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Abstract: Climate change can result in extreme droughts, significantly affecting crop production.
C4 crop proso millet (Panicum miliaceum L.) has the lowest water consumption among all of the
cereal crops. Understanding its survival mechanisms is thus crucial for agriculture. Furthermore,
yield reduction does not only occur directly due to water shortage, but is also a consequence of an
impaired element uptake during drought. This study aimed to examine the effect of water deficiency
on proso millet leaf traits, plant biomass partition, and yield. In addition, leaf element contents were
analysed, including silicon, which is an important multifunctional element for grasses. The majority
of the measured parameters showed little change from the control to the moderate and severe water
shortage treatments, even though the soil moisture levels differed significantly. The most pronounced
reduction in comparison to the control was for leaf biomass, leaf stomatal conductance, and leaf
silicon, phosphorus, calcium, and sulphur contents. Conversely, an increase was obtained for leaf
potassium and chlorine contents. Panicle biomass was the same for all plant groups. Leaf silicon was
positively correlated to reflectance in the UV region, while leaf calcium was negatively correlated
to reflectance in the visible regions, which might prevent damage due to short-wave UV radiation
and provide sufficient visible light for photosynthesis. The efficient light and water management,
reduction of leaf biomass, and same-sized root system may be the mechanisms that mitigate the
negative effects of water shortage in proso millet.
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1. Introduction

Climate change is expected to result in more and more frequent extreme weather events, which
will significantly affect crop production [1]. In recent years, most European countries have been affected
by pronounced drought events [2,3]. Crops can suffer up to 50% yield loss if drought occurs during
their reproductive phase [4,5]. Yield reduction does not only occur directly due to water shortage,
but is also a consequence of impaired nutrient uptake during drought. These effects of drought on the
nutritional status of crops varies across different nutrients and species [6].

According to Li et al. [7], the rates of yield reduction in major crops due to drought are expected to
increase by >50% by 2050, and by almost 90% by 2100. Therefore, adaptation measures to avoid these
losses need to be undertaken. Growing drought-tolerant crops with low nutrient requirements, or at
least more resilient crops, is becoming increasingly important. In such a manner, it might be possible
to compensate for yield reductions due to drought events and for the decreased quality and quantity
of arable land, and thus to ensure more sustainable adequate food production for the ever-growing
global population [8-11].
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In addition, understanding plant strategies to cope with drought is becoming more and more
important. Plants have evolved a variety of morphological and physiological adaptations to resist
drought and thus to preserve optimal relative water content in their tissues [12,13]. The accumulation
of silicon (Si) in plant tissues can increase plant resistance against various abiotic and biotic constraints,
including water shortage [14,15]. The beneficial impact of Si on plant water status during water shortage
has been shown for many plant species [15]. The deposition of Si in the cuticle, prickle hairs, epidermis,
endodermis, and the outermost layers of the roots increases plant water-use efficiency [16,17]. Si also
benefits plant water management by improving plant osmotic potential, through enhancing aquaporin
transport activity and promoting root growth [15]. Hattori et al. [18] showed that in sorghum, Si has
a critical role in root growth and water movement from the rhizosphere to the roots during water
shortage. Drought stress also has strong negative effects on the growth rate and quality of Kentucky
bluegrass, while Si application alleviated these negative effects [19].

However, during water shortage, the availability of Si is limited, as the uptake of Si and other
elements depends on the transpiration stream in plants [20,21]. Nevertheless, the content of Si in proso
millet leaves under moderate water shortage is only slightly affected. However, significant reductions
in the leaf content of calcium (Ca) and phosphorus (P) were reported [22]. This does not hold true for
barley, where moderate water shortage reduced leaf Si content by nearly 40% [23]. The differences
regarding Si uptake might also arise due to different water-use efficiencies, which are significantly
higher in C4 plants compared to C3 plants [24]. Indeed, Si is especially important for grasses, where its
deposition in the plant tissues provides structural rigidity to leaves and stems, and thereby prevents
plant lodging [25]. The different patterns of Si deposition are seen for different metabolic types,
namely the C3 and Cy4 grasses [26]. Panicoid C4 grasses produce dumbbell-shaped silica structures
in their leaves, while festucoid Cs grasses with long prickle hairs produce oval silica structures [27].
The changes in leaf element contents may significantly affect leaf optical properties [28,29]. The light
reflected from leaves has multiple functions, namely it provides a basis for an understanding of
the photosynthetic performance and energy balance in plants [30,31]. It may be used for stress
detection [32], including stress due to decreased leaf water potential [33], and even for classification of
species [34,35].

Chlorophyll fluorescence is a well-known phenomenon, suitable for investigating the effect of
drought on plants [36]. In particular, the sensitive parameter is Fy/F, that reflects the quantum
efficiency of PS II photochemistry [37]. Our previous studies have shown that moderate water shortage
during plant development does not affect the quantum efficiency of PS II photochemistry and the
yield of proso millet plants [22]. In their review, Guidi et al. [38] also reported that mild water
shortage did not affect the quantum efficiency of PS II photochemistry, while during severe stress, both
photosystems may be affected. The response of different soybean cultivars showed maximum values
of enzymatic activities, chlorophyll fluorescence parameters including Fy/Fr,, and total soluble protein
in a drought-tolerant cultivar [39]. However, the study of perennial ryegrass revealed that the reaction
of the photosynthetic machinery to drought stress is a very complex process [40].

Proso millet (Panicum miliaceum L.) is an annual thermophilic, drought-resistant, and short-season
C4 crop with a long history of cultivation [41]. By offering many health benefits to humans due to
its abundance of phenolic compounds [42] and by being rich in nutrients, proso millet has gained in
popularity once again, particularly in terms of an increase in ecological farming [43]. Through its short
growing season and very low water and nutrient requirements, proso millet is a very resilient crop that
can thrive and produce good yields at a variety of altitudes, and can withstand various environmental
constraints, such as drought, high temperatures, and poor soils [44,45]. Proso millet has the lowest
water consumption among all of the cereal crops due to its high water-use efficiency [45], which is one
of the benefits of C4 metabolism [46].

The aim of our study was to examine the effect of severe water deficiency during the mid-vegetative
and reproductive phase of proso millet on leaf traits, including the leaf element contents and leaf
optical properties, on plant biomass partition, and on yield of proso millet. It was hypothesised that
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severe water shortage would cause stress to the proso millet plants, which would result in altered leaf
structural and optical properties, and in reduced F,/Fr, and plant yield. Due to the dependence of the
element uptake on water availability, a significant reduction of the contents of the leaf elements was
also expected, namely silicon, calcium, and phosphorus in plants that suffered from severe drought in
comparison to those exposed to control and moderate water shortage treatments.

2. Materials and Methods

2.1. Experimental Design

The test species for this study was proso millet (Panicum miliaceum L.) cv. Soncek, which is
an indigenous Slovenian variety. The seeds were sown in 15 plastic pots (44 cm X 44 cm X 36 cm;
56 seeds/pot) containing soil from the Ljubljana Botanical Garden (Ljubljana, Slovenia). The soil was
well-stirred and sifted prior to the experiment, to achieve as homogeneous an initial soil composition
as possible. The pots were placed outside in a fenced research plot (4 m X 6 m; Biotechnical Faculty,
University of Ljubljana; 46°03’03.9"/ N, 14°28’14.4"" E). On 7 June, 2018, cast polymethyl methacrylate
sheets (Polycasa Cast UVT; Polycasa, Geel, Belgium) were erected on a wooden frame above the pots
at ~150 cm above the soil level, to prevent any precipitation from reaching the soil in the pots, and
thus to maintain the appropriate soil moisture levels. These panels were transparent to UV and visible
radiation (transmission wavelengths, >290 nm). From 15 June, 2018, onwards, five pots received less
water, and five further pots received an even smaller amount of water. This provided the three different
water availability treatments (five pots/treatment): well-watered (WW), the control; mild water shortage
(MWS); and severe water shortage (SWS). The experimental period was for ~1 month (Figure 1), from 15
June (day 0) to 17 July (day 32), 2018. During this time, the WW (control) plants were watered regularly,
on average every 2 days. By day 31, the MWS plants had received ~56% the water of the control plants,
while the SWS plants had only received water five times throughout the experimental period, as ~13%
of the water received by the control plants. The first emerging inflorescences were seen on 21 June, 2018
(day 6), for the plants in the pots with the lowest water input (SWS).

Figure 1. Proso millet experimental plants on day 17 of the experimental period.
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2.2. Environmental Conditions

The soil moisture levels were measured before the plants were watered, always in five specified
equally distant places per each pot around the proso millet plants and in the middle of them, with a
moisture probe meter (MPM-160-B; ICT International Pty Ltd., Armidale, NSW, Australia). The initial
soil moisture levels were determined at the beginning of the experimental period, on 15 June, 2018
(day 0). Afterwards, they were measured an additional seven times, to the end experimental period.
The first five soil moisture measurements were ~6 days apart (days 0, 6, 12, 17, 24), while the remaining
three measurements were carried out within the last week of the experimental period (days 25, 27,
32). The soil temperatures were recorded once every 2 h from 28 June to 17 July, 2018 (days 13-32),
using water temperature data loggers (UTBI-001 TidbiT v2; Onset Computer Corporation, Bourne, MA,
USA). The sensors were buried between the roots, ~3 cm deep and as close as possible to the middle
of each of two randomly selected pots per treatment. The data collected were then transferred to a
computer via a USB connector, using a U-4 HOBO Optic USB Base Station and a 2-D Coupler (Onset
Computer Corporation).

2.3. Plant Analyses

The initial measurements on 15 June, 2018 (day 0), were also performed for the leaf physiological
parameters of stomatal conductance, and the maximum and effective quantum efficiency of photosystem
(PS) I photochemistry. The leaf physiological parameters were subsequently measured another four
times, at ~6-day intervals (days 6, 12, 17, 25 for stomatal conductance; days 6, 12, 17, 24 for maximum
and effective quantum efficiency of PS II photochemistry). Almost four weeks after the start of the
experimental period, on 11 July, 2018 (day 26), proso millet leaves were analysed for their morphological,
biochemical, and optical properties. Three leaves/pot (subsamples) were used for all of these analyses.
On 12 July, 2018 (day 27), two leaves/pot (subsamples) were analysed for their relative water content.
On 16 July, 2018 (day 31), the proportions of lodged plants/pot were determined, along with the plant
height (including panicles) for the three tallest proso millet plants/pot (subsamples). These were
subsequently collected for analysis of the plant biomass based on the dry matter.

The plants collected were separated into the different plant parts, as panicles, living leaves, dead
leaves, stems, and roots. All of the healthy-looking green leaf parts were allotted to the living leaves
category, and parched brownish parts of the leaves were considered as dead leaves. These plant
parts were separately dried in an oven (Memmert Modell 100-800; Memmert GmbH and Co. KG,
Schwabach, Bavaria, Germany) at 105 °C for at least 24 h to reach constant weight, which depended
on the thickness of each plant part [47]. As soon as they were taken out of the oven, the plant parts
were put into a desiccator containing silica gel for ~30 min, to allow them to cool down and to prevent
moisture uptake before weighing. The experimental period ended on 17 July, 2018 (day 32), at which
time the leaves were collected for element analysis. All of the leaf properties were analysed on the
second youngest fully developed vital proso millet leaves. On the following day (18 July, 2018; day
33), five grains/treatment were collected to determine their dry matter. These had their fresh weights
recorded initially, and then their dry weights after drying in an oven at 105 °C for 24 h.

2.3.1. Leaf Morphological Properties

An analysis of the proso millet leaf morphological properties was carried out on the leaves
collected on day 26, as transverse sections of vital and fully developed proso millet leaves, and on
their impressions that were made using transparent nail polish. The parameters measured were leaf
and mesophyll thickness (magnification, 100x), epidermis and cuticle thickness, and leaf stomata
length and density (magnification, 400x). While cutting, the leaves were held between two pieces of
expanded polystyrene. Approximately, 20 um thick slices were cut with a razor-blade from the central
part of the leaf, to the left or right of the main leaf vein. All of the measurements were performed on
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the central part of the leaves, under light microscopy (CX41; Olympus, Tokyo, Japan) equipped with a
digital camera (XC30; Olympus) and the cellSens Imaging Software 1. 4. 1 (Olympus).

Additionally, the specific leaf area of the leaves was used for these analyses, as determined
according to dry weight of round leaf cuttings with known leaf area (r = 4.5 mm). These were dried in
an oven to reach constant weight at 105 °C for 24 h.

2.3.2. Leaf Biochemical Properties

Leaf chlorophyll a, chlorophyll b, and carotenoid contents were determined on proso millet
leaf extracts [48,49], from the leaves collected on day 26. The absorbance was measured using a
UV/VIS spectrometer (Lambda 25; Perkin-Elmer, Norwalk, CT, USA) at 470 nm, 645 nm, and 662 nm.
The leaf anthocyanin content was also determined on the leaf extracts of the proso millet leaves, with
absorbance measured at 530 nm [50]. Additionally, the total methanol-soluble UV-B-absorbing and
UV-A-absorbing compounds were extracted from fresh proso millet leaves, with absorbance measured
from 280 nm to 319 nm, and 320 nm to 400 nm, respectively [51]. The extinction values were integrated
for each UV region.

2.3.3. Leaf Physiological Properties

The measurements of chlorophyll fluorescence of the proso millet leaves were conducted using
a modulated fluorometer (OS5-FL; Opti-Sciences, Hudson, NH, USA). The maximum and effective
quantum efficiency of PS II photochemistry (Fy/Fm and Fq'/Fr’, respectively) on days 0, 6, 12, 17, 24
was evaluated according to Schreiber et al. [52]. The leaf stomatal conductance on days 0, 6, 12, 17, 25
was measured using a steady-state leaf porometer (Decagon Devices, Inc., Pullman, WA, USA). This
device surveyed the rate of water vapour diffusion via the leaf surfaces. All of the leaf physiological
parameters were measured around noon time in situ.

2.3.4. Leaf Optical Properties

The reflectance and transmittance of the proso millet leaves collected on day 26 were determined
in the laboratory on vital and fully developed proso millet leaves straight after they were cut. Carefully,
the cut leaf ends were immediately covered with wet towels to limit turgor loss. The reflectance spectra
were measured from 290 nm to 880 nm, and the transmittance spectra were measured from 290 nm to
800 nm, at a resolution of ~1.3 nm. The measurements were conducted using a portable spectrometer
(Jaz Modular Optical Sensing Suite; Ocean Optics, Inc., Dunedin, FL, USA; grating, #2; slit size, 25 um)
with an optical fibre (QP600-1-SR-BX; Ocean Optics, Inc.) and an integrating sphere (ISP-30-6-R; Ocean
Optics, Inc.). The leaf reflectance spectra were measured for the adaxial leaf surfaces by illumination
with a UV/VIS-near infrared (NIR) light source (DH-2000; Ocean Optics, Inc.). The white reference
panel with >99% diffuse reflectance (Spectralon; Labsphere, North Sutton, NH, USA) was used for
calibration of the spectrometer to 100% reflectance. The leaf transmittance spectra were measured
for the abaxial leaf surface by illumination of the adaxial leaf surface with the light source. Here,
the calibration to 100% transmittance was done with a light beam passing directly into the interior of
the integrating sphere.

2.3.5. Leaf Relative Water Content

The analysis of relative water content of leaves collected on day 27 was carried out following
the procedure described by Gonzalez and Gonzalez-Vilar [53]. Ultrapure water (Milli-Q Advantage
A10 Water Purification System; Merck KGaA, Darmstadt, Hesse, Germany) was used for this analysis.
To avoid excessive water loss from the fresh leaf cuttings, only four leaves were processed at once.
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2.3.6. Leaf Bulk Element Analysis

The contents of Si, P, sulphur (S), chlorine (Cl), potassium (K), and Ca in the proso millet leaves
collected on day 32 were determined using X-ray fluorescence spectrometry. From 100 mg to 500 mg
of dried and powdered leaves was pressed into pellets using a pellet die and a hydraulic press.
55Fe (25 mCi; Isotope Products Laboratories, Valencia, PA, USA) was used as the primary excitation
source for the analysis. The emitted fluorescence radiation was collected by a Si drift diode detector
(Amptek, Inc., Bedford, MA, USA) with a 12-um-thick beryllium window. The energy resolution of
the spectrometer at count rates <1000 cps was 140 eV at 5.9 keV. The X-ray fluorescence spectrometry
analysis was conducted under vacuum and the samples were irradiated for 5000 s to obtain spectra
with sufficient statistics [54]. The analysis of the X-ray spectra was carried out using an iterative
least-squares programme, as included in the quantitative X-ray analysis system software package [55].
The element quantification from the measured spectra was performed using a quantitative analysis
of environmental samples based on the fundamental parameters [56]. The quality assurance for the
element analysis was determined using standard reference materials: NIST SRM 1573a (tomato leaves
as a homogenised powder), in the form of pressed pellets.

2.4. Soil Analysis

The soil samples were collected from all of the 15 experimental pots before and after the
experimental period (days —1, 32). The samples were air-dried for ~3 months and ~2 months,
respectively, and were later sifted through a 0.5 mm X 0.5 mm mesh sieve. For each of the two samplings,
five samples were collected, which comprised three subsamples (i.e., every sample contained soils
from three randomly chosen pots, wherein each pot was included only once). In addition, the pots
from the second sampling were selected in such a way that all of the three treatments were included in
each sample.

2.4.1. Analysis of Plant-Available Si in the Soil

The plant-available Si in the soil was extracted from ~300 mg of dried and powdered soil samples
collected on days —1 and 32, using 0.01 M CaCl,, according to Korndorfer et al. [57]. These samples
were then processed using a commercially available kit (Heteropoly Blue Method (1.600 mg/L SiO,;
method number, 8186); Hach Lange GmbH, Diisseldorf, Germany). The absorbance was measured with
a spectrometer at 815 nm (DR 3900; Hach Lange GmbH). The results are expressed as mg Si per kg of
soil dry matter (mg Si kg™! soil DM) for the samples collected before and after the experimental period.

2.4.2. Soil Bulk Element Analysis

The total soil Si and Ca levels before and after the experimental period (days —1, 32) were
measured from ~300 mg dried and powdered soil samples. The methodology was already described
in Section 2.3.6.

2.5. Statistical Analysis

The Shapiro-Wilk tests were used to evaluate the normal distributions of the data. The homogeneity
of variance from the means was analysed using Levene’s tests. A one-way analysis of variance (ANOVA)
according to Duncan’s post-hoc multiple range tests was used to assess the differences between the
three treatments for each measured parameter. Pearson’s correlation analysis was performed to
examine the relationships between the selected parameters. This study used IBM SPSS statistics 22.0
for these statistical calculations, with significance accepted at p < 0.05. To assess the difference between
plant-available Si levels in the soil before and after the experimental period, Student’s t-tests were
performed in Microsoft Excel 2016. The same type of statistical analysis was also performed for the
total soil Si and Ca levels. For the exploratory data analysis, detrended correspondence analysis
using the CANOCO for Windows 4.5 programme package was used. Due to the gradient lengths



Water 2019, 11, 2155 7 of 21

obtained (<3 SD) [58], redundancy analysis was conducted to determine whether the variations in the
leaf element contents were related to the water-related parameters. The significance of the effects of
the variables was determined using Monte Carlo tests with 999 permutations. To avoid collinearity,
forward selection of the explanatory variables was used. All of the variables used in the analysis were
standardised. Figures 2-6 were drawn using Microsoft Excel 2016, while Figure 7 was generated using
CanoDraw for Windows 4.5.
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Figure 2. Soil moisture content for the three water treatments during the experimental period. The data
are means + SD (n = 30). Different letters indicate significant differences across the treatments within
each sampling day (p < 0.05; Duncan tests).
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Figure 3. Proso millet leaf silicon (Si) content (sampled on day 32) and mean soil moisture (days 6, 12,
17, 24, 32) for the three water treatments. The data are means + SD (Si, n = 5; soil moisture, n = 25).
Different letters indicate significant differences within the Si and soil moisture measures across the
treatments (p < 0.05; Duncan tests). DM, dry matter.
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Figure 5. Proso millet leaf tissue thickness (sampled on day 26) for the three water treatments. The data
are means + SD (n = 5). Different letters indicate significant differences within each tissue type across
the treatments (p < 0.05; Duncan tests).
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3. Results

3.1. Environmental Conditions and Plant Parameters

Throughout the experimental period, three significantly different soil moisture levels were created
and maintained for the three treatments (Figure 2). Initially, as can be seen from Figure 2, the soil
moisture levels did not differ significantly between the three treatments. Later on, the only exception
where the soil moisture levels did not differ significantly between the MWS and SWS treatments was
for day 25 of water shortage. Overall, the mean soil moisture levels during the water shortage (i.e., days
6,12,17, 24, 32) were 20.5 £ 5.2%, 10.5 + 5.1%, and 6.8 + 4.6%, for WW, MWS, and SWS, respectively
(Figure 3; n = 25).

The soil temperature was also recorded during the experimental period, although no significant
differences were seen between the water treatments. The mean soil temperature ranged from 21.9 °C
t022.7 °C (n = 460).

The Si content in the proso millet leaves sampled on day 32 decreased significantly from WW to
SWES, thus paralleling the decreased soil moisture levels (Figure 3). However, there was no significant
difference in the leaf Si content between the MWS and SWS plants. Among the other measured
elements in the proso millet leaves sampled on day 32, P and S showed similar responses to 5i, where
the leaf contents were significantly lower under the two drought treatments (MWS, SWS) compared to
the control (WW) (Table 2). A similar trend was also seen for Ca for these leaves sampled on day 32,
with a significant difference only seen between WW and SWS. On the other hand, Cl and K on day 32
showed just the opposite, with significantly higher leaf contents for the SWS treatment compared to
WW and MWS for K, although for Cl this difference only reached significant for MWS versus SWS.

The Fq'/Fi” of the leaves from the proso millet plants showed only minor differences under these
three different water availability levels that did not reach statistical significance (Figure 4, Table 2).
In general, across all of the water treatments during the experimental period (Figure 4; days 0-24),
there were similar decreases and increases seen due to the variations in the weather conditions for
the different measurement days. The only significant difference was seen for the day 13 of the water
shortage, where the SWS plants showed significantly higher Fq’/Fr,” compared to the plants from the
remaining two treatments (WW, MWS).

The Fy/Fn of the leaves from the proso millet plants was also very similar between the three
treatments during the experimental period (Figure 4, Table 2; days 0-24). The significant differences
between the treatments started to emerge only after day 13 of water shortage, as F,/Fr, of the MWS
plants was significantly higher compared to the control WW plants, as later also for the SWS plants.
These SWS plants generally showed higher Fy/Fy, in the second half of the experimental period. For day
18 of water shortage, F,/Fn, also differed significantly between MWS and SWS.

On day 0, when the water shortage treatments were started, there were no significant differences
between the treatments for the stomatal conductance, which ranged from 15 to 19 mmol m=2 s~! (n = 5).
By day 25, this remained relatively low for all of the water treatments (Table 2). Nevertheless, it was
significantly different across the three water treatment groups, showing a decrease with decreased
water availability.

The thickest proso millet leaves were seen for the control WW treatment, with significant differences
compared to both MWS and SWS (Table 2, Figure 5). In general, the epidermis and mesophyll was
seen to be significantly thinner in the MWS and SWS leaves compared to the WW control (Figure 5),
although this significance was lost compared to the upper epidermis from WW to SWS. Conversely,
the cuticles of the proso millet leaves were seen to be thicker for MWS and SWS compared to the WW
control, although again this significance was lost comparing the upper cuticle from WW to SWS.
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Table 1. The proso millet leaf and plant parameters recorded under the different water treatments in this study.

11 of 21

Treatment
Trait Sample Days Parameter Units
WW MWS SWS-
Morphological 26 Leaf thickness um 171 +21P 155+ 162 159 £172
Specific leaf area cm? mg™! 0.306 + 0.092 2 0.305 + 0.040 @ 0.302 + 0.068 @
Upper surface stomata density mm™2 105+ 142 115+ 18" 110 + 15 2P
Upper surface stomata length pm 31.1+31°2 312+332 31.3+282
Lower surface stomata density mm—2 87+132 91+142 89+112
Lower surface stomata length um 33.6+332 33.5+£272 348+322
Biochemical 26 Chlorophyll a mg g’1 9.97 +3.232 9.07 +1.812 9.73 +1.882
Chlorophyll b mg g ! 533+1.96° 590 +2272 54241752
Carotenoids mg g‘1 3.07 £1.052 2.30+£0.532 2.85+0.502
Anthocyanins au g 179 £ 542 239 £ 692 188 £ 63 °
UV-B-absorbing compounds au gl 493 + 166 2 479 + 882 534 + 1412
UV-A-absorbing compounds au gl 738 +248° 702 £120° 770 £220°
# Physiological 6,12,17,24/25 Effective quantum efficiency a.u. 0.30 £ 0.07 2 0.31 +0.06 2 0.32+0.102
Maximum quantum efficiency a.u. 0.45+0.07 2 0.51 + 0.06" 0.53 +0.08°
Stomatal conductance mmol m2s! 61 +28¢ 45+21P 31+152
Optical 26 UV-B % 1045 + 1.56 P 833+1492 8.39+1482
reflectance UV-A Y% 7.85+1.23P 6.88 £0.932 6.80 £0.942
Violet % 6.59 + 0.45 2P 6.34+0.392 6.80 + 0.35 P
Blue % 6.53 +0.382 6.54 +0.322 7.02+£0.32P
Green % 12.05+2.824 1254 +2.774 13.72 +3.254
Yellow % 1042 +1.212 10.93 + 0.93 2P 11.99 + 1.34 P
Red % 8.05+ 1312 8.46 +1.31 P 9.07 +1.62°
Near infrared % 31.64 +4.942 32.10+4.772 34.19 £ 5.742
Optical 26 UV-B % 021 +049° 0.03 +0.412 0.15+0.45°
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Table 2. The proso millet leaf and plant parameters recorded under the different water treatments in this study.
Treatment
Trait Sample Days Parameter Units
WW MWS SWS-
transmittance UV-A % 0.63 +£0.872 0.58 £0.88 2 081+1.162
Violet % 431+0.772 417 £0.732 5.56 +1.07°
Blue % 6.22+£0.822 6.15+0.822 7.83 +1.24 P
Green % 22.05+6.75% 2197 £ 6.46° 2272 +£6.23%
Yellow % 19.76 £2.33 2 19.53 +1.872 20.90 £2.592
Red % 12.40 + 4.08 2 12.58 +4.182 14.09 + 4302
Near infrared % 65.31 +12.00P 63.92 + 11.58 2P 60.45 +10.43 2
Element analysis 32 P % of dry matter 0.59 + 0.14 P 0.40 £0.08 0.43 +£0.072
S % of dry matter 0.24 +0.05° 0.17 £ 0.042 0.17 +0.012
Cl % of dry matter 0.63 + 0.06 2P 0.60 +0.06 2 0.81+0.22"
K % of dry matter 3.70 +0.272 376 £0.152 418+0.29°
Ca % of dry matter 0.55 + 0.08 0.52 + 0.06 &P 0.45+0.04°
Other 27 Leaf relative water content % 948 +29P 94.8+0.9P 874+84°
31 Plant height cm 945+82°¢ 859 +9.1P 743 +5472
31 Lodged plants % 66.6 +12.0° 50.1+292 55.1 + 14.3 2P

The data are means + SD (n = 5 for each, except for physiological measurements with n = 20). Different superscript letters within each row indicate significant differences (p < 0.05; Duncan
tests). ¥ Means from measurements conducted between 21 June (day 6) and 9 July (day 24), 2018, for effective and maximum quantum efficiency of PS II photochemistry, and between 21
June (day 6) and 10 July (day 25), 2018, for stomatal conductance.
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The proso millet specific leaf areas and stomata lengths and densities did not show any significant
differences between these water treatments (Table 2). The only exception here was for the upper leaf
surface stomata density, which was significantly higher for MWS in comparison to the WW control. It
should be noted that a few prickle hairs were seen on some of the proso millet leaf sections during the
analysis of the leaf morphology under light microscopy. These were, however, not analysed here due
to their low occurrence.

Among the plant biomass parameters, there were no significant differences between the three
water treatments for panicles and roots sampled on day 31 (Figure 6). However, a trend to increased
panicle biomass with decreased water availability was noted. Moreover, by the sampling here on
day 31 of the water treatments, the SWS plants appeared to be more mature than the WW and MWS
plants. The stem biomass on day 31 differed significantly only between the MWS and SWS plants.
On the other hand, the leaf biomass correlated with water availability, as the living leaf biomass was
significantly lowest with the SWS treatment, while the MWS and SWS plants had significantly greater
dead leaf biomass than the WW control.

No significant differences were seen for the leaf biochemical parameters measured according
to the water availability (Table 2). Nonetheless, the SWS plants showed the highest amounts of the
protecting UV-absorbing compounds.

Leaf reflectance and transmittance on day 26 did not show many significant differences between
these three water treatments (Table 2). The MWS and SWS plants showed significantly lower leaf
reflectance in the UV than the WW control, while in the visible regions of the spectrum, the leaf
reflectance was generally significantly highest for the SWS plants. The differences were even less
clear for leaf transmittance, with the only real significance seen for the violet and blue regions of the
spectrum, which were significantly higher for the SWS plants.

The leaf relative water content on day 27 was similar for the WW and MWS plants, while it
was significantly lower for the SWS treatment (Table 2). The plant height on day 31 was, however,
significantly lower with decreased water availability, with the lowest plants seen for SWS. The highest
proportion of lodged plants was seen for the WW control, and this was significantly lower for the
MWS plants. The SWS plants showed an intermediate level that was not significantly different from
either WW or MWS.

The mean grain dry matter at the end of the experimental period (day 33) showed an increasing
trend with decreasing water availability, from 33.9 g to 52.8 g. However, these data were not analysed
further due to the lack of material.

3.2. Soil Parameters

The plant-available Si level in the soil for day —1 was 26.73 + 2.16 mg Si kg~! soil DM (n = 5),
while by day 32 this was 25.62 + 0.79 mg Si kg~ soil DM (n = 5). These values thus showed that there
were no significant differences for the plant-available Si in the soil before and after the experiment.

There were no significant changes in either total soil Si or Ca levels from the beginning of the
experimental period to the end (Table 3).

Table 3. Total Si and Ca levels in the soil before and after the experimental period.

Element Sample Days Units Before After
Total Si o 6.65 + 0.66 6.45+0.78
Total Ca 182 o of DM 3.70 £ 0.39 3.77 £0.23

The data are means + SD (n = 5).
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3.3. Relationships between Selected Parameters

Pearson’s correlation analysis showed that the leaf reflectance in the UV region was significantly
positively related to the leaf Si, while for the visible part of the spectrum, the leaf reflectance was
significantly positively related to the leaf Ca (Table 4).

Table 4. Pearson correlations between proso millet leaf reflectance, and leaf silicon and calcium contents.

Leaf Reflectance

Element .
UV-B UV-A Violet Blue Green Yellow Red Near Infrared
Si 0.666 ** 0.614 * 0.030 -0.093 —-0.031 —-0.032 —0.089 0.016
Ca 0.300 0.214 -0.715**  -0.848*  —-0.612* -0.663** -0.775** -0.371

*,p <0.05 *,p<0.01.

The redundancy analysis showed the importance of the water-related parameters for the element
contents in these proso millet leaves following 32 days of the different water treatments. When taking
into account marginal effects, showing the effect of every single considered parameter, soil moisture,
stomatal conductance, and leaf relative water content explained 53%, 48%, and 23%, respectively, of the
variability of the leaf element contents. However, according to the conditional effects, only the soil
moisture was significant, due to the collinearity of these factors, with 54% (p = 0.002) of the variability
of the leaf element contents explained. The redundancy analysis plot revealed that the leaf contents of
P, Si, S, and Ca showed a positive correlation to the soil moisture, while for Cl and K, this correlation
was negative (Figure 7). These samples from the three water treatments showed three distinct groups
that corresponded to increasing water availability.

The importance of the water-related parameters for the leaf element contents was also shown by
Pearson’s correlation analysis (Table 5). The soil moisture showed significant positive correlations to
leaf Si, P, S, and Ca, along with a significant negative correlation to leaf K. Stomatal conductance was
significantly positively related to leaf Si and P, and significantly negatively related to leaf K. The leaf
relative water content only showed a significant negative correlation to leaf Cl and K.

Table 5. Pearson correlations between proso millet leaf element contents and water-related parameters.

Leaf Element Contents

Water-Related Parameters

Si P S Cl K Ca
Soil moisture 0.691 ** 0.648 ** 0.654 ** -0.429 -0.516* 0.580 *
Stomatal conductance 0.549 * 0.567 * 0.484 —0.487 —0.715 ** 0.341
Leaf relative water content 0.290 0.300 0.284 —0.740 ** —0.757 ** 0.229

*,p<0.05,*,p<0.01

Stomatal conductance was significantly positively related to the soil moisture (0.815; p < 0.01).
In addition, the leaf relative water content was significantly positively related to stomatal conductance
(0.553; p < 0.05).

The plant height showed significant positive correlations to both the water-related parameters and
the leaf Si (Table 6). These three water-related parameters also showed significant correlations to leaf
biomass, which were negative for dead leaf biomass and positive for living leaf biomass. The living
leaf biomass was also positively related to leaf Si.
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Table 6. Pearson correlations between specific parameters for the proso millet.

Parameters Plant Height Living Leaf Biomass Dead Leaf Biomass
Soil moisture 0.834 ** 0.603 * —0.770 **
Stomatal conductance 0.660 ** 0.429 -0.612*
Leaf relative water content 0.623 * 0.517 * -0.627 *
Leaf Si content 0.539 * 0.743 ** -0.449

*,p <0.05;*, p<0.01.

4. Discussion

The majority of the parameters measured here showed little difference between the WW control
plants and the MWS and SWS plants that had been subjected to moderate and severe water shortages,
respectively, even though the soil moisture levels differed significantly across these treatments. The most
pronounced differences among the water treatments were seen for the plant biomass parameters, as
especially the biomass of living and dead leaves, and for the leaf stomatal conductance, as a measure of
the transpiration rate. However, stomatal conductance shows only short-term plant response, therefore
more detailed information about leaf condition would be obtained by measurements of CO, exchange
along with 80 and '3C analyses [59,60]. There were only small changes in the leaf relative water
contents. This is the result of the balance between the water supply and the transpiration rate [61].
These relative water contents of leaves from the WW control and the MWS plants were approximately
95%. This is associated with stomata closure and reduction in cell expansion and growth [52], and
was also evident in the present study. In addition to the leaf water status, stomatal aperture is also
determined by the capacity of the mesophyll tissue to fix carbon [62].

The studies on C3 plants have shown that the decreased leaf relative water content results
in a decreased potential rate of photosynthesis [63]. In Triticum aestivum, the activity of
ribulose-1,5-bisphosphate carboxylase/oxygenase declined by 12% at a leaf relative water content of
90% [64]. In the SWS treatment here, the relative water content of the leaves was 87%. According
to Gonzalez and Gonzélez-Vilar [52], the tissue relative water contents in the range of 80% to 90%
can result in changes in tissue composition and in photosynthetic and respiration rates, while water
contents <80% result in cessation of photosynthesis, and the accumulation of abscisic acid.

It has been well documented that plants reduce their leaf water loss by controlling their
transpiration rate and by decreasing their leaf area [15], as drought promotes the senescence process [65].
The experimental plants here that were exposed to the MWS and SWS water shortage conditions
produced less living leaf biomass. In spite of this, the remaining assimilation areas of both of these
water-deprived plant groups seemed to be sufficient for these MWS and SWS plants to produce the
same panicle biomass as plants from the WW control treatment. This could result from the fact that
the plants from all the treatments had the same root mass and therefore presumably sufficient root
system. Yong et al. [66] showed that the root restriction in cotton reduced photosynthesis, stomatal
conductance, and §'80. According to Larcher [12], in annual plants, 65% of the photosynthetic products
from the upper leaves, and 50% to 90% of the P and nitrogen (N) from vegetative organs are used
for the development of the plant reproductive organs. However, the number and quality of seeds
depend on the environmental conditions prior to the reproductive phase. The leaves from all of
the water treatments in this study appeared to be in similar physiological conditions, as shown by
the measurements of Fy'/Fn" and Fy/Fi,. These values indicated that all of these plant groups were
under stress [52], which was also revealed from relatively low stomatal conductance. The stomatal
limitation may also lead to a reduction in photosynthetic CO, uptake, which is more pronounced in
C4 in comparison to Cj species, and causes a lower linear electron flux and a reduction of quantum
efficiency of PS II photochemistry [38]. This does not seem to be the case in our study, since Fy/F, was
even somewhat higher in most of the water-deprived plants. The presence of stress in all plant groups
may be a consequence of mid-day depression, since the measurements were performed on sunny
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days around noon. The multiple stress due to high light and temperatures along with low relative
humidity [12] possibly affected all of the plants in the experiment, masking the effect of water shortage,
as revealed from low values of F,/Fp,. In addition, it is likely that SWS plants were better adapted to
these extreme mid-day conditions in comparison to the control group. Our previous study of proso
millet revealed that average values of Fy/Fy, in control plants ranged from 0.58 to 0.62 [22]. This is
somewhat higher than in the present study. In higher plants utilizing the C3 pathway of photosynthesis,
F,/Fm in unstressed leaves ranges from 0.80 to 0.83 [67], while values from 0.74 to 0.81 are reported
for different Cy4 species [38]. The reason for the same or even higher F,/F, measured in vital leaves
in the SWS group may also be a reduction in assimilation areas, which assures a sufficient amount
of resources (elements and water) for the remaining leaves under extreme conditions. In addition,
the comparable leaf function in all treatments may be a consequence of changes in the leaf morphology
parameters, including the leaf thickness, stomata density, cuticle structure [68], and the shape of
leaves [13]. In grass leaves, Si can be deposited right beneath the cuticle, therefore the water loss
through the cuticle might also be reduced by this deposition of Si [69].

The reduced water availability generally limits the total uptake of nutrients and diminishes their
contents in plant tissues [19]. This is due to a reduced plant nutrient uptake through limitation of
the nutrient supply due to disturbed mineralisation, and by the reduction in nutrient diffusion and
mass flow in the soil [70]. In the present study, the leaf Si content was significantly affected by the
water shortage. However, the differences in leaf Si content between the plants from the moderate
MWS and the severe SWS water shortage treatments were not significant. This lack of differences
might be related to the specificity of the roots of these proso millet plants, as the root biomass did not
differ significantly between the water treatments. According to Atkinson et al. [71], Cy4 species invest
proportionally more in their root systems in comparison to C3 species, although they do not respond
to different water regimes in terms of changes in their root biomass [72].

In the MWS and SWS water-deprived plants, there were also significantly lower leaf contents of
P, S, and Ca than for the WW control plants, which was also confirmed by the correlation analysis
between the soil moisture and leaf contents of these elements. He and Dijkstra [70] showed that drought
generally decreases plant N and P contents, but increases the plant N:P ratio. Kostic et al. [73] showed
that in acid soils, the uptake of P can be facilitated by the availability of Si, which significantly increases
both malate and citrate exudation rates. The Ca distribution in plants is mainly controlled by the
transpiration stream, and when it is deposited, Ca can no longer be redistributed within the plant [6].
Ca is a crucial regulator of plant growth and development, and it can help to mitigate the effects of
drought stress in plants [74]. Therefore, reduced Ca uptake might negatively affect plant metabolism.

A negative relationship between the soil moisture and leaf element contents was obtained for K
and Cl in the present study. However, it has been reported that the availability of K for plants also
decreases with decreasing soil water content, due to the decreased mobility of K [75]. However, some
studies have reported higher foliar K contents during drier periods, especially in plants that are typical
of dry environments [76]. K can mitigate the negative effects of drought through its involvement in the
activation of ribulose bisphosphate carboxylase/oxygenase and its regulation of stomatal aperture, and
by preventing the generation of reactive oxygen species [77]. Therefore, the higher K content in these
proso millet leaves during the SWS severe water shortage treatment might have contributed to the
increased resistance of these leaves to drought.

The changes in the element contents affected the optical properties of these proso millet leaves.
The major differences in leaf optical properties were obtained in the NIR region. This is possibly a
consequence of the decreased water content in the leaves due to the water availability restriction [78].
Strong relationships were obtained between the leaf element contents and different spectral regions.
The light reflectance in the UV region was positively related to leaf Si, while the reflectance of the
visible light was negatively related to leaf Ca. Klan¢nik et al. [28] studied the different grass and sedge
species, and showed that the reflection in the UV region is due to the different near-surface silicified
leaf structures. Ca can be found in the cytoplasm and vacuoles, and partly in the cell walls bound
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to pectins, but it can also appear as considerable quantities of CaCOj [79]. Carbonate minerals have
uniform reflectance patterns at wavelengths <1600 nm. However, the presence of metal cations such as
iron can significantly reduce leaf reflectance at <700 nm [80]. This management of solar energy can
benefit plants, as it prevents potential damage due to short-wave UV radiation, and at the same time it
assures sufficient amounts of visible light for photosynthesis.

5. Conclusions

In the present study, the leaves from all of the WW, MWS, and SWS plant groups showed similar
physiological conditions, in terms of Fq'/Fn," and Fy/Fr. The differences between the MWS moderate
and SWS severe water shortage treatments were also generally smaller than those between the MWS
moderate water shortage and the WW control. The most pronounced effects of the water shortage
were seen for leaf biomass, stomatal conductance, and element contents. The reduction of leaf biomass
possibly contributed to the better condition of the remaining leaves. Since stomatal conductance
reflects only the short-term response of a plant, the measurements of CO, exchange of the leaves along
with 180 and '3C analyses are needed to further elucidate these aspects. The water-related parameters
positively affected the leaf Cl and K contents, but negatively affected the leaf Si, P, S, and Ca contents.
The lack of differences in the leaf Si contents between the MWS and SWS water shortage treatments
might have been due to the root/leaf biomass ratio, which was significantly higher for water-deprived
plants. The UV leaf reflectance was positively related to leaf Si, while the leaf reflectance of visible
light was negatively related to leaf Ca, which might contribute to optimisation of light management in
the leaves. These efficient ways of light and water management, the reduction in the leaf biomass, and
the unchanged root system across all of these WW, MWS, and SWS treatments appear to be important
mechanisms for mitigation of the potential negative effects of drought stress in proso millet.
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