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Abstract: (1) Background: Cucumbers are highly sensitive to drought and UV-B radiation, which
may also act synergistically. Silicon is a beneficial element for plants, as it can alleviate negative
effects of different environmental constraints. Studies revealed that fertilisation of cucumbers with
silicon showed a variety of positive effects, which increased plant vitality. The aim of this study was
to investigate the role of potassium silicate in shaping cucumber traits and in mitigating potential
adverse effects of drought and UV radiation. (2) Methods: Plants were exposed to different treatments
regarding water availability, UV radiation, and potassium silicate addition. During the experiment,
the level of plant-available silicon and total silicon content in the soil were monitored along with
soil moisture. At the end of the experiment, the leaf element composition, leaf biochemical and leaf
physiological properties were analysed in addition to growth and production parameters of these
cucumbers. (3) Results: Among the three studied factors, insufficient water supply had the most
negative impact on measured parameters, causing a significant decline in cucumber growth and
production. UV radiation had an adverse impact on various studied parameters, while potassium
silicate addition negatively affected production parameters. Fertilisation with potassium silicate
increased the level of plant-available silicon in the soil and leaf silicon content. (4) Conclusions:
Fertilisation with potassium silicate exerted little impact on production parameters of cucumbers
exposed to ambient UV radiation and drought. Significant interactions between the studied factors
were detected for the aboveground vegetative plant parts.
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1. Introduction

Silicon (Si) is a beneficial element not only for grasses, where it presents a crucial
structural component, but also for many eudicots [1,2]. Si alleviates negative effects of
numerous abiotic and biotic environmental stressors, for example metal toxicity [3,4], and
herbivore and pathogen attacks [5,6]. Moreover, it has a beneficial role in plant water
management [7] and plant nutrition [8,9]. Si incrustations at the leaf surface may have an
important role in protection against enhanced UV radiation [10,11]. Si deficiency in plants
results in a lower plant biomass, necrotic and chlorotic leaves, an accelerated senescence
process, and a reduced tolerance to pathogens and herbivores [12].

A high Si level in the soil does not necessarily indicate a sufficient amount of plant-
available Si in the soil [13,14]. The availability of Si for plants is strongly affected by soil
age and its properties, such as pH and the content of clay, organic matter, and different
minerals [15]. It is often limited as a result of leaching due to rainfall and irrigation, and
because it is bound with, for example, phosphorus and organic carbon. Phytogenic biogenic
amorphous Si is an especially important source of bioavailable Si [16]. It plays an important
role in drought alleviation, as it significantly increases soil water holding capacity [17].
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Nevertheless, Si cycling and, thus, plant-available Si in the soil are now affected on a
global level, as biogenic amorphous Si in agricultural systems is being exported due to
crop harvesting and increased erosion rates [16].

Fertilisation with Si can rapidly increase the concentration of silicic acid (H4SiO4) in
the soil [18]. However, a fertilisation regime and soil properties might significantly affect
the absorption of Si [19]. Inconsistent Si absorption by plants is one of the most intriguing
facts regarding Si nutrition [20]. The efficiency of uptake of H;SiO4 from the soil solution
into plants is species-specific and follows different strategies, namely, rejective, passive, or
active [21]. Si uptake is also strongly affected by different environmental factors, including
water shortage [22-25], and even by UV radiation [26,27]. Water shortage can significantly
reduce the uptake of Si [21-23] and can negatively affect overall crop production [28].
According to one model, the yield of all major crops will likely be reduced by almost 90%
by 2100 due to drought [29]. Drought stress can affect the uptake of essential and beneficial
elements from the soil. In addition, it may damage membranes of plant cells, inhibit
photosynthesis, and affect cell division as well as the cell wall architecture [30], eventually
leading to a decrease in plant biomass and yield [28]. UV radiation is an environmental
factor that can trigger specific plant traits, such as an increased production of UV-absorbing
substances and a compact leaf structure, which enhance the survival of plants under stress
conditions. However, excessive UV-B radiation exerts damaging effects on DNA and
chloroplasts and induces the formation of reactive oxygen species (ROS) that can further
damage the photosynthetic apparatus [31]. Water shortage and UV radiation may act
synergistically, as plant resistance to drought is positively related to plant resistance to UV
radiation, and vice versa [32]. Recent studies showed that besides being a plant stressor, UV
radiation also plays an important role in plant growth and development [33]. Nowadays,
however, agricultural practices often exclude UV as an environmental factor in greenhouses
or by protecting the plants against hail and herbivores using different covers, which might
have adverse effects on plants.

The disposability of Si in the soil is strongly affected by the present agricultural
practices. Annual amount of globally removed Si by different crops is estimated to be
between 210 and 224 million tons [34], which can result in a decrease in plant-available
Si in the soil. Si application is considered as an environmentally friendly practice for
increasing crop production [35] and is becoming an important strategy in preventing
different stresses [36].

Cucumber (Cucumis sativus L.) is a Si-accumulating eudicot [37] and an important veg-
etable cultivated on large areas worldwide [38]. Si uptake into cucumber roots is an active
process that follows the Michaelis curve and is not concentration-dependent [39]. More
than 50% of the Si taken up by roots is transferred to the shoots [37]. Xylem loading of Si in
cucumbers is mediated by passive diffusion [1]. Fertilisation of cucumbers with Si showed
a variety of positive effects that increased plant vitality [35]. It promotes antifungal activity
in cucumber leaves infected by mildew, which is attributed to a phytoalexin identified as a
flavonol aglycone rhamnetin [40] that modifies the expression of genes for specific protec-
tive enzymes [36]. Si also improves antioxidant potential, photosynthesis [41], and growth
under stress due to an excess of nitrate [38]. Si enhances salt tolerance by upregulating
the expression of aquaporin genes and, thus, increasing the efficiency of water uptake by
roots [42]. Cucumbers are highly sensitive to drought [43] and UV-B radiation [44,45]. A
combined treatment with UV-B and drought revealed a synergistic effect of the two factors
on cucumbers [46]. In the case of soybean seedlings, the physiological and biochemical
response indicated that UV-B radiation had more adverse effects on growth than drought,
and that Si mitigated this damage [47].

In the present study, we subjected cucumbers to various treatments regarding light
conditions (ambient and reduced UV radiation; the latter simulated the conditions in
greenhouses), water availability (sufficient water availability and water shortage), and the
presence of Si (fertilisation with potassium silicate (K,SiO3) and naturally available Si).
Subsequently, the element composition, leaf biochemical and leaf physiological properties
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were analysed along with growth and production parameters of these cucumbers. We
compared plant responses of cucumbers under these treatments to establish a potential
synergy between UV and drought, and to investigate the role of Si in shaping plant traits
and in mitigating potential adverse effects of the two environmental factors (UV radiation
and water availability).

2. Results
2.1. Environmental Parameters

The overall soil temperature ranged from 22.6 = 2.9 °C to 23.7 £ 3.6 °C (mean, 22.9 °C;
n = 516). During the day, soil temperature ranged from 23.0 = 3.0 °C to 24.4 = 4.0 °C (mean,
23.4 °C; n = 307), while during the night, soil temperatures were a bit lower, ranging from
22.0£2.5°Ct023.6 £ 3.1 °C (mean, 22.5 °C; n = 258). The highest measured values, which
were somewhat higher compared to those from all the other treatments, were measured for
the Si+W-UV+ treatment. Soil moisture did not differ significantly between the treatments
before water shortage, while during water shortage, the difference in soil moisture between
the W+ treatments (i.e., Si+W+UV+, Si+W+UV-, Si-W+UV+, Si-W+UV-) and the W-
treatments (i.e., Si+W-UV+, Si+W-UV-, Si-W-UV+, Si-W-UV-) was pronounced and
significant (p < 0.05; Figure 1). The overall soil moisture during water shortage ranged
from 12.0 £ 3.3% to 13.1 £ 4.5% in the four treatments with reduced water availability
(mean, 12.7%), and from 25.4 4 3.4% to 27.1 &+ 3.1% in the four treatments with sufficient
water availability (mean, 26.0%; n = 25).
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Figure 1. Soil moisture before (day 0/day 2 of K,SiO; treatment; n = 5) and during water shortage (days 8, 15, 17, 20, and
22 of water shortage; n = 25) for the eight treatments for cucumber plants. Different letters indicate significant differences
between the treatments for each measurement day separately.

2.2. General Observations

With the progression of the experimental period, the cucumber plants from the UV+
treatments were generally smaller and seemed to have a denser habitus than plants from
the UV- treatments. In addition, guttation on leaf edges early in the morning was only
visible for the W+ leaves and not for the W- leaves. Fruits from the W— pots were often
wider on the lower side, resulting in different shapes of the fruits. Especially towards the
end of the experimental period, fruits from the W— pots were also softer to the touch, lighter
in colour, and had a more pronounced coating compared to the fruits from the W+ pots.
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2.3. Leaf Biochemical Traits

For the leaf carotenoid content, there were no significant differences between the
treatments. Leaf carotenoids ranged from 0.59 4- 0.18 mg g~! t0 0.90 + 0.47 mg g~ ! (mean,
0.78 mg g~ !; n = 10). The leaf chlorophyll a content ranged from 1.99 4+ 0.72 mg g~ ! to
3.53 £ 1.85 mg g~ ! (mean, 2.85 mg g~ !; n = 10), while the leaf chlorophyll b content ranged
from 1.32 & 0.51 mg g~ ! to 3.28 & 1.95 mg g~ ! (mean, 2.22 mg g~ !; n = 10). Factorial
ANOVA showed that reduced water availability had a significant positive impact on leaf
chlorophyll a and b contents (p < 0.05 for chlorophyll a and p < 0.001 for chlorophyll b).
Leaf carotenoids and anthocyanins were significantly affected by the interaction between
K;,SiO3 addition and water availability (Si x W; p < 0.05 for carotenoids and p < 0.001
for anthocyanins). Under sufficient water availability, these two parameters decreased
when K;,SiO3; was added, while under water shortage they increased with K;SiO3 ad-
dition. Otherwise, the leaf anthocyanin content ranged from 91.38 4- 40.38 a.u. g~ ! to
184.42 + 65.13 a.u. g~ ! (mean, 138.49 a.u. g~ !; n = 10). Leaf UV-B- and UV-A-absorbing
substances contents were positively affected by water shortage (p < 0.001 for both param-
eters; Tables 1 and 2). In addition, the leaf UV-B-absorbing substances content was also
significantly negatively affected by reduced UV radiation (p < 0.05).

Table 1. Leaf biochemical traits, leaf element composition, and other traits for cucumber plants, grown under eight

different treatments.

Treatment
Plant Units
Parameters Si+W+UV+ Si+W+UV- Si+W-UV+ Si+W-UV- Si-W+UV+ Si-W+UV- Si-W-UV+ Si-W-UV-
Biochemical
UV-B-AS au gt 280 -+ 38 abe 242 + 4482 352 +60¢ 3 15;} 762 311 + 50 bed 248 + 39 3504 40 4 328 490 «d
UV-A-AS au g 470 + 65 426 + 732 611+ 112°¢ 587 +133°¢ 514 +94.0 424 £ 69.92 576 + 74b 538 +137b¢
Chla/chlb 1284027 1302017 4474 g1ge 140020 18023 46 18 11240220 11540210
Total chl/car 624073 55440412 O ELIHD 6.07 £ 0.92 5984056 50610790  TTAE202 g 4qg7c
Element
composition
P content % of DM 0.61 £ 018 041 0.1 056013 (a0 g1ga  ro4015c 045 £009 0.54 015 045+ 015
S content % of DM 026004 ()45 0302005 0.27 + 0.8 0.32 % 0.8 028+005 o0, gy 0284006
Cl content %of DM 035+007¢ 018+0042  020£007 0284007 44, goge 0274004 0274006 0224006
K content %ofDM  200+035b 1574016 (88014 1954047 1914026 1894026 g5 ggpp 174021
Other
Vital leaves g of DM UITEITS 2722 yyoyqps.  IB5ETR6 25954310 260+184 1115566 1403 %242
Dead leaves gof DM 164+£76%  157+£27%  291+54°¢ 207 £132 109 +26° 107+£7.0% 2134525  191+69®
All leaves g of DM 2661327 BAEI06  gy5yqcn.  MATEELL  204£291  2967+155  1328+517 15944191
26444239  25654+183 17494196 2167 +31.6  2325+422 23804217  2053+126 1975+ 135
Stems g of DM d d a be cod cod abc ab
Aboveground 5305+23.6  535.04+453 24864272 3609 +558 5029 +576  5348+328  3380+59.1  356.8 +20.7
vegetative g of DM c c a b ¢ c b b
parts
Fruits, length mm 736+125°  737+128°  61.6+104° 735+144b OO ETEZ o9 p1v o113t 70641180
E miflsi'd‘t‘}fper mm 238+58%  266+51P 2144492 267 +79b  225+54% 246452  247+453%  250+57®
Fr“iisialt%""er mm 145+£372 149 £472 115 +£262 152 +£492 133 £382 13.6 £ 382 154 +£392 133 £382
Aboveground
vegetative a a a a a a a a
pans, fruit 0.85 4 0.19 0.70 & 0.08 0.86 4+ 0.34 0.90 & 0.29 0.75 +0.18 0.76 +0.13 0.74 + 0.05 0.69 + 0.07
mass
SLA em?mgt  OBBEO0S gi6 000 omio0st  MPEOM gpigose OEOM g3i004b 02040050

Data are means & SD, n = 5, except for UV-B- and UV-A-AS, and leaf element contents (1 = 10 for these parameters). Different superscript
letters within each row indicate significant differences (p < 0.05; Duncan tests). AS, absorbing substances; chl, chlorophylls; car, carotenoids;
a.u., arbitrary units; DM, dry matter; SLA, specific leaf area.
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Table 2. Effects of K;S5iO3 addition, water availability, ambient UV radiation, and their interactions on selected parameters
for cucumber plants and soil.

Factorial ANOVA
Parameter N . . .
Si uv Six W Si x UV W x UV Si x W x UV
Stomatal conductance, morning $ ns ok + ns ns ns ns ns
Stomatal conductance, before noon § ns ** + bl ns ns ns ns
Stomatal conductance, afternoon § ns i + *>* ns ns ns *
Vital leaves * - Hx + ** ns ns ns ns
Dead leaves * + xHx — ns ns ns ns ns
All leaves * — wx + ** ns ns ns ns
Stems ns i + ns ns ns ns ns
Aboveground vegetative parts ns e + ** * ns ns *
Fruit mass ns i + * ns ns ns ns
Number of fruits ns o + ns ns ns ns ns
Fruits, length ns * + ns ns ns ns ns
Fruits, upper width ns ns ** ns ns ns ns
Fruits, lower width ns ns ns ns ns ns ns
Aboveground vegetative parts/fruit mass ns ns ns ns ns ns ns
SLA ns * — * ns ns ns ns
UV-B-AS ns wHE - * ns ns ns ns
UV-A-AS ns wHx - ns ns ns ns ns
Chla/chlb ns i + * * ns ns ns
Total chl/car ns ** — ns * ns ns ns
Leaf Si oy e + ** ns ns ns ns
Leaf P ns ns xox ns ns ns ns
Leaf S ns ns ns ns ns ns ns
Leaf Cl ns ns il ns ns ns ns
Leaf K ns ns ns ns ns ns *
Leaf Ca o - i + ns ns ns ns ns
Plant-available Si, after K,SiO3 treatment 4 ns ns ns o ns *
Plant-available Si, after water shortage ot N "

+ - ns ns ns ns

*p <0.05 ** p < 0.01; *** p < 0.001; ns, not significant; +, positive effect of a significant factor; —, negative effect of a significant factor; Si,
K;5i03 addition; W, water availability; UV, ambient UV radiation; Si x W, interaction between K;,5iO3 addition and water availability; Si x
UV, interaction between K,5iO3 addition and ambient UV radiation; W x UV, interaction between water availability and ambient UV
radiation; Si x W x UV, interaction between K,SiO3 addition, water availability, and ambient UV radiation; AS, absorbing substances; chl,
chlorophylls; car, carotenoids. § Measurements conducted during water shortage.

The chlorophyll a to chlorophyll b ratio was significantly negatively affected by water
shortage (p < 0.001) and significantly positively affected by reduced UV radiation (p < 0.05;
Tables 1 and 2). The Chlorophyll a to chlorophyll b ratio was also significantly affected
by the Si x W interaction (p < 0.01). Under sufficient water availability, it decreased with
K;S5iO3 addition, while under water shortage it increased under an additional treatment of
plants with K;SiO3. The total chlorophyll to carotenoids ratio was significantly positively
affected by water shortage, as the total leaf chlorophyll content increased compared to the
leaf carotenoid content under reduced water availability (Tables 1 and 2). As in the case of
the chlorophyll a to chlorophyll b ratio, the total chlorophyll to carotenoids ratio was also
affected by the Si x W interaction (p < 0.01). An increase with K,SiO3 addition was seen
under sufficient water availability, while under water shortage, the total leaf chlorophyll
content decreased with K,S5iO3 addition in comparison to the leaf carotenoid content.

2.4. Leaf Physiological Traits

Photochemical efficiency measurements did not display many significant differences
between the eight treatments. According to Fv/Fm, the cucumber plants in this study were
not under stress either before or during water shortage. Before water shortage, Fv/Fm
ranged from 0.749 £ 0.024 a.u. to 0.767 £ 0.010 a.u. (mean, 0.756 a.u.; n = 20). Fq'/Fm’
before water shortage was rather high and ranged from 0.283 4= 0.079 a.u. to 0.402 + 0.065
a.u. (mean, 0.335 a.u.; n = 20). During water shortage, the morning measurements for
Fv/Fm ranged from 0.749 % 0.019 a.u. to 0.798 £ 0.007 a.u. (mean, 0.779 a.u.; n = 10). The
measurements for Fv/Fm at noon were more variable, ranging from 0.466 £ 0.155 a.u. to
0.743 £ 0.030 a.u. (mean, 0.632 a.u.; n = 20). During the day, the Fv/Fm measurements
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were again more comparable between the eight treatments, but somehow lower than in the
morning, ranging from 0.673 % 0.040 a.u. to 0.710 £ 0.048 a.u. (mean, 0.689 a.u.; n = 30).
Fq'/Fm’ during water shortage was lower compared to the measurements performed
before water shortage. It ranged from 0.251 £ 0.078 a.u. to 0.286 + 0.108 a.u. (mean,
0.266 a.u.; n = 20). Factorial ANOVA revealed a significant impact of water shortage on
Fv/Fm during water shortage for the measurements performed in the morning (p < 0.05),
at noon (p < 0.01), and during the day (p < 0.05). In the morning and at noon, Fv/Fm
was significantly negatively affected by water shortage, while in the afternoon this relation
was positive. In addition, Fv/Fm measurements in the morning and at noon were also
significantly affected by reduced UV radiation (morning, p < 0.05; noon, p < 0.01), the
relation being positive in both cases.

Before water shortage, stomatal conductance did not show any differences between
the treatments (Figure 2). These measurements were notably higher compared to the mea-
surements conducted during water shortage. During water shortage, stomatal conductance
was significantly negatively affected by reduced water availability in all the three periods
of the day (before noon, p < 0.01; morning and afternoon, p < 0.001; Table 2). Before
noon and in the afternoon, it was also positively affected by reduced UV radiation (before
noon, p < 0.001; afternoon, p < 0.01). For stomatal conductance during water shortage in
the afternoon, the interaction between all the three studied factors (i.e., K;SiO3 addition,
water availability, ambient UV radiation; Si x W x UV) was also significant (p < 0.05).
Under ambient UV radiation, stomatal conductance in the afternoon increased with K,SiO3
addition when water availability was sufficient, while it decreased with K,5iO3 addition
under water shortage. On the other hand, under reduced UV radiation, it decreased with
K;SiO3 addition under sufficient water availability, and only slightly increased with K»5iO3
addition under water shortage.

O Before water shortage O During water shortage, morning

@ During water shortage, before noon B During water shortage, afternoon

Ul

o

o
]

a a

wu
o
1
o
)]
1]
<]

B oR NN W W s s
U O U o uw o
o O O O O O
| IR A [ I —

—F—
)
—— @
o
—}— W
w
©
——
L]

U o
o o
1 1

Stomatal conductance (mmol/m?s)

il (e L LN el A

Si+W+UV+  Si+W+UV- Si+W-UV+  Si+wW-Uv-  Si-W+UV+  Si-W+UV—-  Si-W-UV+  Si-W-UvV-—
Treatment

o

Figure 2. Stomatal conductance before water shortage and during water shortage in the morning (n = 10) and before noon
and in the afternoon (1 = 15) for cucumber plants grown under the eight different treatments. Different letters indicate
significant differences between the treatments for each of the four parameters separately.

2.5. Leaf and Soil Element Composition and Plant-Available Si Level in the Soil

The leaf Si content was significantly positively affected by K,5iO5 addition (p < 0.001),
while it was significantly negatively affected by water shortage (p < 0.001) and reduced
UV radiation (p < 0.01; Figure 3, Table 2). The leaf Ca content was also negatively affected
by reduced water availability (p < 0.001). However, contrary to the leaf Si content, the
leaf Ca content was significantly reduced by K,S5iO3 addition (p < 0.01). The leaf P and Cl
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contents were significantly negatively affected by reduced UV radiation (p < 0.001 for both;
Tables 1 and 2). For the leaf S content, none of the three studied factors (i.e., K,SiO3, water
availability, ambient UV radiation) were significant. The only two treatments that differed
significantly from each other in the leaf S content were the Si+W+UV- and Si-W-UV+
treatments. The Si x W x UV interaction had a significant impact on the leaf K content
(p < 0.05). Under ambient UV radiation, the leaf K content increased with K,SiO3 addition
when plants had sufficient water supply but decreased with K,SiO3 addition under water
shortage. On the contrary, when plants were grown under reduced UV radiation, the leaf K
content increased when K,5iO3 was added and plants were growing under water shortage,
while it decreased with K,5i03 addition under sufficient water availability.

B Leaf Si Oleaf Ca OPlant-available Si after K25i03 treatment O Plant-available Si after water shortage treatment
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Figure 3. Leaf Si and Ca contents for cucumber plants, grown under the eight treatments (1 = 10), and plant-available Si
level in the soil after K»SiO3 treatment and after water shortage treatment for the eight treatments (n = 5). Different letters
indicate significant differences between the treatments for each of the four parameters separately.

On the day when cucumber plants were planted in pots, the initial plant-available
Si level in the soil was 24.81 + 2.06 mg kg~! of soil dry matter, the initial total soil Si
level was 9.34 &+ 1.54% of soil dry matter, the initial total soil Ca level was 4.04 £ 0.10%
of soil dry matter, and the initial total soil K level was 1.00 = 0.10% of soil dry matter.
After treatment of the soil in selected pots with K;5iO3, the plant-available Si level in the
soil significantly increased (p < 0.01) in all of the four Si+ treatments (i.e., Si+W+UV+,
Si+W+UV-, 5i+W-UV+, and Si+W-UV-) compared to the initial plant-available Si level in
the soil. It was also significantly higher in the Si+ treatments compared to the Si- treatments
(i.e., Si-W+UV+, Si-W+UV-, 5i-W-UV+, and Si-W-UV-) at the end of the experiment,
after the water shortage treatment (Figure 3). The total soil Si level also increased and
was somehow higher in all of the Si+ treatments after the K,SiO3 treatment. However,
none of these differences were significant (Table 3). After the water shortage treatment, no
such trend could be observed for total soil Si levels. After the K,SiO3 treatment, the total
soil K level was only significantly higher in the Si+W+UV+ and Si+W+UV- treatments in
comparison to the initial total soil K level (p < 0.05). In addition, no significant differences
were observed when comparing the initial total soil K level and total soil K levels after
the water shortage treatment. The significant positive impact of K,SiO3 addition on the
plant-available Si level in the soil was also confirmed by factorial ANOVA (p < 0.001). In
addition, factorial ANOVA also showed a significant positive impact of K,SiO3 addition
on total soil K levels, but only after the K;SiO3 treatment (p < 0.05) and not after the water
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shortage treatment. On the other hand, K;5iO3 addition did not seem to affect total soil
Si levels according to factorial ANOVA. The plant-available Si level in the soil remained
significantly higher compared to the initial level (p < 0.05) even after the water shortage
treatment (i.e., at the end of the experiment). In the Si- treatments, the plant-available Si
level in the soil after the K;SiO; treatment and after the water shortage treatment mostly
did not differ significantly from the initial level. In all of the treatments, except for Si-W-
UV-, the plant-available Si level in the soil decreased from the second measurement, which
was conducted after the K,5iO3 treatment, to the third measurement, which was performed
at the end of the experiment (after the water shortage treatment). For the Si+W+UV+,
Si+W+UV-, and Si-W+UV+ treatments, this decrease was significant (p < 0.01). On the
other hand, the total soil Si level did not differ significantly between the second and the
third measurement. From the second to the third measurement (i.e., after the K,SiO3
treatment and after the water shortage treatment, respectively), total soil K levels only
differed significantly in the Si+W+UV+ treatment.

Table 3. Total soil Si, Ca, and K levels after K,SiO3 treatment and after water shortage treatment for the eight treatments.

Treatment

Soil Parameter Units N ) ; N N N A .

Si+W+UV+ Si+W+UV- Si+W-UV+ Si+W-UV- Si-W+UV+ Si-W+UV- Si-W-UV+ Si-W-UV-
Totalsoil Si1  %ofDM  [12F120 10074082 1L00+£121 1043145 493 1752 976+ 168° 959+106° 998+ 1687
Total soil Si 2 % of DM 10.92 i 0.29 9.54 ib 1.01 9.84$C 1.00 991$ 0.88 10.6()bfcc 0.53 10.44bjcz 0.99 9.91$C 1.28 9.00 - 0.958
Total soil Ca 1 % of DM 429 j}g 0.16 4.47 j}g 0.24 470 4 056 428 3}3 0.62 4.40 jg 0.79 4.02 jf 0.25 4.44 jﬁ 0.42 3.99 1+ 0362
Total soil Ca 2 % of DM 434+40.19° 420 ;f 0.25 443 40.40° 417 aib 0.08 421 aib 0.34 4394023  3974+0.182 414 ;E 0.16
Total soil K ! % of DM 1144 0.06° 1.15+008% 110+£0.04® 1.06+0.16° 1.07+0.16* 1.00+£0112  1.04+£010° 1.04+0.112
Total soil K 2 % of DM 1.02+0.042  1.04+007° 1.0840082 10840052 1.02+£006% 1.06+0.13* 1.03+0.06°  1.00+ 0.08°

Data are means + SD; 1 = 5. Different superscript letters within each row indicate significant differences (p < 0.05; Duncan tests). DM, dry
matter. ! After K,SiO; treatment. 2 After water shortage treatment.

2.6. Plant Biomass and Growth Parameters

As for leaf biomass parameters, the biomass of vital leaves significantly decreased with
K;5iO3 addition (p < 0.05) and under reduced water availability (p < 0.001; Tables 1 and 2).
For the dead leaf biomass, the relations with these two factors were just the opposite
(p < 0.05 for K,5i03 addition and p < 0.001 for reduced water availability). The vital leaf
biomass was also significantly positively affected by reduced UV radiation (p < 0.01). The
stem biomass was only significantly negatively affected by reduced water availability
(p < 0.001), while the biomass of all the aboveground vegetative parts was significantly
reduced by water shortage (p < 0.001) and increased significantly under reduced UV
radiation (p < 0.01). The latter parameter was also significantly affected by the Si x W and
Si x W x UV interactions (p < 0.05 for both). For the Si x W interaction, the biomass of
the aboveground vegetative parts decreased with K,5i03 addition under water shortage,
while it only slightly increased with K;SiO3 addition under sufficient water availability.
When examining the Si x W x UV interaction under ambient UV radiation, the biomass of
the aboveground vegetative parts decreased with K,5i03 addition under water shortage,
while it only slightly increased with K;5iO3 addition under sufficient water availability.
However, under reduced UV radiation, it only slightly increased with K;SiO3 addition
under water shortage and did not change with K;5iO3; addition under sufficient water
availability.

The fruit mass and number of fruits were significantly negatively affected by reduced
water availability (p < 0.001 for both; Figure 4, Tables 1 and 2). Moreover, the fruit mass
was also significantly increased by reduced UV radiation (p < 0.05). The fruit length
was significantly smaller under water shortage (p < 0.05), the fruit upper width was
significantly larger under reduced UV radiation (p < 0.01), while the fruit lower width
was not affected by any of the three studied factors or their interactions and did not differ
between the eight treatments.
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Figure 4. Fruit mass and number of fruits for cucumber plants, grown under the eight different treatments (1 = 85). Different

letters indicate significant differences between the treatments for each of the two parameters separately. FW, fresh weight.

The ratio between the biomass of the aboveground vegetative parts and fruit mass
did not show any significant differences between the treatments and was not affected by
any of the three studied factors (Tables 1 and 2). SLA increased significantly under water
shortage (p < 0.05) but decreased significantly under reduced UV radiation (p < 0.05).

2.7. Relationships between Selected Parameters

As for relationships between the plant biomass and growth parameters, and environ-
mental and leaf physiological parameters, Pearson’s correlation analysis revealed strong
positive correlations between the vital leaf biomass and soil moisture during water shortage
(p < 0.01), and between the vital leaf biomass and most of the measured leaf physiolog-
ical parameters (Fv/Fm during water shortage in the morning and at noon, stomatal
conductance during water shortage in the morning, before noon, and in the afternoon;
p < 0.01 for all; Table 4). Correspondingly, dead leaf biomass was strongly negatively
related to all these parameters (p < 0.01). The stem biomass was also strongly positively
related to soil moisture during water shortage (p < 0.01) and with stomatal conductance
during water shortage, but only in the morning and in the afternoon (p < 0.01 for both). It
also showed a significant positive correlation with Fv/Fm during water shortage at noon
(p < 0.05). Moreover, the stem biomass was strongly negatively related to Fv/Fm during
water shortage during the day (p < 0.01). The biomass of the aboveground vegetative parts
and fruit mass were strongly positively related to the same parameters as vital leaves (i.e.,
soil moisture during water shortage and Fv/Fm during water shortage in the morning
and at noon, and stomatal conductance during water shortage in all the three periods of
the day; p < 0.01 for all). In addition, the biomass of the aboveground vegetative parts
was also significantly negatively related to Fv/Fm during water shortage during the day
(p < 0.05). For number of fruits, significant positive correlations were found with soil
moisture during water shortage (p < 0.01), Fv/Fm during water shortage in the morning
(p <0.05) and at noon (p < 0.01), and with stomatal conductance during water shortage
in the morning (p < 0.01) and in the afternoon (p < 0.01). Fruit length was also positively
related to the same parameters as the vital leaf biomass (p < 0.01 for stomatal conductance
during water shortage before noon and in the afternoon, and p < 0.05 for the remaining
four significant parameters). Fruit upper width only showed positive correlation with
Fv/Fm during water shortage at noon (p < 0.05), while fruit lower width and the ratio
between the biomass of the aboveground vegetative parts and fruit mass did not show any
significant correlations with any of the environmental and leaf physiological parameters.
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SLA was negatively related to stomatal conductance during water shortage in all the three
periods of the day (p < 0.01 in the afternoon and p < 0.05 in the morning and before noon),
with Fv/Fm during water shortage in the morning and at noon (p < 0.05), and with soil
moisture during water shortage (p < 0.05).

Table 4. Pearson’s correlation coefficients between plant biomass and growth parameters, and environmental and leaf

physiological parameters for the cucumber plants in this study.

Plant Biomass and Growth

Environmental and Leaf Physiological Parameters

Soil / JF / Stomatal Stomatal Stomatal
Parameters Mois(::xre # MI:";HI?:’ § 11\:]‘;01:“5 lBraFn;, Fq'/Fm’$ Conductance, Conductance, Conductance,
& y Morning $ Before Noon $ Afternoon §
Vital leaves 0.874 ** 0.623 ** 0.589 ** —0.262 0.123 0.833 ** 0.553 ** 0.858 **
Dead leaves —0.546 ** —0.607 ** —0.522 ** 0.074 —0.104 —0.568 ** —0.540 ** —0.668 **
All leaves 0.887 ** 0.610 ** 0.583 ** —0.274 0.122 0.840 ** 0.542 ** 0.857 **
Stems 0.699 ** 0.239 0.369 * —0.489 ** 0.110 0.618 ** 0.305 0.553 **
Abovegro;:isvegetatwe 0.898 ** 0.541 ** 0.561 ** —0.366 * 0.128 0.837 ** 0.510%* 0.829 **
Fruit mass 0.757 ** 0.552 ** 0.495 ** —0.191 0.250 0.702 ** 0.436 ** 0.750 **
Number of fruits 0.712 ** 0.326 * 0.532 ** —0.260 0.167 0.605 ** 0.178 0.597 **
Fruits, length 0.335* 0.340 * 0.343 * —0.079 0.023 0.317 * 0.412 ** 0.428 **
Fruits, upper width 0.079 0.113 0.380 * —0.077 0.027 0.104 0.312 0.224
Fruits, lower width 0.159 0.286 0.155 —0.077 —0.023 0.114 0.194 0.172
Aboveground vegetative ~0.092 ~0310 —0.164 ~0.226 —0.238 —0.082 ~0.054 ~0215
parts/fruit mass
SLA —0.334 * —0.378 * —0.369 * 0.059 —0.290 —0.386 * —0.331* —0.450 **

*p <0.05; ** p < 0.01; Fv/Fm, potential photochemical efficiency; Fq'/Fm’, effective photochemical efficiency. # Means of measurements
conducted on days 8, 15, 17, 20, and 22 of water shortage. § Measurements performed during water shortage.

Additional significant correlations were found for some of the leaf element contents.
For the leaf Si and Ca contents, a strong positive correlation was found with soil moisture
during water shortage (0.578 for leaf Si and 0.472 for leaf Ca; p < 0.01 for both). In
addition, for these two elements there was also a strong positive correlation with stomatal
conductance during water shortage in the morning (0.501 for leaf Si and 0.318 for leaf Ca;
p < 0.01 for both) and in the afternoon (0.354 for leaf Si and 0.453 for leaf Ca; p < 0.01
for both). The leaf Si content was negatively related to leaf chlorophyll a and b contents
(—0.353 and —0.374, respectively; p < 0.05 for both), while a positive correlation was found
between leaf P content and UV-B-absorbing substances (0.379; p < 0.01). The biomass of
the aboveground vegetative parts was strongly positively related to the leaf Si and Ca
contents (0.420 and 0.457, respectively; p < 0.01), while no correlation was found with the
leaf P content. Additionally, the leaf Ca content positively affected the fruit mass (0.446;
p < 0.01). The leaf Si content was strongly positively related to the plant-available Si level
in the soil after the K,SiO3 treatment (0.568; p < 0.01), but not after the water shortage
treatment. In contrast, the leaf Ca content was negatively affected by the plant-available
Si level in the soil both after the K,SiO3 treatment (—0.342; p < 0.05) and after the water
shortage treatment (—0.422; p < 0.01). When considering total soil Si, Ca, and K levels,
plant-available Si levels in the soil, and leaf Si, Ca, and K contents, we found a significant
positive correlation between the leaf Si content and the total soil Si level after the water
shortage treatment (0.361; p < 0.05), between the leaf Si content and the plant-available Si
level in the soil after the K;SiO3 treatment (0.568; p < 0.01), and between the leaf Si content
and the total soil K level after the K,SiOj3 treatment (0.366; p < 0.05).

A redundancy analysis (RDA) revealed that leaf Ca, Si, and P contents significantly
affected the cucumber biomass and growth parameters (Figure 5). The leaf Ca content
explained 25% of the variability (p = 0.001), the leaf P content explained an additional
15% (p = 0.001), and the leaf Si content an additional 5% (p = 0.043) of the variability of
the plant biomass and growth parameters. The vital leaf biomass was positively related
to the leaf Ca content, and the fruit mass was negatively affected by the leaf P content.
Another RDA was run to analyse the relationships between leaf element contents and some
of the water availability indicators (i.e., stomatal conductance during water shortage before
noon and soil moisture during water shortage) along with the plant-available Si level in
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the soil after the K;SiO3 treatment (Figure 6). The parameters that reached significance
were the plant-available Si level in the soil after the K,SiO3 treatment, which explained
13% (p = 0.001) of the variability, stomatal conductance during water shortage before noon
that explained 10% (p = 0.002), and soil moisture during water shortage that explained
an additional 6% (p = 0.014) of the variability of leaf element contents. The leaf Si content
was strongly positively related to the plant-available Si level in the soil after the K»5iO3
treatment, while the leaf Ca content was negatively related to this parameter. However,
the leaf Ca content was strongly positively related to stomatal conductance during water
shortage before noon. Leaf Si and Ca contents were negatively related.
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Figure 5. Redundancy analysis plot showing the strength of associations between some of the leaf
element contents (Ca, Si, and P) and plant biomass and growth parameters. Symbol characteristics:
diamonds, UV-; triangles, UV+; thick line, Si+; thin line, Si—; blue, W+; white, W—; DM, dry matter;
FM, fresh mass.
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Figure 6. Redundancy analysis plot showing the strength of associations between some of the water
availability indicators (soil moisture during water shortage and stomatal conductance during water
shortage before noon) along with plant-available Si level in the soil after Si treatment, and leaf
element contents. Symbol characteristics: diamonds, UV—; triangles, UV+; thick line, Si+; thin line,
Si—; blue, W+; white, W-.
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3. Discussion

Out of the three studied factors, water shortage had the most negative impact on
measured parameters, causing a significant decline in cucumber growth and production.
Ambient UV radiation had an adverse impact on various studied parameters, while K,SiO3
addition affected only some of these parameters. Fertilisation with K,5iO3 increased the
amount of plant-available Si in the soil and the leaf Si content, while the leaf K content
was only slightly affected. A growth analysis revealed that K,;SiO3 addition significantly
negatively affected the leaf biomass.

Water shortage had a significant positive impact on leaf chlorophyll a and b contents,
while the leaf Si content was negatively related to leaf chlorophyll a and b contents. The
chlorophyll a to chlorophyll b ratio was significantly negatively affected by water shortage,
as also shown by Nyachiro et al. [48], who studied six Triticum aestivum cultivars. On the
other hand, reduced UV radiation significantly positively affected this ratio. This is in
agreement with the study of Larsson et al. [49], who reported about a negative effect of UV
radiation on the chlorophyll a to chlorophyll b ratio in Brassica napus. As observed in our
study, Silva et al. [50] reported about a beneficial effect of Si addition under water shortage,
as two tomato cultivars showed an increase in the chlorophyll a content with Si addition.
However, in the well-watered plants, the chlorophyll a to chlorophyll b ratio decreased
with K;SiO; addition. Sufficient water availability significantly negatively affected the
total chlorophyll to carotenoids ratio, while K;SiO3; addition somewhat mitigated this
adverse effect. Carotenoids are very important for plants, as they improve light harvesting
and prevent photodamage of leaf tissues. The total chlorophylls to carotenoids ratio
depends on light conditions and other factors causing stress in plants, including water
shortage [51,52]. We observed a significant negative effect of K,SiO3 addition on leaf
carotenoid and anthocyanin contents in the well-watered plants, while the contents of these
pigments increased with K»5iO3 addition in the water-deprived plants. The latter response
is in line with the study from Jamila et al. [53], who reported about higher chlorophyll and
carotenoid contents in Si-enriched and salt-stressed Coriandrum sativum. These differences
are possibly due to the multiple effects of Si, such as the amelioration of plant water
content and photosynthetic activity, and the reduction in oxidative stress [54]. Similar to
carotenoids, anthocyanins also protect plants against excessive sunlight, while it was also
shown that they may affect plant water loss by decreasing stomatal transpiration [55].

In the present study, water availability affected stomatal conductance in a different
manner under different conditions. Under ambient UV radiation, the afternoon values in-
creased with K,5i03 addition when water availability was sufficient, while they decreased
with K,5i03 addition under water shortage. This might be related to the less efficient Si
uptake into plants due to water shortage [23]. Photochemical efficiency measurements
showed pronounced daily dynamics; however, different treatments exerted little additional
stress to plants. It was previously shown that one of the important mechanisms of drought
tolerance is the reduction in assimilation areas, as was also evident in this study. This way,
the remaining assimilation areas may retain normal function [25].

The effect of water availability on Si uptake was also shown in the present study.
The leaf Si content increased with K,SiO3 addition and was negatively affected by water
shortage and reduced UV radiation. The main reason for the latter effect might be the
increased water-use efficiency (WUE) in the UV-treated plants and the synergistic effect of
UV radiation and drought. In soybean cultivars, Gitz Il et al. [56] reported about a positive
relationship between UV-B levels and WUE. Similarly, it was shown for different cultivars of
spring wheat that WUE significantly increased under the combined conditions of UV-B and
water stress [57]. Contrary to the leaf Si content, the leaf Ca content significantly decreased
with K,5i03 addition. This negative relation between Si and Ca was already shown in
previous studies [26]. The level of plant-available Si in the soil after K,S5iO3 treatment
was significantly affected by the interaction between K,5iO3 addition and ambient UV
radiation, and also by the interaction of all the three studied factors. This was possibly the
consequence of the impact of the three factors on plant water management [58—60]. The
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analysis comprising effects of K,SiO3 addition, water availability, and ambient UV radiation
showed no significant impact of K,SiO3 addition on leaf K, S, P, and Cl contents, which
might be the result of the species-specific strategies in uptake of different elements [60].
The study of Greger et al. [61], which examined various species, showed that Si addition
increased the availability of Ca, P, S, Cl, and some other elements.

The comparison of leaf biomass parameters under the different treatments revealed
that the vital leaf biomass significantly decreased with K,5i03 addition and reduced water
availability, while the relation was just the opposite for the dead leaf biomass. This was
related to reduced Si availability under water shortage [23]. The leaf biomass was also
significantly negatively affected by ambient UV radiation. The allocation of biomass from
stems to leaves was observed in plants grown under different light quality after exposure
to UV-B [62]. However, Qian et al. [63] showed that the decrease in biomass allocation to
leaves was not the result of a UV-A radiation pre-treatment. Therefore, we cannot declare
this phenomenon as a UV effect in general.

The biomass of the aboveground vegetative parts was strongly positively related to
soil moisture during water shortage and with potential photochemical efficiency. The
leaf Si content positively affected the vital leaf biomass, while it was negatively related
to leaf chlorophyll a and b contents. This relation with biomass is also evident from the
RDA. Si accumulation in plants does not only mitigate different stresses [64], but it also
interferes with different carbon compounds; thus, it may positively affect plant economy
and production [65]. The RDA run with leaf element contents showed that leaf Ca, Si, and
P contents played a significant role in explaining cucumber growth parameters, which was
possibly the consequence of a lack of an impact of the three factors on the other elements in
the cucumber leaves, as indicated above. The fruit biomass was positively related to the
number of fruits. The lowest values were obtained under water shortage and ambient UV
radiation, with no respect to Si. Besides water shortage, this effect was presumably also due
to UV-B radiation, since previous research showed that the UV-A radiation pre-treatment
increased the quality of cucumber seedlings for greenhouse production and did not exert
any negative impacts on fruits [63].

4. Materials and Methods
4.1. Experimental Design

Untreated cucumber seeds (Kumare Levina F1; Semenarna Ljubljana, Ljubljana, Slove-
nia) were sown in small plastic pots filled with purchased commercial soil (Plantella vrtna
zemlja; UNICHEM d.o.0., Vrhnika, Slovenia) on 29 May 2019. As germination rate of these
seeds was fairly low, we sowed additional cucumber seeds (Kumare Levina F1; Semenarna
Ljubljana, Ljubljana, Slovenia) in a plastic mat with moist paper towels on 7 June. On
11 June, small seedlings were transferred into plastic pots containing soil. Up to 20 June,
the young cucumber plants were kept in a laboratory. On this day, cucumber plants from
both sowing dates were planted into 40 plastic pots (44 cm X 44 cm X 36 cm) containing
well-stirred soil from the Ljubljana Botanical Garden (Ljubljana, Slovenia) and purchased
commercial soil (Plantella vrtna zemlja; UNICHEM d.o.0., Vrhnika, Slovenia), which were
placed in a fenced outdoor research plot (4 m x 6 m; Biotechnical Faculty, University of
Ljubljana; 46°03'03.9" N, 14°28'14.4"" E) under two sets of cast polymethyl methacrylate
panels ~150 cm above the soil level in the pots. The first set of panels was transparent
for the whole spectrum, including UV-B and UV-A (transmission wavelengths, >290 nm;
UV+; QUINN CAST UVT, Quinn Plastics, Derrylin, UK), while the second set of panels
was transparent for wavelengths of the visible region of the spectrum (transmission wave-
lengths, >380 nm, with UV reduced to ~10%; UV—; QUINN CAST UVT; Quinn Plastics,
Derrylin, UK). These two sets accounted for the two UV radiation treatments (UV+ and
UV-). Two cucumber plants were planted in each pot. A plastic supporting net was
stretched between the pots to provide support for the growing cucumber plants. On 1 July,
the first flower buds were observed, and on 10 July, the first fruits started to develop. All
plants were watered with the same amount of water up until and including 16 July. From
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20 June to 16 July (days 1-27 of K,5iOj3 treatment), half of the pots were watered with Si
water solution, while the rest of the pots were watered with water only. This provided
the Si+ and Si- treatments. For K,5iO3 addition in Si+ pots, 6% K,O35i was used. K;5i03
is one of the most commonly used Si fertilisers [66]. The K;SiO3 solution was always
well-stirred and prepared right before watering in a watering can. On days 1, 2, 3, and 8
of K;5iO3 treatment, 1 mL of 6% K;SiO3 per 1 L of water was added in the Si+ pots, on
days 9, 12, 14, 16, 21, 23, and 26 of K,SiO3 treatment, a twice higher K,5iO3 concentration
was used (2 mL L~! of water), and on day 27, the last day of K,SiO3 treatment, 0.5 mL
of 6% K35iO3 per 11 of water was added in the Si+ pots. From 17 July, half of the pots
were well-watered (W+), while the rest were exposed to water shortage (W-). The pots
were randomly divided between the resulting eight treatments (Si+W+UV+, Si+W+UV-,
Si+W-UV+, Si+W-UV-, Si-W+UV+, Si-W+UV-, Si-W-UV+, and Si-W-UV-; Si+, K,SiO3
addition; W+, well-watered; UV+, ambient UV radiation; Si—, no treatment with K,SiO3;
W-, water shortage; UV-, reduced UV radiation) in such way that not all of the pots of the
same treatment were grouped together. Each treatment consisted of five pots (replicates).
The experimental period was divided into two important phases. The first phase was
the K,SiO3 treatment phase, which lasted from 20 June to 16 July (days 1-27 of K;SiO3
treatment), and the second phase was the water shortage treatment phase, lasting from 17
July until the end of experiment on 13 August (days 1-28 of water shortage). On average,
the W+ plants were watered every 2 days (every 1.8 days), while the W- plants, which
received four times less water than the W+ plants (~24% the water of the W+ plants), were
watered every 3 days. If any deviation in soil moisture was observed in individual pots
compared to the other pots of the same treatment, the amount of added water for these
pots was a bit higher/lower compared to the otherwise fixed amount of added water for
the rest of the pots from this treatment to maintain as uniform soil moisture as possible in
all of the pots within each treatment. The weather conditions during the experiment are
presented in Supplementary Table S1.

4.2. Environmental Conditions

Soil moisture was measured before plants were watered. For the initial soil moisture
conditions before water shortage, soil moisture was measured in the middle of each
pot, whereas later on during water shortage, it was measured in five specified equally
distant places per each pot around the cucumber plants and in the middle of them. The
measurements were performed using a soil moisture meter (HH2 Moisture Meter; Delta-T
Devices, Cambridge, UK) and a moisture sensor (SM150T Moisture Sensor; Delta-T Devices,
Cambridge, UK). The initial soil moisture levels were determined at the beginning of the
experimental period, on 21 June 2019 (day 2 of K;SiO3 treatment). During water shortage,
they were measured an additional five times until the end of the experimental period,
namely, on days 8, 15, 17, 20, and 22 of water shortage. Soil temperature was recorded once
every 2 h from 1 July to 13 August (from day 12 of K,SiOj; treatment to day 28 of water
shortage) 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 one randomly selected pot per treatment. The
collected data were later 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, Bourne, MA,
USA). Along with overall soil temperature from day 12 of K;SiO3 treatment to day 28 of
water shortage, the additional two soil temperature parameters presented in this study
were soil temperature during the day (from 8:00 h to 20:00 h) and soil temperature during
the night (from 22:00 h to 6:00 h).

4.3. Plant Analyses

All of the studied leaf traits were analysed on fully developed vital cucumber leaves,
namely, on the third or the fourth leaf from top to bottom of a plant. The initial leaf
physiological measurements (i.e., stomatal conductance, potential (Fv/Fm) and effective
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(Fq’'/Fm’) photochemical efficiency of photosystem (PS) II) were carried out on day 1 of
water shortage (Fv/Fm at 10:00 h, Fq’/Fm’ at 14:00 h, stomatal conductance at 13:00 h).
These parameters were subsequently regularly measured throughout the water shortage
treatment phase. During water shortage, Fv/Fm was measured in the morning (day 14 of
water shortage at 8:00 h), at noon (day 20 of water shortage at 12:00 h), and during the day
(days 7, 10, 14 of water shortage from 10:00 h to 14:00 h). Similarly, stomatal conductance
was also measured for three different periods of the day during water shortage, namely,
in the morning (days 8, 20 of water shortage at 6:30 h), before noon (days 7, 14 of water
shortage at 10:00 h), and in the afternoon (days 14, 20 of water shortage at 14:00 h). Fq"/Fm’
during water shortage was measured on days 7 and 14 of water shortage at 13:00 h. On
days 21, 22, and 23 of water shortage, cucumber leaves were sampled for biochemical
analyses and for the analysis of specific leaf area (SLA). Two leaves/pot (subsamples) were
used for these analyses.

SLA was determined according to dry weight of round leaf cuttings with known leaf
area (r =4 mm). These were dried in an oven (Memmert Model 100-800; Memmert GmbH
+ Co. KG, Schwabach, Germany) to reach constant weight at 105 °C for 24 h. Four leaf
cuttings were obtained from a single sample for a more accurate final value.

During the experimental period, cucumber fruits were harvested every day from day
3 of water shortage until the end of experiment on day 28 of water shortage, except for the
weekend days. All of the harvested fruits were counted and separately weighed shortly
after they were collected. For the fruits harvested on days 20, 21, 23, 24, and 27 of water
shortage, length and width were also measured. Due to variable fruit shapes, fruit width
was separately measured for the upper side (where pedicel is located) and for the lower
side of the fruits. On day 28 of water shortage, all plant material excluding roots was
collected from the pots. The collected cucumber plants were separated into different plant
parts, as vital leaves (healthy-looking green leaves), dead leaves (parched brownish leaves),
stems, and fruits, for each pot separately. These plant parts were then air-dried in paper
bags in the laboratory at 25 °C for two months and subsequently weighed. After weighing,
some of the dried plant material from the “vital leaves” category was ground and sifted
through a 0.5 mm x 0.5 mm mesh sieve and then used for leaf bulk element analysis.

The category “all leaves” is a sum of biomasses of vital and dead leaves for each
treatment. The biomass of the aboveground vegetative parts was calculated as the sum of
biomasses of vital and dead leaves, and stems. Additionally, the ratio between the biomass
of the aboveground vegetative parts and fruit mass was also calculated.

4.3.1. Leaf Biochemical Traits

The leaf contents of chlorophyll a, chlorophyll b, and carotenoids were determined
based on cucumber leaf extracts according to Lichtenthaler and Buschmann [67,68]. The
absorbance was measured using a UV /VIS spectrometer (Lambda 25; PerkinElmer, Nor-
walk, CT, USA) at 470 nm, 645 nm, and 662 nm. The total methanol-soluble UV-B- and
UV-A-absorbing substances, and anthocyanins were also extracted from fresh cucumber
leaves. Before centrifugation, these leaf extracts were incubated in a refrigerator at 5 °C for
24 h. For UV-B- and UV-A-absorbing substances, absorbance was measured from 280 nm
to 319 nm, and from 320 nm to 400 nm, respectively [69]. The extinction values were
integrated for each UV region. For leaf anthocyanin contents, absorbance was measured at
530 nm [70].

In addition, chlorophyll a to chlorophyll b ratio and total chlorophylls (the sum of leaf
chlorophyll a and b contents) to carotenoids ratio were calculated.

4.3.2. Leaf Physiological Traits

The measurements of chlorophyll fluorescence of the cucumber leaves were carried
out using a portable chlorophyll fluorometer (PAM-2100; Heinz Walz GmbH, Effeltrich,
Germany). Fv/Fm and Fq'/Fm’ were evaluated according to Schreiber et al. [71]. The
leaf stomatal conductance was measured using a steady-state leaf porometer (Decagon
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Devices, Inc., Pullman, WA, USA), which surveyed the rate of water vapour diffusion
via the leaf surfaces. For the morning measurements of leaf stomatal conductance during
water shortage, the measurement chamber was dried with a hairdryer after every single
measurement to lower the moisture in the chamber, which otherwise increased significantly
after every measurement. All of the leaf physiological parameters were measured in situ.

4.3.3. Leaf Bulk Element Analysis

The contents of Si, phosphorus (P), sulphur (S), chlorine (Cl), K, and calcium (Ca)
in the cucumber leaves 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. The 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 [72]. 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 [73]. The element quantification from the measured spectra was performed using a
quantitative analysis of environmental samples based on the fundamental parameters [74].
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.

4.4. Soil Analyses

One soil sample (rhizospheric soil from the depth of 0 to 10 cm) was collected from
all of the 40 pots twice during the experimental period, namely, after K,5iO3 treatment
on day 1 of water shortage, and shortly before the end of water shortage treatment (day
24 of water shortage). At the beginning of the experimental period on day 1 of K;SiO3
treatment, five composite soil samples were collected from 15 randomly selected Si- pots,
each sample comprising three subsamples (i.e., every sample contained soils from three
randomly chosen Si- pots, wherein each pot was included only once). All of the soil
samples were first air-dried for ~2.5 to 3 months, then homogenised with pestle in a mortar,
and subsequently sifted through a 0.5 mm x 0.5 mm mesh sieve.

The plant-available Si in the soil was extracted from ~300 mg of dried and powdered
soil samples using 0.01 M CaCl,, as described by Korndorfer et al. [75]. These samples were
then processed using a commercially available kit (Heteropoly Blue Method (1.600 mg/L
Si0y; method number, 8186); Hach Lange GmbH, Diisseldorf, Germany). The absorbance
was measured using a spectrometer at 815 nm (DR 3900; Hach Lange GmbH, Diisseldorf,
Germany).

Total soil Si, Ca, and K levels were determined from ~300 mg of dried and powdered
soil samples. The exact methodology was described in the previous chapter (4.3.3).

4.5. Statistical Analyses

To evaluate normal distributions of the data, Shapiro-Wilk tests were used. Homo-
geneity of variance from the means was assessed using Levene’s tests. One-way analysis
of variance (ANOVA) according to Duncan’s post hoc multiple range tests was used to
evaluate the differences between the eight treatments for each measured parameter. To
examine the relationships between selected parameters, Pearson’s correlation analysis
was carried out. IBM SPSS statistics 22.0 was used for these statistical calculations, with
significance accepted at p < 0.05. In addition, to compare plant-available Si levels in the
soil after the K,5iO3 treatment and after the water shortage treatment with the initial
plant-available Si levels in the soil, Student’s t-tests were performed in Microsoft Excel
2016. The same type of statistical analysis was performed for total soil Si, Ca, and K levels.
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For the exploratory data analysis, detrended correspondence analysis using the CANOCO
for Windows 4.5 programme package was used. Due to the gradient lengths obtained
(<3 SD) [76], redundancy analysis was performed to determine whether the variations in
plant biomass and growth parameters were related to leaf element contents, and whether
the variations in leaf element contents were related to water availability indicators and
the plant-available Si level in the soil. 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 1-4 were drawn in Microsoft Excel 2016, while Figures 5 and 6
were generated using CanoDraw for Windows 4.5.

5. Conclusions

Fertilisation with K,SiO3 negatively affected the cucumber leaf biomass and positively
affected the leaf Si content, while adversely affecting the leaf Ca content. The leaf K
content was only slightly affected. Drought exerted a negative impact on the majority
of studied parameters with the exception of chlorophyll contents, which were positively
affected by water shortage. Likewise, ambient UV radiation also mostly exerted adverse
effects on different parameters. Significant interactions between the studied factors were
only detected in a few cases, the most pronounced among them being the effect on the
aboveground vegetative plant parts. Fertilisation with K;SiO3 exerted little impact on
production parameters of cucumbers exposed to ambient UV radiation and drought.
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