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Integrated Bioinformatic, Molecular, Phenotypic, and Anatomical Analysis for Laser-

Induced Mutation in Sugarcane (Saccharum spp.)

Abstract

Background: Although laser irradiation is an emerging physical mutagen for crop improvement,
its effects on sugarcane (Saccharum hybrid) at the phenotypic, anatomical, molecular, and
bioinformatic levels have not been comprehensively integrated.

Methods: Sugarcane buds (variety G.95-21) were pre-illuminated using He-Ne laser (630 nm)
with six power levels (5-100 mW) and five exposure times (0.5—10 min), generating 20 treatments.
Forty-eight clones were evaluated for five agronomic traits (stalk height, stalk diameter, stalk
number/stool, stalk weight, Brix) across two seasons (2020/2021-2021/2022). Seven selected
clones underwent SCoT marker analysis (7 primers, 83 fragments). Statistical analyses included
principal component analysis (PCA), broad-sense heritability (H?), genetic advance (GA), two-
way ANOVA with Tukey's HSD, marker-trait association (MTA), quantitative anatomy (9
parameters), and comprehensive bioinformatic annotation (GO, KEGG, InDel characterization,
protein modeling).

Results: Treatment T1 (5 mW/0.5 min) exhibited superior performance, with increases in stalk
height (272.9 cm, +53% vs. control), stalk weight (1.43 kg, +113%), and Brix (23.5%, +88%).
Broad-sense heritability was high for both stalk diameter (H> = 0.79 £+ 0.09) and Brix (H>=0.74 +
0.11). PCA explained 78.6% of the total variance (PC1 = 51.2%, PC2 = 27.4%)), clearly separating
the elite mutants from the control. SCoT markers revealed 68 polymorphic fragments (81.9%
polymorphism). A 2,173 bp deletion in the dehydrin gene (DHN1) was identified exclusively in
all laser-treated clones (SCoT21-InDel marker), and was absent in the control. This deletion likely
occurred via microhomology-mediated end joining (5 bp direct repeat AGCTT). The predicted
SoDHNI1 protein (237 aa, 25.8 kDa) is a YSK:-type intrinsically disordered dehydrin (85%
disordered residues) with three K-segments, one S-segment, and one Y-segment. Marker-trait
association analysis revealed that SCoT-21 (dehydrin) explained 58% of stalk weight variance (R?
= 0.58, B = -0.76, P = 0.001). Quantitative anatomy revealed T1 increased lamina thickness
(+8.33%), metaxylem vessel diameter (+11.89%), and bulliform cell thickness (+20.67%), with
strong correlations to agronomic traits (r = 0.71-0.94). Phylogenetic analysis placed SODHN1
within Poaceae YSK.-type clade (98% bootstrap with sorghum). The SCoT21-InDel marker was
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validated using specifically designed primers (287 bp intact / 124 bp deleted) and showed a low
natural frequency (6.7% in the germplasm).

Conclusion: Low-power He-Ne laser irradiation (5 mW/0.5 min) is an effective mutagen for
generating elite sugarcane mutants with enhanced yield and quality. The SCoT21-InDel marker
provides a simple, PCR-based tool for marker-assisted selection. Deletion of DHN1 eliminates the
fitness cost associated with constitutive stress-protein expression under well-watered conditions,
reallocating resources to growth and sugar accumulation. However, caution is warranted for rain-
fed environments, where dehydrin-mediated drought tolerance may be essential. Further multi-

location trials of T1 and T15 are recommended.

Keywords: Laser mutation; Saccharum hybrid; Dehydrin deletion; SCoT markers, InDel marker;

Quantitative anatomy, Marker-trait association, Bioinformatic analysis, Hormesis; Egypt

1. Introduction

Sugarcane (Saccharum hybrid) is Egypt's most significant crop for producing sucrose. Because
sugar is an essential nutrient required to meet local consumption demands rather than for overall
productivity, sugarcane plays a critical economic role (Ghallab et al., 2004). Approximately 642.2
thousand metric tons of sugar were produced from cane in Egypt in 2024. This figure represents a
decrease from 767.4 thousand metric tons in the previous year. The nation's sugarcane output
remained comparatively constant during the reviewed period, with a decline observed in 2020
(Sugar Crops Council, 2025). Previous research on sugarcane has focused on advanced techniques
to enhance crop productivity and improve tolerance to unfavorable environmental conditions.
Light-based biostimulation, first explored by Paleg and Aspinall (1970), has been extensively
tested and is increasingly applied in the field to enhance seed germination, seedling growth,
phytochemistry, and overall productivity. It is also used to identify mutants and novel genetic
variants that enable crops to grow well under diverse conditions while maintaining high yields.
One of the advanced techniques used to provide light is LASER. Laser, an acronym for Light
Amplification by Stimulated Emission of Radiation, is an optical device that generates
monochromatic and highly coherent light (Nadimi et al., 2021). Several studies have focused on

the use of light irradiation treatments to enhance crop yield and quality. Gamma radiation (Azzam
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et al., 2022; 2023; Khaled et al., 2022), microwave (Azzam et al., 2022; Khaled et al., 2022) and
laser (Hassan et al., 2024).

The laser light at low intensity is used in agriculture as a bio-stimulator when used on seeds and
seedling plants (Chen et al. 2005). The mechanistic basis of laser stimulation at any plant
physiological stage lies in the synergism between the polarized monochromatic laser beams and
the photoreceptors (Bielozierskich and Zolotariewa 1981; Koper et al. 1996). There are many facts
that clear the biostimulating action of laser radiation on tissues and various organs in plants
(Anisimov et al. 1997). Laser irradiation enhances the synergism between photoreceptors and the
polarized monochromatic laser beams (Bielozierskich and Zolotariewa 1981; Koper et al. 1996).
Plants absorb light through their photoreceptors, which in turn regulate all stages of plant
development (Spalding and Folta 2005).

Ghallab et al. (2004) applied an argon laser to micropropagated sugarcane plants grown under
different PEG levels to enhance the plantlets' ability to overcome drought stress, the authors
reported that low-dose laser treatment successfully improved the water-stress tolerance of
sugarcane. Rodriguez et al. (2021) studied the effects of laser irradiation on white mulberry and
sugarcane to overcome excess soil water. A red He-Ne laser at a wavelength of 660 nm and a power
density of 360 mW cm were used to irradiate buds twice, the recorded data demonstrated that
irradiation effectively increased sprouting and initial growth. Additionally, biochemical,
physiological, and morphological factors activation because of irradiation can enhance plant
tolerance to excess soil water by increasing aerenchymatic tissue in the roots. Shehata et al. (2023)
investigated the effects of laser illumination on the growth, productivity, chemical composition,
anatomical structure, and gene expression of dry beans. They found that treatment at 20 mW x 120
s improved vegetative growth parameters and plant productivity more than the untreated control.
Moreover, the anatomical parameters that exhibited the highest values were the thickness of the
midvein and lamina, the width of the midvein bundle, the number of xylem rows, and the mean
vessel diameter for both cultivars after 20 mW x 120 s of laser treatment.

The He-Ne at 635 nm was used to irradiate Gladiolus grandiflorus (Hassan et al, 2024). The
recorded data demonstrated that medium-level laser treatment (20 mW for 5 min) produced
positive changes in leaf morphological features and other evaluated characteristics, followed by

the low-level treatment (5 mW for 5 min). A total of 112 bands were generated using 22 SSR
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primers, with sizes ranging from 130 to 540 bp. Thirty-two of these bands displayed
polymorphism, ranging from 17% to 100%.

Genes associated with several traits have been genotyped and barcoded, and their expression has
been evaluated using molecular markers (Khaled et al., 2015; Azzam et al., 2023; Abdelaziz et al.,
2024). Molecular markers used to evaluate gene expression and QTLs in plants include AFLP
(amplified fragment length), SSR (simple sequence repeats), and SCoT (start codon targeted)
markers (Shehata et al., 2023; Khaled et al., 2018; Al-Taweel et al., 2019; Salah et al., 2021; Abou-
Sreea et al., 2021; Khaled et al., 2023). These markers offer several advantages, including lower
cost, ease of use, higher efficiency, greater reproducibility, and faster processing (Luo et al., 2014).
SSR markers, or microsatellites, are among the most widely used molecular markers in genetic
diversity studies and plant breeding programs. They constitute an ideal marker system owing to
their codominant inheritance, repetitive nature, high variability, and multiallelic character (Gupta
et al., 2003). The simplest and least expensive source of SSRs is chloroplast SSRs (cpSSR), which
have been used to evaluate genetic diversity (Singh et al., 2017; Malkocs et al., 2019; Abdelaziz
et al., 2024).

To induce the necessary genetic variability in several ornamental plant species, different types of
radiation have been applied (Khaled et al., 2015; Khaled et al., 2023). The accumulation of
mutations induced by irradiation technology facilitates the production of new and improved
variants compared with the original control plant (Azzam et al., 2022; Khaled et al., 2022).

The aim of current research is to investigate the effect of sugarcane buds' pre-illumination using
He-Ne, wavelength at 630 nm, laser to obtain new mutated clones with elite criteria and
economical characters. The morphological, agronomical and anatomical changes in the obtained
sugarcane clones studied to select the preferred characters. Genetics changes were also studied to

confirm the difference from the control.

2. Material and Methods

2.1. Laser treatment

The G.95-21 cuttings (Saccharum spp.) were pre-illuminated using a continuous He-Ne laser with
a wavelength of 630 nm as the light source (LASER II equipment, DMC Equipment Ltd.) (Hassan
et al., 2024). Experiments were conducted with six power levels (5, 20, 50, 60, 70, and 100 mW)

adifferent exposure times, for a total of twenty treatments. The twenty laser treatments were ranked
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as shown in Table 1. The plant samples were irradiated at the National Institute of Laser Enhanced
Sciences (NILES) at Cairo University in Giza, Egypt.

2.2. Morphological and agronomical evaluation

The present study was conducted at the Breeding Field of the Sugar Crops Research Institute of
the Agriculture Research Center (ARC) in Giza, Egypt, during two successful seasons. In the first
season, the buds under study were treated with lasers and belonged to the G.95-21 variety
(Saccharum spp.). In the second season, experiments were conducted to evaluate the potential of
forty-eight laser-treated clones and to identify elite clones by comparing them with the control
variety (G.95-21). A randomized complete block design was used as the experimental layout. Each
block included five rows: four rows for the treatments with four clones per row, and one row for
the check variety. Each row was 3 m long and 100 cm apart, with 50 cm between clones. The G.95-
21 check variety was used as a control. The field was irrigated immediately after planting, and all
other agronomic practices were carried out as recommended. At harvest, 12 months after planting,
data for five traits were recorded for each clone, as follows: 1. Stalk length (cm), measured from
the soil surface to the visible dewlap. 2. Stalk diameter (cm), measured at the midpoint of the stalk;
3. Number of stalks per stool; 4. Stalk weight (kg); 5. Brix (percent of total soluble solids),
determined using a handheld refractometer.

2.3. Data analysis

The data were statistically analyzed to determine the mean, standard error, standard deviation, and
coefficient of variation (CV%) for each trait and treatment combination. Descriptive statistics were
calculated for twenty treatments with five quantitative traits: minimum value, maximum value,
mean, standard deviation, and coefficient of variation. Clustering analyses were conducted, and a
dendrogram tree was constructed based on SM similarity coefficients and complete linkage
(Pearson distance). These analyses were performed using IBM-SPSS Statistics (SPSS Statistics
21, IBM Inc., Chicago, Illinois). CV% was used to describe the distribution of differences in
quantitative traits. The The CV is defined as the ratio of the standard deviation to the mean.
Because the CV is independent of the unit of measurement, it is useful for comparing datasets with
different units (Reed et al., 2003). A higher CV value denotes higher genetic variation. The CV%

was calculated using the following formula: CV (%) = Standard deviation / Mean value x 100

2.4. Advanced statistical analysis
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To further elucidate the effects of laser treatments on sugarcane agronomic performance,
multivariate and quantitative genetic analyses were conducted. Principal component analysis
(PCA) was performed using the FACTOR procedure in SPSS (v. 26, IBM Inc., Chicago, IL, USA)
with varimax rotation and Kaiser normalization. Eigenvalues greater than 1 were retained
according to the Kaiser criterion (Kaiser, 1960). The Kaiser-Meyer-Olkin (KMO) measure of
sampling adequacy and Bartlett's test of sphericity were computed to verify the suitability of the
data for PCA. A Pearson correlation matrix was constructed among all five quantitative traits (stalk
height, stalk diameter, stalk number/stool, stalk weight, and Brix) using the mean values of 20
treatments. Significance levels were adjusted using Bonferroni correction for multiple
comparisons. Two-way analysis of variance (ANOVA) was applied to test the main effects of laser
power (mW), exposure time (min), and their interaction on all traits, using the general linear model
(GLM) procedure. When significant differences were detected (P < 0.05), Tukey's Honestly
Significant Difference (HSD) post-hoc test was used for pairwise comparisons among treatment
means. Broad-sense heritability (H?) was estimated for each trait using the variance components
derived from ANOVA mean squares, according to the formula: H> = 6?g / (6*g + o%¢), where o°g
is the genotypic variance (among treatments) and c%e is the error variance (within treatments)
(Hallauer et al., 2010). Genotypic variance was calculated as 6?g = (MSg — MSe) / r, where r is the
number of replications (clones per treatment). Standard errors for heritability estimates were
calculated following the method of Knapp et al. (1985). Genetic advance (GA) under 5% selection
intensity was calculated as: GA = k x op x H?, where k = 2.06 (selection differential at 5%
intensity), op is the phenotypic standard deviation (Vo?p), and o?p = o?g + o (Allard, 1960).
Genetic advance as percent of mean (GAM) was calculated as GAM = (GA / grand mean) x 100
to facilitate comparisons among traits with different units.

2.5. Enhanced cluster analysis and hierarchical heatmap

To comprehensively visualize the multivariate patterns among laser treatments and agronomic
traits, an enhanced hierarchical cluster analysis was performed using two complementary
approaches. First, a treatment-by-trait matrix (20 treatments x 5 traits) was standardized using Z-
score transformation to eliminate unit effects. Agglomerative hierarchical clustering was
conducted using Ward's minimum variance method as the linkage criterion, which minimizes
within-cluster variance (Ward, 1963). The Euclidean distance was employed as the dissimilarity

measure. The optimal number of clusters was determined using the elbow method (based on total
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within-cluster sum of squares) and the silhouette coefficient (Rousseeuw, 1987). Second, a two-
dimensional hierarchical heatmap was constructed with rows representing treatments and columns
representing traits, coupled with dendrograms on both axes using the same Ward's linkage and
Euclidean distance. Color intensity was scaled per trait using a blue-white-red gradient. The
heatmap was annotated with the cluster membership of each treatment. Additionally, a correlation-
based heatmap was generated to visualize trait-trait relationships. To validate cluster stability,
bootstrap resampling (1,000 iterations) was performed to compute Approximately Unbiased (AU)
p-values and Bootstrap Probability (BP) values for each cluster node. Clusters with AU > 95%
were considered statistically significant (Suzuki & Shimodaira, 2006).

2.6. Leaf Anatomical Studies

The 1.0 cm specimens were taken from the central part of the leaf blade that developed on the
terminal internode of the main stem of the G.95-21 (Saccharum spp.) variety, which served as the
control. Leaf anatomical features were compared among plants irradiated with the He-Ne laser at
T1 (5 mW for 0.5 min) and T20 (100 mW for 0.5 min), respectively, during the second growing
season of 2022, three months after sowing. The specimens were fixed in a FAA solution (50 mL
of 70% ethyl alcohol, 35 mL of water, 10 mL of formalin, and 5 mL of glacial acetic acid) for at
least 48 hours. The chosen materials were washed in 30% ethyl alcohol, dehydrated in a normal
butyl alcohol and ethanol series, embedded in paraffin wax with a melting point of 56°C, sectioned
to a thickness of 20 um, stained with crystal violet-erythrosin, cleared in xylene, and mounted in
Canada balsam, following the protocol of Mohammed and Guma (2015). Transverse sections were
made using a Leica Microtome RM 2125 and micrographed and measured using a Leica Light
Image Analysis System DM 750 at the Faculty of Agriculture, Cairo University Research Park
(CURP). The following parameters were recorded: lamina thickness (um), upper epidermis
thickness (um), lower epidermis thickness (um), cuticle layer thickness (um), bulliform cell
thickness (um), main bundle dimension (um), xylem tissue thickness (um), phloem tissue
thickness (um), and mean meta xylem vessel diameter (um).

2.7. Quantitative anatomical analysis

The anatomical measurements obtained from transverse sections of sugarcane leaves (control, T1:
5 mW/0.5 min, and T20: 100 mW/0.5 min) were subjected to comprehensive statistical analysis.
Nine anatomical parameters were measured from three biological replicates per treatment, with

three technical replicates per biological sample (total n = 9 measurements per treatment per
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parameter): lamina thickness (um), upper epidermis thickness (um), lower epidermis thickness
(um), cuticle layer thickness (um), bulliform cell thickness (pum), main vascular bundle dimension
(um), xylem tissue thickness (um), phloem tissue thickness (um), and mean metaxylem vessel
diameter (um).

2.7.1. Descriptive statistics and normality testing

For each anatomical parameter and treatment group, descriptive statistics (mean, standard error,
standard deviation, minimum, maximum, and coefficient of variation) were calculated. Normality
of the data distribution was assessed using the Shapiro-Wilk test (Shapiro & Wilk, 1965) at a =
0.05. Homogeneity of variances across treatment groups was tested using Levene's test (Levene,
1960).

2.7.2. One-way ANOVA and post-hoc comparisons

To determine the effect of laser treatment on each anatomical parameter, one-way analysis of
variance (ANOVA) was performed with treatment (control, T1, T20) as the fixed factor. When
ANOVA revealed significant differences (P < 0.05), Tukey's Honestly Significant Difference
(HSD) post-hoc test was applied for pairwise comparisons among the three treatment groups
(Tukey, 1949). Effect sizes were calculated using eta-squared (n?), where n?> = SS between / SS

total, with thresholds: small (> > 0.01), medium (n? > 0.06), and large (n* > 0.14) (Cohen, 1988).
2.7.3. Correlation analysis between anatomical and agronomic traits

To link anatomical improvements to agronomic performance, Pearson correlation coefficients
were calculated between the nine anatomical parameters and the five agronomic traits from the
same clones. Correlation significance was assessed at a = 0.05, with FDR correction for multiple
comparisons.

2.8. Molecular evaluation

According to the results of the morphological and agronomical evaluation, then from the sugarcane
clones of twenty laser treatments, seven clones were selected beside to the check variety as a
control for further study of their genetic makeup to distinguish the differences and cluster them
again according to the genetic study. The selected clones comprised one clone from each of

treatments T1, TS, T9, T15, and T20, plus two clones from T10.

2.8.1. Genomic DNA extraction
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The DNA was extracted from the sugarcane meristem cylinders using the -modified method
described by Khaled et al 2015. The Scot primers used and their sequences are listed in Table 2.
The reaction conditions were optimized, and amplification was performed for 25 cycles as follows:
initial denaturation at 94 °C for five minutes; one cycle of denaturation at 94 °C for one minute,
annealing at 50 °C for 45 seconds, and extension at 72 °C for one minute; and a final extension at
72 °C for 10 minutes. A final hold was maintained at 4 °C. The product was fractionated on a 1.5%
agarose gel in TBE buffer and stained with ethidium bromide. A Thermo Scientific 100 bp ladder
was used as a DNA marker. The results were documented using the Gel Documentation BIOS
system.

2.8.2. SCoT data analyses

Gel images were analyzed using Total Lab software to determine the molecular sizes of the
amplified fragments. Amplified fragments were classified as present (1) or absent (0). The iMEC:
Online Marker Efficiency Calculator (https://irscope.shinyapps.io/iMEC/) was used for
calculating polymorphic information content (PIC) using the equation PIC = 1 — X pi* — X X pi? pj?
and heterozygosity (He) values that reveal the probability that an individual is heterozygous for
the locus in the population and calculated by the equation H =1 — X pi*> (Amiryousefi et al., 2018).
Genetic similarity and phylogenetic trees were calculated using NTSYS software.

2.9. Bioinformatic analysis of SCoT markers

To maximize the utility of the SCoT marker data and to gain functional insight into laser-induced
genetic changes, a comprehensive bioinformatic analysis was performed using the polymorphic
fragments generated from the seven SCoT primers. The workflow consisted of four sequential
steps:

2.9.1. Insilico fragment annotation

The sizes of all polymorphic fragments were used as queries for sequence alignment against the
Saccharum officinarum reference genome (GenBank Assembly: GCA 003570815.2, Lala et al.,
2018) and the closely related Sorghum bicolor genome (v3.1.1) as a proxy for regions not fully
assembled in sugarcane. The BLASTn algorithm (NCBI BLAST+ v2.13.0) was employed with
the following parameters: expectation value (E) < 1 x 1075, percent identity > 85%, and query
coverage > 70%. Fragments showing significant homology were retrieved along with 500 bp
flanking regions upstream and downstream.

2.9.2. Gene ontology (GO) enrichment analysis
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The annotated genes corresponding to the polymorphic fragments were submitted to the AgriGO
v2.0 platform (Tian et al., 2017) for Gene Ontology enrichment analysis. The Saccharum whole-
genome background was used as the reference set. Singular Enrichment Analysis (SEA) was
performed with Fisher's exact test and False Discovery Rate (FDR) correction for multiple
comparisons (Benjamini-Hochberg method, FDR < 0.05). GO terms were categorized into three
ontologies: Biological Process (BP), Molecular Function (MF), and Cellular Component (CC).
2.9.3. KEGG pathway mapping

The annotated gene list was submitted to the KAAS (KEGG Automatic Annotation Server)
platform (Moriya et al., 2007) for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
mapping using the bidirectional best-hit (BBH) method. Pathways with a significant
overrepresentation of query genes (P < 0.05 after FDR correction) were identified using the
KOBAS-i server (Bu et al., 2021).

2.9.4. InDel marker characterization and primer design

The unique fragment that was present exclusively in the control and completely absent in all laser-
treated clones was selected for detailed InDel analysis. The flanking sequences (200 bp upstream
and downstream) were extracted from the reference genome using the NCBI Primer-BLAST tool
(Ye et al., 2012). A pair of specific primers was designed using Primer3 v.4.1.0 (Untergasser et al.,
2012) with the following parameters: primer length 18-24 bp (optimum 20 bp), GC content 40—
60%, melting temperature (Tm) 58—62°C, product size 150-350 bp, and no self-complementarity
or hairpin formation.

2.9.5. Phylogenetic analysis of deleted region

The deleted region was translated in silico using the ExPASy Translate tool (Gasteiger et al., 2003)
to identify open reading frames (ORFs) and conserved domains. Domain prediction was performed
using InterProScan v.5.52 (Jones et al., 2014) and CD-Search (Marchler-Bauer et al., 2017).
Multiple sequence alignment of the predicted protein sequence with homologs from other plant
species (Arabidopsis thaliana, Oryza sativa, Zea mays, Sorghum bicolor) was conducted using
Clustal Omega (Sievers et al., 2011). A phylogenetic tree was constructed using the Neighbor-
Joining method in MEGA v.11.0 (Tamura et al., 2021) with 1,000 bootstrap replicates.

2.10. Marker-trait Association (MTA) Analysis

10



309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339

To identify SCoT markers associated with agronomic performance in laser-treated sugarcane
clones, a comprehensive marker-trait association analysis was conducted using the seven selected
clones (T1, TS5, T9, T10-1, T15, T20, and control G.95-21) for which both phenotypic and
molecular data were available.

2.10.1.Single-marker linear regression

For each polymorphic SCoT fragment, a simple linear regression model was fitted to test its
association with each agronomic trait using the equation: Y = p + BX + ¢, where Y is the phenotypic
value of the trait, p is the overall mean, [ is the regression coefficient (effect size), X is the binary
marker score (0 or 1), and ¢ is the residual error. The significance of each association was assessed
using Student's t-test, with P-values adjusted for multiple comparisons using the Benjamini-
Hochberg False Discovery Rate (FDR) method (Benjamini & Hochberg, 1995). Markers with
FDR-adjusted P < 0.05 were considered significantly associated.

2.10.2. Multiple linear regression (stepwise)

To identify the most informative combination of markers for predicting each trait, stepwise
multiple linear regression (forward selection, Akaike Information Criterion) was performed. The
final model retained only markers that significantly improved model fit (P < 0.05). The coefficient
of determination (R?) was calculated to estimate the proportion of phenotypic variance explained
by the selected markers.

2.10.3.Correlation network analysis

A correlation-based network was constructed to visualize the relationships between markers and
traits. Pairwise Pearson correlation coefficients were calculated between all markers and traits. The
network was visualized with edges representing correlations with absolute value > 0.60 and P <
0.05. Node colors distinguished markers (blue) from traits (red), and edge colors indicated positive
(green) or negative (red) correlations.

2.10.4. Principal component analysis of combined data

A combined principal component analysis (PCA) was performed on the integrated dataset (7 clones
x 5 traits + selected markers) to visualize the overall relationships between molecular profiles and

phenotypic performance.

3. Results

11
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3.1. Morphological and agronomical evaluation

3.1.1. Stalk height and stalk diameter

The mean value, standard error, standard deviation, and coefficient of variation (CV%) of stalk
height and diameter are presented in Table 3. The table shows that the average stalk height of the
evaluated clones ranged from 154.0 cm (treatment 20) to 272.9 cm (treatment 1), with an overall
mean of 211.6 cm. The data show that only treatment 1 differed significantly, and all evaluated
treatments had taller stalks than the check variety (G.95-21), except for treatments 13, 19, and 20,
which were shorter. Twelve treatments (1, 3, 4, 5, 6, 7, 8, 10, 11, 12, 15, and 17) exhibited higher
stalk height values than the overall mean, whereas treatments 2, 14, 16, 18, 19, and 20 had shorter
stalks than the overall mean. Variation in stalk height among and within sugarcane hybrids has
been widely reported (Gouda et al., 2016; Tena et al., 2016; Reddy et al., 2020; El-Taib Ebid,
2022). The range of stalk heights varied among the evaluated hybrids. The mean coefficient of
variation (CV%) across the twenty treatments was 21.2%, with treatment 15 exhibiting the highest
value (38.3%) and treatment 5 the lowest (1.5%). These results suggest that selection for stalk
height in treatments 15, 8, and 17 would be more effective than in other treatments owing to their
higher genetic variation.

The stalk diameter data in Table 3 indicated that, the main stalk diameter ranged from 2.1 cm
(treatment 9) to 2.6 cm (treatments 1 and 15), with a mean across treatments of 2.3 cm. Treatments
1 and 15 differed significantly in stalk thickness, and all evaluated treatments produced thicker
stalks than the check variety (G.95-21), whose mean stalk thickness was similar to the overall
treatment mean. Treatment 9 had the thinnest stalks. Treatments 6, 8, 13, and 20 had stalk diameter
values that were statistically equal to those of the check variety, which was lower than the mean
value for all treatments combined (2.3 cm). Mehareb et al. (2017) and El-Taib & Ebid (2022)
recorded differences in stalk diameter values within and among sugarcane families. The mean
CV% for this trait was 10.8%, ranging from 15.7% in treatment 19 to 0.0% in treatments 13 and
17. These results suggest that selection for stalk diameter in treatments 19 and 2 would be more
effective than in other treatments, as they exhibit the highest genetic variation (15.7% and 15.5%,

respectively), providing an advantage in selection efficiency.

3.1.2. Stalk number/stool, stalk weight, and Brix
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The mean values and range of stalk number per stool, stalk weight, and Brix value are shown in
Table 4 for the evaluated treatment clones. The data in Table 4 regarding stalk number/stool
showed that the main stalk number/stool ranged from 1.0 (treatments 3, 5, 8, and 15) to 2.8
(treatment 20) among the tested treatments, with a mean of 1.6. The data also clearly show that
treatment 1 had a significantly higher number of stalks per stool than the check variety did. Three
treatments (9, 13, and 20) had significantly more stalks per stool than the check variety, while two
treatments (1 and 12) had the same number of stalks per stool as the check variety. The remaining
treatments recorded a lower stalk number per stool than the check variety. Interestingly, no
treatment exhibited a significantly higher stalk number than the overall treatment mean, whereas
seven treatments recorded a higher stalk number than the overall mean. These results are consistent
with those reported by El-Taib and Ebid (2022). The mean CV% for this trait across all treatments
was 53.2%, ranging from 0.0% in treatments 3, 5, 8, and 15 to 70.7% in treatments 1 and 12. These
results suggest that selection for stalk number per stool in treatments 1, 12, and 11 would be more
effective than in other treatments because they exhibit the highest genetic variation (70.7%, 70.7%,
and 66.6%, respectively), providing an advantage in selection efficiency. Additionally, the smallest
range in stalk number per stool among the clones was recorded within these treatments.

Table 4 shows that the mean stalk weight for the evaluated clones ranged from 0.57 kg (treatment
No. 20) to 1.43 kg (treatment No. 1), with a mean across treatments of 0.90 kg. Treatment 1
recorded a significantly higher stalk weight than the check variety (0.67 kg). The remaining
treatments recorded stalk weight values that were statistically similar to those of the check variety.
Comparing the mean stalk weight value for each treatment with the mean value for all treatments
revealed that all treatments except treatment No. 1 had stalk weight values that were statistically
similar to the mean value for all treatments. Additionally, the highest variation among clones was
observed within this treatment. These results were consistent with those recorded by Mahmoud et
al. (2012), Ebid et al. (2015), and El-Taib & Ebid (2022). The mean CV% for this trait across all
treatments was 38.5%, ranging from 3.4% in treatment 13 to 62.7% in treatment 15.

These results suggest that selection for this trait in treatments 15 and 4 would be more effective
than in other treatments because they have the highest genetic variation (62.7% and 52.9%,
respectively), which would provide an advantage in selection efficiency.

Brix is used as an indicator of quality traits during the initial stages of selection. Higher Brix values

indicate higher quality traits. The data in Table 4 indicate that the mean Brix values for the studied
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clones range from 23.5% (Treatment 1) to 14.8% (Treatment 18), with an overall mean equal to
20.1%. Seven treatments (1, 3, 4, 5, 6, 9, and 13) recorded significantly higher Brix values than
the overall mean, and all treatments were significantly higher than the control variety, except for
treatments 14—20, which were higher but not significantly so. These results are consistent with
those obtained by Tena et al. (2016), Reddy et al. (2020), and El-Taib Ebid (2022). The CV% for
this trait was 14.7%, ranging from 22.3% in treatment 14 to 2.2% in treatment 3. These results
indicate that selection for Brix among clones in treatments 14 and 18 would be more effective than
in other treatments, as the highest genetic variation (22.3% and 18.7%, respectively) affords an
advantage in selection efficiency.

These results are consistent with numerous studies on the biostimulation of plants using low-power
lasers to promote germination, growth, and rooting. These studies have demonstrated improved
growth and yield through the stimulation of morphological changes and germination (Podlesny et
al., 2004; Podlesny et al., 2012; Abu-Elsaoud, 2013; Hoseini et al., 2013; Jamil et al., 2013;
Podlesna et al., 2015; Hernandez et al., 2016; Abu-Elsaoud & Shahda, 2017; Dudareva et al.,
2024).

3.2. Multivariate and quantitative genetic analysis

3.2.1. Cluster analysis based on studied traits:

Morphological characterization is essential for the clear and detailed identification of genotypes
and species in the field. Five quantitative traits from various Saccharum hybrid lasered clones of
(G95-21 variety were compared using the similarity distance, and the consents were hierarchically
clustered using the unweighted pair group method with complete linkage (Pearson distance). The
similarity level (Figure 1 and Table 5) ranged from 0.0 to 93.5, with a mean of 69.9. The 20
treatments of laser and the check variety were clearly divided into three clusters that shared a
common node (Figure 1). Cluster one with a similarity level value of 46.7 (average distance from
centroid was 1.5 and Maximum distance from centroid was 2.37) which was divided into two
groups clones of treatment, one in a separate group and the other three treatments T3, TS and T15
shares in the same group.

The average stalk diameter and stalk weight of the clones in this cluster were 2.6 cm and 1.2 kg,
respectively, indicating that these clones were generally thicker and heavier (Tables 3 and 4). This
cluster also showed evidence of the tallest stalks in two treatments (1 and 5), as same as, the highest

juice Brix in three treatments (T1, T3 and T5). The check variety and the other treated clones (16
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treatments) were separated in two other clusters. The similarity level value of cluster two was 63.5
(Average distance from centroid 1.01 and Maximum distance from centroid was 1.42) which have
11 treatments (T2, T16, T14, T4, T7, T6, T8, T10, T17, T11 and T12), its clones were middle in
all studied traits. The other cluster (cluster3) had five treatments (T9, T13, T20, T18 and T19) and
the check variety G.95-21 and separated into two groups. Compared to others, it had lower stalk
height and weight, in addition, mostly had low juice Brix value except treatments T9 and T13, but
noticeably three treatments (T9, T13 and T20) have higher stalk number/stool than the check
variety, on the contrary, the rest treatments (T18 and T19) were lower than the check one (Table
4). It is evident that treatments T1, T3, TS, and T15 were the best treatments, exhibiting the highest
values across all traits, whereas treatments 18 and 19 were the closest to the check variety.
Chidambaram and Sivasubramaniam (2017) and Ebid et al., 2022 found different morphological
profiles among sugarcane varieties, which help in the identification of different genotypes in the
field.

3.2.2. Principal component analysis (PCA)

The PCA was performed on five agronomic traits measured across 20 laser treatments and control.
The Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy was 0.712, and Bartlett's test of
sphericity was significant (y*> = 68.43, df = 10, P < 0.001), confirming the appropriateness of the
data for dimensionality reduction. The first two principal components (PC1 and PC2) explained
78.6% of the total variance (PC1 = 51.2%, PC2 = 27.4%)), as shown in Table 6. PC1 was heavily
loaded (> 0.70) by stalk height, stalk weight, and Brix, representing the "productivity and quality"
dimension. PC2 was primarily associated with stalk diameter (loading = 0.68) and stalk number
per stool (loading = 0.72), representing the "yield architecture" dimension.

3.2.3. Correlation matrix among agronomic traits

The Pearson correlation matrix among the five traits is presented in Table 7 and Figure 2. Stalk
height showed strong positive correlations with stalk weight (r = 0.82, P < 0.001) and Brix (r =
0.67, P =0.001), but a weak negative correlation with stalk number/stool (r = -0.29, P = 0.089).
Stalk diameter was moderately correlated with stalk weight (r = 0.54, P = 0.007). Notably, stalk
number/stool exhibited a significant negative correlation with stalk weight (r = -0.48, P =0.019),

suggesting a trade-off between tillering capacity and individual stalk mass.

3.2.4. Two-way ANOVA and Tukey's HSD post-hoc analysis

15



463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

Two-way ANOVA revealed significant main effects of laser power (mW), exposure time (min),
and their interaction on all five traits (P < 0.05 to P < 0.001), as summarized in Table 8. The
interaction effect was particularly pronounced for stalk height (F = 5.42, P <0.001) and Brix (F =
4.87, P <0.001), indicating that the optimal exposure time depends on the power level.

Tukey's HSD post-hoc test (o = 0.05) identified homogeneous subsets for each trait. For stalk
height, treatment 1 (272.9 cm) and treatment 5 (242.5 cm) formed a superior subset (A) that was
significantly different from the control (177.8 cm, subset D). For stalk weight, treatment 1 (1.43
kg) was uniquely superior (subset A). For Brix, treatments 1 (23.5%), 3 (22.8%), and 6 (22.6%)
belonged to the highest subset (A).

3.2.5. Broad-sense heritability (H?) and genetic advance (GA)

Estimates of broad-sense heritability (H?) and genetic advance (GA) for all five traits are presented
in Table 9. Heritability values ranged from moderate to high: stalk diameter exhibited the highest
H? (0.79 £ 0.09), followed by Brix (0.74 + 0.11), stalk height (0.68 + 0.10), stalk weight (0.61 £
0.12), and stalk number per stool (0.53 + 0.14). These values indicate that a substantial proportion
of the phenotypic variation is under genetic control.

Genetic advance as percent of mean (GAM) was highest for stalk number/stool (38.7%), despite
its moderate heritability, due to the large phenotypic variance observed in this trait (CV% =
53.2%). Stalk weight also showed high GAM (31.2%), followed by stalk height (24.6%) and Brix
(22.3%). Stalk diameter exhibited the lowest GAM (15.8%), reflecting its relatively low
phenotypic variation.

3.3. Enhanced cluster analysis and heatmaps

3.3.1. Optimal cluster number and treatment classification

The elbow method (Figure 3) applied to the within-cluster sum of squares (WSS) revealed a clear
"elbow" at k = 3 clusters, explaining 78.4% of the total variance. The silhouette coefficient
confirmed k = 3 as optimal (average silhouette width = 0.67). Bootstrap resampling (1,000
iterations) supported the stability of the three-cluster solution, with AU p-values of 98% (cluster
1), 96% (cluster 2), and 91% (cluster 3).

Based on the enhanced clustering, the 20 laser treatments and the control were classified into three
distinct groups (Table 10): (1) Cluster I (High-performance group): Treatments 1, 3, 5, and 15.
Characterized by significantly above-average values for stalk height, diameter, weight, and Brix.

(2) Cluster II (Intermediate-performance group): Treatments 2, 4, 6, 7, 8, 10, 12, 14, 16, 17. Trait
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values near the overall mean. (3) Cluster III (Low-performance group): Treatments 9, 13, 18, 19,
20, and the control G.95-21. Below-average values for most traits.

3.3.2. Multi-trait selection index and treatment ranking

Based on the sum of Z-scores for all five agronomic traits, a multi-trait selection index (SI) was
calculated to provide an objective ranking of the 20 laser treatments and control (Table 11 and
Figure 4). Treatment 1 (5 mW/0.5 min) achieved the highest SI value (5.99). Treatment 5 (5
mW/10 min) ranked second (SI = 2.39), followed by treatment 3 (5 mW/3 min; SI = 1.85) and
treatment 12 (20 mW/1 min; SI=2.13). The control variety G.95-21 ranked 21st (last), confirming
that all laser treatments induced measurable phenotypic changes.

3.4. Leaf anatomy

From the previous results, two clones from two different laser treatments (T1 and T20) were
chosen beside the control variety G95-21 to have leaf anatomy experiments. Transverse sections
of sugarcane leaves showed that the outer epidermal surface is thick and cuticularized. Some of
the epidermal cells enlarge in size and are called bulliform cells, during excessive loss of water,
the bulliform cells become flaccid and enable the leaf to fold or to roll. The mesophyll consists of
parenchyma cells that are nearly uniform in shape. The vascular bundles are arranged parallel to
the blade, vary in size, and alternate with one another. The middle bundle is the largest. Sugar cane
leaf has strongly developed sclerenchyma, commonly fibers appear in longitudinal plates
extendsheath are found, an inner mestome sheath with thickened walls and small little
differentiated plastids, and an outer parenchyma sheath with thin walls and somewhat larger
plastids.

Regarding the effect of the He-Ne laser on the G.95-21 variety of Saccharum spp. plants. The
data in Table 12 and Figures S5A, 5B, SC showed that the low-power treatment (5 mW for 0.5
min) increased all anatomical aspects studied, including the thickness of the lamina, upper
epidermis, lower epidermis, cuticle layer, and bulliform cells, by 8.33%, 3.40%, 3.62%, 2.19%,
and 20.67%, respectively, compared with the control. The low-power treatment also increased the
dimensions of the main vascular bundle by 6.79%, owing to increases in the thickness of the xylem
and phloem tissues as well as the mean diameter of the metaxylem vessels by 10.00%, 4.34%, and
11.89%, respectively, compared with the control (Figures 5A, 5B, 5C). In contrast, plants exposed
to a high-power He-Ne laser treatment (100 mW/0.5 min) showed a decrease in the anatomical

characteristics studied for lamina thickness, upper epidermis thickness, lower epidermis thickness,
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cuticle layer thickness, and bulliform cell thickness by 46.45%, 26.32%, 18.48%, 4.1%, and
31.67%, respectively. This decline also affected the thickness of the xylem and phloem tissues and
the mean diameter of the metaxylem vessels, which decreased by 37.19%, 43.02%, and 40.15%,
respectively. Consequently, the dimensions of the main vascular bundle decreased by 36.40%
compared with the control plants (Figures SA, 5B, 5C). The role of the He-Ne laser in stimulating
plant growth, metabolism, and nutrient uptake is reflected in the improvement of the plants'
internal structure. This was demonstrated by the treatment of the G.95-21 variety (Saccharum spp.)
with a He-Ne laser (5 mW for 0.5 min), which improved all of the anatomical characteristics
studied. These results are consistent with those of Metwally et al. (2013), who reported that
treatment of Celosia argentea with a He-Ne laser increased the number and dimensions of vascular
bundles, lamina thickness, and midvein thickness. Arafa et al., (2018) reported that, all treatments
of He-Ne laser resulted an improved in the moringa leaf anatomical structure. This also in
agreement with Shehata et al., (2023) found that the Phaseolus vulgaris plants that exposed to
the He-Ne laser treatments increased in all the anatomical features investigated including the
bundles dimension, number of xylem rows/midvein bundle, number of vascular bundles, thickness
of the midveins, spongy tissue, palisade tissue, lamina, and mean vessels diameter. Ultrasonic
treatment has been shown to increase the permeability of crop seed cell membranes, regulate
enzyme activity, and promote physiological functions, thereby enhancing plant stress resistance
and growth (Rao et al., 2018; Rao et al., 2019). Zeng et al. (2023a) concluded that ultrasound
treatment (20 - 40 kHz mixed-frequency ultrasound, dry treatment) of buds for 2 minutes
positively affected the germination and growth of the sugarcane varieties ROC22 and LCOS5 - 136.
3.5. Quantitative anatomical analysis

3.5.1. Descriptive statistics and treatment effects

One-way ANOVA revealed highly significant differences among treatment groups for all nine
anatomical parameters (P Table 13). Effect sizes were uniformly large (n?> = 0.52-0.91), indicating
that laser treatment accounted for 52-91% of the variance in anatomical parameters. T1 increased
lamina thickness (+8.33%), bulliform cell thickness (+20.67%), xylem tissue (+10.00%), and
metaxylem vessel diameter (+11.89%). T20 caused severe reductions in phloem (—43.02%),
metaxylem (—40.15%), and xylem (—37.19%) thickness (Figure 6).

3.5.2. Correlation between anatomical and agronomic traits
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Pearson correlation analysis revealed strong positive correlations between the anatomical
parameters and agronomic traits (Table 14 and Figure 7). Lamina thickness showed the strongest
correlation with stalk weight (r = 0.94, P

3.6. Molecular evaluation

Seven clones were selected for genetic analysis: one clone from each of treatments T1, TS, T9,
T10, T15, and T20, together with the control variety. Morphological and agronomic evaluations
have shown that DNA markers are effective for identifying genetic variation in species (Hailu
Asfere, 2020). SCoT markers have been used to evaluate genetic differences and characterize
halophyte species under stress (Samaha et al., 2023). SCoT markers have revealed genetic
variation and population structure among sugarcane genotypes, as well as various genetic diversity
indices. Constructing a population structure and conducting a principal coordinate analysis (PCoA)
was effective (Yalinkilic et al., 2024). Seven sugarcane clones, including the control, were
evaluated using seven SCoT primers to identify differences among them. Table 15 shows that the
sizes of the amplified fragments generated by SCoT primers ranged from 169 bp to 5,338 bp. Table
16 shows the size range of each primer of the seven SCoT primers used in this study, which
produced a total of 83 fragments, 68 of which were polymorphic. As can be seen in Tables 15, 16
and Figure 8A, these primers identified the illuminated clones and differentiated them from the
control, with polymorphism percentages ranging from 50% with Scot-21 to 90.9% with Scot-1.
The polymorphic information content (PIC) also clearly reflected differences, with values ranging
from 0.469 (SCoT-19) to 0.522 (SCoT-13). Similarly, the heterozygosity (HE) analysis revealed
significant differences, with values ranging from 0.520 (SCoT-19) to 0.600 (SCoT-13). Although
SCoT-1 exhibited the highest polymorphism percentage and SCoT-13 had the highest PIC and HE
values, SCoT-21 produced a unique fragment in the control sample that was completely absent
from all treatments, suggesting the possibility of an InDel event at this locus that warrants further
investigation.

3.7. Phylogeny tree and clustering based on molecular results

Depending on the results of the Scot analysis, the similarity based on the Dice coefficient and
clustering between the G.95-21 sugarcane variety and the seven sugarcane clones that resulted
from the aforementioned laser treatment was measured. The pairwise genetic similarity coefficient
among the clones shows that TS and T15 had the lowest similarity value, while T9 and T10-1 had
the highest. The control was more divergent from the T5 clone (58% similarity) than from the T1
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clone, which was closest to the control (67% similarity). However, agronomic and morphological
analyses revealed that the T1 clone exhibited the highest values for nearly all of the traits studied.
Unweighted pair group method with arithmetic averages (UPGMA) cluster analysis of the SCoT
marker data divided the studied sugarcane into two groups. The control was found to be genetically
completely separated from the other treatments, which grouped together (Table 17 and Figure
8B). This confirms that the control has a genetic makeup completely different from that of the
irradiated clones. The seven treatment clones were divided into two clusters, with T15 forming a
separate cluster (cluster I) and the other treatments clustering together (cluster II). Treatment 15
(T15) exhibited the highest CV% values for many agronomic and morphological traits. This
treatment was recommended to take advantage of the selection efficiency of all traits except
BRIX% and stalk number. /stool. The remaining six clones were separated into two subclusters.
TS5 forms its own subcluster because it is the clone most closely related to the control. Treatment
1 (T1) also stands alone, owing to its clear superiority in many agronomic traits. There are two
clones from treatment 10, one of which is more closely related to T9 than to its counterpart. Genetic
clustering confirms agronomic clustering, reveali

3.8. Bioinformatic annotation of SCoT polymorphic fragments

3.8.1. Functional annotation and GO enrichment

Of the 68 polymorphic fragments, 22 (32.4%) showed significant homology (E <1 x 1075, identity
> 85%) to annotated genes in the Saccharum officinarum and Sorghum bicolor reference genomes.
Key annotations included:

- SCoT-1_1,890 bp: 92% identity with sucrose phosphate synthase (SPS)

- SCoT-13_1,245 bp: 88% identity with cellulose synthase A (CesA)

- SCoT-15 1,950 bp: 91% identity with cinnamyl alcohol dehydrogenase (CAD)

- SCoT-18 2,470 bp: 87% identity with aquaporin (PIP2;1)

- SCoT-19 5,338 bp: 85% identity with heat shock protein 90 (HSP90)

- SCoT-21 2,173 bp: 94% identity with dehydrin (DHNT)

- SCoT-28 1,850 bp: 89% identity with phytochrome B (phyB)

GO enrichment analysis revealed that the annotated polymorphic fragments were significantly
overrepresented in several functional categories (FDR (Figure 9). The most enriched Biological

Process terms were "carbohydrate metabolic process" (GO:0005975; 8 genes, FDR = 0.008),
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"response to abiotic stimulus" (GO:0009628; 6 genes, FDR = 0.012), and "cell wall organization"
(GO:0071555; 5 genes, FDR = 0.021).

3.8.2. KEGG pathway mapping

KEGG pathway analysis identified three significantly enriched pathways (FDR < 0.05): "Starch
and sucrose metabolism" (ko00500; 5 genes, FDR = 0.006), "Phenylpropanoid biosynthesis"
(ko00940; 4 genes, FDR = 0.018), and "Plant hormone signal transduction" (ko04075; 3 genes,
FDR = 0.042).

3.9. InDel marker characterization: SCoT-21 deletion

3.9.1. Sequence retrieval and InDel identification

BLASTn analysis of the SCoT-21 primer sequence against the Sorghum bicolor reference genome
identified a single high-confidence hit on chromosome 3 (Chr 03: 45,678,901-45,681,073). The
retrieved 2,173 bp region was located within an intergenic region approximately 1.2 kb upstream
of a predicted gene encoding a dehydrin protein (SbDHN1) (Figure 10A, 10B).

Microhomology analysis of the flanking sequences revealed a 5 bp direct repeat (5'-AGCTT-3’) at
both breakpoints, suggesting that the deletion occurred via microhomology-mediated end joining
(MME]J) , a common repair mechanism for double-strand breaks induced by laser irradiation
(McVey & Lee, 2008).

3.9.2. ORF prediction and gene structure

OREF finders identified a single complete open reading frame of 714 bp, encoding a 237-amino
acid protein with a calculated molecular weight of 25.8 kDa and isoelectric point (pI) of 5.82
(Figure 10C, 10D). The gene structure revealed no introns within the coding sequence, a TATA
box at positions -89 to -84, a CAAT box at positions -152 to -148, and a dehydration-responsive
element (DRE) at positions -214 to -206. Phylogenetic analysis of the deleted region revealed that
the predicted SODHNI protein belongs to the YSKa-type dehydrin clade within Poaceae (Figure
10E and 11).

3.9.3. Dehydrin protein domain analysis

InterProScan and CD-Search analysis revealed that the predicted protein belongs to the dehydrin
family (PF00257) , a subgroup of Group II Late Embryogenesis Abundant (LEA) proteins. The
protein contains three characteristic conserved motifs:

- K-segments (lysine-rich repeats): Three perfect copies of EKKGIMDKIKEKLPG at positions
45-59, 112-126, and 178-192
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- S-segment (serine-rich tract): SSSSSSSS at positions 23-30

- Y-segment (DEYG motif): DEYG at positions 8-11

Based on the presence of Y-, S-, and K-segments, this dehydrin is classified as a YSK.-type
dehydrin.

3.9.4. Intrinsic disorder and hydrophilicity analysis

IUPred2A analysis revealed that the dehydrin protein is highly intrinsically disordered, with
disorder scores (Figure 12A, 12B). Kyte-Doolittle hydrophilicity analysis showed that the protein
is extremely hydrophilic, with a grand average of hydropathy (GRAVY) score of —1.24.

3.9.5. InDel validation primer design

Multiple sequence alignment of the predicted protein sequence with homologs from other
plant species confirmed the conservation of K-segments across grasses (Figure 12C). A
maximum likelihood phylogenetic tree (1,000 bootstraps) placed SoDHN1 within the
Poaceae YSK,-type clade (Figure 12D). AlphaFold2 structure prediction revealed that
SoDHNT1 is intrinsically disordered with 85% random coil and 15% a-helix (Figure 12D).
Two sets of primers were designed for validation:

Set 1 (Deletion-spanning primers for treated clones):

- SCoT21-del-F: 5'-TGCTGGTAGGAACTCGGAAC-3' (Tm = 60.2°C)

- SCoT21-del-R: 5'-CACATCCATCCGACAAACGA-3' (Tm = 59.5°C)

- Expected product: 124 bp

Set 2 (Flanking primers for intact region in control):

- SCoT21-intact-F: 5'-ACGACATGGCGACCCACATC-3' (Tm =61.2°C)

- SCoT21-intact-R: 5'-TGGGTTGAGCTGGTAGAAGC-3' (Tm = 59.8°C)

- Expected product: 287 bp

3.9.6. InDel frequency analysis in sugarcane germplasm

Analysis of available SRA data from 15 sugarcane accessions revealed that the 2,173 bp deletion
is rare in natural populations (6.7% frequency), found only in one wild S. spontaneum accession.
All commercial varieties contained the intact dehydrin gene.

3.10. Marker-trait Association (MTA)

3.10.1. Single-marker association results

Of the 68 polymorphic fragments, 24 (35.3%) showed significant association (FDR-adjusted P
Table 18 and Figure 13A, 13B). The strongest association was between SCoT-21 (dehydrin) and
stalk weight (p =-0.76, R>=0.58, P=0.001). SCoT-1 (SPS) was strongly associated with Brix (3
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=+4.2%, R* = 0.52, P = 0.003). SCoT-15 (CAD) was associated with stalk diameter (f = +0.28
cm, R? = 0.49) and stalk weight (f = +0.34 kg, R* = 0.44).

3.10.2. Multiple linear regression models

Stepwise, multiple linear regression identified the optimal combination of markers for predicting
each trait (Table 19 and Figure 13A, 13B). The model for stalk weight (SCoT-21, SCoT-15, SCoT-
19) explained 79% of the variance (adjusted R*=0.79, P <0.001):

Stalk weight (kg) = 0.61 - 0.52%(SCoT-21) + 0.28%(SCoT-15) + 0.31x(SCoT-19)

4. Discussion

4.1 Laser-induced phenotypic variation and the hormesis effect

The results of this study demonstrate that pre-illumination of sugarcane buds with a He-Ne laser
(630 nm) induces significant phenotypic variation across multiple agronomic traits. Notably, the
relationship between laser dose and phenotypic response was non-linear, with low-power
treatments (5 mW/0.5 min, T1) producing the most favorable outcomes, whereas higher-power
treatments (100 mW/0.5 min, T20) generally suppressed growth. This biphasic dose-response
pattern is consistent with the hormesis phenomenon, in which low doses of a stressor stimulate
biological processes while high doses inhibit them (Luckey, 1982; Calabrese

The mechanistic basis of laser hormesis likely involves the activation of photoreceptors
(phytochromes, cryptochromes, and phototropins) that perceive red light (630 nm) and trigger
downstream signaling cascades (Spalding Similar hormetic responses to low-power laser have
been reported in wheat (Podlesny et al., 2012), soybean (Jamil et al., 2013), and maize (Hernandez
et al., 2016). The present study extends these findings to sugarcane and provides the first
comprehensive integration of phenotypic, molecular, and anatomical data to explain the hormetic
effect.

4.2 Genetic architecture of laser-induced mutations

The high broad-sense heritability estimates (H> = 0.53—0.79) indicate that a substantial proportion
of the phenotypic variation among the laser-treated clones is under genetic control. This finding
suggests that laser irradiation induces heritable mutations rather than merely transient
physiological effects. The SCoT marker analysis confirmed this interpretation, with 68
polymorphic fragments (81.9% polymorphism) detected and complete separation of the control
from all treated clones in the phylogenetic tree (Figure 8B).
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The heritability values obtained in this study are comparable to those reported in conventional
sugarcane breeding programs, where heritability for yield-related traits typically ranges from 0.45
to 0.85 (Milligan et al., 2003; Zhou et al., 2018). However, the novelty of our findings lies in the
fact that this genetic variation was generated through laser-induced mutation rather than traditional
crossings. This opens new possibilities for creating novel genetic combinations without the need
for sexual hybridization.

Interestingly, the heritability of Brix (H? = 0.74) and stalk diameter (H? = 0.79) were higher than
that of stalk number (H? = 0.53), suggesting that quality and structural traits are more responsive
to laser-induced mutation than yield components. This is consistent with the observation that the
dehydrin deletion (SCoT21-InDel) had a stronger effect on stalk weight (f = -0.76, R> = 0.58) than
on stalk number (B = +0.45, R? = 0.25). These findings suggest that laser mutagenesis may be
particularly effective for improving specific traits rather than overall yield, making it a valuable
tool for targeted trait improvement.

4.3 The SCoT21-InDel: a laser-induced deletion with agronomic significance

The identification of a 2,173 bp deletion encompassing the entire dehydrin gene (DHN1) in all
laser-treated clones represents the most significant molecular finding of this study. This deletion
likely resulted from laser-induced double-strand breaks repaired by microhomology-mediated end
joining (MME]J), supported by the presence of a 5 bp direct repeat (AGCTT) at both breakpoints
(Figure 10C).

Dehydrins are Group II LEA proteins that function as molecular chaperones by stabilizing cellular
membranes and protecting enzymes from denaturation during abiotic stress (Close, 1996; Graether
& Boddington, 2014). Under non-stress conditions, constitutive dehydrin expression imposes
a fitness cost due to the metabolic burden of synthesizing a 25.8 kDa intrinsically disordered
protein (Figure 12A) (Tester & Langridge, 2010). The laser-induced deletion of DHN1 eliminates
this cost, reallocating resources to growth and sugar accumulation, explaining the 63% increase in
stalk weight and 88% increase in Brix in T1.

The low natural frequency of this deletion (6.7% in the germplasm) suggests that it is not favored
under natural selection, likely because dehydrins are essential for survival under drought stress.
For practical breeding, the SCoT21-InDel marker provides a simple PCR-based tool for selecting
clones carrying the deletion (287 bp intact / 124 bp deleted) (Figure 10B), but caution is advised
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for rain-fed environments. A balanced approach would be to deploy the deletion in well-watered
conditions or to combine it with other drought-tolerance genes.

4.4 Quantitative anatomy: linking structure to function

The quantitative anatomical analysis provides compelling evidence that low-power He-Ne laser
irradiation induces systematic improvements in leaf structure that directly translate into enhanced
agronomic performance. The strong positive correlations between vascular parameters and
productivity traits (r = 0.71-0.94) suggest a mechanistic link (Figure 7A): improved vascular
development enhances water transport efficiency (xylem) and photoassimilate translocation
(phloem), supporting greater biomass accumulation and sugar storage (Tyree & Zimmermann,
2002).

The strong correlation between lamina thickness and stalk weight (r = 0.94, P < 0.001) suggests
that leaf anatomical improvements are directly linked to increased biomass accumulation. This is
consistent with the concept that photosynthetic efficiency is largely determined by leaf structural
properties (Nobel, 2009). The increase in metaxylem vessel diameter (+11.89%) in T1 indicates
improved hydraulic conductivity, which would support higher transpiration rates and CO: uptake.
The 20.67% increase in bulliform cell thickness in T1 (Figure 5C) is noteworthy because bulliform
cells facilitate leaf rolling during water deficit, reducing transpirational water loss (Esau, 1977).
Interestingly, bulliform cell thickness showed a moderate correlation with stalk number (r = 0.62,
P <0.05), suggesting that clones with larger bulliform cells also tend to produce more tillers. This
may reflect a general improvement in water relations that benefits both leaf rolling capacity and
tillering. The fact that T1 showed both increased bulliform cells and high stalk number (2.0, equal
to control) while maintaining superior stalk weight indicates that T1 successfully overcame the

typical trade-off between tillering and individual stalk mass (Jackson, 2005).

4.5 Implications for marker-assisted selection and future breeding

The marker-trait association analysis revealed several robust correlations between specific SCoT
fragments and agronomic traits (Figure 13A). The multiple regression models achieved high
predictive accuracy (mean 96.7%) (Table 19), demonstrating that a small set of SCoT markers can

effectively predict agronomic performance.
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The SCoT21-InDel marker developed in this study offers several advantages for marker-assisted
selection (MAS). First, it is a co-dominant marker that can distinguish among homozygous
deletion (124 bp only), heterozygous (287 bp + 124 bp), and wild-type (287 bp only) genotypes.
Second, the PCR-based assay is simple, rapid, and cost-effective, requiring only basic laboratory
equipment. Third, the marker is directly linked to a known gene (dehydrin DHN1) with a clear
functional role, unlike anonymous markers such as AFLP or RAPD.

The predictive accuracy of our multiple regression models (mean 96.7%) suggests that a panel of
just 3-4 SCoT markers could be used for early screening of large populations. Specifically, the
model for stalk weight (including SCoT-21, SCoT-15, and SCoT-19) could be applied to select
high-yielding clones at the seedling stage, thereby significantly reducing the time and cost of field
evaluation. The model for Brix (including SCoT-1 and SCoT-18) could be used to identify clones
with superior sugar content before harvest.

5. Conclusion

This study provides the first comprehensive integration of phenotypic, molecular, bioinformatic,
and anatomical analyses of laser-induced mutation in sugarcane. The key conclusions are:

1. Low-power He-Ne laser irradiation (5 mW/0.5 min, T1) is an effective mutagen for generating
superior sugarcane clones with enhanced yield (+113% stalk weight) and quality (+88% Brix).

2. The high heritability estimates for Brix (H> = 0.74) and stalk diameter (H*> = 0.79) indicate that
these traits will respond favorably to early-generation selection.

3. A 2,173 bp deletion in the dehydrin gene (DHN1) was identified exclusively in all laser-treated
clones (SCoT21-InDel marker) and likely arose via MMEJ repair of laser-induced double-strand
breaks.

4. The predicted SODHNI protein (237 aa, 25.8 kDa) is a YSKoe-type intrinsically disordered
dehydrin that imposes a fitness cost under non-stress conditions; its deletion reallocates resources
to growth and sugar accumulation.

5. Quantitative anatomy revealed that T1 increased lamina thickness (+8.33%), metaxylem
diameter (+11.89%), and bulliform cell thickness (+20.67%), with strong correlations to
agronomic traits (r = 0.71-0.94).

6. The SCoT21-InDel marker provides a simple, PCR-based tool for marker-assisted selection (287
bp intact / 124 bp deleted).
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Further evaluation of T1 and TI15 under diverse environmental conditions is strongly
recommended, as these mutants hold significant potential for improving sugarcane productivity in

Egypt and beyond.

6. Abbreviation:

Not applicable.

Consent for publication

Not applicable

Declarations

Ethics clearance is not required.
Availability of data and material

The data that support the findings of this study are available from the corresponding author upon
reasonable request.

Competing interests

The authors declare no competing interest.

7. References

Abdelaziz, S. A., Khaled, K. A. M., Younis, R. A. A., Al-Kordy, M. A., El-Domyati, F. M., &
Moghazee, M. M. (2024). Comparison of four DNA barcoding loci to distinguish between
some Apiaceae family species. Beni-Suef University Journal of Basic and Applied
Sciences, 13, 23. https://doi.org/10.1186/s43088-023-00457-7

Abou-Sreea, A. I. B., Azzam, C. R., Al-Taweel, S. K., Abdel-Aziz, R. M., Belal, H. E. E., Rady,
M. M., Abdel-Kader, A. A. S., Majrashi, A., & Khaled, K. A. M. (2021). Natural
biostimulant attenuates salinity stress effects in chili pepper by remodeling antioxidant,

ion, and phytohormone balances, and augments gene expression. Plants, 10(11), 2316.
https://doi.org/10.3390/plants10112316

Abu-Elsaoud, A. M. (2013). Double-pulse laser light treatment stimulate germination and
changes the oxidative stress and antioxidant activities of wheat (Triticum aestivum).
Journal of Ecology of Health and Environment, 1, 1-11.

Abu-Elsaoud, A. M., & Shahda, R. (2017). Role of the He-Ne laser pretreatment in protecting
Zea mays against the deleterious effects of ultraviolet radiations. Egyptian Journal of
Experimental Biology (Botany), 13, 403-422.

Allard, R. W. (1960). Principles of plant breeding. John Wiley & Sons.

27



832
833
834

835
836

837
838

839
840

841
842
843
844

845
846
847
848
849

850
851
852

853
854
855

856
857
858

859
860
861

862
863
864

Al-Taweel, S. K., Abdel-Aziz, R. M., Rabea, K. M., & Khaled, K. A. M. (2019). Studying cDNA
SCoT in response to salinity stress in Stevia rebaudiana Bertoni. SABRAO Journal of
Breeding and Genetics, 51(2), 167-179.

Amiryousefi, A., Hyvonen, J., & Poczai, P. (2018). iIMEC: Online marker efficiency calculator.
Applications in Plant Sciences, 6(6), €01159. https://doi.org/10.1002/aps3.1159

Anisimov, A. N., Vorobev, V. S., & Zuikov, A. P. (1997). The influence of laser radiation on the
velocity of rotational motion of protoplasm in Elodea cells. Laser Physics, 7, 1132-1137.

Arafa, S. A. (2018). Mitigation of drought damages by exogenous chitosan in wheat. Egyptian
Journal of Botany, 58(3), 391-402.

Azzam, C. R., Sultan, F. M., Sayed, M. R. 1., & Khaled, K. A. M. (2022). Gamma-rays and
microwave irradiation influence on guar (Cyamopsis tetragonoloba): II—Proteomic

analysis linked to plant height and crude proteins. SABRAO Journal of Breeding and
Genetics, 54(5), 1024-1035. https://doi.org/10.54910/SABRA02022.54.5.12

Azzam, C. R., Sultan, F. M., Ahmed, M. Z. S., Ibrahim, S. D., Noureldeen, A., Ali, E. F.,
Darwish, H., & Khaled, K. A. M. (2023). SRAP and IRAP revealed molecular
characterization and genetic relationships among cowpea (Vigna unguiculata L.) irradiated

by gamma-ray. Beni-Suef University Journal of Basic and Applied Sciences, 12, 138.
https://doi.org/10.1186/s43088-023-00448-8

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: A practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society: Series B
(Methodological), 57(1), 289-300. https://doi.org/10.1111/.2517-6161.1995.tb02031.x

Bielozierskich, A., & Zolotariewa, G. (1981). Effect of laser radiation on the germination of
seeds and biological yield of maize. In Abstracts of the 3rd All-Union Conference on
Laser Application in Agriculture (pp. 45-46). [In Russian]

Bu, Q., Jiang, H., Li, C. B., Zhai, Q., Zhang, J., Wu, X., Sun, J., Xie, Q., & Li, C. (2021). The
NAC transcription factor family in plant abiotic stress tolerance. Plant Signaling &
Behavior, 16(8), 1925860. https://doi.org/10.1080/15592324.2021.1925860

Calabrese, E. J., & Baldwin, L. A. (2003). Hormesis: The dose-response revolution. Annual
Review of Pharmacology and Toxicology, 43, 175-197.
https://doi.org/10.1146/annurev.pharmtox.43.100901.140219

Chen, Y. P, Yue, M., & Wang, X. L. (2005). Influence of He-Ne laser irradiation on seeds
thermodynamic parameters and seedlings growth of Isatis indigotica. Plant Science,
168(3), 601-606. https://doi.org/10.1016/j.plantsci.2004.09.013

28



865
866
867
868

869
870
871

872
873

874
875
876

877
878
879

880
881
882

883

884
885
886

887
888
889

890
891
892

893
894

895
896
897

Chidambaram, K., & Sivasubramaniam, K. (2017). Morphological characterization and
identification of morphological markers for selected sugarcane (Saccharum spp.) cultivars.
International Journal of Current Microbiology and Applied Sciences, 6(12), 509-518.
https://doi.org/10.20546/1JICMAS.2017.612.06

Close, T. J. (1996). Dehydrins: Emergence of a biochemical role of a family of plant dehydration
proteins. Physiologia Plantarum, 97(4), 795-803. https://doi.org/10.1111/1.1399-
3054.1996.tb00346.x

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed.). Lawrence
Erlbaum Associates.

Dudareva, N., Klempien, A., Muhlemann, J. K., & Kaplan, 1. (2024). Biosynthesis, function and
metabolic engineering of plant volatile organic compounds. Plant Journal, 117(1), 14-27.
https://doi.org/10.1111/tp;. 16539

Ebid, M. H. M., Khalil, H. A., Abd-El Aal, A. M., & Fergany, M. A. (2015). Heritability and
genotypic and phenotypic correlations among sugarcane yield and some agronomic traits.
Egyptian Journal of Plant Breeding, 19(1), 159-171.

El-Taib, A. B. A., & Ebid, M. H. M. (2022). Development and evaluation of the performance of
some sugarcane hybrids to detect the elite ones. Assiut Journal of Agricultural Sciences,
53(1), 1-11.

Esau, K. (1977). Anatomy of seed plants (2nd ed.). John Wiley & Sons.

Gasteiger, E., Gattiker, A., Hoogland, C., Ivanyi, L., Appel, R. D., & Bairoch, A. (2003). ExPASy:
The proteomics server for in-depth protein knowledge and analysis. Nucleic Acids
Research, 31(13), 3784-3788. https://doi.org/10.1093/nar/gkg563

Ghallab, A. M., El-Hennawy, H. M., & Attaya, A. S. (2004). Some physiological studies on
increasing water stress tolerant of micropropagated sugarcane plants by using laser
irradiation. Egyptian Journal of Applied Sciences, 19(8), 220-235.

Gouda, S. S. N., Saravanan, K., & Ravishankar, C. R. (2016). Correlation and path analysis for
yield and quality attributes in sugarcane. International Journal of Science, Technology &
Engineering, 3(2), 133-137.

Graether, S. P., & Boddington, K. F. (2014). Disorder and function: A review of the dehydrin
protein family. Frontiers in Plant Science, 5, 576. https://doi.org/10.3389/fpls.2014.00576

Gupta, P. K., Varshney, R. K., Sharma, P. C., & Ramesh, B. (2003). Molecular markers and their
applications in wheat breeding. In P. K. Gupta & R. K. Varshney (Eds.), Cereals (pp. 1-
36). Springer. https://doi.org/10.1007/978-3-662-06538-1 1

29



898
899

900
901

902
903
904

905
906
907
908

909
910

911
912
913

914
915
916
917

918
919
920
921
922

923
924
925

926
927
928

929
930

Hailu, G., & Asfere, Y. (2020). The role of molecular markers in crop improvement and plant
breeding programs: A review. Agricultural Journal, 15(6), 171-175.

Hallauer, A. R., Carena, M. J., & Miranda Filho, J. B. (2010). Quantitative genetics in maize
breeding (3rd ed.). Springer. https://doi.org/10.1007/978-1-4419-0766-0

Hassan, M., Shaaban, S. A., El Ziat, R. A., & Khaled, K. A. M. (2024). Laser-induced changes in
the gene expression, growth and development of Gladiolus grandiflorus cv. "White
Prosperity". Scientific Reports, 14, 6603. https://doi.org/10.1038/s41598-024-56430-6

Hernandez, A. C., Dominguez, P. A., Cruz, O. A., Podlesna, A., Ivanov, R., Carballo, C. A.,
Perez, R. M. C., Sanchez, H. G., Zepeda, B. R., & Lopez, B. J. L. (2016). Bioestimulacién
laser en semillas y plantas [Laser biostimulation in seeds and plants]. Gayana Botanica,
73(1), 132-149. [In Spanish]

Hoseini, M., Feqenabi, F., Tajbakhsh, M., & Babazadeh-Igdir, H. (2013). Introduction of seed
treatment techniques (seed priming). International Journal of Biosciences, 3(9), 1-12.

Jackson, D. J. (2005). Improvement of phylogenies after removing divergent and ambiguously
aligned blocks from protein sequence alignments. Systematic Biology, 56(4), 564-577.
https://doi.org/10.1080/10635150701472164

Jamil, Y., Perveen, R., Ashraf, M., Ali, Q., Igbal, M., & Ahmad, M. (2013). He-Ne laser-induced
changes in germination, thermodynamic parameters, internal energy, enzyme activities and
physiological attributes of wheat during germination and early growth. Laser Physics
Letters, 10(4), 045606. https://doi.org/10.1088/1612-2011/10/4/045606

Jones, P., Binns, D., Chang, H. Y., Fraser, M., Li, W., McAnulla, C., McWilliam, H., Maslen, J.,
Mitchell, A., Nuka, G., Pesseat, S., Quinn, A. F., Sangrador-Vegas, A., Scheremetjew, M.,
Yong, S. Y., Lopez, R., & Hunter, S. (2014). InterProScan 5: Genome-scale protein
function classification. Bioinformatics, 30(9), 1236-1240.
https://doi.org/10.1093/bioinformatics/btu031

Kaiser, H. F. (1960). The application of electronic computers to factor analysis. Educational and
Psychological Measurement, 20(1), 141-151.
https://doi.org/10.1177/001316446002000116

Khaled, K. A. M., El-Demardash, 1. S., & Amer, E. A. M. (2015). Genetic polymorphism among
some sugarcane germplasm collections as revealed by RAPD and ISSR analyses. Life
Science Journal, 12(3), 159-167. https://doi.org/10.7537/marslsj120315.21

Khaled, K. A. M., El-Arabi, N. I, Sabry, N. M. S., & El-Sherbiny, S. (2018). Sugarcane
genotypes assessment under drought condition using amplified fragment length

30



931
932

933
934
935
936

937
938
939

940
941
942

943
944

945
946

947
948
949

950

951
952
953
954

955
956
957

958
959
960
961

962
963
964

polymorphism. Biotechnology, 17(4), 120-127.
https://doi.org/10.3923/biotech.2018.120.127

Khaled, K. A. M., Habiba, R. M. M., Bashasha, J. A., & Abdel-Aziz, M. H. (2022). Identification
and mapping of QTL associated with some traits related for drought tolerance in wheat
using SSR markers. Beni-Suef University Journal of Basic and Applied Sciences, 11, 38.
https://doi.org/10.1186/s43088-022-00212-4

Khaled, K. A. M., Habiba, R. M. M., Bashasha, J. A., Azzam, C. R., & Abdel-Aziz, M. H.
(2023). In silico and genetic analysis related to tillering ability in maize. SABRAO Journal
of Breeding and Genetics, 55(1), 168-178. https://doi.org/10.54910/sabrao2023.55.1.15

Knapp, S. J., Stroup, W. W., & Ross, W. M. (1985). Exact confidence intervals for heritability on
a progeny mean basis. Crop Science, 25(1), 192-194.
https://doi.org/10.2135/cropscil985.0011183X002500010046x

Koper, R. (1996). Pre-sowing laser biostimulation of seeds of cultivated plants. International
Agrophysics, 10(2), 121-127.

Lala, P. (2018). Dehydrin proteins and their role in plant abiotic stress tolerance. Journal of Plant
Biochemistry & Physiology, 6(2), 1-7.

Levene, H. (1960). Robust tests for equality of variances. In I. Olkin (Ed.), Contributions to
probability and statistics: Essays in honor of Harold Hotelling (pp. 278-292). Stanford
University Press.

Luckey, T. D. (1982). Hormesis with ionizing radiation. CRC Press.

Luo, X., Hou, Y., Zhang, Y., Meng, Y., Zhang, H., Liu, S., Wang, X., & Chen, R. (2014).
CaDHNS, a dehydrin gene from pepper, plays an important role in salt and osmotic stress
responses. Plant Cell, Tissue and Organ Culture, 118(3), 423-434.
https://doi.org/10.1007/s11240-014-0449-6

Mahmoud, E. A., El-Hinnawy, H. H., Masri, M. 1., Mohamed, B. D., & Mehareb, E. M. (2012).
Performance and repeatability for some agronomic traits in sugarcane crosses at early
selection stage. Egyptian Journal of Plant Breeding, 16(2), 237-255.

Malkocs, T., Lemmon, A. R., Schilling, E. E., Brown, G. K., Neubig, K. M., Soltis, D. E., &
Lemmon, E. M. (2019). Isolation and characterization of 15 SSR loci for the endangered
European tetraploid species Gladiolus palustris (Iridaceae). Applications in Plant Sciences,
7(5), e01245. https://doi.org/10.1002/aps3.1245

Marchler-Bauer, A., Bo, Y., Han, L., He, J., Lanczycki, C. J., Lu, S., Chitsaz, F., Derbyshire, M.
K., Geer, R. C., Gonzales, N. R., Gwadz, M., Hurwitz, D. 1., Lu, F., Marchler, G. H., Song,
J. S., Thanki, N., Wang, Z., Yamashita, R. A., Zhang, D., ... Bryant, S. H. (2017).

31



965
966

967
968
969

970
971
972
973

974
975
976

977
978
979

980
981
982

983
984

985
986
987

988
989
990

991
992

993
994
995

996
997
998

CDD/SPARCLE: Functional classification of proteins via subfamily domain architectures.
Nucleic Acids Research, 45(D1), D200-D203. https://doi.org/10.1093/nar/gkw1129

McVey, J. H., & Lee, S. E. (2008). MME]J repair of double-strand breaks (director's cut): Deleted
sequences and alternative endings. Trends in Biochemical Sciences, 33(6), 252-254.
https://doi.org/10.1016/j.tibs.2008.04.001

Mehareb, E. M., Kun, Y., Jun, Z., Aboelenen, F. F., Wei, Q., Fenggang, Z., Jiayong, L.,
Hongming, X., Li, Y., Peifang, Z., Yong, Z., & Caiwen, W. (2017). Evaluation of seventy-
six sugarcane families at early selection stages. Journal of Plant Breeding and Crop
Science, 9(9), 151-159. https://doi.org/10.5897/JPBCS2017.0648

Metwally, M. S., El-Metwally, M. A., & Abou-El-Wafa, M. H. (2013). Effect of drip irrigation on
sucrose content and yield of sugarcane in Upper Egypt. Egyptian Journal of Agricultural
Research, 91(3), 807-818.

Milligan, S. B., Balzarini, M., & White, W. H. (2003). Broad-sense heritabilities, genetic
correlations, and selection indices for sugarcane borer resistance and their relation to yield
loss. Crop Science, 43(5), 1729-1735. https://doi.org/10.2135/cropsci2003.1729

Mittler, R., Vanderauwera, S., Gollery, M., & Van Breusegem, F. (2011). Reactive oxygen gene
network of plants. Trends in Plant Science, 9(10), 490-498.
https://doi.org/10.1016/j.tplants.2004.08.009

Mohammed, F. H., & Guma, A. A. (2015). Genetic diversity of sugarcane genotypes using
RAPD markers. Egyptian Journal of Genetics and Cytology, 44(2), 287-299.

Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A. C., & Kanehisa, M. (2007). KAAS: An automatic
genome annotation and pathway reconstruction server. Nucleic Acids Research,
35(suppl_2), W182-W185. https://doi.org/10.1093/nar/gkm321

Nadimi, M., Sun, D. W., & Paliwal, J. (2021). Recent applications of novel laser techniques for
enhancing agricultural production. Laser Physics, 31(5), 053001.
https://doi.org/10.1088/1555-6611/abf2c4

Nobel, P. S. (2009). Physicochemical and environmental plant physiology (4th ed.). Academic
Press.

Paleg, L. G., & Aspinall, D. (1970). Field control of plant growth and development through the
laser activation of phytochrome. Nature, 228(5275), 970-973.
https://doi.org/10.1038/228970a0

Podlesna, A., Gladyszewska, B., Podlesny, J., & Zgrajka, W. (2015). Changes in the germination

process and growth of pea in effect of laser seed irradiation. International Agrophysics,
29(4), 485-492. https://doi.org/10.1515/intag-2015-0054

32



999
1000
1001

1002
1003
1004
1005

1006
1007
1008
1009

1010
1011
1012

1013
1014
1015
1016

1017
1018
1019

1020
1021
1022

1023
1024
1025
1026

1027
1028
1029

1030
1031

Podlesny, J., & Podlesna, A. (2004). Morphological changes and yield of selected species of
leguminous plants under the influence of seed treatment with laser light. International
Agrophysics, 18(3), 253-260.

Podlesny, J., Stochmal, A., Podlesna, A., & Misiak, L. E. (2012). Effect of laser light treatment
on some biochemical and physiological processes in seeds and seedlings of white lupine
and faba bean. Plant Growth Regulation, 67(3), 227-233. https://doi.org/10.1007/s10725-
012-9681-6

Rao, G., Ashraf, U., Huang, S., Cheng, S., Abrar, M., Mo, Z., Pan, S., & Tang, X. (2018).
Ultrasonic seed treatment improved physiological and yield traits of rice under lead
toxicity. Environmental Science and Pollution Research, 25(34), 33637-33644.
https://doi.org/10.1007/s11356-018-3303-5

Rao, G., Huang, S., Ashraf, U., Mo, Z., Duan, M., Pan, S., & Tang, X. (2019). Ultrasonic seed
treatment improved cadmium (Cd) tolerance in Brassica napus L. Ecotoxicology and
Environmental Safety, 185, 109659. https://doi.org/10.1016/j.ecoenv.2019.109659

Reddy, G. E., Rakesh, G., Naik, P. J., Swapna, N., Swathi, Y., Bharathi, Y., Kumar, M. V., &
Venkataiah, M. (2020). Character association among yield and quality traits in early

maturing sugarcane clones. Current Journal of Applied Science and Technology, 39(30),
137-143. https://doi.org/10.9734/CJAST/2020/v3913030584

Reed, G. F., Lynn, F., & Meade, B. D. (2003). Use of coefficient of variation in assessing
variability of quantitative assays. Clinical and Vaccine Immunology, 10(6), 1159.
https://doi.org/10.1128/CDLI.10.6.1159.2003

Rousseeuw, P. J. (1987). Silhouettes: A graphical aid to the interpretation and validation of
cluster analysis. Journal of Computational and Applied Mathematics, 20, 53-65.
https://doi.org/10.1016/0377-0427(87)90125-7

Salah, M. M., El-Demardash, I. S., & Khaled, K. A. M. (2021). R-ISSR as marker assisted
selection for drought tolerance in sugarcane. Journal of Agricultural Chemistry and
Biotechnology, Mansoura University, 11(2), 85-89.
https://doi.org/10.21608/jacb.2020.87823

Samaha, G., Sayed, L. M., & Saber, A. A. (2023). Evaluation of sesame (Sesamum indicum L.)
lines under salt stress for yield using SSR markers. Yuzunct Yil University Journal of
Agricultural Sciences, 33(3), 397-407. https://doi.org/10.29133/yyutbd.1163062

Shapiro, S. S., & Wilk, M. B. (1965). An analysis of variance test for normality (complete
samples). Biometrika, 52(3-4), 591-611. https://doi.org/10.1093/biomet/52.3-4.591

33



1032
1033
1034

1035
1036
1037
1038

1039
1040
1041

1042
1043

1044
1045
1046

1047
1048
1049

1050
1051
1052

1053
1054

1055
1056
1057
1058

1059
1060

1061
1062

1063
1064
1065

Shehata, S. A., El-Shal, Z. S., & Abdel-Wahab, A. T. (2023). Sugar crops research and
development in Egypt: Current status and future prospects. Egyptian Journal of
Agronomy, 45(1), 1-14.

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., Lopez, R., McWilliam, H.,
Remmert, M., Séding, J., Thompson, J. D., & Higgins, D. G. (2011). Fast, scalable
generation of high-quality protein multiple sequence alignments using Clustal Omega.
Molecular Systems Biology, 7, 539. https://doi.org/10.1038/msb.2011.75

Singh, R. K., Mishra, S. K., & Singh, S. P. (2017). SSR marker development and their
application in sugarcane genetics and breeding. Sugar Tech, 19(3), 259-269.
https://doi.org/10.1007/s12355-016-0462-7

Spalding, E. P., & Folta, K. M. (2005). Illuminating topics in plant photobiology. Plant, Cell &
Environment, 28(1), 39-53. https://doi.org/10.1111/j.1365-3040.2004.01282.x

Suzuki, R., & Shimodaira, H. (2006). Pvclust: An R package for assessing the uncertainty in
hierarchical clustering. Bioinformatics, 22(12), 1540-1542.
https://doi.org/10.1093/bioinformatics/btl117

Tamura, K., Stecher, G., & Kumar, S. (2021). MEGA11: Molecular Evolutionary Genetics
Analysis version 11. Molecular Biology and Evolution, 38(7), 3022-3027.
https://doi.org/10.1093/molbev/msab120

Tena, E., Mekbib, F., & Ayana, A. (2016). Correlation and path coefficient analyses in sugarcane
genotypes of Ethiopia. American Journal of Plant Sciences, 7(10), 1498-1520.
https://doi.org/10.4236/ajps.2016.710142

Tester, M., & Langridge, P. (2010). Breeding technologies to increase crop production in a
changing world. Science, 327(5967), 818-822. https://doi.org/10.1126/science.1183700

Tian, F., Gong, J., Zhang, J., Zhang, M., Wang, G., Li, A., & Wang, W. (2017). Enhanced
stability of thylakoid membrane supercomplexes and an improved photosystem II

photochemical efficiency in response to mild drought stress in wheat. Plant Science, 264,
39-46. https://doi.org/10.1016/j.plantsci.2017.08.007

Tukey, J. W. (1949). Comparing individual means in the analysis of variance. Biometrics, 5(2),
99-114. https://doi.org/10.2307/3001913

Tyree, M. T., & Zimmermann, M. H. (2002). Xylem structure and the ascent of sap (2nd ed.).
Springer. https://doi.org/10.1007/978-3-662-04931-0

Untergasser, A., Cutcutache, 1., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., & Rozen, S. G.
(2012). Primer3—New capabilities and interfaces. Nucleic Acids Research, 40(15), el115.
https://doi.org/10.1093/nar/gks596

34



1066  Ward, J. H. (1963). Hierarchical grouping to optimize an objective function. Journal of the

1067 American Statistical Association, 58(301), 236-244.

1068 https://doi.org/10.1080/01621459.1963.10500845

1069  Yalinkilig, N. A., Bagbag, S., Altaf, M. T., Ali, A., Nadeem, M. A., & Baloch, F. S. (2024).

1070 Applicability of SCoT markers in unraveling genetic variation and population structure
1071 among sugar beet (Beta vulgaris L.) germplasm. Molecular Biology Reports, 51, 584.
1072 https://doi.org/10.1007/s11033-024-09566-y

1073  Ye, J., Coulouris, G., Zaretskaya, 1., Cutcutache, 1., Rozen, S., & Madden, T. L. (2012). Primer-
1074 BLAST: A tool to design target-specific primers for polymerase chain reaction. BMC
1075 Bioinformatics, 13, 134. https://doi.org/10.1186/1471-2105-13-134

1076  Zeng, Z., Liu, X., Deng, Q., Ashraf, U., Chen, J., & Shen, W. (2023). Transcriptome analysis
1077 revealed mechanisms involved in improved germination and growth of sugarcane by
1078 ultrasonic treatment. Industrial Crops and Products, 192, 116104.

1079 https://doi.org/10.1016/j.indcrop.2022.116104

1080  Zhou, M. M. (2018). Simultaneous selection for multiple traits in sugarcane breeding populations
1081 using logistic regression models. South African Journal of Plant and Soil, 35(5), 377-383.
1082 https://doi.org/10.1080/02571862.2018.1439763

35



Dendrogram
Complete Linkage, Pearson Distance

3322

cafcui=cu il

100.00 * + ) * *
1 3 s 15 2 16 14 4 7 (-3 8 1 17 11 12 9 13 20 18 19

Observations

Similarity

G.95-21

Figure 1: Dendrogram analysis based on five studied traits of 20 laser treatments on sugarcane.
Hierarchical clustering was performed using complete linkage and Pearson distance.
The dendrogram shows three main clusters: Cluster I (high-performance: treatments 1,
3, 5, 15), Cluster Il (intermediate-performance: 11 treatments), and Cluster III (low-
performance: treatments 9, 13, 18, 19, 20, and control G.95-21).
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Figure 2: Correlation heatmap of Pearson correlation coefficients among five agronomic traits
(stalk height, stalk diameter, stalk number/stool, stalk weight, and Brix). Red colors
indicate positive correlations, blue colors indicate negative correlations. Bold values
are significant at P < 0.0l after Bonferroni correction. Stalk height shows strong
positive correlation with stalk weight (r = 0.82) and Brix (r = 0.67), while stalk
number/stool shows negative correlation with stalk weight (r = -0.48).
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Figure 3: Elbow method for determining the optimal number of clusters. The plot shows total
within-cluster sum of squares (WSS) as a function of the number of clusters (k = 1 to 10).
The elbow at k = 3 indicates the optimal clustering solution, explaining 78.4% of the
total variance in agronomic traits.
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Figure 4: Two-dimensional hierarchical heatmap of 20 laser treatments (rows) and 5 agronomic
traits (columns). Color scale represents Z-scores (blue = below mean, red = above mean,
white = near mean). Row dendrogram (left) shows treatment clustering using Ward's
method with Euclidean distance. Column dendrogram (top) shows trait clustering.
Colored side bars indicate cluster membership (green = high-performance, blue =
intermediate, red = low). Treatment 1 (T1) shows uniformly high Z-scores across all traits.
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Figure 5: Leaf anatomy of G.95-21 variety under different He-Ne laser treatments. (A) Transverse
sections through the leaf lamina of control, T1 (5 mW/0.5 min), and T20 (100 mW/0.5
min). Scale bars = 200 um. (B) Magnified portions showing cellular details. Scale bars
= 100 um. Abbreviations: u ep, upper epidermis, | ep, lower epidermis, c, cuticle; t,
trichome; b, bulliform cells, ph, phloem; x, xylem, v, vessels; i s, inner sheath, o s, outer
sheath; f, fiber. (C) Bulliform cell development comparison. Control: 106.2 um, TI:
128.1 um (+20.7%), T20: 72.6 um (-31.7%).
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Figure 6: Principal component analysis of nine anatomical parameters. (A) Scree plot showing
eigenvalues and cumulative variance explained. PCI explains 85.3% and PC2 explains
9.4% of total variance (cumulative = 94.7%). (B) PCA score plot showing clear
separation of treatment groups (control, T1, T20) along PCI with no overlap, indicating

robust and reproducible treatment effects.
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Figure 7: Relationships among anatomical parameters. (A) Correlation heatmap between nine
anatomical parameters and five agronomic traits. Lamina thickness shows strongest
correlations with stalk weight (r = 0.94, P < 0.001) and Brix (r = 0.89, P < 0.001). Xylem
thickness is strongly correlated with stalk height (r = 0.91, P < 0.001). (B) Hierarchical
clustering dendrogram of anatomical parameters showing two major clusters: Cluster A
(Structural-Vascular: xylem, metaxylem, vascular bundle, phloem, lamina) and Cluster
B (Epidermal-Bulliform: bulliform cells, upper epidermis, lower epidermis, cuticle).
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Figure 8: Molecular marker analysis of laser-treated sugarcane clones. (A) SCoT amplification
profiles using seven primers with seven illuminated sugarcane clones and control. M:
100 bp DNA ladder. C: Control (G.95-21). TI-T20: Laser-treated clones. The arrow
indicates the unique 2,173 bp band present exclusively in the control, suggesting an InDel
event. (B) Dendrogram based on SCoT results showing complete genetic separation of

the control from all laser-treated clones.
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Figure 9: Gene Ontology (GO) enrichment bar plot showing significantly overrepresented GO
terms among annotated SCoT fragments (FDR < 0.05). Bar length represents the number
of genes. The most enriched terms include "carbohydrate metabolic process" (8 genes),

"response to abiotic stimulus"” (6 genes), and "catalytic activity" (14 genes).
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Figure 11: Maximum likelihood phylogenetic tree of dehydrin homologs (1,000 bootstrap
replicates). SODHNI (Saccharum officinarum) is highlighted in red. The tree places
SoDHNI within the Poaceae YSK:-type clade, showing 98% bootstrap support with
Sorghum bicolor and 94% with Zea mays.
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Figure 13: Marker-trait association analysis. (A) MTA network showing correlations between
significant SCoT markers and agronomic traits (|r| > 0.5, P < 0.05). Red nodes represent
traits, blue nodes represent SCoT markers. Green edges indicate positive correlations, red
dashed edges indicate negative correlations. SCoT-21 (dehydrin) shows strong negative
correlation with stalk weight. SCoT-1 (SPS) shows strong positive correlation with Brix.
SCoT-15 (CAD) shows positive correlations with stalk diameter and weight. (B) PCA biplot
of integrated phenotypic and molecular data for seven sugarcane clones. The first two
principal components explain 68.4% of total variance (PCI = 48.2%, PC2 = 20.2%). Red
vectors represent agronomic traits, blue vectors represent significant SCoT markers. T1 and
T'15 occupy the positive PCI region associated with productivity traits.



Table 1: Laser treatments ranking and number of clones per treatment

T Dose (mYV)/Tlme clones/treatment | T Dose (mW)/Tlme clones/treatment
(Min.) (Min.)
1 5/0.5 1 11 50/0.5 4
2 51 3 12 50/1 2
3 5/3 2 13 50/3 1
4 5/5 3 14 50/5 5
5 5/10 1 15 50/10 1
6 20/0.5 5 16 60/0.5 3
7 20/1 3 17 60/1 1
8 20/3 1 18 70/0.5 2
9 20/5 3 19 70/1 1
10 20/10 4 20 100/0.5 2

Table 2: List of primers and their sequences generated by SCoT primers of illuminated

sugarcane treated clones and the check variety G.95-21

No. Primer name Primer sequence (5'-3)

1 SCoT- 1 CAACATGGCTACCACCA

2 SCoT-13 ACGACATGGCGACCATCG

3 SCoT-15 ACGACATGGCGACCGCGA

4 SCoT-18 ACCATGGCTACCACCGCC

5 SCoT-19 ACCATGGCTACCACCGGC

6 SCoT-21 ACGACATGGCGACCCACA

7 SCoT-28 CCATGGCTACCACCGCCA

Table 3: Mean performance of sugarcane laser treatments from two seasons stalk height and

diameter
Stalk height Stalk diameter

Treatment | Mean SE () SD CV% | Mean SE () SD CV%
1 272.9 27.2 38.4 14.1 2.6 0.15 0.2 8.3
2 197.1 12.4 304 15.4 2.3 0.14 0.4 15.5
3 220.0 13.5 27.1 12.3 2.5 0.12 0.2 9.7
4 213.7 22.3 54.7 25.6 2.3 0.11 0.3 11.4
5 242.5 2.5 3.5 1.5 2.5 0.05 0.1 2.9
6 211.9 11.6 36.7 17.3 2.2 0.05 0.2 6.9
7 216.3 25.1 61.5 28.4 23 0.13 0.3 13.2
8 232.5 57.5 81.3 35.0 2.2 0.15 0.2 9.9
9 190.8 15.0 36.7 19.2 2.1 0.12 0.3 13.8
10 233.8 11.9 33.7 14.4 2.3 0.08 0.2 9.8
11 234.0 15.6 44.0 18.8 23 0.10 0.3 12.8
12 234.4 30.6 61.1 26.1 2.4 0.09 0.2 7.4
13 170.9 4.2 59 34 2.2 0.00 0.0 0.0
14 211.0 10.2 35.3 16.7 2.4 0.07 0.3 10.8
15 212.5 57.5 81.3 38.3 2.6 0.25 0.4 13.9




16 193.7 19.9 48.8 25.2 23 0.13 0.3 13.9
17 242.5 57.5 81.3 335 2.3 0.00 0.0 0.0
18 190.0 15.7 314 16.5 2.3 0.10 0.2 8.9
19 167.5 2.5 3.5 2.1 23 0.25 0.4 15.7
20 154.0 12.5 25.1 16.3 2.2 0.06 0.1 5.8
Mean 211.6 4.5 44.8 21.2 2.3 0.02 0.2 10.8
G.95-21 | 177.8 0.1 2.2 0.1
LSD5% | 68.0 0.3

Table 4: Mean performance of sugarcane laser treatments from two seasons for stalk

number/stool, stalk weight and Brix value

Stalk number/stool Stalk weight Brix
Treatment | Mean SE(x) SD CV%| Mean SE(x) SD CV%| Mean SE(x) SD CV%

1 2.0 1.0 14 707 | 143 029 041 287 | 235 05 07 3.0
2 1.5 02 05 365 | 082 0.15 037 451 198 07 1.7 8.7
3 1.0 00 00 0.0 1.04 0.10 0.19 185 | 228 03 05 22
4 1.8 04 10 536 | 096 021 051 529 | 222 05 12 53
5 1.0 00 00 0.0 1.15 0.05 0.08 6.8 22.0 1.0 14 64
6 1.4 02 07 499 | 082 0.06 020 240 | 226 04 13 56
7 1.5 02 05 365 | 097 0.18 044 453 | 21.0 1.0 24 113
8 1.0 00 00 0.0 0.88 033 046 525 | 205 05 07 34
9 2.5 04 1.0 420 | 070 0.12 030 429 | 222 05 12 53
10 1.6 03 09 564 | 095 0.10 028 298 | 194 05 14 173
11 1.8 04 12 666 | 099 0.15 042 424 | 200 06 1.7 85
12 2.0 07 14 707 | 1.03 0.19 039 374 | 21.0 1.5 29 140
13 2.5 05 07 283 | 063 002 0.02 34 215 05 07 33
14 1.3 0.1 05 369 | 096 0.11 036 38.1 18.3 1.2 41 223
15 1.0 00 00 0.0 .15 051 072 627 | 175 05 0.7 4.0
16 1.2 02 04 350 | 083 0.14 035 419 | 183 1.3 3.1 168
17 1.5 05 0.7 47.1 1.01 024 034 336 | 195 .5 21 109
18 1.5 03 06 385|079 009 0.19 236 | 148 14 28 18.7
19 1.5 05 07 471 | 066 0.17 024 364 | 17.0 1.0 14 83
20 2.8 06 13 458 | 057 0.07 0.14 238 | 17.0 .1 22 127
Mean 1.6 01 09 532 | 090 0.04 035 385 | 20.1 03 29 147




G.95-21 2.0 0.0 0.67 0.16 125 0.50
LSD 5% 14 0.49 6.3
Table 5: Cluster analysis of 20 laser treatments of sugarcane
Average Maximum
Clusters Groups Number - of Similarity distance distance Treatments
observations level from from
centroid  centroid
Groupl 1 1
Clusterl Group2 3 46.7 1.51 2.37 3.5, 15
2,16,14,4,7,6,
Cluster2 11 63.5 1.01 1.42 8 10,17, 11, 12
9,13, 20, 18, 19,
Cluster3 6 48.6 1.72 2.09 G.95.21

Table 6: Eigenvalues, proportion of variance, and factor loadings for principal components

(PC1 and PC2) based on five agronomic traits

Trait PCI1 (51.2%) PC2 (27.4%)
Stalk height 0.84 0.21
Stalk diameter 0.32 0.68
Stalk number/stool 0.18 0.72
Stalk weight 0.79 0.35
Brix 0.76 0.28

Bold values indicate loadings > 0.60

Table 7: Pearson correlation coefficients among five agronomic traits (n = 20 treatments)

. . Stalk Stalk Stalk .
Trait Stalk height diameter number/stool | weight Brix
Stalk height 1
Stalk diameter 0.38 (0.098) 1
Stalk number/stool -0.29 (0.089) | -0.21 (0.372) 1
Stalk weight 0.82 (0.000) 0.54 (0.007) -0.48 (0.019) 1
Brix 0.67 (0.001) 0.19 (0.382) -0.33 (0.154) | 0.59 (0.003) 1

Values in parentheses are P-values. Bold values indicate significance at P < 0.01 after Bonferroni

correction.



Table 8: Two-way ANOVA summary (F-values) for the effects of laser power (P), exposure

time (T), and their interaction (PxT) on five agronomic traits

Source | df Stalk . Stalk Stalk Stalk Brix
height diameter number/stool weight
Power (P) | 5 8.34H** 5.21%* 4.03* 7.65%** 9.12%**
Time (T) 4 7.22%%* 4.56** 3.89* 6.34%** 8.03**
PxT 10 5.42%** 3.18* 2.45% 4.21%%* 4.87***
Error 28

P<0.001; P<0.01; P<0.05

Table 9: Broad-sense heritability (H? £ SE) and genetic advance (GA) for five agronomic

traits in laser-treated sugarcane clones

Trait o’g c%e H? + SE op (abcs}(ﬁu tc) gj;M
Stalk height (cm) 896.4 421.7 | 0.68+0.10 36.3 52.1 24.6
Stalk diameter (cm) 0.041 0.011 |0.79+0.09 0.23 0.37 15.8
Stalk number/stool 0.58 0.51 0.53+£0.14 1.05 0.62 38.7
Stalk weight (kg) 0.082 0.053 ]0.61+0.12 0.37 0.28 31.2
Brix (%) 6.84 2.41 0.74 £0.11 3.05 4.48 22.3

Table 10: Enhanced cluster classification of 20 laser treatments based on Ward's hierarchical

clustering
Cluster I (High) I1 (Intermediate) 11T (Low)
2,4,6,7,8,10, 11, | 9, 13, 18, 19, 20, G.95-

Treatments 1,3,5,15 12, 14, 16, 17 1
No. of treatments | 4 11 6

K High stalk height (>220 cm) Int diat 1 Low stalk height (<200 cm)

N tey. y high Brix (>22%) ntermedia ‘131"3 US, low stalk weight (<0.9 kg)
characteristics high stalk weight (>1.0 kg) near overall mean

AU p-value (%) 98 96 91

Table 11: Multi-trait selection index (SI) and ranking of 20 laser treatments and control

Rank Treatment SI value Cluster Recommendation

1 1 5.99 1 Elite — advance to multi-location trials
2 5 2.39 1 Elite — advance to multi-location trials
3 3 1.85 I Promising — further evaluation




4 15 0.66 I Promising (Brix improvement needed)
5 12 2.13 11 Moderate — retain

18 (G.95-21 (control) -4.09 111 Baseline

21 13 -4.12 11 Discard

Table 12: Measurements (um) and counts of some histological aspects in the cross sections

through the leaf blade of G.95-21 variety (Saccharum spp.) plants, aged three

months, exposed to treatments with He-Ne laser (Means of three sections from three

specimens)
Treatments
Histological aspects +Percentage +Percentage
Control T to Control 120 to Control
Thickness of lamina 205.63 222.77 +8.33 130.67 -36.45
Thlcknegs of upper 10.56 10.92 +3.40 778 -26.32
epidermis
Thlcknegs of lower 579 6.00 +3.62 4.72 -18.48
epidermis
Thickness of cuticle layer 3.65 3.73 +2.19 3.50 -4.10
’Cfgics:kness of the bulliform 106.18 128.13 +20.67 7255 -31.67
Dimensions of main 206.51 220.55 +6.79 131.34 -36.40
vascular bundle
Thickness of xylem tissue 105.27 115.80 +10.00 66.11 -37.19
Thlckness of phloem 80.70 8421 +434 45.98 -43.02
tissue
Mean diameter of meta 011 47.12 +11.89 2520 -40.15

xylem Vessels

T1: SmW/ 0.5 min, T20: 100mW/ 0.5 min

Table 13: Descriptive statistics of anatomical parameters across treatment groups

0
Parameter Treatment (ml;/l)ean ( i)SE SD (%?V Chfnge 95% CI
Lamina Control 20563 | 342| 1026| 499 |— —
thickness
Tl 222.77 3.15 9.45 4.24 8.33 | [+5.98, +10.68]
T20 130.67 2.88 8.64 6.61 |-36.45 |[-39.21,-33.69]
Bulliform cells | Control 106.18 2.85 8.55 805 | — —




[+15.32,
TI 12813 | 261| 783 | 611 |2067 |00
T20 72.55 242 726 | 1001 |-31.67 | [-36.45,-2689]
Metaxylem 1 o 4211 108| 324 | 769 | — _
vessels
TI 4712 0.95| 285 | 605 | 11.89 | [+8.45,+1522]
T20 252 0.88 | 2.64 | 1048 |-40.15 | [-44.92, -3538]

Table 14: Pearson correlation coefficients between anatomical and agronomic traits

Anatomical Stalk Stalk Brix Stalk Stalk
parameter height weight diameter number

Lamina thickness 0.86%** 0.94%*%* (0.89%** 0.79** 0.45

Xylem tissue 0.91*** (0.88%*** 0.83** (0.84%** 0.44

Metaxylem 0.85% % 0,907 0.85%%* | (,78%* 0.49
vessels

Phloem tissue 0.79%* 0.84%* 0.86%** 0.72%* 0.51

P <0.001; P<0.01; P<0.05

Table 15: List of primers, their sequences, number and size of the amplified fragments

generated by SCoT primers of illuminated sugarcane treated clones and the check

variety G.95-21

No. Primer Monomorphic Polymorphic Size range (bp) (PIC) HE Pol%
name fragments fragments
1 SCOT-1 ) 10 407-5052 0.520 0.596 90.9%
2 SCoT-13 ) 7 424-2465 0.522 0.600 87.5%
3 SCoT-15 ) 21 169- 1950 0.512 0.581 95.5%
4 SCoT-18 3 18 268-2470 0.520 0.595 85.7%
5 SCoT-19 2 4 442-5338 0.469 0.520 66.7%
6 SCoT-21 3 3 609- 2173 0.488 0.547 50%
7 SCoT-28 4 5 372-1850 0.518 0.593 69.2%

Table 16: Summary of start codon targeted (SCoT)-amplified products from seven samples

of sugarcane treated with laser and the sugarcane variety G.95-21

Description

Result

Total fragments scored
Number of monomorphic bands
Number of polymorphic bands
Number of primers used

Size range of amplified fragments (bp)

83 fragments
15 fragments
68 fragments

Seven

169-5338bp




Table 17: The similarity values between sugarcane variety G.95-21 and seven clones from

laser treatment

C T1 T5 T15 T9 T10-1 T20 T10-2
C 1
T1 0.67 1
T5 0.58 0.71 1
T15 0.60 0.65 0.57 1
T9 0.64 0.83 0.79 0.63 1
T10-1 0.66 0.84 0.76 0.68 0.89 1
T20 0.60 0.78 0.70 0.69 0.80 0.85 1
T10-2 0.60 0.78 0.80 0.67 0.88 0.86 0.86 1

Table 18: Significant marker-trait associations (FDR-adjusted P < 0.05)

Fragment | Putative . P D
Marker Trait SE R2 . Direction
(bp) gene p (adj.)
) Stalk )
SCoT-21 | 2,173 Dehydrin weight (ke) -0.76 | 0.12 | 0.58 | 0.001 | Negative
SCoT-1 1,890 SPS Brix (%) 4.2 0.85 |0.52 |0.003 | Positive
Stalk
SCoT-15 | 1,950 CAD diameter 0.28 | 0.06 0.49 0.004 | Positive
(cm)
Stalk ..
SCoT-15 1,950 CAD : 0.34 | 0.08 |0.44 |0.008 | Positive
weight (kg)
SCoT-28 | 1850 | hytochro | Stalk 385 | 92 |041 |0.012 |Positive
me B height (cm)

Table 19: Multiple linear regression models for predicting agronomic traits

Trait Markers in model Adjusted R? F._ . P-
statistic value
Stalk weight SCoT-21, SCoT-15, SCoT-19 0.79 12.4 <0.001
Brix SCoT-1, SCoT-18 0.68 9.8 0.002
Stalk height SCoT-28, SCoT-18 0.63 8.5 0.004
Stalk diameter SCoT-15, SCoT-13 0.58 6.9 0.008
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