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Abstract

We propose a new paradigm for data-driven precision agriculture, using bio-convergence-based
functional sensors to directly detect plant stress.

The ever-increasing global population, combined with reducing agricultural efficacy due to climate
change poses a significant challenge to meeting the world's food requirements. Technological
advances, in particular advances in agricultural sensor technology, have been noted to be one of the
most promising directions in addressing this issue. Bio-convergence-based approaches can help
improve the efficacy of agricultural sensing, whilst maintaining sustainability and cost-effectiveness.
Using these approaches, we propose to develop a novel plant-based biosensor that can report the
health and well-being of plants, using direct sensing of plants' genetic response to stress. This can
allow for in-vivo, reliable, real-time reporting on the needs of plants, at a lower cost than existing
sensor technologies. We propose to execute this using two major research and development
directions: novel bio-synthetic logic gates for efficient detection of multiple stress parameters, and
novel families of electrochemical sensing interfaces with intrinsic amplification. The development of
the proposed sensors will include mathematical/circuit-based modeling, implementation in plants,

and investigations into practicality for on-field use.



Description of the research program

We propose a new paradigm for precision agriculture (i.e. data-driven agriculture) where bio-
convergence allows for direct sensing of plants’ health status, using the plants as sensors themselves.
This, in turn, allows for the optimization of resources (e.g. water, nutrients, etc.) required in the
agricultural system. The proposed sensing methodology is expected to be significantly more accurate,
faster, and low-cost compared to existing conventional technologies and methodologies. Global
warming has had devastating effects on crop production, reducing the productivity of agricultural
systems. In addition, the exponential population growth is consistently increasing the demand for
agricultural products. This reduction in supply and increase in demand cause ever-increasing
constraints on resources such as arable land, water, nutrients, etc., [7, 13] thus posing a major
challenge to global food security. Moreover, emerging plant diseases caused by biological and
environmental stresses endanger crop productivity worldwide [16]. A lack of food and water affects
the daily life of a significant part of the global population leading to starvation, political instability,
economic burdens, and even wars. Current agricultural practices are not ecologically sustainable and
cannot cope with these challenges. In addition, the global agricultural system is facing many
economic challenges in terms of productivity, cost-effectiveness, and increasing labor shortage.
Technological advances working towards precision agriculture have made it possible to address the
issue of the growing demand for food. Among all technological developments in agriculture, sensor-
based technology occupies a special niche as it can allow for significant improvements in yield and
reduction in resource demand, purely by tailoring human intervention based on the exact needs of
plants. Like in any other field of application, in agriculture, sensors are designed and developed
according to the requirement of farmers according to their specific field conditions [8]. To date,
traditional methods employed for monitoring plant health include remote and contactless sensing
technologies such as proximal optical sensors, spectroscopy, machine vision systems, imaging
techniques, and drones [10, 11]. The use of these technologies faces issues that still limit their
application in personalized and long-term plant monitoring.

Innovative solutions are required to increase productivity and nutritional quality. Precision agriculture
is one way of addressing this; however, the use of big-data techniques requires data from all along
the food chain. The emerging bio-convergence field of synthetic biology implements engineering
principles into biological systems and currently revolutionizes fundamental and applied research [ 14].
We propose to use bio-convergence concepts for crop performance monitoring. Using biosensors
capable of early detection of plant health status will enable the use of precision agriculture to avoid

stress-limiting effects and thereby increase crop yields. The ability to sense plant stress in real time



will direct farmers on how to tailor the appropriate treatments and resources and minimize crop losses.
Now, scientific advances are opening up countless new opportunities for plant biology. Bio-
convergence-based approachesfor improving agriculture productivity, food quality, and production,
aim to attain a sustainable and cost-effective agricultural setup [14]. The ability to sense plant stress
in real-time and know exactly what the plant is "feeling" under any given condition will improve the ability of
farmers to tailor the appropriate treatment and allow for the minimization of crop losses due to excessive
drought or ensuing pathogenic processes, i.c avoiding excess watering by optimizing the amount
according to the sensing of physiological needs. Note that the successful use of our new paradigm
requires integrating it into a complete system where the measured information is processed at
device, edge, and cloud levels, using advanced Al algorithms. Although this research is focused
on the sensing part only, we will take into account the integration with an Al cloud-based data
processing setup, and make the sensor “Al-ready” and compatible with the agricultural needs for
power, reliability, and cost.

By contrast to the majority of biosensors used in agricultural practice today, which are based on
indirect sensing of environmental conditions [3, 6], we here suggest a direct sensing approach of
endogenous plant parameters. This strategy provides better and more efficient estimation compared
with the present measuring of temperature, precipitation, or soil water content.

In this proposal, we suggest applying a bio-convergence system to develop and test a plant-based
biochip system and the Internet of Things for sensing various stresses in plants. The chief novelty
and groundbreaking nature of the proposed project lie in combining biology and engineering
technologies to advance the field of precision agriculture.

We propose a bio-convergence-based approach to develop a
novel plant-based biosensor. The sensor will consist of an
electrochemical biochip mounted directly on the plant, and
connected to the cloud via a wired or wireless interface (Fig 1). In-
vivo monitoring of plant physiological parameters will be the key

to precision farming. This is especially relevant for valuable

horticultural crops that require optimization of conditions

Fig 1. Biosensor mounted
on tobacco stem.

throughout their growth cycle and thus would benefit from

automated monitoring systems.
Currently available platforms designed for studying physiological changes in plants are not
generally compatible with in-vivo monitoring. There are no biosensors for directly detecting

endogenous stress (i.e. dehydration, toxic effects, pathogens, etc.) in plants by combining in-vivo
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approach is based on our preliminary results of measuring the activity of constitutively expressed
GUS by a three-electrode microchip in plant cell suspensions (Fig 2) [12].

Like in any other field of application, in agriculture, sensors are designed and developed according
to the requirement of farmers in the field [4]. Thus, among all technological advancements in
agriculture, the market of sensor-based technology is very promising providing specific solutions
relying on a new agricultural technology upon request, i.e. sensing pathogen attacks, water shortage,
heat, or lack of certain minerals.

In our proposal, we propose to test several different double-negative feedback (DNF) gene circuit
models to achieve a highly sensitive sensor. To achieve the goals of this research we propose
three major research directions:

1. Develop a sensitive sensor

Sensitivity dependence on the fold change activation (ON/OFF ratio). Namely, the ratio between

apositive signal and the basal level. To enhance the ON/OFF Cas 6 repression scheme
ratio, we will apply our indirect coherent feed-forward loop

design, which can experimentally reduce only the basal level —&

(leakage) while keeping the maximum activity high. Such w—g—_
designs can increase the ON/OFF ratio by 10 times compared %-

to unregulated promoters. . We will use the heat-shock ” —

Fig 3 two-component expression-
repression system to tightly control
expression of transgene products.

promoter HSP70-1 [17] to demonstrate the enhancement of the

ON/OFF ratio. We propose to apply a double-negative feedback
(DNF) design [15] using the Crispr Cas6 gene family (Fig 3) [9]. The site-specific
endoribonuclease (endoRNase) Cas6 recognizes the hairpin element in the RNA sequence and
cleaves immediately downstream of it [1]. Inserting the recognition sequence of specific
Cas6/Csy4 in the 5'UTR, right before the start codon reporter gene coding region,such that the
5'UTR, including the mRNA cap, would be removed after cleavage causing inhibition of

translation. (Fig 3) [9]. We will constitutively express Csy4 at a low level. Therefore reducing
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the basal level of reporter expression.
Upon heat-shock treatment, Cas6 will
be induced causing inhibition of Csy4

gene. The inhibition of Csy4 will enable

Reporter gene

high expression of the reporter gene
enhancing the ON/OFF ratio (Fig 4). .
Such design can increase the ON/OFF
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ratio by an order of magnitude compared

Fig 4 Designed enhance On/Off ration gene sensor

to unregulated promoters (Fig 4) [15]. ) )
model to implement in plants

2.  Novel bio-synthetic logic gates to efficiently detect multiple stresses

We propose to develop novel bio-synthetic logic gates in plants, for example, a two-input AND
logic gate to detect multiple stress. Logic gates are widely used in synthetic biology and especially
for biosensing applications because such a logic gate can improve the specificity of the biosensors
[2, 5]. In this proposal, we propose to implement AND logic gates in plants using a family of
Cas6 proteins [18] using a double negative approach (Fig 5). Constitutive expression of
EcCas6 or CdCas6 will inhibit the expression of the reporter gene. The induction of

two inputs will inhibit the
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Fig 5 The designed AND logic gate synthetic gene sensor model to implement in plants (SNR) ma multl_lnput environment.

3. Research and develop novel families of electrodes, using bio-convergence concepts

One of the limiting factors of electrochemical sensors is the signal-to-noise ratio. In order to improve
the utilization of synthetic biology-based sensors, we also need to create the right environment for
them to be used in the field. It requires research and development of the electrode system, the
sampling concept, the bio-chip environment, the electronics, and the supporting circuitry for signal
storage, processing, and communication. We propose to use a strategy that links engineering concepts
such as electrodes with internal signal amplification, and an integrated bio-chip. This will allow the

mounting of and signal acquisition from the proposed sensors. We propose to research and develop



a novel electrochemical sensor with over
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ten-fold internal amplification. To do so

we will develop a multi-working--
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plants (Fig 6)_ The biochip will sample the Fig. 6. Muti working electrode interfaing a plant on a mounted biochip

signal from the plant, e.g. roots, bark, stems or leaves, using redox cycling for signal amplification.
This sensing methodology allows for a signal level that is an order of magnitude higher than
previously reported by conventional single-electrode electrochemical sensors for functional sensing
in plants. The bio-chip concept highlights are illustrated in the following scheme. The research
questions are for example: How high of amplification is attainable? What are the physical and
chemical principles that will limit the amplification? What are materials appropriate for such
devices? What is the best way to filter the acquired signal and what are the preferred data storage
methods for effectively optimizing “real life” parameters such as power consumption and
reliability? Finally, we will investigate the integration of such devices onto IoT-based data-
driven agriculture.

We propose to develop a full model for such a system:

1. Large signal model taking into consideration transport effects, surface reaction rate, and
electrochemical reactions.

2. Small signal model — there is no small signal model published for a multi-working electrode
sensor. It is a rather interesting problem due to the feedback between the electrodes. There is
also a strong frequency dependence due to the delays of the electrochemical reactions, double-
layer capacitance, transport effects, and the environment's passive components.

3. 3D modeling of a such system taking into consideration the real size and dimension of the
biochip.

Collaboration

This proposal takes advantage of the collaboration of two

complementary research groups. The first is the group of Prof. Adi

Avni, an expert in plant biology who is involved inmaking plant- Shacham’s £ \
. . . . . Lab 1:-:3 Avni’s Lab
based sensors and genetic circuits in plants. The second is the Functional g | Plantsciences
Sensors G) ¥
group of Prof. Shacham who is workingfor the last 20 years in 2 /
interfacing cell and tissue-based sensors with electronic systems, “
making biochip platforms, and developing new technologies for Fig 7 Collaboration between the groups

such hybrid systems. The collaboration between the groups is illustrated in Fig 7.
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Budget Adi Avni and Yosi Shacham-Diamand

Budget Item First Year ($)
Salaries 60000
Supplies Material & Services 10000
Operating Expenses 5000
University IN KIND 25000
Annual Totals 100000

e Personnel.
The project requires the involvement of two graduate students and a postdoc (or a
research technician) who will devote full-time capacity. Moreover, funds are needed
to support two undergraduate project students.

e Supplies.
Biology: The experiments in molecular biology described in this proposal require a
running-budget disposable material. The commercial kits include kits for DNA and
RNA isolation, polymerase chain reaction; kits for molecular biology. Media are
needed to maintain plant tissue culture, bacterial cloning, and growing
Agrobacterium. Operating expenses are needed for DNA sequencing services and to
maintain plant material in greenhouses and in temperature-controlled growing
chambers.
Engineering: Substrates for the biochips — silicon and/or glass, chemicals for the
electrodes, clean room facilities: lithography, sputtering, and annealing, supplied for
the electrode 2D printer — nanoparticle ink, filters, print heads, 3D printing materials,
machine shop time for the bio-chip holders and the microfluidics.
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Re: The research proposal of Prof. Adi Avni and Prof. Yosi Shacham

| strongly and unequivocally endorse to the proposal titled “Bio-Convergence
to Detect Plant Stress” that was conceived by prof. Adi Avni from the faculty of life
sciences and Prof. Yosi Shacham-Diamand from the engineering faculty.
Using a bio-synthetic approach in plants is a very novel topic that will open the door
to basic science discoveries and potentially to advances in agriculture and food
production. It is an excellent example of the bio-convergence concept as both
researchers integrate micro-system technology, an engineering concept, with
biological concepts converging into a new entity. This can be achieved only by a
meaningful collaboration between our faculty and the faculty of engineering using bio-
convergence concepts and themes.

Such research is important to our faculty bringing life sciences closer to
engineering students and faculty and hopefully creating new paradigms. It is
important to the bio-converge thrust in Israel. Both researchers are well-known and
recognized as leaders in. their field. They also educated a significant number of
graduate students, many of them senior faculties in other research universities in
Israel and abroad.

Prof. Avni’s facilities are well equipped for this research and he got the admin and
infrastructure support of our faculty in everything he deeds,

With best regards
12 @

/7
/ p
y, (

Abdussalam Azem

Prof. Abdussalam Azem, Ph.D.

Dean of George S. Wise faculty of Life Sciences
School of Neurobiology, Biochemistry and Biophysics
Sagol School of Neuroscience
Tel Aviv University

azema@tauex.tau.ac.il :?X17 .69978 1'AXR 771 1°2X 1IN,V 012" 11IXRN NP

TEL AVIV 69978, ISRAEL. + 972-3-6408008; e-mail: deanls@tauex.tau.ac.il


mailto:azem@post.tau.ac.il

e e e (ffice of the Dean T0INN YN |7TTN NDYT eee

The Iby and Aladar Fleischman N0TINT7 NUTI7N
Faculty of Engineering INEPIOTINI AN W'Y
Tel Aviv University JINTN NO0NDAIN

January 25, 2023

To: The Zimin Institute for Engineering Solutions Advancing Better Lives

Re: The research proposal of Prof. Yosi Shacham and Prof. Adi Avni

Dear grant committee members,

| certify our endorsement of the proposal titled “Bio-Convergence to Detect Plant Stress” written by
Prof. Yosi Shacham-Diamand from our engineering faculty in collaboration with prof. Adi Avni from
the faculty of life sciences. We most gladly welcome their participation in that joint research as
principal investigators. It is an excellent example of a strong collaboration between our faculty and
the faculty of life sciences at Tel Aviv University.

Prof. Shacham-Diamand and Prof. Avni have an excellent record in novel research integrating micro
technologies, sensors for bio-synthetic constructs implemented in plants. They already advised a
significant number of joint students and run a joint research program in this field for almost 5 years
following more than 20 years in this field in general. Both researchers are good examples of the bio-
convergence concept combining engineering concepts, like micro-system technologies,
microelectrodes, and microfluidics, with biological concepts.

Both researchers are well-recognized in their fields and contribute significantly to science and
engineering research in Israel and abroad.

Prof. Shacham-Diamand has the facilities to do this research and he got the administrative support
of faculty and university administration.

Sincerely,

Professor Noam Eliaz

Dean

Dean’s Office, The Iby and Aladar Fleischman Faculty of Engineering, Tel Aviv University,
30 Haim Levanon St., PO.Box 39040, Ramat Aviv, Tel Aviv 6997801, Israel.
Room 200, Wolfson Bldg., Tel: +972 (3) 640-8736/8, Cellular: +972 (54) 998-0029,
Fax: +972 (3) 640-/221, email: deaneng@tauex.tau.ac.il, Web: https://engineering.tau.ac.il
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