of plant dehydration, which 

is the driving force leading the sensor response to fall, and the sap ion concentration increase (Trifilò et 

al. 2011), which may drive a stressed plant R to rise.  

The Igs, providing an indication of the sap ion concentration, supports this hypothesis since, as recorded 

for IL4087, soon after drought imposition a rising is visible. IL4093 showed an opposite Igs trend, although 

less pronounced; moreover, compared to other stressed, it presents the maximum stomatal conductance 

level during drought, even though this is lower if compared to its own control. The fact can be due to a 

different response strategy to the stress leading to a temporary increased flux speed in xylem vessels, 

which accelerates ion flux moving the current I0 to less negative values; however further examinations 

are required to explain this uncommon behavior.  

https://www.zotero.org/google-docs/?5Ov8ee
https://www.zotero.org/google-docs/?oqTxcq
https://www.zotero.org/google-docs/?6NPxR6
https://www.zotero.org/google-docs/?6NPxR6
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The analysis of sensor response over time also highlighted a rapid and deep reduction in IL3475 soon 

after combined stress imposition, confirming the higher sensitivity to a similar stress of this line compared 

to the others as already reported (Pessoa et al. 2022).  

The rescue irrigation highlights two interesting behaviors: in IL4099 and IL4087 the rapid increase 

observed in the Igs trend indicates the beginning of the recovery, as a result of the temporary increase of 

the transpiration, which led the ions mobilized by the water to be absorbed. This could be assumed as a 

sign of their higher resilience, as previously observed (Gosa et al. 2022). 

Bioristor’s data are supported by the data reported by Gosa et al., 2022 (Gosa et al. 2022), pointing out 

that IL10-1 (corresponding to IL4087) showed good vegetative growth but had low yields under both wet 

and dry conditions (Gosa et al., 2022). 

In particular, IL4087 showed an increase in R and Igs in response to the drought and maintained higher 

values than the control during all the experiment; the fact should be further investigated in order to 

comprehend the reasons for this unique behavior.  

The higher bioristor sensitivity, demonstrated in ILs performance discrimination, would be interestingly 

applied for pre-breeding selection as a good index for response to single and combined stress. Moreover, 

Igs and 𝜏gs are bioristor traits that surely need to be kept in consideration for variety selection.  

Cluster analysis split the ILs into two groups, founding similarities between IL3475 and IL4093 as well 

as between IL4087, IL4099 and IL4091 during both drought and combined stress, given their high values 

in Igs and low 𝜏ds, 𝜏gs and R. The result of this characterization in terms of response to abiotic stress needs 

to be clarified.  

The results obtained by using  the same bioristor indices to separate different genotypes in different stress 

conditions suggest that the sensor could have provided new evidences of the existence of similarities in 

plants’ response to these stresses, such as osmotic imbalance and reactive oxygen species (ROS) 

production, that can take place in both conditions  altering the ionomic homeostasis as previously 

suggested for other plant species (Jia et al., 2020, Hosseini et al. 2021; Giordano et al. 2021). 

The ionomic profile of plants grown in a common environment may reflect adaptations to their native 

local environment (Huang and Salt 2016). The accumulation of a given element is a complex process 

controlled by a network of gene products critical for uptake, binding, transportation, and sequestration. 

Many of these genes and physiological processes affect more than one element (Baxter 2009). Thus, the 

possibility to monitor in real time the positive ion accumulation and movement during the plant growth, 

development and under abiotic stress is crucial to perform a timing and efficient variety selection. 

https://www.zotero.org/google-docs/?FkVUQK
https://www.zotero.org/google-docs/?yz9vW0
https://www.zotero.org/google-docs/?xgzHeg
https://www.zotero.org/google-docs/?YYukXR
https://www.zotero.org/google-docs/?pSF1Mg
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/physiological-process
https://www.zotero.org/google-docs/?4BGoJd
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5.4 Conclusions 

1. The experiment demonstrates the high sensitivity of bioristor in classifying complex genetic 

material as the tomato introgression lines on the basis of their diverse response to the stress and 

tolerance to single as combined stress.  

2. The analysis of the bioristor data allowed to trace the dynamic of the response to abiotic stress, 

magnifying the possibility to understand the intensity and the evolution of the stress as well as the 

strategy adopted by the plant to survive.  

3. These results can be exploited to further characterize tomato ILs, providing the evidence of a 

drought and heat tolerance. 

4. Finally, the set of variables identified a useful tool to discriminate and characterize plants’ 

response to the single drought as well as to combined stress, for the first time in vivo and in 

continuous. 
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6. Integration of Bioristor in the Scanalizer Platform 

Development of bioristor control unit compatible with the high throughput platform in ALSIA 

Metapontum Agrobios  

Last section of this thesis is the concrete application of the bioristor system for plant phenotyping, thus 

its integration in a high throughput phenotyping platform. To date, no comparable sensor to the bioristor 

has been integrated and used in a phenotyping platform. Hence, this study represents a step forward in the 

state of the art of phenotyping since the availability of continuous sensor data, so strictly correlated with 

plant’s physiology, will strongly increase the phenotyping impact in breeding and plant physiology. 

This task has been done in collaboration with ALSIA Metapontum Agrobios research institute 

(Metaponto, Matera). ALSIA is a coordinator, together with CNR, of Phen-Italy. Phen-Italy is the Italian 

Plant Phenotyping consortium, gathering the national scientific community that is developing and using 

high throughput phenotyping research infrastructures, with the principal node in Basilicata. Phen-Italy 

represents the Italian node of the European Strategy Forum on Research Infrastructures (ESFRI) project 

named EMPHASIS, part of ESFRI 2016 Roadmap, the Italian node of the EMPHASIS. 

To this aim, a bioristor control unit fully integrated in the Scanalizer platform was conceived. 

 

6.1 Materials and methods 

Study of the use case 

ALSIA hosts the first Italian High-Throughput phenotyping platform (HTPP) enabling the monitoring of 

456 plants. The system is constituted of a highly automated greenhouse in which plants are grown on pots 

upon carts; each cart is moved by a conveyor that drives the plants inside an imaging chamber, where 

RGB, fluorescence and near infrared (NIR) sensors. measure plants’ reflectance, extracting image-based 

indices.  

The conveyor is surrounded by 9 stations used for environmental monitoring and guaranteeing the best 

suitable conditions for plant growth; these stations are equipped with sensors for measuring PAR, 

temperature, humidity and carbon dioxide (Fig. 52).  



93 

 

 

Fig. 52 - Scheme of the HTPP platform (courtesy of ALSIA). The facility is organized into 2 spaces; the 

bigger one represents plants’ stationary space and is intended to provide a homogeneous environment 

where the plants are left to grow. This area hosts the conveyor, which communicates with the imaging 

chamber room, divided into 4 sectors, one per sensor installed (NIR for under the soil analysis, 

fluorescence, visible and NIR for above the soil analysis). The second space is the control room, where 

the operators stand and manage the platform. 

 



94 

 

 

Fig. 53 - High-throughput phenotyping platform, front view. The conveyor with the carts laying upon it 

is clearly visible in the foreground. The image chambers are the 4 cubic structures in the figure center, the 

control room is behind them. 

 

The goal of this study involved integrating the bioristor into the platform (Fig. 53), designing a control 

unit fully integrated into the carriage and controlling multiple plant monitoring sensors to provide a plant-

specific view.  

Each control unit were designed with the following equipment: 

● 2 bioristor readout channels 

● Soil humidity sensor 

● Soil conductivity sensor 

● Temperature and relative humidity sensor 

● Integrated WiFi module 

● MicroSD card slot 

● LiPo battery 1100mAh (10h autonomy) 

● On-platform charging system 

● OLED display 

● Buzzer 
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The idea was to install in the HTPP facility a novel tool that enables the continuous physiology plant 

monitoring through bioristor adding to them some other essential information such as soil humidity and 

air characteristics. WiFi connection was chosen as the most suitable protocol for data exchanging with 

the server, whereas the embedded micro-SD card slot and a battery were installed to prevent data loss.  

Indispensable requisite to allow the full operation in the Scanalizer platform is the possibility to 

automatically recharge the battery of the control unit in the conveyor; thus, a recharging station and 

external contacts were developed. 

 

The control unit design was concluded providing a simple user interface, consisting of an OLED display, 

showing all the information instantly collected by the control unit, and a buzzer, as an acoustic transducer. 

A metallic male pin-header allows to browse the data, turn on and off the bioristor gate voltage and 

calibrate the bioristor readout channels.  

 

Control unit design 

The main bottleneck in the control unit designing has been the cart free volume together with the need for 

reaching the cart edges, to ease the cart-to-cart link (Fig. 53 B); this constraint has been examined and 

solved during the design phase by means of including plant pot saucer to the case. The intuition leads to 

gaining enough space to fit inside the circuit and the battery (see figure 54). 

 

Fig. 54 - Scheme of the control unit case. A) Base of the control unit case, B) the cart. The asterisks visible 

in figure A mark the insertion points of the cage used for higher plant support.  
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The two halves of the box, thanks to an interlocking system, can close, preventing the electronics from 

getting wet or damaged (Fig. 54 A). The prototype of the box was designed using the program Inventor 

(Autodesk, San Rafael, California), then sliced and printed using the CR-10 S5 3D printer (Creality, 

Shenzhen, China). 

 

Fig. 55 - Scheme of the control unit’s main components. Four parts of the control units are visible: the 

case (upper and lower), the printed circuit board (PCB) and the battery. PCB and battery are enclosed in 

the case and held inside the cart. 

 

The control unit positioning procedure implies the dismounting of the cart’s top and the lowering of the 

case within the cart’s four columns; the position is maintained thanks to the pot weight. The PCB is 

designed to get perfectly stacked between the two parts of the enclosure contributing to maintain them 

joint with each other (Fig. 55).  

Circuit project was conceived using Eagle (Autodesk, San Rafael, California), see figure below. 
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Fig. 56 - Printed circuit board project. A) preprinting schematics, B) printed circuit, front view, C) printed 

circuit, rear view. 

 

The shape of the board is designed to have a power distribution line running through each control unit, 

enabling the use of PCB conductors as cords. The pads located on the right and left edges represent the 

ends of these conductors (see the yellow rectangles on Fig. 56 C); each pad hosts a manually soldered 

spring contact that establishes continuity between the PCBs of two adjacent carts. 

Therefore, the PCB architecture allows a single charging station to be placed at the front of the rail, as the 

power supply of the first control unit of the line is propagated to all carts up to the last one (see photo 57). 
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Fig. 57 - Charging station.  Powering cables soldered to the copper strips used for establishing contact 

with the control units. On the right, the springs required to maintain the white flag-like structure in position 

after the carts pass. 

 

Since the control units require continuous voltage to work, a switched-mode power supply was employed 

to rectify and decrease grid voltage; the voltage used was 7.6V and, given the 2.8A, the peak power 

consumption was approximately 21W (in case all the batteries are discharged).  

 

Image based traits acquired 

The projected shoot area and the plant height were recorded through the RGB image sensors. The 

Projected shoot area is the sum of the projected area of the plant from three orthogonal views (two from 

the side and one from the top), converted from pixel area units to cm2; the value provides an estimation 

of the area occupied by the plant. Plant’s height is measured as the distance between the highest part of 

the plant and a reference point, usually the collar.  

 

6.2 Plant test 

To verify the efficacy of the bioristor reading system developed and the possibility of the system to 

correctly operate in real conditions, a test on leaving plants has been conducted. 
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Fig. 58 - Trial of the bioristor control unit in the Scanalizer platform on tomato plants.  

 

Twentysix plants of the variety ‘cuore di bue’ have been growing in the phenotyping platform under 

normal growth conditions whereas 13 bioristors have been installed and plants were monitored both with 

bioristor as with the Lemnateh Scanalizer imagining system (Fig. 58 and Fig. 59). 

 

Fig. 59 - Bioristor control unit installed in the Scanalizer conveyor line.   
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All bioristors were connected via coaxial cables to the control unit so that data would be recorded and 

sent to the server.  

Data acquired was analyzed with MATLAB scripts (https://uk.mathworks.com/) and mined in Excel 

(Microsoft Excel 2016). Elaboration process started with data cleaning by eliminating outliers and spikes; 

the reliability of each sensor was checked and a 24 hours wide moving average was calculated to smooth 

the day-night typical oscillation. Finally, data collected for each thesis were averaged to derive the 

respective trends for individual theses.  

 

6.3 Results 

Analysis results are summarized in the following plot. 

 

 

 

Fig. 60 - Plot of the Sensor Response during 12 days monitoring. Apical and Basal refer to the position 

of the sensor in the plant stem. Bars represent standard error. 

 

The plot above shows an unstopped monitoring lasted for the entire duration of the experiment.  

Bioristor enable the correct functionality of the sensors in the 12 days of monitoring.  

The sensor response showed increases and decreases typical of small periods of stress although plants 

were regularly irrigated (Fig. 60). 
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Contemporary imaged-based indexes were acquired to verify the normal plant growth and development 

(Fig. 61 A, B). 

 

 

Fig. 61 - Indices of the phenotyping platform. A) Projected shoot area, B) Plant height. Gray lines 

represent single plants, the black lines represent the average. 

 

In both the cases a rising trend is maintained, observing only few oscillations regarding the index in Fig. 

61 A.  

 

6.4 Discussion 

This study has successfully produced bioristor readout control units (CUs) integrated into the Scanalizer 

phenotyping platform, resulting in an easy-to-install and easy-to-use tool able to ensure full bioristor 

operation for the entire set of phenotyping platform measurements. An example is the charging station, 

which is rapidly deployable thanks to a screw fixing system, as well as the case assembling, which only 

takes the two halves to be connected; this shape maximizes structure performance in the existing conveyor 

system. Moreover, it confers high water resistance of the CUs, reducing PCB’s oxidation and keeps 

mechanical stability. 

The control unit allowed to control 2 bioristors per pot, increasing the sampling rate and equipping the 

system with an additional measure, that is the continuous reading of the changes occurring in the plant 

sap during growth, development and under stress. Moreover, it also brings a set of air temperature, air 

humidity, soil moisture and soil conductivity sensors, which make it possible to compare the bioristor’s 

data with the surrounding environment state, enriching the acquired information. 

The data management algorithm was properly developed to support the installed devices as the number 

of devices simultaneously connected via WiFi to the cloud can be up to  250, making the system scalable 
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(Abdelmoneem et al. 2020; Lifewire 2022); data is also saved in the SD card mounted on the motherboard 

preventing data loss. The battery ensures the powering of CUs during the measurements in the imaging 

room and protects the CU from unexpected platform malfunctions and blackouts. For the battery charging, 

as well as to constantly power the devices, a flag-shaped charging station was developed. This function 

was achievable thanks to a well dimensioned PCB’s conductor; allowing the control unit to be charged 

even further away from the station. The user interface, constituted by the OLED and the buzzer, 

represented an intuitive and user-friendly strategy for the communication with the devices and a rapid 

debugging instrument.  

The continuous in-vivo monitoring allowed by bioristor has significantly enhanced the traits analyzed in 

the phenotyping platform, allowing for a 24 hours continuous picture of the plant functional physiology.  

Summarizing, the designed CUs are perfectly fitted in the HTPP without requiring any adjustment of the 

latter, improving phenotyping accuracy by adding new monitoring parameters and enormously increasing 

the sampling rate. 

 

6.5 Conclusions 

1. The possibility to integrate the bioristor into the ALSIA phenotyping platform was successfully 

obtained during the PhD and has been clearly demonstrated in the experiment. 

2. The number of CUs installed can be easily scaled up to cover all available carts. 

3. The environmental sensors added to the control unit can significantly improve the quality of the 

bioristor data and provide a plant-specific analysis of the surrounding environment, which in turn 

can be useful to study environment contribution in the determination of a specific phenotype. 

4. Real-time in vivo and continuous acquired indices can concretely improve platform’s 

effectiveness by significantly increasing the range of monitoring parameters and providing 

indexes more closely related to plant physiology, allowing for an exhaustive phenotyping and a 

way more precise plant selection. 

5. Overall, the trial showed that the implementation of bioristor can significantly increase the level 

of automation of the platform. 

 

 

 

 

 

https://www.zotero.org/google-docs/?5MfU8J
https://www.zotero.org/google-docs/?5MfU8J
https://www.zotero.org/google-docs/?5MfU8J
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7. Final conclusions 

 

Modern agriculture demands for higher yields and higher effectiveness to increase food security in the 

upcoming future, thus novel strategies must be found.  

Part of this needs will be addressed by increasing crop intensity, with the remainder coming from land 

expansion, since land equipped for irrigation would expand by some 32 million ha (11 percent), while 

harvested irrigated land by 17 percent (FAO 2009). 

Crop breeders are expected to cope with this challenge and come up with novel high-yield varieties, but 

the prospects of even maintaining the current rate of yield improvement in light of climate change are 

unclear. Thus, the exploitation of good agronomic practices, reduced water consumption and improved 

varieties is becoming a focus of the research community.  

Here we applied a novel sensor developed in IMEM-CNR that enables the in vivo continuous monitoring 

of the plant physiological functions whose name is bioristor as a novel tool for plant phenotyping, and we 

propose it as an answer to the agriculture needs as well as a solution to overcome the bottleneck which is 

slowing down the development of novel varieties. 

In this work we demonstrated for the first time the ability of bioristor to characterize varieties under 

drought stress and to hypothesize their tolerance and resilience against it. This was revealed to be correct 

both in commercial varieties, where the tolerance level to drought is not known, as well as in more 

complex genomic materials like ILs tomato lines, that were already tested in several phenotyping trials. 

However, novel insights in the dynamics of the response of ILs tomato lines were retrieved by applying 

a bioristor, such as the possibility to conduct uninterrupted monitoring without any human intervention 

except for sensor insertion, or the in vivo plant’s sap analysis, the automatic study of the stomatal 

conductance and the one of the plant’s responses to abiotic stresses.  

As the final step in the application of bioristor in plant phenotyping, in this work, the system has been 

integrated and tested in a high throughput phenotyping platform, addressing the needs for continuous 

methods capable of tracing the dynamic of the response to drought and demonstrating the high readiness 

level reached. 

Moreover, in this study the bioristor proved to be a good indicator of plant transpiration and movement 

of ions in the transpiration stream (Fig. 62). This is also supported by previous field experiments, where 

R was correlated with water stress (CSWI) and water related index (RWC). While a lack of correlation 

was observed with chlorophyll related traits as chlorophyll content (measured with SPAD), and RGB 

image-based indices (greener area, GGA, Crop stress index, CSI, NDVI, Vurro et al 2023, Fig. 62). 

https://www.zotero.org/google-docs/?zCOIMu
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Fig. 62 - Correlation of bioristor index R with physiological related traits. 

 

Last but not least, the bioristor was used in a climate smart agriculture approach, in the frame of an 

international cooperation project in view of technological transfer. In that context, variety selection was 

successful in highlighting the different behavior between varieties under drought stress. Interestingly, the 

results obtained with the bioristor were supported by field work trials operated in 2022.  

Finally, this work paves the way for the introduction of in vivo phenotyping as a crucial add-on in the 

high throughput phenotyping scenario. Summarizing, the use of bioristor is aimed at performing more 

accurate selection through more precise phenotyping; the example of bioristor application and data flow, 

from acquisition to use, are schematized in Fig. 63. 
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Fig. 63 - Bioristor application and data streaming: data are acquired by the readout system directly on-

site. Raw data are then sent to the central server and analyzed in real time, the resulting information is 

used to perform phenotyping. 
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8. Products of the research 
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Application of the OECT-Based In Vivo Biosensor Bioristor in Fruit Tree Monitoring to Improve 
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monitoring approaches to cope with drought stress in tomato.  
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