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Abstract

Pearl millet is a vital dryland, nutrient-rich C, crop with significant potential to reduce hidden hunger among vulnerable
groups. However, its wider commercialization is limited by the short shelf life of its flour. Several endogenous compounds,
particularly antioxidant flavonoids, are associated with reduced rancidity. Among these, C-glycosylflavonoids are consid-
ered important contributors to the enhanced shelf life of flour. C-glycosyl transferases (CGT5) encode proteins containing
the UDP-glycosyl transferase domain and are predicted to play a regulatory role in flavonoid glycosylation. However, a
detailed study on the quality of pearl millet flour is lacking. In this study, 32 PgCGT genes were identified and mapped to
all the chromosomes except chromosome 3. Most of the CGT genes (18) are predicted to be located in chloroplasts. Gene
structure analysis showed that most (25) genes had only one exon. Motif analysis identified conserved motifs within the
CGT gene family in pearl millet. Comparative synteny analysis across cereal genomes suggested that purifying selection
likely shaped the evolution of this gene family, with 15, 18, 20, and 15 conserved orthologs identified in rice, sorghum,
foxtail millet, and maize, respectively. Promoter analysis identified cis-regulatory elements predicted to be associated
with seed-specific regulation and endosperm-specific expression. The low-rancid genotype DS-SP-15 showed significantly
higher flavonoid content at day 0 (131.44 mg QE/100 g) and day 10 (141.88 mg QE/100 g) than the high-rancid genotype
DS-SP-9, which recorded 107.04 mg QE/100 g and 117.17 mg QE/100 g at the respective time points. The observed gene
expression differences in contrasting inbred lines at various times suggest a potential role in flour shelf life in pearl millet.
This study provides a comprehensive characterization of the PgCGT gene family and highlights possible functional diver-
gence among its members. These results provide a solid foundation for future functional validation and targeted genome
editing to improve grain quality and extend the shelf life of pearl millet flour.
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Introduction

Pearl millet [Pennisetum glaucum (L.) R. Br.] is one of
the primary millets grown in arid and semi-arid regions of
Asia and Africa. Globally, it is cultivated on approximately
30 million ha, predominantly in these regions, with about
60% of the area in Africa and 35% in Asia (Satyavathi
et al. 2024). India is the largest producer of pearl millet,
with cultivation on 7.21 million ha, producing 10.86 mil-
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lion metric tons at a productivity of 1507 Kg/ha (https://
www.indiastat.com/). Owing to its nutritional richness and
micronutrients, such as iron (Fe) and zinc (Zn), as well as
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several other essential nutrients, it is considered a nutrient-
dense food crop (Kanatti et al. 2014; Govindaraj et al. 2020;
Satyavathi et al. 2021; Singh et al. 2024). In addition to
its high nutritional value, pearl millet contains a relatively
high fat content (5.24-9.99%) (Tomar et al. 2021). Despite
its superior agronomic resilience, nutritional richness, and
widespread cultivation, its commercial utilization is limited
by the short shelf life of its flour. This is primarily due to the
activity of several oxidative enzymes that cause rancidity.
This remains a major bottleneck and underscores the need to
elucidate the biochemical and genetic mechanisms underly-
ing rancidity development.

Rancidity in pearl millet is a complex phenomenon
resulting from the interaction of several enzymes, including
lipases (Aher et al. 2022), lipoxygenases (LOXs) (Palako-
lanu et al. 2026), and peroxidases, as well as environmental
factors, such as oxygen, temperature, and moisture. Ran-
cidity development is broadly classified into two types:
hydrolytic and oxidative rancidity (Goswami et al. 2020).
Hydrolytic rancidity involves the breakdown of fatty acids
into free fatty acids, thereby increasing the acid value of
pearl millet flour (Bhargavi et al. 2024). These free fatty
acids serve as substrates for enzymes that initiate oxidative
rancidity, which then oxidize them to yield aldehydes and
ketones (Sharma et al. 2022). This results in off-odors and
off-flavors in the flour, which ultimately leads to its deterio-
ration. Owing to the greater role of these enzymes in rancid-
ity development, considerable research efforts have focused
on the identification and characterization of gene families
encoding phospholipases (Moin et al. 2024), TAG-lipases
(Aher et al. 2022), and lipoxygenases (LOXs) (Palakolanu
et al. 2026). In addition to the degradation compounds,
hydrolytic and oxidative activities also generate free radi-
cals, which further deteriorate flour quality during storage.
To mitigate such oxidative stress, several metabolic path-
ways have been activated, resulting in the synthesis of anti-
oxidant compounds, among which flavonoids play a pivotal
role. This enhanced the importance of flavonoids and their
role in mitigating rancidity. Among the various flavonoid
compounds with antioxidative and free radical-scavenging
potential, notably C-glycosylflavonoid (C-Glf) compounds
have greater potential to mitigate the negative impact of
free radicals. In the case of pearl millet, C-glycosyl-vitexin,
vitexin, glycosyl-orientin (Akingbala 1991), and orientin
have been quantified (Ali et al. 2023). This underscored
the importance of characterizing the C-glycosyltransferase
gene family in combating rancidity.

C-glycosyltransferases (CGTs) are part of the glycosyl-
transferases (GTs; EC 2.4.x. y) belonging to a large family
commonly found in viruses, archaea, bacteria, and eukary-
otes. Recent studies have classified the glycosyl transfer-
ases into 138 families (https://www.cazy.org/GlycosylTr
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ansferase-family). These enzymes catalyze the transfer of
UDP-activated sugars to a wide range of acceptors. Glyco-
sylation is primarily classified based on the type of glyco-
sidic linkage formed. The transfer of sugar to the hydroxyl
group and to the carbon atom of the flavonoid skeleton is
called O-glycosylation and C-glycosylation, respectively.
Functional characterization of CGTs has been reported in
maize, where these genes are associated with the biosynthe-
sis of the insecticidal C-glycosyl flavone maysin (Ferreyra
et al. 2013). Similarly, CGT genes have been identified in
horticultural crops such as citrus, where they are involved
in the production of value-added di-C-glucosyl flavonoids
derived from phloretin (Ito et al. 2017) and in mango, where
they participate in the biosynthesis of mangiferin, a com-
pound of pharmaceutical importance (Chen et al. 2015).
In buckwheat, the CGT gene has been reported to play a
physiological role during seed germination, with expression
specifically observed in cotyledons (Nagatomo et al. 2014).
Flavonoids are widely distributed across many cereal and
plant species and contribute significantly to their antioxi-
dant potential. Studies have reported considerable variation
in flavonoid content in crops such as sorghum (Ghimire et al.
2021), rice (Shen et al. 2009), maize (Kaur and Kaur 2016),
and wheat (Punia et al. 2019). In the case of pearl millet,
significant variability in total flavonoid content has been
reported among the 13 pearl millet cultivars, which ranged
from 54.49 to 116.51 mg/100 g catechin equivalents (Krish-
nan and Meera 2017). Although several genes linked to
flavonoids have been identified, a comprehensive genome-
wide analysis of CGT genes in pearl millet remains lack-
ing. A preliminary study on an orthologous gene involved
in C-GF biosynthesis has been documented (Boncompagni
et al. 2018). Therefore, this research aims to systematically
identify and analyze CGT genes across the entire genome
to understand their variation, evolutionary connections, and
possible functions in affecting flour quality in pearl millet.

Materials and methods
Sequence retrieval from databases

Genes involved in the C-glycosylflavonoid biosynthetic path-
way reported in rice (8), along with genes reported in pearl
millet (5), soybean (1), maize (1), citrus (3), and mango (1)
(Boncompagni et al. 2018; Dorjjugder et al. 2021), were used
as reference sequences for genome-wide identification of can-
didate homologs in pearl millet. The corresponding amino acid
sequences were retrieved from UniProt (https://www.uniprot.
org/) and the NCBI protein database. These reference protein
sequences were used as queries in BLASTP searches against
the de novo assembled genome of the Indian pearl millet
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genotype PI583800 available on the Milletdb platform (http://
milletdb.novogene.com/tools/blast). An HMMER search was
performed using the command-line interface to identify
proteins containing the conserved UDP-glycosyltransferase
domains (PF00201), and candidates harboring this domain
were retained for further analysis. Redundant hits were man-
ually curated to obtain a non-redundant set of unique candi-
date homologs for downstream analyses. The gene, coding
DNA sequence (CDS), and protein sequences of the selected
candidates were subsequently extracted from the Milletdb
database for downstream analyses. (http://milletdb.novoge
ne.com/tools/sequenceextraction).

Phylogenetic analysis of CGT genes

The protein sequences of the unique candidates identified
were extracted from Milletdb database (http://milletdb.novo
gene.com/tools/blast). In addition to the unique candidates,
genes reported as UDP-glycosyltransferases and C-glyco-
syltransferases were also considered. Multiple sequence
alignment was performed using the ClustalW method in
MEGALIIL. The phylogenetic tree was constructed using
MEGA11 software with the neighbour-joining (NJ) method,
with the Poisson substitution model, and 1000 bootstrap
replicates under standard settings. The phylogenetic tree
was further formatted using iTOL (https://itol.embl.de).

Chromosomal mapping, physicochemical
properties, and subcellular localization

Information regarding chromosomal positions, strand ori-
entation, gene lengths, and open reading frames (ORFs)
length, and the number of exons and introns for identified
candidate genes was retrieved from the Milletdb Database
(http://milletdb.novogene.com/home). Based on the chro-
mosomal positions of the genes and the exon—intron orga-
nization, chromosomal mapping and gene structure were
performed using TBtools-II (Chen et al. 2020). Addition-
ally, physicochemical properties, including the number of
amino acids, molecular weight (kDa), isoelectric point (pl),
aliphatic index, Grand Average of Hydropathy (GRAVY),
and stability index, were computed using the ProtParam
database (https://web.expasy.org/protparam/). The subcel-
lular localization of the predicted proteins was determined
using the WoLF-PSORT database (https://wolfpsort.hgc.jp).
The subcellular localization of each protein was assigned
based on the highest score.

Motifs and cis-regulatory elements identification

A 1500 bp upstream promoter sequence from the transcrip-
tion start site of each identified gene was extracted, and

cis-regulatory elements were identified using the PlantCare
Database  (https://bioinformatics.psb.ugent.be/webtools/p
lantcare/html/). Conserved motifs within the coding DNA
sequences (CDS) were identified using (http://meme-suite.o
rg/index.html). The distribution of identified cis-acting reg-
ulatory elements across genes was visualized using a bubble
plot generated in Python.

Secondary and tertiary structure analysis of
proteins

The secondary structures of the predicted protein sequences
were analyzed using SOPMA (Self-Optimized Prediction
Method with Alignment) (https://npsa-prabi.ibep.fr/cgi-bin
/npsa_automat.pl?page=/NPSA/npsa_sopma.html), conside
ring four conformational states: a-helices, B-strands, turns,
and random coils. A similarity threshold of 8 and a window
width of 17 were used for the prediction. Three-dimensional
(3D) protein structures were predicted using AlphaFold
(https://alphafold.ebi.ac.uk).

Evolutionary analysis

Dual synteny analysis was performed to investigate the
evolutionary conservation and divergence of CGT genes
between pearl millet and other cereal crops, including rice,
maize, sorghum, and foxtail millet, using TBtools-II (Chen
et al. 2020). Homologous gene pairs identified through syn-
teny analysis were subjected to evolutionary analysis by
estimating Ka and Ks values and substitution rates using
TBtools (Chen et al. 2020). Divergence time was estimated
using the formula T=Ks/2\, where A represents the neutral
substitution rate, assumed to be 6.5x 10~ substitutions per
site per year (Li et al. 2022).

Plant material and treatment conditions

Two inbred lines (DS-SP-15 and DS-SP-9), contrasting in
rapid peroxide value (RPV; unpublished data), were used as
genetic material for gene expression studies. These inbred
lines were derived using the single-seed descent (SSD)
method through continuous selfing up to the S5 generation
from the biofortified cultivar Dhanashakti. Deglumed grains
of the inbred lines were milled into flour using a Foss Cyclo-
tech-1093 mill equipped with a 0.5 mm sieve. Flour sam-
ples collected immediately after milling of these contrasting
inbred lines were considered day 0 samples. Furthermore,
the samples stored for 10 days under accelerated conditions
(37°C and 75% RH) were designated day 10 samples and
used to estimate total flavonoid content and analyze gene
expression.
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Estimation of rapid peroxide value (RPV)

Two hundred milligrams of milled pearl millet flour from
each inbred line was weighed into conical flasks, with three
technical replicates per inbred line. Each sample was mixed
with 1.5 mL of a chloroform—methanol mixture (7:3, v/v).
The mixture was vortexed for 1 min to extract lipids, then
centrifuged at 4000 rpm for 5 min to obtain a clear super-
natant. From the obtained extract, an aliquot of 0.8 mL
was transferred to a fresh tube containing 1 mL of 25 mM
H,SO, and 0.2 mL of 25 mM ferrous ammonium sulfate.
Subsequently, 10 pL of xylenol orange reagent was added,
followed by vortexing for 1 min to ensure proper mixing.
The reaction mixture was incubated at room temperature for
5 min. After incubation, absorbance was recorded at 589 nm
using a Thermo Scientific Multiskan Sky microplate spec-
trophotometer. The RPV was calculated using a standard
calibration curve prepared from ferric chloride standards
ranging from 0 to 20 pg Fe*". The RPV of each sample was
expressed as pg Fe** g or mEq peroxides kg™! on a dry
weight basis.

Estimation of total flavonoid content

The total flavonoid content was estimated in triplicate using
the aluminium chloride colorimetric method (Isla et al.
2014). The samples were extracted in 80% acidified meth-
anol, then vortexed, diluted, and filtered prior to analysis.
Briefly, 1 mL of the extract was mixed with 4 mL of distilled
water and 0.3 mL of 5% NaNO., then incubated for 5 min.
Subsequently, 0.3 mL of 10% AICls was added, and the mix-
ture was incubated for 6 min, followed by the addition of 2
mL of 1 M NaOH. The total reaction volume was adjusted
to 10 mL with distilled water. Absorbance was measured at
510 nm using a microplate reader against a reagent blank. A
standard calibration curve was generated using Quercetin,
ranging from (10-100 pg/mL) (R? > 0.99). The total fla-
vonoid content was expressed as mg quercetin equivalents
(mg QE/100 g sample on a dry weight basis). Precision was
maintained with % RSD<2%, and the blank absorbance
was <0.1.

RNA isolation and quantitative real-time PCR (qRT-
PCR) analysis

Total RNA was extracted independently from flour samples
of each genotype collected at two sampling time points (Day
0 and Day 10), using two biological replicates per treatment,
following a slightly modified protocol provided by the kit
manufacturer (https://www.mn-net.com/bioanalysis/kits/rn
a/). RNA quality was assessed by agarose gel electrophore-
sis, and RNA concentration was quantified using a Qubit 4
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fluorometer (Thermo Fisher, USA). Gene-specific primers
were designed using Primer3 Plus (https:/primer3.ut.ee)
with amplicon sizes of 90—180 base pairs. qRT-PCR was
performed using a Bio-Rad CFX96 Real-Time PCR System
with a one-step RT-PCR kit in a 10 pL reaction volume with
reaction components, including 2 x One Step RT-PCR Buf-
fer (5 uL), RTase Enzyme Mix (0.4 pL), primer (0.8 pl),
RNase-free water (2.6 pl), and RNA (1.2 pl). The standard
thermal cycling program included reverse transcription at
42°C for 5 min, followed by an initial denaturation step
at 95°C for 2 min. PCR amplification was carried out for
40 cycles, consisting of denaturation at 95°C for 5s, and
combined annealing/extension at 62°C for 25s, with fluo-
rescence data collected during the annealing/extension step.
Following amplification, melt curve (amplicon dissociation)
analysis was conducted to confirm the specificity of the PCR
products for each gene. For each biological replicate, qRT-
PCR reactions were performed in three technical replicates.
The relative expression of C-glycosyltransferase genes was
calculated using 222D (Livak and Schmittgen 2001) with
normalization against the reference gene PgEIF4a (Reddy
et al. 2015). Expression data were summarized as mean
values across biological replicates, and clustering-based
heat maps of CGT gene expression patterns were generated
using R.

Protein-protein interaction

The protein—protein interaction (PPI) network was con-
structed using the STRING database (https://string-db.
org). The amino acid sequences of the identified proteins
were used as input, and when required, orthologous gene
identifiers were mapped to a model plant reference (Oryza
sativa) to ensure compatibility with the STRING database.
A medium-to-high confidence interaction score threshold
(=0.4) was applied to filter for biologically meaningful
associations. The network expansion was limited to a maxi-
mum of 10 first-shell interactors to capture direct functional
associations while minimizing network complexity.

Results
Identification of CGT genes in pearl millet

Based on previously reported CGT genes across various
crops, including rice, maize, and pearl millet, a genome-
wide BLASTp search was conducted against the pearl millet
genotype PI583800. After removing redundant proteins, the
search yielded 151 unique proteins that were analyzed using
HMMER. This scan identified 65 genes containing the con-
served UDP-glycosyltransferase domain (PF00201), which
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underpins the identification of glycosyl transferase genes.
Among these, one gene was located on an unanchored scaf-
fold and was excluded from further classification analysis,
while the remaining 64 genes were retained for phyloge-
netic analysis.

In addition to the glycosyl transferase genes identified
through BLAST, several previously reported genes from
different crops were included in the phylogenetic analysis.
The phylogenetic analysis classified the 64 glycosyl trans-
ferase genes into two well-defined clades, corresponding
to UDP-glycosyl transferases and C-glycosyltransferases.
This classification was further supported by the clustering
of previously characterized UGTs and CGTs within their
respective groups. Based on the phylogenetic classifica-
tion, among the 64 genes, 32 were identified as CGTs and
32 as UGTs (Fig. 1a). The 32 CGT genes were subsequently
analyzed.

Chromosomal mapping of PgCGT genes

The identified genes were distributed unevenly across the
seven chromosomes of the pearl millet genome (Fig. 1b).
Chromosome 6 harbored the highest number of PgCGT
genes (12), followed by chromosome 7 (7 genes), chromo-
some 2 (6 genes), and chromosome 1 (5 genes). Only one
gene each was located on chromosomes 4 and 5, whereas no
PgCGT genes were identified on chromosome 3.

Physiochemical properties of pearl millet CGT genes
The physicochemical properties and subcellular localiza-

tions of the CGT genes are listed in Table 1. Among the 32
identified CGT genes, protein lengths ranged from 415to 614
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Fig. 1a Circular phylogenetic tree showing the evolutionary relation-
ship of glycosyltransferase proteins in pearl millet. Phylogenetic anal-
ysis of the amino acid sequences was performed using MEGA11 with
the maximum likelihood method with 1000 bootstrap replications.
An unrooted phylogenetic tree was generated using iTOL. The tree
displays two main clusters: an outer clade of O-glycosyltransferases

chrl

amino acids. The molecular weights of the proteins ranged
from 45,296.14 to 66,641.35 Da. The isoelectric points (pl)
ranged from 4.94 to 7.02, with most proteins exhibiting pl
values of 5 and 6, indicating an acidic nature and a negative
charge at physiological pH. The gene PgCGT/.] had the
lowest isoelectric point (pl; 4.94), whereas PgCGT5.1 had
a higher pl value (7.02). Furthermore, the aliphatic index
of the identified proteins ranged from 83.42 to 99.23, indi-
cating relatively high thermostability. The grand average of
hydropathy (GRAVY) values of the proteins ranged from
—0.187 to 0.222, indicating that the proteins were moder-
ately hydrophilic to moderately hydrophobic.

Regarding subcellular localization, approximately 50%
of the proteins were predicted to localize to the chloroplast
(16). Similarly, five have been localized to the cytoplasm,
two to the endoplasmic reticulum, and three to the extra-
cellular space. Two genes showed dual localization, that is,
chloroplast/cytoplasm by PgCGTI.1 and chloroplast/endo-
plasmic reticulum (ER) by PgCGT6.4.

Identification and Sequence Conservation of the
PSPG Motif

The PSPG box is a defining feature of glycosyltransfer-
ase proteins. Based on motif analysis using ScanProsite,
the presence of the PSPG box was confirmed in only 25
of the 32 genes. However, manual searches using con-
served amino acid sequences identified the PSPG box in an
additional six genes: PgCGT6.2, PgCGT6.5, PgCGT6.10,
PgCGT7.1, PgCGT7.4, and PgCGT7.7. The PSPG box
sequences of the CGT proteins were extracted and aligned
using multiple sequence alignment (Fig. S1). It presents the
consensus logo, highlighting the most common amino acid
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(PgUGT) and an inner clade of C-glycosyltransferases (PgCGT).
Fig. 1b Chromosomal distribution of PgCGT genes across the pearl
millet genome. The physical positions of CGT genes were mapped to
individual chromosomes using genome annotation, illustrating their
genomic locations and distribution patterns across pearl millet chromo-
somes. The scale bar on the left indicates the size of the chromosomes
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at each position, while a bar graph illustrates conservation
level across the genes. The PSPG domain ranged from 44
to 45 amino acids; PgCGT2.5 possessed a 45-amino acid
domain, as identified by ScanProsite. Similarly, PgCGT6.2,
which contained the PSPG domain identified manually,
also harbored a 45-amino-acid domain. In the case of
PgCGT6.4, the PSPG box sequence was absent, whereas
certain amino acid motifs, such as HCGWNS, were highly
conserved. Notably conserved sequences across the genes
include WAPQ, marking the beginning of the N-terminal
PSPG box; HCGWNS, located in the central region; and
YAEQ, present at the end of the C-terminal region.

Gene structure analysis

Gene structure predictions indicated that approximately 78%
of'the genes (25 genes) contained a single exon without introns
(Fig. 2a). This simple gene structure is characterized by the
absence of introns, resulting in a continuous coding sequence
without interruptions of introns. Among the remaining genes,
six contained two exons, and one contained three exons.

Motif analysis

Motif analysis identified 10 conserved motifs, designated
as Motifs 1-10 (Fig. 2b). The sequences and length of the

a

motifs identified are presented in Table S1. The functional
similarity among the proteins was also reflected in the
shared motif composition. Among the 32 CGT genes, all
10 motifs were consistently present in 30 genes, whereas
only nine motifs were detected in two genes, PgCGT6.1 and
PgCGT6.2. Motif 1 was absent in PgCGT6. 1, while motif 2
was absent in PgCGT6.2.

Cis-regulatory elements prediction

Among the 32 PgCGT genes, seven genes were in prox-
imity to neighboring genes, resulting in overlaps between
their upstream promoter regions and the coding sequences
of adjacent genes. Therefore, these genes were excluded,
and 25 genes were used to identify cis-regulatory elements.
Analysis of the promoter sequences, 1,500 bp upstream,
identified approximately 89 cis-regulatory elements, of
which 48 had known functions, and 41 had unknown func-
tions. A bubble plot was generated based on the number of
cis-regulatory elements identified in each gene (Fig. 3). The
identified cis-elements were further classified into functional
groups, including core functional elements, light-response
regulatory elements, growth- and development-regulatory
elements, and elements involved in abiotic and biotic stress
regulation (Table S2).

Motif 8
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Fig. 2a Gene structure of PgCGT genes in pearl millet. The gene
structure illustrates the arrangement of exons and introns for each
identified PgCGT gene based on genomic sequence annotation. Yel-
low boxes represent coding sequences (CDS/exons), green boxes
indicate untranslated regions (UTRs), and thin lines connecting the
boxes denote introns. The scale at the bottom indicates gene length
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in base pairs from the 5’ to 3’ direction. 2b Conserved motif analysis
of the PgCGT protein family in pearl millet. Distribution and orga-
nization of these motifs across the 32 PgCGT proteins. Each colored
box represents a distinct conserved motif, and the length of the protein
sequences is indicated by the horizontal lines from 5' to 3’
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Fig. 3 Bubble plot showing the distribution of cis-regulatory elements
identified in the promoter regions of PgCGT genes in pearl millet. The
x-axis represents PgCGT genes, and the y-axis represents different cis-

Structural properties of CGT proteins

Secondary-structure analysis of the PgCGT gene family
revealed the proportions of a-helices, B-strands (extended
strands), B-turns, and random coils in the protein structures
(Table 2). The protein structures mainly consist of a-helices
(37.21%44.35%) and random coils (35.76%—47.07%).
The percentage of extended strands ranged from 11.73% to
15.25%, whereas B-turns were fewer, ranging from 3.91%
to 6.64%. The three-dimensional (3D) structures predicted
with AlphaFold have predicted Local Distance Difference
test (pLDDT) scores above 90%, indicating high reliability
and accuracy (Fig. S2).

Collinearity analysis of PgCGT genes

Collinearity analysis provides insights into the evolution
of the PgCGT gene family by comparing pearl millet with
rice, maize, sorghum, and foxtail millet (Fig. 4). Notably,
strong collinearity was observed between pearl millet CGT
genes and those in other species. Synteny analysis identified
15 orthologous gene pairs between rice and pearl millet, 18
between sorghum and pearl millet, 20 between foxtail mil-
let and pearl millet, and 15 between pearl millet and maize.
The Ka/Ks ratio was also calculated, yielding values rang-
ing from 0.267 to 0.572 for rice—pearl millet pairs, 0.248 to
0.654 for pearl millet-maize pairs, 0.196 to 0.601 for pearl

@ Springer

acting regulatory elements. The size and color of the bubbles indicate
the number of occurrences of each element within the promoter regions

millet-sorghum pairs, and 0.210 to 0.621 for pearl mil-
let—foxtail millet pairs. The estimated divergence times for
these orthologs across the four species ranged from approxi-
mately 9.242 to 77.796 million years ago.

Selection of contrasting genotypes for rancidity

Rapid peroxide value (RPV), an indicator of lipid oxida-
tion and rancidity in pearl millet flour, was used to iden-
tify contrasting inbred lines. Among the evaluated lines,
DS-SP-9 showed higher peroxide values during storage,
whereas DS-SP-15 exhibited comparatively lower values
(Table 3). On day 10 of storage, DS-SP-9 recorded an RPV
of 13.59 mg ferric/kg, compared with 8.68 mg ferric/kg in
DS-SP-15. Based on these contrasting rancidity patterns on
day 10, which was identified as the key stage for peroxide
accumulation, these two inbreds, DS-SP-15 (low rancidity)
and DS-SP-9 (high rancidity), were selected for flavonoid
estimation and gene expression analysis.

Total flavonoid content in high and low rancid
inbreds

The total flavonoid content, which contributes to antioxi-
dant capacity by scavenging free radicals, was estimated in
contrasting lines at days 0, 10, and 20. Differential trends
were observed in the contrasting lines (Fig. 5). In fresh flour
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Table2 Predicted secondary Gene Gene ID o-Helix (%) Extended Strand (%) B-Turn (%) Random Coil (%)
srueture composition OfﬁgCGT PgCGTI.1 _ PMDIGO0816.1  41.80% 13.28% 4.49% 40.43%
ﬁfgfﬁgspgimg?hi:tt;if)u(t’ivg;l PeCGT1.2  PMDIGO5852.1 42.92% 14.58% 4.58% 37.92%
of a-helix, extended strand PgCGT1.3  PMDIGO5853.1 43.47% 15.20% 4.07% 37.26%
(B-sheet), p-turn, and random coil ~ PeCGT1.4  PMDIGO5858.1  43.22% 13.78% 3.97% 39.04%
PeCGTI.5  PMDIGO7473.1  40.32% 14.92% 4.84% 39.92%
PgCGT2.1  PMD2G00370.1  40.16% 13.39% 6.09% 40.37%
PgCGT2.2  PMD2GO1678.1  40.69% 13.97% 4.66% 40.69%
PgCGT2.3  PMD2G03100.1  41.92% 13.91% 429% 39.88%
PeCGT24  PMD2G03101.1  44.33% 14.78% 5.14% 35.76%
PgCGT2.5  PMD2G03793.1 41.13% 14.31% 5.44% 39.11%
PeCGT2.6  PMD2G05284.1  43.40% 14.26% 4.19% 38.16%
PeCGT4.1  PMDA4G03235.1  42.57% 14.05% 5.70% 37.68%
PgCGTS.1  PMD5GO1988.1  37.30% 11.73% 3.91% 47.07%
PgCGT6.1  PMD6G00199.1  44.35% 13.48% 4.78% 37.39%
PeCGT6.2  PMD6G00200.1  40.96% 14.22% 5.06% 39.76%
PgCGT63  PMD6G00201.1  43.60% 14.75% 4.99% 36.66%
PgCGT6.4  PMD6GO08SS.1  42.46% 14.22% 431% 39.01%
PgCGT6.5  PMD6G03816.1  42.38% 13.78% 4.59% 39.25%
PeCGT6.6  PMD6GO4667.1  42.21% 14.34% 5.33% 38.11%
PgCGT6.7  PMD6G05003.1  42.40% 14.78% 6.64% 36.19%
PeCGT6.8  PMD6GOS004.1  43.40% 14.47% 4.68% 37.45%
PgCGT6.9  PMD6G05007.1  41.61% 14.29% 4.55% 39.54%
PgCGT6.10 PMD6GO5012.1  41.93% 14.47% 4.61% 38.99%
PgCGT6.11  PMD6GO5016.1  37.21% 14.29% 4.06% 44.44%
PgCGT6.12  PMD6GOS017.1  41.74% 15.25% 5.51% 37.50%
PgCGT7.1  PMD7GO1538.1 40.45% 14.56% 473% 40.26%
PeCGT72  PMD7GO1540.1  43.91% 14.08% 5.25% 36.76%
PgCGT7.3  PMD7GO1542.1 43.12% 14.58% 5.54% 36.76%
PgCGT7.4  PMD7GO1543.1 42.77% 14.67% 5.99% 36.57%
PgCGT7.5  PMD7GO1546.1 40.99% 13.46% 4.76% 40.79%
PeCGT7.6  PMD7GO1551.1 42.23% 15.10% 6.13% 36.54%
PgCGT7.7  PMD7GO7001.1 42.97% 13.85% 4.89% 38.29%

(day 0), higher base flavonoid content was observed in the
low-rancid inbred line DS-SP-15 (131.44 mg QE/100 g)
compared with the high-rancid line DS-SP-9 (107.04 mg
QE/100 g). A similar trend was observed on day 10, where
DS-SP-15 (141.88 mg QE/100 g) exhibited higher values
than DS-SP-9 (117.17 mg QE/100 g). However, on day
20, the high-rancid line DS-SP-9 showed higher flavonoid
content (162.80 mg QE/100 g) than the low-rancid line
DS-SP-15 (140.98 mg QE/100 g). The increased flavonoid
accumulation in DS-SP-9 at later storage stages may reflect
a stress-induced response to oxidative conditions rather
than a preventive mechanism against rancidity. The declin-
ing trends in the low-rancid line (DS-SP-15) after day 10
may be associated with flavonoid utilization in free-radical
scavenging, leading to thereby mitigating hydroperoxide
formation. Overall, these flavonoid trends were consistent
with the changes in the peroxide value, suggesting a pos-
sible association between oxidative stress and secondary
metabolite accumulation during storage.

Gene expression profiling of PgCGT genes

The expression patterns of the identified PgCGT genes were
analyzed using qRT-PCR in grain flour samples collected on
day 0 and day 10. Heatmap visualization, combined with hier-
archical clustering based on Z-score-normalized mean expres-
sion values, revealed clear temporal and genotype-specific
differences in gene expression between the contrasting inbred
lines (Fig. 6). The analysis identified a distinct cluster of genes,
namely PgCGT2.1, PgCGT6.7, PgCGT6.9, PgCGT6.5,
PgCGT6.6, PgCGT1.1, and PgCGT7.5 which showed high
expression in the low-rancid inbred DS-SP-15 on day 10,
while exhibiting minimal expression in the high-rancid inbred
DS-SP-9 at the same time point. Genotype-wise fold-change
analysis further confirmed significantly higher expression
of these genes in DS-SP-15 compared with DS-SP-9, with
fold changes of 1.33 (PgCGT2.1), 7.45 (PgCGT6.7), 7.61
(PgCGT6.9), 50.45 (PgCGT6.5), 85.71 (PgCGT6.6), 5.29
(PgCGT1.1), and 16.91 (PgCGT7.5). Additionally, the genes
PgCGT1.5, PgCGT2.2, PgCGT2.4, PgCGT6.3, PgCGT6.8,

@ Springer



161 Page 10 of 15

Functional & Integrative Genomics (2026) 26:161

chr1 chr2 chr3 chr4 chr5 chré chr7
a & C y ) o]
C X D ) ] ) @ C D
Chr1 Chr2 Chr3 Chr4 Chrs Chré Chr7 Chr8 Chr9 Chr10 Chr11 Chr12
chr1 chr2 chr3 chr4 i chr§ chré chr7
b : |"| 1 T 4
1
; |
D ¢ [ D ¢ ) D @ D ¢ 1 ¢
Chr1 Chr2 Chr3 Chrd Chrs Chré Chr7 Chr8 Chr9 Chr10
Chr1 Chr2 Chr3 Chr4 Chrs Chré Chr7
C ) @ ) € ) ]
D € C D
chr1 chr2 chr3 chr4 chr5 chré chr7 chrg chrg chr10
d chr1 chr2 chr3 chr4 chrs chré chr7
- ) ) )

) ¢ ) @
Chr1 Chr2 Chr3 Chr4

Fig. 4 Interspecific collinearity analysis of PgCGT genes between
pearl millet and cereal genomes: (a) rice, (b) maize, (¢) sorghum, and
(d) foxtail millet. Chromosomal regions of pearl millet (top) and the
corresponding chromosomes of rice, maize, sorghum and foxtail millet

PgCGT6.11 and PgCGT6.12 were highly expressed on day
0 in the high-rancidity genotype, with minimal expression in
the low-rancidity inbred. In contrast, PeCGT7.6, PeCGT7.7,
PgCGTI.4, PgCGT6.10, and PgCGT7.2 showed higher

Table 3 Rapid peroxide value (RPV; mg ferric/kg) of contrasting pearl
millet inbreds selected for gene expression analysis at different storage
periods (day 0 and day 10 under accelerated storage conditions)

Inbred RPV (mg Ferric/kg)

Day0 Day10 Day20
DS-SP-9 3.71 13.59 6.13
DS-SP-15 1.49 8.68 4.84

@ Springer
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are shown as horizontal bars. Red lines indicate syntenic gene pairs,
highlighting conserved genomic regions and evolutionary relation-
ships of CGT genes across these species

expression on day 0 in the low-rancidity genotype, suggest-
ing their potential involvement during the early stages of grain
storage. Furthermore, increased expression of PgCG7T6.1,
PgCGT6.2, PgCGT6.4, PgCGT2.6, PgCGT7.1, PgCGTI.2,
and PgCGT5.1 was observed in the high-rancidity genotype
on day 10, indicating their possible association in lipid degra-
dation and rancidity development during storage. No consis-
tent expression patterns were observed among the remaining
genes. These results highlight the potential role of PgCGT
genes in determining grain quality and flour shelf life. Over-
all, this study provides evolutionary insights and unveils the
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Fig.5 Changes in total flavo-
noid content and peroxide value
(RPV) in contrasting pearl millet

Geno [] pp-sp-09 [l DP-sP-15

inbreds during storage. Total

Flavonoid (mg QE/100 g)

RPV (mg Ferric/Kg)

flavonoid content (mg QE/100 g)
and peroxide value (mg ferric/
kg) were measured at Day 0,
Day 10, and Day 20 in DS-SP-15
(low-rancid) and DS-SP-9 (high-
rancid) genotypes stored under
accelerated storage conditions.
The left y-axis represents per-
oxide value, and the right y-axis
represents total flavonoid content.
Bars indicate mean values, and
error bars represent standard
error. The asterisks above the
bars indicate statistically signifi-
cant differences, where ** = P <
0.01 (more significant) and *** =
P <0.001 (highly significant)
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functional diversity of the CGT gene family. The identified
genes represent potential candidates for functional validation
using transgenic approaches or gene editing.

Protein-protein interaction analysis

The protein—protein interaction (PPI) network consisted of
28 nodes and 38 edges, with an average node degree of 2.71
and a local clustering coefficient of 0.151. The observed
number of interactions was significantly higher than
expected for a random set of proteins (expected edges=10),
indicating strong functional connectivity among the pro-
teins. The PPI enrichment analysis was highly significant
(p=1.47x10""), suggesting that the proteins are biologi-
cally connected and likely involved in shared functional
pathways. A gene interaction network analysis revealed
that PgCGT7.3, PgCGT7.6, and PgCGT7.7 functioned as
major hub nodes with extensive associations to several rice
homologs, including OsI 24306, Osl 15049, Osl 15048,
Osl 15050, OsI 07085, Osl 15051, Osl 24307, Osl 24308,
Osl 24309, and OsI_17739. Among these, PgCGT7.3 exhib-
ited the highest connectivity, suggesting a potentially impor-
tant regulatory role within the network.

The functional enrichment analysis of the network
revealed that the gene set was strongly associated with oxi-
dative stress and reactive oxygen species (ROS) metabo-
lism. Significant enrichment was observed for responses to
oxidative stress, the hydrogen peroxide catabolic process,
and peroxidase activity, indicating a key role in cellular
redox homeostasis and in detoxifying reactive oxygen spe-
cies. In parallel, a clear enrichment of flavonoid biosynthesis

Day10

Day20 Day0 Day10 Day20

Days

(KEGG: map00941) and related phenylpropanoid-derived
pathways was observed, suggesting coordinated regulation
of antioxidant secondary metabolite production (Fig. S3).

At the molecular function level, the network was predomi-
nantly enriched for UDP-glycosyltransferase and O-meth-
yltransferase activities, supporting their roles in flavonoid
modification, stabilization, and diversification. Peroxidase-
related functions were also significantly enriched, supporting
their role in hydrogen peroxide scavenging and oxidative stress
regulation. STRING cluster analysis further revealed distinct
functional modules associated with flavonoid metabolism,
ROS detoxification, and secondary metabolite biosynthesis
(Fig. S4). Collectively, these results indicate that the identified
gene set forms a tightly connected functional network involved
in flavonoid biosynthesis and oxidative stress regulation, par-
ticularly hydrogen peroxide detoxification in plants.

Discussion

Pearl millet is one of the most important crops, after major
cereals such as rice, wheat, and maize, owing to its high
micronutrient content (Govindaraj et al. 2020, 2022; Pujar
et al. 2020). The International Year of Millets has renewed
global interest in many millet crops, thereby increasing
demand and consumption, particularly in the form of value-
added products and processed forms. However, the short
shelf life of pearl millet flour remains a major constraint on
its wider utilization. Advances in genome sequencing tech-
nology have enabled the sequencing of complete genomes for
several crops, including pearl millet, thereby providing new
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Fig. 6 Heat map showing the expression patterns of PgCGT genes in
contrasting pearl millet inbreds during storage. Gene expression levels
were analyzed in DS-SP-9 (high-rancid) and DS-SP-15 (low-rancid)
at Day 0 and Day 10, which were stored under accelerated storage
conditions. The color scale represents relative expression levels, where
red indicates higher expression and blue indicates lower expression.
Hierarchical clustering groups genes with similar expression patterns

opportunities for in silico characterization of gene families.
C-glycosylflavonoids play a key role in regulating grain qual-
ity traits, particularly grain color and antioxidant activity in
the embryo and endosperm, thereby improving flour shelf life
and reducing rancidity (Kim et al. 2018). This is supported
by evidence that flavonoids enhance antioxidant capacity and
are positively associated with oxidative stability (Pushparaj
and Urooj 2014). In addition to their role in grain quality,
flavonoids have been implicated in plant defense responses,
including downy mildew resistance in cucumbers (McNally
et al. 2003). Furthermore, flavonoids contribute to drought
tolerance in maize, and C-glycosylflavonoids may have
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specific roles in stress adaptation that warrant further inves-
tigation (Li et al. 2021). Therefore, characterization of CGT
genes may help elucidate their additional functional roles in
pearl millet. This highlights the importance of genome char-
acterization of PgCGT genes in pearl millet.

A genome-wide identification and characterization of gly-
cosyltransferase genes in pearl millet identified 32 putative
C-glycosyltransferase (CGT) genes in the present study. Gly-
cosyl transferase gene family has been characterized in several
crops, including cotton (Wu et al. 2019), groundnut (Ouyang et
al. 2023), chickpea (Sharma et al. 2014), and sorghum (Rehana
etal. 2025). However, these studies did not distinguish between
C- and other glycosyl transferases. In this study, we classified
genes using a phylogenetic analysis of C- and other glycosyl
transferase genes, treating those that grouped with C-glycosyl-
transferases as CGT genes in pearl millet. Approximately 80%
of the identified C-glycosyltransferase genes lacked introns.
Previous research reported that approximately 58% of glyco-
syl transferase genes in rice (Dauda et al. 2022) and 55% in
soybean (Mamoon Rehman et al. 2016) are intron-less. The
low intron content observed in this gene family may be associ-
ated with the requirement for rapid transcriptional responses,
involved in diverse regulatory roles.

The PSPG domain is recognized as the signature motif of
the glycosyl transferase gene family and has been reported in
other species (Yin et al. 2017; An et al. 2025). The presence of
the PSPG domain in these sequences further supports their clas-
sification as members of the glycosyl transferase gene family.
Additionally, multiple sequence alignment revealed both vari-
able and conserved regions within the PSPG domain, thereby
improving our understanding of the identified genes. Typically,
UDP-glucose is the most common sugar donor for U-glycosyl
transferases, although other sugar donors, such as UDP-galac-
tose, glucuronic acid, and thamnose, were also utilized (Gharabli
and Welner 2024). The terminal amino acid of the PSPG domain
sequence, typically glutamine (Q), is associated with sugar donor
specificity because of its direct interaction with the sugar moiety
and its higher affinity for UDP-glucose. However, some wild-type
galactosyl transferases are also known to contain glutamine (Q)
at the C-terminal end of the PSPG domain. Some point mutation
studies have demonstrated that glutamine (Q) is strongly associ-
ated with UDP-glucose specificity and activity (Kubo et al. 2004;
Louveau et al. 2018). Among the identified P¢eCGT genes in pearl
millet, PeCGT7.1 contained lysine instead of glutamine at the ter-
minal amino acid of the PSPG domain. Further investigation is
required to elucidate the functional significance of the point muta-
tion within the PSPG domain. The presence of a 45-amino-acid
PSPG domain, comprising 45 amino acids along with conserved
regions in the gene PgCGT6. 1, further supports its classification
as a CGT gene and warrants further study.

Among the identified cis-acting regulatory elements,
approximately 6% were associated with basic regulatory
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functions, 33% with growth and development, 12.5% to
biotic/abiotic stress responses, and nearly 48% with light-
responsive elements. Several cis-elements were associated
with hormonal signaling pathways, circadian rhythm and
cell cycle regulation, seed-specific regulation, and stress-
responsive functions. Apart from that, strong structural
similarity among the identified PgCGT proteins (TM-align
score>0.8) together with high pLDDT confidence scores of
AlphaFold-predicted 3D protein structures, indicates strong
conservation and reliability of the predicted protein mod-
els. Synteny analysis revealed several collinear gene pairs
between pearl millet and other cereals, including rice (15),
sorghum (18), foxtail millet (20), and maize (15). All col-
linear gene pairs exhibited Ka/Ks values below 1, indicat-
ing purifying selection and functional conservation during
evolution, although functional validation remains required.
C-Glycosylflavonoids possess stable C—C glycosidic
bonds that confer resistance to enzymatic and acidic hydro-
lysis (Dorjjugder et al. 2021). The low-rancid genotype (DS-
SP-15) identified based on RPV exhibited higher flavonoid
levels during early storage (days 0 and 10) along with lower
peroxide values, indicating stronger antioxidant buffering
capacity against lipid peroxidation. Correspondingly, several
PgCGT genes showed elevated expression in DS-SP-15 dur-
ing these stages, suggesting their involvement in maintain-
ing basal flavonoid levels and oxidative stability. In contrast,
the high-rancid genotype (DS-SP-9) showed lower flavonoid
accumulation during early storage and higher peroxide values,
while the later increase in flavonoids may reflect a compensa-
tory response to oxidative stress rather than a direct preven-
tive mechanism against rancidity. A comparable stage-specific
modulation of flavonoid biosynthesis has also been reported
in metabolomic studies of pearl millet (Yogendra et al. 2024).
A previous genome-wide study in pearl millet identified
191 UDP-glycosyltransferase genes and reported develop-
mental-stage-specific expression of selected genes during
grain development, indicating roles in secondary metabolite
biosynthesis and seed development (Kumar et al. 2025). In
contrast, the present study focused specifically on the CGT
subgroup and revealed genotype- and storage-stage-specific
expression patterns associated with flavonoid accumulation
and oxidative stability as a measure of peroxide accumu-
lation, suggesting a specialized role in post-harvest grain
quality regulation. Similarly, differential expression patterns
of glycosyltransferase genes have been reported in other
plant species. In rice, members of this gene family show
transcriptional regulation associated with pathogen defense
(Dauda et al. 2022), whereas in cotton they exhibit devel-
opmental-stage-specific expression during seed develop-
ment (Cao et al. 2024). Likewise, glycosyltransferase genes
in maize and tobacco exhibit stress-responsive expression
under heat and salinity, respectively (Li et al. 2024; Sun et

al. 2013). These observations, together with genotype- and
stage-specific expression patterns of PgCGT genes in pearl
millet, suggest that this gene family is transcriptionally reg-
ulated by developmental and environmental cues.

Several gene families, including phospholipases (Moin
et al. 2024), TAG-lipases (Aher et al. 2022), and lipoxygen-
ases (LOXs) (Palakolanu et al. 2026), play important roles
in regulating rancidity development, and the present study
contributes to a broader understanding of lipid deterioration
mechanisms. Further elucidation of the roles of these identi-
fied genes in the metabolic pathways associated with lipid oxi-
dation and antioxidant defense is essential for understanding
their coordinated regulation during post-harvest storage. Com-
prehensive metabolomic profiling studies are further essential
to identifying and quantifying specific C-glycosylflavonoid
compounds regulated by PgCGT genes during storage. Func-
tional validation through enzymatic assays and transgenic
or reverse-genetic approaches will be an important future
direction to establish the direct involvement of these genes in
regulating lipid stability. Therefore, putative functional candi-
dates identified in this study provide a valuable resource for
future genome editing and molecular breeding efforts aimed
at enhancing flour shelf life and reducing rancidity.

Protein—protein interaction enrichment suggests that
these genes function as a coordinated network rather
than as independent components. Their association with
flavonoid biosynthesis, oxidative-stress responses, and
hydrogen peroxide pathways supports a shared antioxi-
dant function. Flavonoids can reduce oxidative damage
by scavenging reactive oxygen species and limiting lipid
peroxidation, and glycosyltransferase-mediated modifi-
cation can further enhance flavonoid stability and activ-
ity. In particular, C-glycosylation yields more stable
compounds, potentially extending antioxidant effects.
Enrichment of peroxide-detoxification pathways also
points to combined enzymatic and non-enzymatic redox
control. Overall, CGT-mediated flavonoid metabolism
likely supports oxidative stability and may influence per-
oxide accumulation and the shelf life of pearl millet flour.

Conclusion

A genome-wide analysis of the CGT gene family in pearl millet
identified 32 PgCGT genes, characterized by their physicochemi-
cal properties, structures, motifs, and regulatory elements. These
genes are distributed across all chromosomes except chromo-
some 3. Synteny analysis showed collinear pairs with rice, maize,
sorghum, and foxtail millet, indicating conservation through puri-
fying selection. Their conservation suggests their importance for
grain quality and potential for breeding. Promoter analysis iden-
tified cis-regulatory elements associated with seed development

@ Springer



161 Page 14 of 15

Functional & Integrative Genomics (2026) 26:161

and endosperm metabolism. Expression profiling revealed
stage- and genotype-specific patterns: some genes, such as
PgCGT7.6, PgCGT7.7, and PgCGTI.4, showed higher expres-
sion in the low-rancid line at days 0 and PgCGT2, 1, PgCGT®6.7,
PgCGT6.9, PgCGT6.5, PgCGT6.6, PgCGT1.1 and PgCGT7.5
at day10, possibly related to shelf-life. Others, such as PeCGT2.4
and PgCGT6.11, showed higher expression in the high-rancid
genotype, suggesting a link to rancidity, but further validation
is needed. Overall, the study offers a resource for understanding
the CGT family and identifying candidate genes for grain quality
improvement through breeding, transgenics, and editing.
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