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Supporting Information 1. Derivation procedure of the governing equations of ion transport

and currents flowing in the plant.

Part of this analysis is reported from reference (1). The equations that govern the behaviour of

the entire system are:

jpax = Vas (SI.1.1)
S gs dry ( Ro _ dry ) A,
R + —mod(c)JrlAs RIS
i Vds
Izt = SI1.1.2
“ R 4 (R,AS—RYYS) (1.1.2)
¢
IgS = VQS WAS (S|13)

Where we have here maintained the originating nomenclature of the main text for sake of clarity.
We shall now explain how those equations are derived, in doing so we will refer to the system
schematics reported in the Supporting Information Figure 1.1.
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Supporting Information Figure 1.1. Schematics of the model set-up.



We shall start from equation (SI.1.3). Upon application of an external voltage between the gate
and the source, a current of electrons in the system is driven towards the source from the gate.
Electrons shall travel through J active paths in the system, while the inactive paths are A — J.
Here we define an active path that portion of the plant that connects the gate electrode to the
PEDOT:PSS channel and which is, at a specific instant of time, wet with the plant sap. Since it is
wet, it is at the same time permeated with ions of the plant sap, and is therefore an electrical
conductor. The length, resistivity and cross section of each path are [, p(C) and ¢, respectively.
Thus, simple Ohm’s law enables to derive the current flowing between the gate and the source

as:

pl yields )
=]_¢ > Iy = Vg ﬁ]' (S1.1.4)

and since the saturation is by definition S = J /A, i.e. the proportion of the system that is we by

lys = Vys/R,R

the plant sap, we have at the end the final form of Equation SI.1.3:

¢ ¢
IgS - Vgs m] = Vgs ES A (S|15)

Equation SI.1.2 is an estimate of the current (I7:™ ) travelling between the drain and the source
through the PEDOT:PSS channel immediately after application of the ;¢ (drain-source) voltage.
Iin - depends on the values of voltage V,, and resistance of the PEDOT:PSS channel solely, and
is not influenced by the value of 1, (that is switched off) or by the electroactive species of the
system that, at the time of the activation of the V,, have not yet invaded the PEDOT:PSS

channel. With these assumptions, one can derive the resistance of the PEDOT channel as

d ary J
Rchannel = d;’y - Rdzyz + Ro J. (S|.1.6)

The resistance of the channel is given by the originating resistance of the PEDOT:PSS channel

measured in dry conditions (R3”), minus the resistance of the portions of the channel that are

wet by the sap (Rggy J/A) —i.e. the regions of the channel intersected by the active paths in the

Supporting Information Figure 1.1 — plus the resistance of a portion of PEDOT:PSS channel
in wet conditions (R, ) multiplied the total number of sections that are wet from the liquid (J).

Then, application of Ohm’s law yields to the original Equation SI.1.2:

3
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and, since S = J/A, we have at the end:
I3 = > (S1.1.8)
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Equation SI.1.1 is the current that reaches the source electrode at the steady state because of the
applied potential V. It is akin to the expression derived for the I | except that the value of
resistance of each of the portions of the PEDOT:PSS channel wet from the liquid solution (R,)
has to be adjusted with a corrective term that accounts for the effects of the ions that at the
equilibrium penetrate through the PEDOT:PSS channel:

R,

R Rt=——+«———
0™ mod(C) + 1

(S1.1.9)

In the above relationship, mod(C) is the modulation of the PEDOT:PSS channel, and is
determined by experiments. The modulation is the current gained by the system with respect to a

reference value, because of the concentration of ions C:

I1-1,
mod(C) = T (S1.1.10)
0

from which it follows:
I
= 1 4+ mod(C). (S1.1.11)
0
Since I, = V4, /Ry and I = V,;,/R™, by equating coefficients one obtains:

+ = 1.1.12
R*/R mod(C) + 1’ ® )

that is the corrective term introduced in the equations. Moreover, we consider the contribution of

the I, current. The described terms sum up together and yield to the final expression for the

1532, reading:
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that, considering that S = J /A, is equivalent to
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that is equation SI.1.1.
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Supporting Information 2. Observations on the circadian rhythm of plants measured by the

sensor device.

The values of concentration that we have determined by the model has two different
components: (i) a low-frequency component, that reflects the variability of the plant’s behavior
in the long-run, and (ii) a high frequency component, associated to the circadian rhythm of
plants. While the former is influenced by external factors, the timing of irrigation, the quantity
and quality of nutrients and fertilizers, external stress conditions such as vapor pressure deficit,
drought or salt stress, the latter depends on the normal physiological activity of plants. In this
study, we have focused especially on the external causes of plant’s response, prompting a
reaction that takes place over several days. Nonetheless, the bioristor also detected high-

frequency variations occurring over a 24h period.

This is especially evident in Figures 2a and ¢ of the main text, relative to the VPD experiment,
where the concentration oscillates periodically. Fourier analysis of data (Supporting
Information Figure 2.1) indicates that the period of oscillation is nearly 1 day (0.98 days). To
different extents, a similar pattern of variation can be observed for different experiments, i.e.
drought (Figure 3 of the main text) and salt stress (Figure 4 of the main text). Thus, the
concentration fluctuates between a minimum and a maximum following the day/night cycle.
However, such a variability is less relevant than the overall variation of concentration due to
external sources and measured over the whole time span of the experiment. As a result, the
sensor device may not properly detect a change of concentration in the hour or sub-hour range,
because the continuous loss of functionality, resolution or sensitivity that the sensor itself may
experience over time. This is the case, as of an example, of the concentration measured for VPD
in the 10-16 day interval — as correctly indicated by the Review — where the device detects an
overall decline of concentration levels over time, but fails to measure the signal at the single day

level.
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Supporting Information Figure 2.1

Further to this end: the alternation of day night and the movements of ions in the transpiration
stream is well documented in literature (2-5). In a previous report (6), some of the Authors of
this study have directly detected the circadian rhythm of plants as alterations of the response of

the sensor device. We report an extract from reference (6):



“Indeed, the increasing of the sensor response in the night that drops during the day, is consistent
with the transpiration oscillation and the circadian regulation of photosynthesis previously
described. Plant growth and development relies heavily on the movement of various ions through
the plant sap. The observed circadian variation in sap electrical conductivity was consistent with
the literature describing the long distance transport of solutes through the xylem: concentrations
are typically higher during the night than during the day. Most of this difference is driven by rate
of water movement within the plant, but an additional basis for the difference has been suggested
as deriving from a greater rate of water extraction from the soil during the day, resulting in a

higher degree of electrolyte dilution™.



Supporting Information 3. Other experiments on tomato plants subjected to VPD condition.
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Supporting Information Figure 3.1. Concentration and saturation profiles of plants to

subjected to a VPD condition in different experiments.
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Supporting Information Figure 3.2. The numerical errors made by the algorithm in estimating
the values of concentration and saturation in the datasets presented in the Supporting Information
Figure 3.1.
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Supporting Information 4. Other experiments on tomato plants subjected to drought stress.
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Supporting Information Figure 4.1. Concentration and saturation profiles of plants to

subjected to drought stress in different experiments, part 1.
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Supporting Information Figure 4.2. Concentration and saturation profiles of plants to

subjected to drought stress in different experiments, part 2.
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Supporting Information Figure 4.3. The numerical errors made by the algorithm in estimating
the values of concentration and saturation in the datasets presented in the Supporting Information
Figures 4.1 and 4.2.
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Supporting Information 5. Other experiments on tomato plants subjected to salt stress.
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Supporting Information Figure 5.1. Concentration and saturation profiles of plants to

subjected to salt stress in different experiments, part 1.
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Supporting Information Figure 5.2. Concentration and saturation profiles of plants to

subjected to salt stress in different experiments, part 2.
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Supporting Information Figure 5.3. The numerical errors made by the algorithm in estimating
the values of concentration and saturation in the datasets presented in the Supporting Information
Figures 5.1 and 5.2.
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Supporting Information 6. Observations on the limitations of the model template at high levels

of concentration and calibration curve.

The mathematical model that we have developed enables to decouple the contributions of
saturation and concentration to the values of current measured by the sensor device. One of the
ways through which the concentration (C) enters in the model is by way of the current at the gate

(I4s) and equation (4) of the main text:

Where, among other variables, p(C) is the resistivity of the plant sap solution, function of the

concentration as (see equation 5 and the section 4.8 in the main text):

p(C) =0.0123 + (3647.5/C%95%),

That is a very-well established relationship describing the dependence of p on C for sodium
chloride. However, the p(C) diagram reported in the Supporting Information Figure 6.1
illustrates how the resistivity quickly goes to zero for values of concentration greater than

10 mM and that, on the other hand, the sensitivity of the resistivity becomes very low - close to

zero - for C > 1 mM.
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Supporting Information Figure 6.1

The sensitivity is here defined as the extent of variation of p per change of C, it is calculated as

the derivative of p with respect to C as s = dp/dC. Thus simple functional analysis and the

16



Supporting Information Figure 6.1 indicate that the model may approximate and possibly
underestimate the true value of C in the high mM concentration range. Results of the analysis
also suggest that the model-output needs to be adjusted when operating at high values of
concentration. In acknowledgment of these observations, we have conducted an additional test
campaign aimed at finding correction coefficients and calibrating the model. Using the sensor
device (bioristor) we have performed, in-vitro, several measurements of samples with known
values of concentration and saturation. Then, we have compared ground truth data with the

predictions of the model. Results are reported in the Supporting Information Figure 6.2.
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Supporting Information Figure 6.2

In the diagram, each point represents a measure, and the coordinates of the point are the true (x)
and estimated-by-the-model (y) values of concentration relative to the measure. We observe that
the closeness between true and estimated values of C is good in the low concentration regime,
and is worse at higher values of C. If we fit data in the diagram with a linear model, the slope of
the curve is then the coefficient of correlation (r) between variables. The closer r to unity, more

accurate the model. For these experiments, we found that the linear function that best fits the data
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ISy = a + b x, where a~0.35 mM and b~0.0035 mM /mM. Notably, 1/b~285 mM /mM.
Thus, subtracting to the numerical output a, and multiplying the result by 1/b, is in theory
sufficient to rectify the model template and align the model results with the true values of

concentration found in plants (true value = (model output — a)/b).

Remarkably, for the considered experiments the values of concentration determined by the
model without correction fall, generally, in the 0 — 1 mM interval. Data post-processing yields
true concentration levels in the 0 — 185 mM range, that contains the 1 — 60 mM interval where
the total concentration of ions in the plant sap normally stays. Another factor that can possibly
influence the response of the model, is that in the study we have considered the dissociation of
Sodium chloride in solution: a simple approximation of the true composition of plant sap, with

multivalent ions interacting in complex ways.
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Supporting Information 7. Independent measurements with a destructive method of the total-

ions-concentration in tomato plants subjected to drought stress.

To have an independent measurement of the concentration of ions in the plant, we have
measured the overall ion concentration in the plant sap in Red Setter tomato plants subjected to a
similar degree of drought stress as that previously reported in the paper. Regularly watered plants
were used as a control. For the measurements, we used the commercially available Horiba
LAQUALtwin meter, specific for N}, C2*, and K*. The sensor uses ion-selective membranes to
determine the concentration of ions in a sample accurately. Images of the sensor device, of the
plants and the experimental-set-up used for this comparing measurement are reported in the
Supporting Information Figure 7.1. The values of ion-concentration were measured in the sap
extracted from portions of the plant stem following the destruction of the plant. Thus, while

accurate, this is a destructive and highly invasive method.

Supporting Information Figure 7.1. Plant drought stress experiments. Lateral branches were
detached from 3 plants for each condition (regularly irrigated and drought stressed) growth in
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controlled conditions (a), plant sap was extracted by means of a custom instrument (garlic

presser) (b, ¢) and the extracted sap was read placing a drop in the LAQUA twin sensors (d).

Results of this comparative analysis show that the values of ion-concentration in the plant
vascular tissues decrease from about 280 mM to nearly 190 mM upon application of the drought
stress. This is consistent with the expected total ion concentration in plant and the values
determined in this study - and with a negative variation of concentration measured by the sensor

device upon application of a drought stress.
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