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Extended Abstract

Introduction

Sugar beet is a crucial crop for global sugar production,
but its yield is significantly hampered by drought stress,
which can lead to a reduction of up to 30% by interfering
with physiological and biochemical functions. The use
of nano-fertilizers such as zinc oxide nanoparticles
(ZnO-NPs) and plant biostimulants like chitosan and
proline offers a promising strategy to improve drought
resistance in crops. ZnO-NPs can enhance nutrient
absorption and boost antioxidant defenses, whereas
chitosan serves as an elicitor to reinforce plant defense
systems, and proline acts as an essential osmolyte for
osmotic balance. We hypothesized that the combined
foliar application of ZnO-NPs, chitosan, and proline
would synergistically enhance the physiological
performance, yield, and sugar concentration of sugar
beet under conditions of limited irrigation more
effectively than when applied individually.

Materials and Methods

A two-year field study (2021-2022 and 2022-2023) was
conducted using a split-split plot design arranged in
Randomized Complete Blocks with three replications.
The main plots were assigned to two irrigation regimes:
normal (irrigation after 90 mm evaporation) and deficit
irrigation (irrigation after 180 mm evaporation). Sub-
plots received foliar applications of ZnO-NPs at three
concentrations (0, 2, and 4 mg L™'). The sub-sub plots
received four biostimulant combinations: control
(water), chitosan (200 mg L), proline (150 ppm), and

a combination of chitosan + proline. Key parameters
assessed included leaf relative water content (RWC),
stomatal conductance, leaf proline content, root yield,
sugar content, and white sugar yield. Data analysis was
performed using SAS software (v. 9.1), and mean
comparisons were conducted with the LSD test at a 5%
significance level.

Results

The experimental findings demonstrated that the
imposition of deficit irrigation significantly impaired
key physiological and agronomic parameters, leading to
a substantial reduction in leaf relative water content
(RWC), stomatal conductance, and ultimately, root
yield. However, the foliar application of the various
treatments, particularly the combined formulations,
effectively mitigated these adverse effects. Under
drought stress conditions, an analysis of physiological
traits revealed that the application of 4 mg L' ZnO-NPs
alone resulted in the highest recorded leaf proline
content (0.46 mg g' FW). Furthermore, the binary
combination of chitosan and proline under the same
stress conditions provided a significant boost, increasing
proline content by 4.76% and enhancing stomatal
conductance by 13.32% compared to the stressed
control plants, indicating an improved osmotic
adjustment and gas exchange capacity. Regarding yield
and quality parameters, the most effective single
treatment under normal irrigation was 2 mg L™ ZnO-
NPs, which increased root yield by 11.07%. Under the
constraint of deficit irrigation, the chitosan and proline
combination emerged as particularly  potent,
significantly elevating root yield by 11.76%, sugar
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content by 15.67%, and white sugar yield by a
remarkable 32.71% compared to the non-treated
stressed control. The most compelling evidence of an
interactive effect was observed with the triple-
combination treatment. The synergistic application of 2
mg L' ZnO-NPs+ Chitosan+ Proline was the most
effective overall strategy. It produced the highest values
across multiple critical metrics: stomatal conductance
(16.51 mol m2 s™'), root yield (68.77 t ha™'), sugar
content (16.34%), and white sugar yield (9.65 t ha™).
This superior performance across the board clearly
demonstrates a powerful synergistic interaction among
the components, where their combined effect surpasses
the sum of their individual contributions, establishing
this integrated approach as a highly effective strategy for
enhancing sugar beet productivity and resilience under
water-deficit conditions.

Discussion

The findings of this study robustly confirm our initial
hypothesis that the combined foliar application of zinc
oxide nanoparticles (ZnO-NPs), chitosan, and proline
confers a greater advantage in mitigating drought stress
in sugar beet than the application of any single
component. The observed synergy suggests that each
element contributes a unique, complementary
mechanism to a comprehensive defense strategy,
leading to the significant improvements in physiological
resilience and vyield parameters. The enhanced
physiological performance can be attributed to a multi-
faceted mechanism of action. Firstly, zinc oxide
nanoparticles are instrumental in bolstering the plant's
biochemical defenses. They are known to enhance the
activity of key antioxidant enzymes, thereby reducing
the oxidative damage inflicted by reactive oxygen
species (ROS) under drought conditions. Concurrently,
ZnO-NPs contribute to improved photosynthetic
efficiency, potentially by protecting the photosynthetic
apparatus and facilitating better light utilization.
Secondly, chitosan functions primarily as a potent
elicitor, priming the plant's innate defense systems. This
priming effect leads to a more robust and rapid response
to water scarcity, including improved stomatal
regulation. By optimizing stomatal aperture, chitosan
helps maintain a critical balance between CO- uptake for
photosynthesis and water conservation through
transpiration. Thirdly, the role of proline is fundamental
to osmotic adjustment. As a highly soluble osmolyte,
proline accumulates in the cytoplasm, lowering the
osmotic potential and helping to maintain turgor
pressure within cells. This process is vital for sustaining
cell expansion and metabolic activity under dehydrating
conditions. Furthermore, proline acts as a molecular
chaperone, stabilizing proteins and membranes, and as a
potent antioxidant, directly scavenging free radicals to
protect cellular structures from oxidative damage. The

ay

powerful synergy among these components creates a
cascade of benefits. The elicitor activity of chitosan
primes the plant's stress response pathways, potentially
making it more receptive to the benefits of ZnO-NPs and
proline. The ROS-scavenging and photosynthetic
support from ZnO-NPs, combined with the osmatic and
protective functions of proline, collectively lead to
superior plant water status, a more robust antioxidant
defense system, and ultimately, a more efficient
partitioning of photo-assimilates. This redirected flow of
carbohydrates towards the roots as a primary sink is the
direct cause of the observed enhancements in both root
yield and sugar quality under drought stress. This
integrated approach, which leverages multiple
physiological pathways, aligns with the growing body of
literature advocating for integrated nutrient and
biostimulant strategies as a cornerstone of sustainable
and climate-resilient agriculture.

Conclusion

This study concludes that the combined foliar
application of zinc oxide nanoparticles (2 mg L),
chitosan, and proline is a highly effective agronomic
strategy for alleviating the detrimental impacts of
drought stress on sugar beet. This treatment combination
synergistically improves the plant's physiological
resilience, leading to significantly higher root yield and
sugar productivity. It is therefore recommended as a
practical and sustainable approach for cultivating sugar
beet in water-limited environments to ensure economic
stability for farmers.

Keywords: Physiological traits, proline, sugar content,
water deficit.
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Table 1 Climatic characteristics of the experimental site in the 2022 and 2023 growing seasons

Months Ol am s nSilee JUESE IR IS S5,b Egeme
ole Average temperature Average evaporation Total Precipitation
(€9 (mm) (mm)
2022 2023 2022 2023 2022 2023
March 9.1 10.20 0 1 20 21
April 14.2 15.3 113 115 2.2 5.3
May 17 15.1 190 193 9.3 7.2
June 20 22.3 283 298 2 3
July 24.6 25.1 276 280 4 1
August 234 24.2 271 275 0 0
September 21 20.0 213 210 5.6 3.8
October 14.3 12.7 146 12.1 0.1 2
November 12.1 115 90 88 53 60

Table 2 Physical and chemical properties of the soil at the experimental site

Cwopad gledl a3 Sl cglan b pShcughy el S oS Ofsse s poslty Sk sl
Parameters ~ Saturation  Electrical conductivity Field capacity pH Organic Nitrogen%  Phosphorus  Potassium Soil
percentage (dS/m) F.C1/3 A+ carbon% (mg/kg) (mg/kg) texture
%
Value 44 1.38 26.5 8.08 14 0.13 14.55 443 Silt clay
loam
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Table 3 Combined analysis of variance of the effects of irrigation treatments, nano zinc oxide, and growth
biostimulant on the studied traits in sugar beet

Slagpo (55l
Ms
5 gl sl Spol s ggme Colin s Sy 3)las A5 e 555 3,8 es
SOV df Relative water content S5, oo ady, Sugar Sugar yield
Stomatal Proline Root yield content
conductance content
coefficient
Jls Year (Y) 1 2.67" 9.50" 0.00738™  152.11™ 11.25™ 11.10"
(JLw) 51,55 replication () 4 45.93 11.443 0.02717 40.8998 5.9562 25897
& Wllrrigation (IR) 1 5407.15" 559.33** 1.00284*  6884.02%*  69.32™ 27.81™
YxIR 1 884.07™ 0.062" 0.00089™  0.00444™ 2247 9.24m
V slsError a 4 1058.19 3.647 0.00026 263.35 3.22 1.92
&9y 281 96 ZN 2 2108.82** 57.178* 0.04742* 394.94™  17.6667™ 22.38"™
Y xZN 2 0.07" 1.79" 0.0005" 36.3" 2.28" 1770
IR>xZN 2 64.69™ 25.595%* 0.08393*  2701.19%*  252.15* 99.018*
Y*IRxZN 2 42.41m 0.062" 0.00415* 26.85" 10.61° 4.30m
¥ slsError b 16 59.96 3.055 0.00082 53.3676 2133 2.1129
s j S e Biostimulant (BI) 3 834.42%* 30.30%* 0.0031* 256.863"™ 7.63%* 14.11%*
Yx BI 3 177 0.41™ 0.0003™ 41.86™ 1.9m 0.1
IRxBI 3 99.16* 0.36" 0.0321" 282.64% 30.97* 9.32*
ZNx BI 6 174.39%* 8.84% 0.0128**  108.88" 15.62*" 9.56%*
YxIRx Bl 3 9.86" 0.39" 0.00089" 27.66" 1.46" 0.44m
Yx ZNxBI 6 12.8™ 1.15™ 0.00101"™ 11.63" 1.01™ 0.96™
IRx ZNxBI 6 13.12" 1.98" 0.00239" 16.40™ 1.95m 2.01m
Yx IRx ZNx BI 6 32.74™ 0.61™ 0.0004™ 81.78™ 1.36™ 2.33™
¥ slsError 72 42.29 2.827 0.00043 49.8611 0.9918 1.2004
CV(%) &y oy - 9.61 12.44 6.13 11.29 6.58 13.36
o pd iy 9 SO Jlein ] pdas )3 HI0 me o)y dme juE ST g % NS
ns, * and ** are not significant, significant at the one and five percent probability levels, respectively.
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Table 4 Mean comparison of the interaction effects between irrigation treatments and nano zinc oxide foliar
application on the studied traits in sugar beet

ol i) S o S o 5o oo sy aidyy 3,Skos Wle S8 Ske
Irrigation Biostimulants Rélétivé Water Proline Root yield (t Sugar Sugar
Content (%) content (mg g ha'1) content yield
0 FW-) (%) (tha)
Jloy aL:Control 67.54c 0.27d 64.890 14.52cd 8.13cd
Normal ossChitosan (Ch) 74.14b 0.26e 71.52a 14.81bcd 9.18ab
ospProline (Pr) 83.38a 0.24f 69.67a 14.11d 8.37bcd
Ch +Pr 74.25b 0.26e 71.68a 14.33d 8.85abc
s slzControl 58.29¢ 0.42bc 53734 1499bcd  6.97e
Waler - msChitosan (Ch) 63.56cd 0.43ab 52580 j5aghc 7.3
efici ' '
odsnProline (Pr) 66.88¢c 0.41c 56.25cd 15.62b 7.67de
Ch +Pr 60.57de 0.44a 59.89¢ 17 34a 9.253

A 0 Jlass] pdaw 50 5 dxe BB S8 iy 40 S yide By gl (ke
Means with the same letter within a column are not significantly different at the 0.05 probability level.
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Table 5 Mean comparison of the interaction effects between irrigation treatments and biostimulants foliar
application on the studied traits in sugar beet

LouST gl . -
o PJ D Sy - . .
% Gjey Culir cups f) s A8 le 2 0ySlos

$9 . Sy ol owi sg  Prolin
B.uwl) e Relative Water co(rJltenet stomatal Root yield (t Sugar Sugar
7n0- iostimulants Content (%) (Mg g conductgnce hat) Ocontent yl_elzld
NPs FwW) (mol m=/s) (%) (that)
s ssLsControl 59.39f 0.32f 12.90f 58.74d 15.41abc  7.80cde
olissChitosan (Ch) 64.74ef 0.32f 13.94de 57.96d 13.53de 7.21efg
Control odsxProline (Pr) 72.09bc 0.29g 12.28¢f 59.48d 15.33abc 6.67g
Ch +Pr 60.18ef 0.33def 15.32abc 62.95bcd 14.43cde 7.96¢de
wL:Control 66.06d 0.34cde 13.64de 58.34d 16.00ab 6.75fg
2mg L4 olisChitosan (Ch) 77.27b 0.34cd 14.30cde 67.66ab 15.00bc 9.53ab
oAsxProline (Pr) 85.80a 0.34cd 15.11abc 67.24abc 13.30e 8.78abc
Ch+Pr 7451b 0.32f 15.45ab 68.77a 15.31abc 9.65a
wLsControl 62.02¢f 0.38ab 14.17bcd 60.84d 15.99ab 8.10cde
4mg Lt olizsChitosan (Ch) 64.09def 0.37b 15.34ab 59.41d 14.69cd 7.72def
odsxProline (Pr) 65.58de 0.35¢ 16.70ab 61.75¢cd 16.48a 8.61bcd
Ch+Pr 67.49cd 0.3% 16.51a 67.17ahc 16.34a 9.53ab
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Means with the same letter within a column are not significantly different at the 0.05 probability level.

(Urmi et al. sa> i3l (Oryza sativa) gy pB)l 5 wlen ax gy (S5 S cl o] 5l Sk e sl
u|)9~5 Jﬁ)lf 4 ool 04 0iald uluu;iﬁ) S )‘ 2023) I) 3); u] d‘y&u Ju]ygo ML» J.ﬁ.wl 1: wfj.: PNy



AR

a3 s Sl (5l e S5 clla S35,
oS i3 g0 (50T (6l ne oot 1y 53 )3 O prad
(ST e 33 Gy deS] G Algie pol ol ez
5L (S B o1 ST (sl skl

b bl

Sy 159, Culad o po
89y ST Sl gl 3 )5 aS sl L adlles o) (slaazdl
Jboy )bl baslps cov il 13 a5 e ¥ oY lacdale )
OSbe yoolie b ey 4 1y slaisey colis liae o ytiin
(Jlie > 50l (L5 458 ) e i 2 Jge VAR 9 VFIYY
wslnS L5 Ll cou (S gl 5p)l8 et) ks ey
Jge WA bawgio b1y (clasey colin nSile jlade oy yiaS

(5 Jgi) s90 e 1) 4l 1> mye 2o

21y ol (3%) Gl B oSy g5y 2 o8l Gl
.(Mphande et al. 2020) sa5 o ialS ady Jad Jsb
4l (LS L g 03,8 Jos (55 05 3lge lgicas SLuS 5
Si o)l b dege Ol dmd e ojlal el 4 o
b odgn & sl oad (515 pizmen S i 5 SYobo
oy s i a4 S8 Johe lalis (Sl i
Sid 4 oS Gl 155 sl elas 5 Sy (el 5)
g Wi (o)lub yd deu0 opl.(Panda et al. 2021) 5,l> &
@S Sy e b 4y e Cule 3 elS o cundg

29550 Sy o o (gm0 JalBl a3 g Stiaogid
Sy ST @l gl a4 wleoly ol 550 (L8 oldles
e polie o 5 3,8les Sy O s s Wil o
Sl 5 ot S g olS )0 1) iy 9 (19t Hile
5 ob basl ) b s (Dimkpa et al. 2019) xas
1S )3 5 &S 53,8 3,155 (Yan etal. 2016) - Sen

KBy )3 oy y90 Sliso 31 Bl 1 (59) 208 66 3L sl b (ylol Blita 5 (gl o b (S0lo dumlie & Jga
Table 6 Mean comparison of the interaction effects between nano zinc oxide and biostimulant foliar
application on the studied traits in sugar beet

S5y ST gl S5y Colin oo Ay 2)Sdes A8 e S50 Slas
sl "”J”“ e stomatal Root yield Sugar  Sugar yield
Zno-Nps  Proline ;W_fnt coefficient (mol (tha) content (tha)
Irrigation (mg g FW') m2 /s) (%)
oy Lz —Control 0.24e 15.47b 67.12b 13.99¢ 8.03b
Normal 2mg L-1 0.25e 16.27a 74.55a 14.63bc 9.48a
4mgL-1 0.29d 16.99a 66.65b 14.70bc 8.44b
s wla-Control 0.39¢ 11.08e 52.44d 14.92b 6.73c
Water 2mg L-1 0.42b 12.90d 56.46cd  16.03a 7.90b
deficit 4mg L-1 0.46a 14.64¢ 57.94c 16.63a 8.54b
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Means with the same letter within a column are not significantly different at the 0.05 probability level.
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