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Abstract

Objective

Sugar beet (Beta vulgaris L.), due to its capacity to accumulate sucrose in the storage root,
represents one of the most important agronomic crops worldwide. Drought stress, as a major
abiotic constraint, triggers a cascade of morphological, physiological, biochemical, and molecular
alterations in plants, ultimately leading to a reduction in yield performance. The objective of the
present study was to identify drought-responsive proteins associated with tolerance mechanisms
using two-dimensional gel electrophoresis (2-DE) coupled with mass spectrometry (MS)-based
proteomic analysis.

Materials and methods

In this study, the leaf proteome profiles of two contrasting sugar beet (Beta vulgaris L.) genotypes,
drought-tolerant (8001-S1-10) and drought-sensitive (8001-S1-6), were investigated under water-
deficit stress imposed by the Class A pan evaporation method. A comparative analysis between
the drought-tolerant and drought-sensitive genotypes was performed under normal irrigation and
water-deficit stress conditions. Total protein was extracted from leaf tissues, separated by two-
dimensional gel electrophoresis (2-DE), and protein spots were quantitatively analyzed using
PDQuest software to detect reproducible spots exhibiting significant differential expression under
control and drought-stress conditions. Subsequently, mass spectrometry (MS)-based protein
identification combined with bioinformatics tools was employed to characterize the drought-
responsive proteins.

Results

A total of 85 reproducible protein spots were detected in the drought-tolerant genotype. Based on
Student’s #-test, seven protein spots exhibited significant up-regulation, whereas two spots
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showed significant down-regulation under drought stress. In the drought-sensitive genotype, 57
reproducible protein spots were identified, among which four spots displayed statistically
significant differential expression; all of them were significantly down-regulated under water-
deficit conditions. The identified proteins were functionally categorized into five major groups:
photosynthesis-related proteins, proteins involved in energy and primary metabolism, catabolic
proteins, stress- and defense-related proteins, and ROS-detoxifying or scavenging proteins.
Within the photosynthetic group, Rubisco activase and phosphoribulokinase were up-regulated,
whereas 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase and carbonic anhydrase were
down-regulated in the tolerant genotype under drought stress. Oxygen-evolving enhancer protein
1 and oxygen-evolving enhancer protein 2 exhibited marked down-regulation in the sensitive
genotype. Moreover, hexokinase and glutamine synthetase 2 were up-regulated in the tolerant
genotype, whereas malate dehydrogenase and choline monooxygenase were significantly down-
regulated in the sensitive genotype under drought conditions. Antioxidant and stress-related
proteins such as catalase 2 and heat shock protein 70 were found to be up-regulated under drought
stress, while monodehydroascorbate reductase 5 displayed increased abundance specifically in
the tolerant genotype.

Conclusions

The results clearly demonstrate that drought tolerance in sugar beet isn't solely dependent on the
upregulation of specific proteins, but rather hinges on the precise regulation of a network of
biological pathways. This network facilitates survival and stable performance under adverse
conditions by maintaining a balance between energy production and consumption, protecting
against oxidative damage, and preserving photosynthetic efficiency. Consequently, identifying
these proteins as biomarkers could serve as a powerful tool for screening drought-tolerant
genotypes and as a target for genetic engineering and breeding programs aimed at developing
drought-resistant sugar beet and other crops.
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Introduction

Given the increasing significance of water scarcity in Iran’s arid climate and the crucial role
of sugar beet (Beta vulgaris ssp. vulgaris) as a major sugar-producing crop, identifying molecular
mechanisms underlying water deficit tolerance is of paramount importance. Water deficit is a
principal abiotic stress that induces diverse physiological, biochemical, and molecular responses,
substantially reducing crop productivity. When occurring during reproductive stages, water
deficit shortens the effective photosynthetic period, ultimately leading to yield losses. Advanced
technologies such as proteomics have enabled a deeper understanding of plant responses to abiotic
challenges. As a high-throughput approach, proteomics provides comprehensive insights into
protein-level changes under specific environmental conditions, capturing dynamic responses not
evident from transcriptome-level studies alone. Since water deficit not only alters the abundance
of pre-existing proteins but may also trigger synthesis of new proteins, proteomic profiling serves
as a robust method to reveal molecular markers linked to stress tolerance. Previous research has
shown that water deficit—tolerant sugar beet genotypes exhibit superior physiological traits,
including higher relative leaf water content, deeper root systems, greater biomass, and enhanced
antioxidant enzyme activities compared to sensitive genotypes. Proteomic investigations in these
lines have identified several stress-related proteins, such as Rubisco, malate dehydrogenase,
choline monooxygenase, and oxygen-evolving enhancer proteins, which function in redox
regulation, signal transduction, and cellular protection. These findings underscore the value of
identifying differentially expressed proteins as targets for improving water deficit tolerance.
Therefore, this study aims to profile drought-responsive proteins in contrasting sugar beet
genotypes using proteomics. By comparing protein expression under well-watered and stress
conditions, the study seeks to identify candidate biomarkers and elucidate key molecular
mechanisms associated with resilience to water deficit. The results may contribute to breeding
strategies focused on enhancing sugar beet productivity under limited water availability in arid

regions such as Iran.

Materials and methods

The experiment was carried out under semi-arid field conditions in the Karkaj region near
Tabriz (10 km east of Tabriz; 1365 m a.s.l.), using a randomized complete block design in a split-
plot arrangement with seven replications. Two irrigation regimes were applied: (1) well-watered
(irrigation after 80 mm cumulative Class A pan evaporation) and (2) water-deficit stress
(irrigation after 180 mm cumulative evaporation), starting from the four-leaf developmental stage.
Fully expanded leaves were harvested at maturity, immediately flash-frozen in liquid nitrogen,
and stored at —80 °C until proteomic analysis. Total soluble proteins were extracted from leaf

tissues of drought-tolerant (8001-S1-10) and drought-sensitive (8001-S1-6) genotypes and
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analyzed by two-dimensional gel electrophoresis (2-DE) with three biological replicates per
treatment. Protein concentrations were determined using the Bradford assay. First-dimension
isoelectric focusing (IEF) was performed in polyacrylamide tube gels, followed by second-
dimension separation on SDS—polyacrylamide gradient gels (5-15% acrylamide). Gels were
stained with Coomassie Brilliant Blue R-250, destained, and scanned at high resolution. Protein
spot detection, quantification, and normalization were performed using PDQuest software. The
induction factor (IF) was calculated as the ratio of spot volumes under stress versus control
conditions, with IF > 2 and IF < 0.5 considered thresholds for significant up- and down-regulation,
respectively. Statistically validated protein spots were manually excised, in-gel digested with
sequencing-grade trypsin, and subjected to MALDI-TOF/TOF mass spectrometric analysis.
Peptide mass fingerprints (PMFs) and MS/MS spectra were searched against the SwissProt
database using the Mascot search engine, enabling confident identification of drought-responsive

proteins.

Results

Comparative proteomic profiling revealed distinct responses between the drought-tolerant
and drought-sensitive genotypes. In the tolerant line, 85 reproducible protein spots were detected,
with 23 displaying differential abundance (14 upregulated, 9 downregulated); of these, 9 were
statistically significant (p <0.05). In contrast, 57 reproducible spots were observed in the sensitive
line, of which 29 were differentially expressed (12 upregulated, 17 downregulated), with four
showing significant downregulation. Functionally, proteins were categorized into: (1)
photosynthesis-related proteins (46.15%), (2) metabolism and energy-related proteins (30.77%),
(3) stress-responsive proteins, (4) proteolytic proteins, and (5) ROS-detoxification enzymes (each
comprising 7.7%). In the tolerant line, spots 3403 and 3602—identified as Rubisco activase and
phosphoribulokinase, respectively—were upregulated, indicating sustained carbon fixation under
water deficit. Downregulation of spots 4804 and 5201 (IspG and carbonic anhydrase) in the same
genotype suggests a reallocation of metabolic energy and altered CO- assimilation strategies.
Upregulation of catalase 2 (spot 4601), which scavenges hydrogen peroxide, suggests robust ROS
detoxification capacity. Energy metabolism proteins such as hexokinase (spot 1604) and
glutamine synthetase 2 (spot 2401) were also induced, highlighting the role of sugar and nitrogen
assimilation in drought resilience. Spot 3702, corresponding to HSP70, showed marked induction,
indicating its role in protein homeostasis. Additionally, spot 7403, identified as MDHARS, was
upregulated, emphasizing enhanced ascorbate-mediated ROS scavenging in the tolerant
genotype. In contrast, the sensitive genotype showed significant downregulation of proteins
involved in photosynthetic electron transport (oxygen-evolving enhancer proteins) and energy

metabolism, indicating impaired physiological adjustment to water-deficit stress.
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Conclusions

The proteomic signatures revealed that the drought-tolerant genotype orchestrates a
multifactorial adaptive strategy under water-deficit stress. This involves enhanced photosynthetic
efficiency, elevated antioxidative capacity, and strategic metabolic modulation. Key enzymes
such as Rubisco activase, phosphoribulokinase, catalase 2, HSP70, and MDHARS function
synergistically to maintain metabolic homeostasis and mitigate oxidative stress. Downregulation
of carbonic anhydrase and IspG suggests energy conservation under limited water availability.
Conversely, the sensitive genotype exhibits a proteomic profile indicative of impaired stress
perception and inadequate protective responses. These results highlight several drought-inducible
proteins as potential biomarkers and molecular targets for developing stress-resilient sugar beet

cultivars via marker-assisted selection or transgenic approaches.
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Figure 1. Induction factor (IF)-dependent up- and down-regulation of protein spot
intensities in drought-tolerant and drought-sensitive sugar beet genotypes under water-

deficit stress (tolerant genotype: 9 spots; sensitive genotype: 4 spots).
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Figure 2. Classification of differentially expressed proteins based on function
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Figure 3. Leaf proteome pattern of the tolerant sugar beet genotype under normal

conditions
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Figure 4. Leaf proteome pattern of the tolerant sugar beet genotype under water deficit

stress
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Figure 5. Proteome pattern of the leaf of a sensitive sugar beet genotype under normal

conditions A

pl A

v

A
<

R4

MW
(kDa)

v

VY

e

V@ |

IS A5 aw 45 KB ks wles cuigij S g peigp 6591 LT JSUS

)

Figure 6. Proteome pattern of the leaf of a sensitive sugar beet genotype under drought

stress conditions

20



RN,

Vg0 cdb&oﬁbsw@

wamsml,

Coud B s wles g Joodio sBCWiei) 40 b i 5110 g AU Olasuin ) Joss

IS A5
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