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ABSTRACT

Water deficit is one of the most important environmental factors limiting sustainable crop
yields and it requires a reliable tool for fast and precise quantification. In this work we use
simultaneously recorded signals of photoinduced prompt fluorescsecne (PF) and delayed
fluorescence (DF) as well as modulated reflection (MR) of light at 820 nm for analysis of the
changes in the photosynthetic activity in detached bean leaves during drying. Depending on
the severity of the water deficit we identify different changes in the primary photosynthetic
processes. When the relative water content (RWC) is decreased to 60% there is a parallel
decrease in the ratio between the rate of excitation trapping in the Photosystem (PS) II
reaction center and the rate of reoxidation of reduced PSII acceptors. A further decrease of
RWC to 20% suppresses the electron transfer from the reduced plastoquinone pool to the PSI
reaction center. At RWC below values 15%, the reoxidation of the photoreduced primary
quinone acceptor of PSII, Qa4 , is inhibited and at less than 5%, the primary photochemical
reactions in PSI and II are inactivated. Using the collected sets of PF, DF and MR signals, we
construct and train an artificial neural network, capable of recognizing the RWC in a series of
“unknown” samples with a correlation between calculated and gravimetrically determined
RWC values of about R* ~ 0.98. Our results demonstrate that this is a reliable method for
determination of RWC in detached leaves and after further development it could be used for

quantifying of drought stress of crop plants in situ.
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1. Introduction

Drought stress, together with high temperature and high salinity, is one of the main
stress factors that influence the development and productivity of the plants [1-7]. Plants have
developed various strategies to eliminate or partially decrease the negative impacts of drought
[8-10], such as: “escape” from the dry period by fast vegetative growth; “dehydration
avoidance” by retaining water in the tissues or; development of physiological “tolerance” to
drought [11]). The enhanced overall drought resistance is based on the increased activity of
antioxidant enzymes [12], and changes in plant morphology, anatomy, physiology and
biophysics [13-15]. Understanding the physiological, biochemical, biophysical and molecular
basis of stress tolerance in plants is not only an important theoretical problem in ecology, but
has practical applications in resolving agricultural problems and increasing crop yield [16].

Quantifying drought stress is typically based on the measurement of indicators such as
leaf water potential and relative water content (RWC) [17]. RWC is defined as the water
content expressed as a percentage of the maximum water content that the plant tissue is
capable of retaining [18]. RWC is considered to be the best criterion for plant water status
[19]. The optimal water content at non-stress conditions is RWC between 80-90% and no
changes in the normal plant physiology can be detected at these levels [20]. When RWC falls
below 70% (the so-called mild drought stress, which is one of the most common stress
condition in nature [21]), a cascade of physiological processes is initiated. These changes
include turgor loss, decrease in the leaf water potential, stomatal closure and decrease in
internal CO; concentration [22-23] which can lead to impairment of photosynthetic activity
[24]. When the drought stress is accompanied with high light, the down regulation of
photosynthesis causes an energy imbalance in the PSII reaction center (RC) leading to
molecular oxygen photoreduction [25] and photoinhibition [26]. The typical results of

oxidative stress reactions in leaf tissue are pigment photo-oxidation, chlorophyll degradation



and chlorophyll synthesis deficiency [27] which can be regarded as a protective mechanism in
order to minimize the light absorption by chloroplasts [26]. Rascio and La Rocca [28]
identified three types of events in plant cells which are induced by desiccation: membrane
damage, mechanical stress, oxidative stress. The water removal induces cell shrinkage,
increase of the cytoplasm viscosity and cell wall folding which result in membrane
destruction and protein denaturation [29]. Extracellular hydrolases penetrate into the cell,
which ultimately leads to cell death. To support their functionality the plant cells respond by
accumulation of sugars and of specific class of hydrophilic proteins - LEA-proteins (late
embryogenesis abundant) [30]. These hydrophilic molecules stabilize cell membranes,
support the hydration shell to avoid protein aggregation and promote the subcellular
vitrification [31]. This results in slowly reversible or irreversible damage to the
photosynthetic apparatus [32-33]. However, according to our best knowledge the correlation
between these effects and RWC has not been yet quantified.

Determination of RWC parameter is important for the estimation of the physiological
state of plants subjected to water stress but using the traditional methods it often requires
more than 24 h as a consequence of the time needed for drying or water equilibration [34-35].
There are faster commonly used techniques to measure remotely the water status of individual
plants or canopies based on infrared thermography or thermal infrared imaging. With infrared
thermography the leaf or canopy temperature is measured which directly correlates with
transpiration rate and stomatal conductance [36-37]. These parameters are indirectly related to
the leaf water content. Good and more direct correlation is found between near infra-red
(NIR)-based stress indices and the RWC of leaves. This correlation however was
demonstrated only at severely drought-stressed samples [38-39]. The NIR imaging analysis of
water stress in plants is based on absorption by water present in the leaves with characteristic

water absorption bands at 1450 nm, 1930 nm, and 2500 nm [40]. The disadvantage of NIR-



based methods is not only their low sensitivity [11] but also that they more likely reflect an
overall change in plant and canopy architecture with the reduction of the biomass and foliar
density associated with the water deficit rather than reflecting the real decrease in the relative
water content [40].

A rapid, automated and non-destructive method for quantification of leaf water
content is therefore desirable, especially since effective growth management often requires
continuous real-time in Situ monitoring. A possible approach to develop such a method is to
explore the native physiological response of plants to the water stress. Such approach should
be based on fast, sensitive and easy to measure signal which needs also to be correlated and
calibrated to RWC. A good candidate for such a method is the chlorophyll prompt
fluorescence (PF) emitted from the leaves as it has been already used as a very sensitive tool
for monitoring the changes in the physiological status [41]. Especially valuable tool for
screening of the photosynthetic performance is the measurement of fluorescence induction
kinetics (Kautsky phenomenon) [42-43]. There are many examples for usage of the numerical
parameters of this induction curves to monitor the physiological response to different
stressors: photoinhibition of photosynthesis [44], herbicide effects [45], biostress effects [46-
47], water stress [48-55]. Due to the high sensitivity of the fluorescence induction curves to
different stress effects, highly sophisticated models such as the JIP test were developed [56-
57] allowing rapid screening and modelling of plant stress response [1-2, 57-61]. Moreover it
has been shown that the drought stress response of plants is closely related to changes in
photosynthetic activity [21, 32-33], which is monitored by the JIP test.

The JIP-test equations are based on the theory of energy fluxes in biomembranes [62].
The JIP-test parameters link the different steps and phases of the PF transient with the redox
states of PSII and respectively with the efficiencies of electron transfer (in the intersystem

chain and to the terminal electron acceptors at the PSI acceptor side). This makes the JIP-test



a valuable tool for estimating the effects of water scarcity on photosynthetic electron
transport. The relationship between fluorescence data and some biochemical and
physiological parameters under drought conditions have been demonstrated by modern
statistical procedures like stepwise regression, factor analysis, cluster analysis, principal
component analysis [24, 63-64].

Although the basic pattern of the Kautsky curve [42] is similar in all plants, species-
specific differences in trajectory of fluorescence intensity plotted vs. time allow PF induction
curves to be used a “fluorescence fingerprint” to identify plant species [65-66]. The PF
induction curves have already been parameterized and further pattern recognition procedures
involving the use of different types of artificial neural networks (ANN) for grouping of time
traces or numerical fluorescence parameters have been successfully applied [67]. As it is
difficult to define a single robust criterion based on the fluorescence induction curve, using
the neural networks can result in better sensitivity of fluorescence measurements to the
potential damages induced by water scarcity.

In this study we analyze the desiccation induced modifications in different sites of the
photosynthetic electron transport chain in detached bean leaves. In order to get more
information about the processes in leaves caused by decreased water content and to develop a
more complex, stable and reliable method for RWC estimation, in addition to recording of PF
curves, we simultaneously monitor two other different signals that give complementary
information about the photosynthetic apparatus: delayed chlorophyll fluorescence (DF), and
modulated light reflection (MR) at 820 nm. The DF fluorescence curves give information
about the redox reactions in PSII [58, 68-69]. The MR signal measured at 820 nm provides
information about electron transport after the plastoquinone (PQ) and to the PSI acceptors

[58, 70]. In this work, we design artificial neural networks based on the simultaneous



registration of PF, DF and MR signals to develop a useful tool for rapid, not-invasive

automatic determination of RWC in leaves subjected to desiccation.

2. Material and Methods
2.1.  Plant material

Bean plants (Phaseolus vulgaris cv. Cheren Starozagorski) were grown on fertilized
soil mixture in a chamber at controlled temperature (22 — 23 °C), light (250 pmol photons m™
s™), and humidity (60 — 65%) at photoperiod 12/12 h. 10 days old plants were decapitated by
removing the stem, buds, apex and the newly appearing leaves just above the already formed
leaves as in Yordanov et al. 2008 [71]. Well-formed primary leaves of 20 — 25 days old
decapitated plants were used in the experiments.
2.2.  Leafdrying and RWC estimation

To quantify the influence of desiccation, we performed the following sequence of
measurements: 1) each leaf was detached and fully hydrated by submerging the leaf under
water for several minutes; after removing the residual moisture on the surface the weight M,
corresponding to 100% RWC, was measured. 2) each leaf was dried at 22 °C at 40 — 45% air
humidity during a 45 h period; at different moments of desiccation (0.5, 1, 1.5, 2, 3, 4, 6, 8
etc. 45 h) the PF, DF and MR signals were simultaneously recorded; immediately after that
the weight My was measured; 3) the leaf was dried in an oven and the weight My,
corresponding to 0% RWC, was measured. The watering and drying were conducted in dim
ambient light (<< 1 pmol photons m~ s™).

Three independent experiments were conducted. In each experiment 12 matured
leaves with approximately same size (chosen from 30 bean plants) were detached. In each leaf
3 measurements of photosynthetic activity of different spots were taken. This allowed us to

have 108 measurements for each drying step.



The relative water content at different stages of drying was determined by the
gravimetric method [18] using the equation

RWC%= 100(M; — Mg)/(M; — Mg) (1)
For each individual leaf M; was determined by measuring the weight after watering, M¢ was
measured at different stages of drying immediately after measuring of PF, DF and MR
induction curves, and My was determined after drying in oven at 104 °C (until a constant mass
is reached).
2.3.  Evaluation of photosynthetic activity

Induction kinetics of PF, DF and MR were simultaneously recorded using a
Multifunctional Plant Efficiency Analyzer, M-PEA (Hansatech Instrument Ltd., King's Lynn,
Norfolk, PE30 4NE, UK) as described in [52, 58, 60]. The watering and drying of the leaves
were done at very low light, so we assumed that all leaves were dark-adapted before the
measurements of the induction curves. Measurements were conducted for an induction period
of 1 s. Leaves were illuminated by red light of 2000 pmol.m™s”' PPFD. The JIP test
parameters and the numerical processing of the PF, DF, and MR signals were performed by
the in-house software M-PEA data Analyzer v.5.1 [58].
2.4.  Neural network training and testing

Artificial neural networks were developed using the MatLab (v. 6.5) software. The
networks were feed forward, with hyperbolic tangent sigmoid transfer function in the hidden
layer and a linear transfer function in the output layer [72-73]. Three or four neurons were
used in the hidden layer. An error back propagation method with Bayesian regularization
algorithm [74] was used for network training. In total, 1184 PF, DF, and MR signals datasets
were used for training and testing. The experimental data was not directly presented to the
inputs of the network. Instead, principal component analysis (PCA) was performed on the

input data, and only the principal components whose contribution to the total variation was



larger than 0.05% were selected as inputs to the network. The number of principal
components that were used thus varied depending on the type of input data. Correlation
coefficients (or regression R-values) (R?), and standard deviations (SD) were used to estimate

the performance of the ANN.

3. Results

We used detached primary leaves of decapitated bean plants as a model system to
study the plant response to drought stress. In such leaves senescence processes are delayed
and they are able to maintain a stable physiological state over several weeks [71], making
them a stable experimental system to study the effects of progressive drying in laboratory
conditions. The protocol we used for desiccation allowed us to make direct correlation
between the level of desiccation (calculated as RWC) and the photosynthetic activity
(estimated from the PF, DF and MR signals as described further below). In a control
experiment we verified that the leaf detachment does not cause a change in the measured
parameters (see Supplementary data).

3.1.  Photosynthetic activity at different levels of drought stress

Prompt chlorophyll fluorescence, delayed fluorescence and MR absorption changes
are considered to be sensitive indicators for water stress in intact leaves [58]. We found that
progressive desiccation (i) decreased the signal amplitudes and (ii) modified the shape of the
induction curves for all three signals (Fig. 1).

During the initial stages of desiccation, the intensities of both PF and millisecond DF
were almost unaffected until the RWC reached about 20%. When the water content was
decreased below 20%, the intensity of both PF and DF sharply decreased. In a clear contrast
to the overall intensity, the shape of the DF induction curve is sensitive to water stress in the

initial stages of drought stress (Fig. 1B). In the range of RWC between 100 and 50% the



characteristic peak in the DF induction curve (I;) disappears. The MR signal, similar to PF,

remained almost unaffected by the decreased water content until a level of 30% RWC was

reached (Fig. 1C). However, between 30% and 4% the slow increase of the signal, which

normally starts after 20 ms of illumination, was absent. Desiccation below 4% affects not only

the slow increase, but also the fast decrease in intensity observed during the first milliseconds

of illumination.
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Figure 1. Drought stress effect on the
induction curves of PF (A), DF (B) and
MR (C) in detached bean leaves. The MR
signal was normalized to the average of the
MR values recorded between 0.3 and 0.7
ms. Each induction curve was averaged
from 20 curves measured in leaves with
closest values of RWC (The RWC
deviation in leaf samples used for
averaging did not exceeded 2%.) Some
representative curves are drawn with thick
lines and the corresponding mean RWC
values are shown at the right side of the
curves. The vertical bars near the transients
show the standard error (maximal value

from all points in the corresponding curve).
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In order to get further insights into the mechanisms underlying the observed changes,
we applied the JIP test model [57-58] to the induction curves of PF. The effects of desiccation
on photosynthetic electron transport were estimated from several JIP test parameters
(presented as a spider plot graph in Fig. 2A). The spider plot graphically represents the
drought induced modification in the photosynthetic machinery. Each level of drought is
represented by a dodecagon with corners corresponding to the relative (to the values of fully
hydrated leaf) JIP parameters. The selected parameters are:

a) quantum yields of photoinduced electron transport in PSII reaction center to Qa
(ppo), from Q4™ to plastoquinone (@g,), or from PQ to terminal acceptors of PSI (¢g,);

b) efficiency/probability that the electron reaches electron carriers after Qs  (yg,), or
that the electron is transferred from the intersystem electron carriers to the electron acceptors
at the PSI acceptor side (dro);

c¢) probability that a PSII chlorophyll molecule functions as a RC (yrc);

d) approximated initial slope (in ms ') of the fluorescence transient normalized to the
maximal variable fluorescence Fy (My);

e) absorption flux from the antenna per RC, which is a measure of PSII apparent
antenna size (ABS/RC);

f) trapped energy flux (per RC) which reduces Qa (TR¢/RC);

g) performance index (expressed in analogy to the Nernst potential) for conservation
of energy of the photons absorbed by PSII in form of reduced intersystem electron acceptors
(PIaBs);

h) performance index (potential) for conservation of energy of the photons absorbed

by PSII in form of reduced acceptors of PSI (Pligta).
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For further details on parameter definitions see [57-58]. In addition to these
parameters of PF, the ratio of the first two peaks (I;/I,) in the induction curve of DF is shown.
This ratio was found to be inversely connected to electron flow in PSII [75].

During desiccation the parameters change in different ways to form polygons with
specific shapes. In this way, the functional state of photosynthetic machinery can be
visualized as a geometric figure with a shape which is specific for the drought stress. It is also
sensitive to the different levels of desiccation. For this reason, we argue that the constellation

of the selected parameters can be used for empirical estimation of RWC.
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Figure 2. JIP-test parameters and the DF parameter I,/I,, calculated from 1184 sets of PF and
DF induction curves measured in bean leaves with different water content. (A) Spider plot
presenting the parameters calculated from leaves with different RWC (see text for the
meaning of the parameters). For each group, 50 measurements from leaves with similar RWC
are averaged. The values are normalized to the value at 100% RWC. (B) 3D phase diagram
showing the relationship between the quantum yields of photoinduced electron transfer from
P680 to Qa (¢po), from Q4™ to plastoquinone (¢g,), and from PQ to the PSI electron acceptors
(Pro). All individual measurements are shown with different symbol and color corresponding
to the different RWC.
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The three parameters plotted in Fig. 2B reflect the quantum yields of the electron
transport in PSII, PSI and between them (@p,, Qro and ¢g,, correspondingly). They were
highly sensitive to water stress and strongly decreased at low water content. These parameters
were used to evaluate the drought stress sensitivity of different sections of the photosynthetic
electron-transfer chain (Fig. 2B). The experimental points in Fig. 2B were grouped and shown
in different color depending on the water stress level. The result revealed different behavior of
these parameters during desiccation. Specifically, leaves with low levels of water deficit (40 —
100% RWC) and strongly desiccated leaves (0 — 1% RWC) showed insignificant variations in
the studied parameters and are grouped either in the top left corner or in the down right corner
of the plot. In contrast, moderately desiccated states (1 — 40%) showed much higher variation
in electron-transport quantum yields. Also, the desiccation-induced changes of quantum
yields of electron transport from the reaction center of PSII P680 to Qa (@p,), and from Q™ to
PQ (¢g,) were similar, while the quantum yield of the electron transport from the reduced PQ
to the PSI acceptors (¢r,) had a different behavior. Overall a rather narrow trace in 3D space
was formed by all of the examined parameters. This clearly indicates the suitability of
fluorescence measurements for estimation of RWC in plant leaves.

To better illustrate the changes in the three parameters reflecting the electron-transport
yields at the different stages, we plotted the @po, @5, and @g, as a function of RWC (Fig. 3A).
The quantum yields of the primary photochemical reaction in PSII reaction center (¢p,) and of
electron transport in PSII acceptor side (¢g,) remained almost constant when the RWC varied
between 100% and 30%, but decreased linearly with water loss between 20 and 0% RWC.
The third quantum yield parameter (¢g,), Which reflects the inter-system electron transport
showed different behavior at higher water content (RWC between 60 and 20%) as compared
to other measured parameters. The g, dependence on the water content remained linear, but

with a much lower slope, and strongly deviated from the dependences of ¢@p, and @g,. This
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parameter showed very rapid change (with a slope similar to the other two parameters) only at

low RWC (below 15% RWC).

_ L 6
0.8 ——— 1025
: e . - 0.20 ) ;
5 0.6 e oo o a
& - 0.15 3 >
2 04 - 3 ©
© '- =
& - 0.10 & L 2 2
0.2 -
0.18 | 0.05 - 1
0.0 4= 0164 ¢ -0
T ] T T T T D-DO L) L) T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Relative water content, % Relative water content, %
0.010
1.3 4 Fast Phase
C ;’ Slow Phase
0.008
e 3
1.2 4 F; Y =
3 -’ 0y I JIP time, ms 0.006 g
2 1.1 : i 110 100 1009 5
o - E
= ¢ | 1000 ] 105 ]
1.0 . * = 3 g R
1 4 T g 2 =
¢ | 095 3 5 0.002
‘v | & £ 3
0.9 oo 0.000
) L] T T ) L) T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100 120

Relative water content, %

Relative water content, %

Figure 3. Effect of RWC on the parameters calculated from PF, DF and MR induction curves.
The experimental points are smoothed by “running average” algorithm with window of 50
points. (A) quantum yield of electron transfer in PSII reaction center (¢p,), at PSII acceptor
side (Qgo) (left scale) and from the reduced PQ toward P700" (@gr,) (right scale). Inset: the
most sensitive to RWC range for @ro. The straight line represents the linear regression of the
experimental points. (B) total performance index (Pli). The straight line represents the
sector of linear dependence of Pliy, on RWC (0 + 25%). (C) ratio between the first two peaks
in the DF induction curve (I;/I;). The straight line shows the linear dependence of I;/I, on
RWC within the range 40 + 100%. (D) amplitudes of fast and slow phase of induction curve
of MR. Inset: the amplitudes of the fast and slow phases are calculated subtracting the
minimum of the curve from the maximum of the signal at the beginning of the illumination
(fast phase) and from the maximum of the signal at the end of the illumination (slow phase).
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Another fluorescence parameter which changed significantly during desiccation (Fig.
2A) was the performance index (PI). This is one of the chlorophyll fluorescence parameters
that provides useful quantitative information about the state of plants and their vitality [1-2,
60, 76] and therefore can be used for the analysis of plant stress response [77]. The leaf
photosynthetic activity as monitored by Pliy, parameter seemed to be tolerant to water stress
over a wide range of RWC values (100 to 30%) and decreased linearly with water loss
between 20 and 0% RWC (Fig. 3B).

From the DF parameters, the I;/I, ratio was found to be most sensitive to mild drought
stress (Fig. 3C). A well expressed linear dependence on RWC between 100 and 40% RWC
was observed (Fig. 3C). Interestingly, again an almost linear dependence but not with the
same slope was observed at lower RWC: I/, sharply decreased between 20 and 5%, and then
at even lower RWC again slightly increased. We suggest that the increase at very low RWC
values indicates the complete inhibition of primary photochemistry in PSII. The increase
between 100% and 20% RWC reflects the deactivation of the electron flow from Q4 toward
PQ.

The MR signal was also modified by the decreased water content. The fast phase of
the signal, which corresponds to the kinetics of the photoinduced changes in the P700 redox
state, was significantly modified only at RWC below 10% (Figure 3D). The slow phase of the
MR signal, which reflects P700" re-reduction, was more sensitive and decreased progressively
at RWC values below 30%, disappearing completely at about 3% RWC.

3.2.  Neural networks

Artificial neural networks were constructed to connect leaf water content with
measured experimental data. On the input of a network, PF/DF/MR data was presented, and
the network was asked to return a guess for the RWC of the corresponding sample. As inputs

for the networks, we used three types of data (Table 1): i) complete induction curves of PF,
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DF or MR, and the combination of the three of them; ii) parameters from the JIP test: the
quantum yields of photoinduced electron transport reaction at different parts of the electron
transport chain (@po, Q5o and @gr,); the efficiencies of electron transport (0r, and yg,) together
with the relative concentration of the reaction center chlorophyll (yr.); performance indexes
(PIags and Pli,); 1i1) DF parameters: the amplitude of the first peak and the ratio between the
first and the second peak in the DF induction curve (I; and I,/1,).

From the total of 1184 pairs of input/output data, 888 pairs (75%) were randomly
selected for network training. The remaining 296 data pairs (25%) were used to test how well
the network had learnt to predict the RWC from the PF/DF/MR data. The accuracy of the
network was quantified by the correlation coefficient (R?) [78] and by the standard deviation
(SD) between measured and predicted RWC.

The optimum number of neurons was determined based on the minimum value of mean
standard error of the training and prediction set. The optimization was performed varying the
neuron number in the range 2 to 6. The best results were generated for 3 and 4 neurons (see
Table 1 - other data are not shown).

The results from the training and testing of the networks for the different input data are
shown in Table 1. When the complete induction curves were used as network inputs, the
ANNGs performed robustly for both the PF curve (R* = 0.94 for the testing data set) and the DF
curve (R* = 0.90). Seemingly, the MR traces did not contain enough information for the
prediction of RWC (R* only 0.56 with unknown data). However, when a network was trained
with all three signals together, the predictions of the network were further improved (R* =
0.96). Figure 4 shows a comparison between experimental RWC values and the values

predicted using the neural network model.
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Table 1. Input characteristics and statistical results of tested ANNs

- Input  Principal Hidden All data Testing population
Ui A e et values components neurons R? SD R? SD
Whole induction curves
3 0.94 7.0 0.94 6.95
PF 8 7 4 0.94 6.6 0.94 6.83
3 0.93 7.84 0.90 8.68
DF 40 30 4 0.94 7.52 0.90 8.48
3 0.70 15.94 0.56 19.14
MR 85 61 4 0.72 15.75 0.44 24.94
3 0.96 5.44 0.96 6.35
PF, DF, MR 203 46 4 0.98 5.05 0.96 6.11
JIP parameters
3 3 3 0.77 14.09 0.77 13.52
Pros Pro; PEo 4 077  13.92 077  13.48
5 3 3 3 0.86 10.94 0.85 11.24
Ro> WEo» TRe 4 086  10.49 085  10.83
3 0.67 16.68 0.71 15.65
Plass, Plio 2 2 4 0.67 16.67 0.69 15.68
3 0.77 14.09 0.77 13.52
AILIIP parameters 17 3 4 0.77  13.94 0.77  13.32
DF induction parameters
3 0.88 14.15 0.87 13.97
0, L/ 2 2 4 0.88 13.95 0.87 13.92

When a network was trained with the JIP test parameters or with DF induction parameters, the
predictions made by the network were generally not accurate. The best correlation between
measured and predicted RWC was found with the DF parameters I, and I,/I, (R* = 0.87). This
suggests that the parameters of the JIP test and the DF induction parameters do not contain all

the information needed for a precise estimation of the level of desiccation.
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Figure 4. Results from testing of ANN with three hidden neurons trained with induction

curves of PF (A), DF (B) or MR (C) and all three curves used together (D).

4. Discussion
Fluorescence, emitted mainly by PSII antennae chlorophyll a molecules, can serve as

an intrinsic probe for monitoring the successive steps of excitation energy transformation [79-
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80]. The variable part of the fluorescence is directly related to the Q4 reduction and it always
increases during photoinduced reduction of the quinone acceptor Q4 [81]. As the level of Qa
reduction depends on later stages of energy transformation, the fluorescence signal is sensitive
to the overall electron-transfer process. Using the JIP-test approach [56-57], the different
steps and phases of the fast PF rise (OJIP-transient) can be linked with the efficiencies of
electron transfer in PSII, PSI, and between the two photosystems. In addition to the prompt
fluorescence, the PSII antenna chlorophylls also emit delayed fluorescence quanta [82].
Delayed fluorescence intensity is very sensitive to the redox reactions in both the PSII donor
and acceptor sides and to the thylakoid membrane energization (for recent review see [68]).
The photoinduced kinetics of modulated reflection at 820 nm correspond to the accumulation
of P700", followed by the net re-reduction of P700" by the intersystem electron carriers [70].

The use of simultaneously measured PF, DF and MR for monitoring the response of
the photosynthetic machinery to drying had two goals: first, to examine the sensitivity of
different sites of the electron transport chain to drought, and second, to test the sensitivity of
the experimental signals to changes in the status of the photosynthetic machinery during
desiccation.

In our study we used progressive loss of water in bean plants to induce changes in the
photosynthetic reactions. At different levels of desiccation different parts of the linear electron
transport were affected. Measuring luminescence and optical characteristics, it was possible to
track these changes and relate them to the RWC in the leaf. We found a strong correlation
between the measured parameters and RWC which motivated us to develop an automated
system - an artificial neural network based on the experimentally determined PD, DF and MR
parameters that can determine the RWC in intact leaves.

The shape of the PF induction curve was sensitive to the development of water stress

in leaf tissue (Figure 1A) [76]. The analysis of several parameters of the JIP-test allowed us to
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localize the drought-induced modifications in the electron transport chain [58]. We found that
the redox reactions were strongly affected. The quantum yields of the reactions close to the
PSII reaction center were more tolerant to water deficit (Figure 3A). The three JIP-parameters
which reflect the quantum yields of photoinduced electron transfer from P680 to Qa (¢p,),
from Qs to PQ (¢go), and from PQ to the PSI electron acceptors (gro), can be arranged
according to their decreased sensitivity to water deficit in the sequence Qro > Qg > @po. The
complex JIP-test parameter, Pl that combines these three parameters and the relative
concentration of the reaction center chlorophyll (yre) [57], was sensitive to a wide range of
RWC values (Figure 3B) and is therefore a useful parameter for monitoring stress reactions.
On the basis of PI values the Drought Factor Index was introduced [76].

The DF signal provides information about processes in PSII and the photosynthetic
membrane in normal and stressed plants [68, 83] (including drought stressed plants [58, 84]).
However such an elaborate model as the JIP-test has not been yet developed for the DF
induction curves. In this research we observed that the shape of the DF induction curve was
affected by drought (Figure 1), and moreover the changes started at much lower levels of
desiccation than for the PF. It was the fast phase of induction transient of DF — the so called
I;-1,-D; transient (see Figure 1B) — that best reflected the process of photoinduced closure of
PSII reaction centers [77, 85]. We demonstrated that the ratio between the two maximums in
this DF induction phase almost linearly increased with water loss from fully turgid state down
to a RWC of 20% (Figure 3C).

The yields of PF and DF emissions depended on the water stress in a similar way
within the entire RWC range (Figure 1A and B). They were almost unaffected at RWC above
20% and sharply decreased at lower RWC levels. This implies the existence of a common
mechanism of inactivation for both luminescence types, possibly through the activation of

quenchers of the excited states [86] or degradation of chlorophyll molecules [27].
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The MR signal was also modified by decreased water content. The fast phase of the
signal, which corresponds to the kinetics of the photoinduced changes in P700 redox state
[70], was significantly modified only at RWC below 10% (Figure 3D). The slow phase of the
MR signal, which reflects P700" re-reduction [70], was more sensitive and decreased
progressively at RWC values below 30%, disappearing completely at about 3% RWC. We
propose that the inactivation of this kinetic phase is manifested as a diminished rate of
electron transport through plastoquinone to P700". The more stable fast phase of the MR
signal indicates a higher drought tolerance of the PSI reaction center.

We identified the following successive ranges of specific drought effects:

a) Lowering the RWC to 60% was associated with a decrease in the delayed
fluorescence band I, compared to I; (increase of the ratio I;/I,, see Figures 1B and 3C). As I,
correlates with electron flow through the PSII acceptor side [77], its decrease indicates a
slowdown of the electron flow through PSII. The shape of the PF induction curve remained
largely unaffected in the RWC range between 100 and 50%.

b) Lowering RWC from 60 to 20% was accompanied by a linear decrease in @g,
(Figure 3A), the loss of the slow growth phase of the MR signal (Figures 1C and 3D) and the
start of the decrease of the overall DF intensity (Figure 1B). This indicates a suppression of
electron transfer from the reduced plastoquinone pool to the PSI reaction center (P700").

c) At RWC below 15%, the reoxidation of the photoreduced Qo was inhibited which
was best monitored by the strong decrease in the parameter @g, (Figure 3A).

d) At RWC under 5%, the parameter @p, was highly suppressed (Figure 3A) and the
fast phase of photoinduced kinetics of MR signal disappeared (Figure 1C and 3D). This
suggests that at very low water content the primary photochemical reactions in PSI and PSII

are inactivated.
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Under natural conditions, most plants are subjected to frequent changes in humidity
and water availability. As a consequence, plants have evolved various strategies to counteract
the problems associated with temporal or spatial water shortage [87]. Such adaptations to
drought ensure that the plant maintains relatively stable levels of photosynthesis, especially in
light reactions [58]. For other environmental factors, changes in indices related to the
photosynthesis have been successfully used to estimate the severity of stress-induced changes
in plants [1-2, 4, 9]. In contrast, well developed models for photosynthetic rate such as “CO,
curves” [88] have generally been unsuccessful.

The use of noninvasive techniques for measurements of changes in plant physiology
under different stress conditions has considerable practical benefits [1-2, 89]. However it is
difficult to define robust ecophysiological criteria for estimation of drought sensitivity and
potential damage induced by conditions of water scarcity [10]. The reason for this is that
while photosynthesis is one of the most sensitive processes to environmental change,
photosystems and photosynthetic electron transport are relatively tolerant to changes in water
availability [32]. On the other hand, there are many convincing techniques, which are based
on fluorescence and optical characteristics, for in vivo estimation of changes in electron
transport under variation of the environmental conditions.

Our analysis demonstrates that the response of the photosynthetic machinery to
drought stress is complex, and is expressed by simultaneous changes in a constellation of
parameters calculated from PF, DF and MR signals. The functional state of the photosynthetic
apparatus is determined by the water content of the leaf, which as we propose could be
described empirically in terms of the pattern of luminescent and optical features. Using
pattern recognition methods, a quick, easy and reliable experimental approach for monitoring
the physiological state of the leaf could be developed. The feasibility of this approach was

demonstrated by the construction of a two-layer artificial neural network which was able to
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recognize the RWC in a series of “unknown” samples with a correlation between calculated
and gravimetrically determined RWC values of about R? ~ 0.98 (Table 1). Even though this
correlation factor seems to be high, the rather large SD value (see Figure 4 and SD values in
Table 1) suggests that there is a relatively high discrepancy between the gravimetrically
determined RWC values and the values predicted from the ANN. At the same time, the values
of quantum yields of electron transport (Figure 2A) change together, and their 3D phase
diagrams show a relatively narrow trace. We would argue that the observed deviation reflects
the heterogeneity of leaf areas in respect to water content, and hence the physiological status
of the leaf cell. Thus, some areas of the leaf can locally have higher water content and better
physiological status than others — a factor not considered by classical methods for the
determination of RWC. If this hypothesis is valid, then RWC determination using ANN is

more robust than traditional gravimetric methods.

5. Conclusions

In this work, we demonstrated that chlorophyll fluorescence can be a very informative
tool for monitoring water stress effects on the photosynthetic process in plants. We identified
four successive specific drought effects over the range of relative water content. First, a
decrease in the electron flow through PSII was observed. Second, a suppression of electron
transfer from the reduced PQ pool to the PSI reaction center (P700") was noted. Third, the
reoxidation of Qa was inhibited. Finally, there was a suppression of quantum yields of
photoinduced electron transport in PSII reaction center to Qa together with a reduction of the
fast phase of photoinduced kinetics of the MR signal.

We were able to precisely plot the desiccation induced changes in the photosynthetic
electron transport caused by variations in RWC level. Furthermore, using the multi-signal

description on the basis of the experimentally recorded PF, DF and MR signals, we
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constructed a two-layer artificial neural network as a tool for the determination of water
content under in vivo conditions. This method could be very reliable for the non-invasive
determination of relative water content in intact leaves. However, it should first be validated

on intact leaves and under natural drought conditions.
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