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and showed significant variation across genotypes, including total sugars (53.33-
441.16 mg/g fw), reducing sugars (4.64-21.03 mg/g fw), non-reducing sugars (0.35-
118.60 mg/g fw), pyruvic acid (25.49-47.42 umol PA/g fw), allicin (1.53-3.40 mg/g
fw), total soluble solids (26.67-37.60%), moisture (58.98-68.88%), total phenols
(4.21-6.34 mg/g GAE fw), total flavonoids (0.46-1.80 mg/g QE fw) and antioxidant
activities estimated through FRAP (0.24-0.56 umol/g TE fw), DPPH (0.29-0.41 umol/g
TE fw) and ABTS (0.58-1.30 umol/g TE fw). Clove colour based evaluation revealed
significant effects on biochemical trait partitioning, particularly antioxidant capacity
as determined by FRAP, ABTS and DPPH assays, with notable variation among white,
purple and pink cloved genotypes. Purple-cloved types exhibited higher reducing
sugars and allicin content, white-cloved genotypes showed greater accumulation of
non-reducing sugars, phenolics and ABTS activity, while pink-cloved types recorded
elevated pyruvic acid levels. Correlation analysis indicated strong associations
between pyruvic acid and allicin and between phenolics and ABTS activity. Principal
component analysis coupled with k-means clustering grouped the genotypes into
three distinct clusters. Overall, the study elucidates clove colour associated metabolic
differentiation in garlic and provides a useful biochemical framework for breeding
and food-industry applications targeting quality, pungency and health-promoting
attributes.
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1 Introduction

Garlic (Allium sativum L.) has been esteemed since antiquity, valued not only as a culi-
nary spice but also as a potent medicinal resource across diverse civilizations. Its ther-
apeutic use is well documented in Ayurvedic and Unani systems of medicine, as well
as in ancient Egyptian, Greek and Chinese traditions, where it was employed to com-
bat infections, enhance physical strength and promote longevity [1-4]. The sustained
importance of garlic is largely attributable to its diverse array of bioactive constituents
that impart both nutritional and health-promoting properties. Garlic is believed to have
originated in Central Asia, evolving from its wild progenitor Allium longicuspis Regel
[5, 6]. Over time, it has transcended its primary role as a flavoring agent to emerge as a
functional food with recognized therapeutic potential. Garlic can be consumed in mul-
tiple forms, including fresh leaves and cloves, dried cloves, or processed products such
as oils, extracts and powders. Each form differs in chemical composition and bioactive
profile, influencing its functional attributes [7]. Global garlic cultivation has expanded
markedly over recent decades. Presently, garlic is grown across approximately 1.66 mil-
lion hectares worldwide, yielding about 29.15 million tonnes annually. India ranks as
the second-largest producer, contributing nearly 3.21 million tonnes per year, which
accounts roughly about 5% of the global production [8].

Fresh garlic bulbs consist of about 66% moisture and are rich in carbohydrates (28%),
organosulphur compounds (2.4%), proteins (2.5%), free amino acids (1.3%) and dietary
fibre (1.5%). They also provide essential vitamins, including vitamin C and B-complex,
along with minerals such as sodium, potassium and magnesium [9-11]. Sulphur-con-
taining phytochemicals represent nearly 82% of the total secondary metabolites in
garlic, underscoring their central role in its biological activity [12, 13]. In intact garlic
tissue, the principal sulphur compound is alliin (S-allyl-L-cysteine sulfoxide), which is
stable and odorless [14]. Mechanical disruption, such as crushing or chopping, activates
the enzyme alliinase, catalyzing the rapid conversion of alliin into allicin (diallyl thio-
sulfinate). Allicin is responsible for garlic’s characteristic pungent aroma and is widely
regarded as the primary contributor to its pharmacological effects [15-17]. However,
allicin is highly unstable and readily degrades into a range of lipid-soluble organosul-
phur compounds, including diallyl disulfide (DADS), diallyl trisulfide (DATS), ajoene
and vinyldithiins [18, 19]. Garlic also contains water-soluble sulphur compounds such
as S-allyl cysteine (SAC) and S-allyl mercaptocysteine (SAMC), particularly abundant
in aged garlic preparations. These compounds are comparatively more stable and bio-
available and have been extensively investigated for their neuroprotective, hepatoprotec-
tive and chemopreventive effects [20-23]. In addition, garlic accumulates pyruvic acid
(PA), an important organic acid involved in cellular metabolism. Pyruvic acid constitutes
nearly 61% of the total organic acid pool in garlic and serves as a biochemical indicator
of pungency intensity [24, 25].

Beyond its well-documented health benefits such as cardiovascular protection, immu-
nomodulatory activity, antimicrobial action and anticancer potential [26, 27] garlic pos-
sesses significant functional value in food systems. Its sulphur compounds and phenolic
constituents exhibit strong antioxidant and antimicrobial properties, which can inhibit
lipid oxidation, extend shelf life and improve sensory attributes of food products [28, 29].
Despite extensive research on garlic bioactives, systematic comparative information on
sugar composition, pungency indices and antioxidant potential among Indian short-day
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garlic genotypes remains limited. Such data are essential for targeted varietal selection
aimed at specific food-industry applications, including natural preservative formula-
tions, flavor-enriched foods and health-oriented nutraceuticals. Therefore, the present
study evaluated 25 Indian garlic genotypes under short-day conditions for total, reduc-
ing and non-reducing sugars; pyruvic acid and allicin content; flavonoids, phenols and
multiple antioxidant assays (FRAP, DPPH, ABTS). The objective was to identify superior
genotypes suitable for next-generation functional foods, natural preservative systems
and flavor-enhancement applications.

2 Materials and methods

2.1 Plant materials

Twenty-five genotypes (Table 1) were selected from the garlic germplasm collection
under the Distinctness, Uniformity and Stability (DUS) project. Field trials were con-
ducted at the ICAR-Directorate of Onion and Garlic Research (ICAR-DOGR), Rajgu-
runagar, Pune, Maharashtra, India (18.32°N, 73.51°E) during the two rabi (winter crop)
seasons of 2020-2021 and 2021-2022 under randomized block design with three rep-
lications. Each replication consisted of 70 plants arranged in seven rows. Within each
replication, five plants were randomly chosen for data recording, giving a total of 15
sampled plants per genotype (5 plants x 3 replications). The recorded observations were
used for statistical analysis with replication effects considered in the model. The crop
was planted at a spacing of 15 cm between rows and 10 cm between plants. Standard
agronomic practices recommended for garlic cultivation by ICAR-DOGR were fol-
lowed. At physiological maturity, determined by neck-fall and leaf drying, bulbs were
harvested, shade-cured for seven days and stored in a well-ventilated room. Clove colour
was determined based on visual assessment of the outer skin of garlic cloves and geno-
types were categorized into white, purple and pink groups according to their predomi-
nant colour under uniform lighting conditions. For biochemical analyses, cloves were
randomly sampled from each genotype. Biochemical parameters namely total soluble
solids (TSS), moisture content, total sugars, reducing sugars, non-reducing sugars, total
flavonoids, total phenols, pyruvic acid, allicin content and antioxidant activity were esti-
mated. Antioxidant activity was assessed using three assays, ferric-reducing antioxidant

Table 1 List of 25 garlic genotypes used in the study

Sr. No. Genotype Source Sr. No. Genotype Source

1. Bhima Omkar ICAR-DOGR, Pune 14. GAG-7 AAU, Anand
2. Bhima Purple ICAR-DOGR, Pune 15. PG-17 PAU, Ludhiana
3. G-1 NHRDF, Karnal 16. PG-18 PAU, Ludhiana
4, G-41 NHRDF, Karnal 17. Godawari MPKV, Rahuri
5. G-50 NHRDF, Karnal 18. Phule Baswant MPKV, Rahuri
6. G-282 NHRDF, Karnal 19. Ooty Local Landrace

7. G-323 NHRDF, Karnal 20. Rani Benneur Local Landrace

8. G-384 NHRDF, Karnal 21. Sikkim Local Landrace

9. G-386 NHRDF, Karnal 22. Silkuei Local Landrace

10. GG-2 JAU, Junagadh 23. Navapur Local Landrace

11. GG-3 JAU, Junagadh 24, VNS Local-1 Landrace

12. GG-4 JAU, Junagadh 25. VNS Local-2 Landrace

13. GAG-6 AAU, Anand

ICAR-DOGR: ICAR-Directorate of Onion and Garlic Research; NHRDF: National Horticultural Research and Development
Foundation; JAU: Junagadh Agricultural University; AAU: Anand Agricultural University; PAU: Punjab Agricultural
University; MPKV: Mahatma Phule Krishi Vidyapeeth
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power (FRAP), 2, 2-diphenyl-1-picrylhydrazyl (DPPH) and 2, 2’-azino-bis (3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS).

2.2 Biochemical compositional analysis

2.2.1 TSS

TSS content of the 25 garlic genotypes was determined using a handheld refractometer
(Avantor, India) and expressed as °Brix [30]. Fresh garlic cloves were homogenized using
a blender and the resulting slurry was filtered through a strainer to obtain clear juice.
A drop of juice was placed on the prism surface of the refractometer, ensuring uniform
spreading and the °Brix value was recorded. The prism was thoroughly rinsed with dis-
tilled water and wiped dry with a soft, lint-free cloth after each reading to prevent cross-
sample contamination.

2.2.2 Moisture content

Moisture percentage was estimated using the oven drying method. Approximately 5 g of
fresh garlic clove samples were weighed into Petri dishes and initially dried at 60 °C for
6 h. The temperature was then increased to 105 °C until a constant weight was achieved.
Moisture content was calculated as the percentage difference between the initial fresh
weight and the final dry weight [31, 32].

2.2.3 Estimation of total sugars, reducing sugars and non-reducing sugars

Total sugar content was quantified using the anthrone method described by Yemm and
Willis [33]. Finely ground garlic paste (0.1 g) was hydrolyzed with 5 mL of 2.5 N HCI by
heating in a boiling water bath for 3 h. After cooling, the hydrolysate was neutralized
with sodium carbonate until effervescence ceased and the volume was adjusted to 50 mL
using distilled water. An aliquot (0.5 mL) of this extract was diluted with 0.5 mL distilled
water, followed by the addition of 4 mL anthrone reagent prepared in concentrated sul-
furic acid. The reaction mixture was heated for 8 min in a boiling water bath, cooled and
absorbance was recorded at 630 nm using a spectrophotometer.

Reducing sugars were estimated following the dinitrosalicylic acid (DNS) method
of Miller [34]. Garlic samples (0.5 g) were subjected to alkaline digestion using water
adjusted to pH 8.0. The digestion process was carried out sequentially with 20, 15 and
10 mL of alkaline water, each followed by boiling for 20 min. The extracts were filtered
and collected in test tube. One millilitre of the extract was reacted with an equal volume
of DNS reagent prepared using Rochelle salt and 2 mM NaOH. After boiling for 5 min,
absorbance was measured at 540 nm.

Non-reducing sugar content was determined using a thiobarbituric acid (TBA)-based
method. A 50 pL aliquot of the alkaline extract (used for reducing sugars) was mixed
with 200 pL of 0.5 N NaOH and heated at 100 °C for 10 min. After cooling to room tem-
perature, 600 pL of TBA-HCI reagent was added and the mixture was reheated at 100 °C
for 7 min. Absorbance was measured at 432 nm.

2.2.4 Total phenolic content

Total phenolic compounds were quantified using the Folin-Ciocalteu (FC) method [35].
Garlic tissue (2 g) was extracted with 10 mL of 80% methanol and incubated overnight
at room temperature. The extracts were centrifuged at 7000 rpm for 10 min and the
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supernatant was used for analysis. A diluted FC reagent (10% v/v) was prepared by mix-
ing reagent and distilled water in a 1:10 ratio. To 200 pL of extract, 1 mL of diluted FC
reagent was added and mixed thoroughly, followed by the addition of 800 pL sodium
carbonate solution (700 mM). The mixture was incubated in the dark for 2 h and absor-
bance was recorded at 765 nm in UV-VIS spectrophotometer. Total phenols were cal-
culated using a gallic acid standard curve and expressed as mg gallic acid equivalents
(GAE) per g fresh weight (fw).

2.2.5 Total flavonoid content

Flavonoid concentration was estimated using the same methanolic extract prepared for
phenolic analysis following the aluminium chloride colorimetric method of Zhishen
et al. [36]. One milliliter of extract was combined with 1 mL distilled water, followed
by the addition of 300 pL of 5% NaOH and 300 pL of 10% AlCl;. After incubation at
room temperature for 6 min, 2 mL of 1 N NaOH and 2.4 mL distilled water were added.
Absorbance was measured at 510 nm. Quercetin was used as the reference standard and
results were expressed as mg quercetin equivalents (QE) per g fw.

2.2.6 Pyruvicacid content

Pyruvic acid concentration was determined using a colorimetric assay based on the
reaction with 2,4-dinitrophenylhydrazine (DNPH), as described by Anthon and Bar-
rett [37] and Beretta et al. [38]. Appropriately diluted garlic juice was reacted with 1 mL
DNPH solution (0.25 g L™ in 1 M HCI) and incubated at 37 °C for 10 min. The reac-
tion was stopped by adding 1 mL of 1.5 M NaOH. Absorbance was measured at 515 nm
and pyruvic acid concentration was calculated using a sodium pyruvate standard curve.
Results were expressed as pmol pyruvic acid per g fresh weight.

2.2.7 Allicin (diallyl thiosulfinate)

Allicin content was quantified using a spectrophotometric method described by Han et
al. [39], with modifications proposed by Miron et al. [40] and Mansor et al. [41]. Garlic
extract (1 g) was dissolved in 15 mL of 50 mM HEPES buffer (pH 7.6) and centrifuged.
The supernatant was mixed with 1.2 mL of 2 mM L-cysteine and incubated at 37 °C for
15-20 min to facilitate reaction with thiosulfinates. Subsequently, 3 mL of HEPES buffer
and 1 mL of 1.5 mM DTNB solution were added. Absorbance was recorded at 412 nm

and allicin concentration was expressed as mg g* fresh weight.

2.2.8 Antioxidant activity
Antioxidant potential was evaluated using FRAP, ABTS and DPPH assays. The FRAP
assay was performed following Benzie and Strain [42]. The FRAP reagent consisted of
300 mM sodium acetate (pH 3.6), 10 mM 2, 4, 6-Tris (2-pyridyl)-s-triazine (TPTZ) and
20 mM FeCl;-6 H,O mixed in a 10:1:1 ratio. A reaction mixture containing 30 pL of sam-
ple extract, 900 pL of FRAP reagent and 90 pL distilled water was incubated at 37 °C for
4-5 min. Absorbance was measured at 593 nm. Trolox was used as the calibration stan-
dard and antioxidant activity was expressed as pmol Trolox equivalents (TE) per g fw.
ABTS radical scavenging activity was determined using the method described by Re
et al. [43] and Shahinuzzaman et al. [44]. The ABTS+* radical solution was generated
by reacting 7 mM ABTS with 2.45 mM potassium persulfate (1:1) and incubating the
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mixture in darkness for 12 h. The solution was diluted with ethanol to obtain an absor-
bance of 0.7 +0.02 at 743 nm. For analysis, 100 pL of sample extract was added to 3.9 mL
of ABTS+* working solution and incubated for 6 min at room temperature. Absorbance
was measured at 743 nm and results were expressed as umol TE per g fw.

DPPH radical scavenging activity was assessed following Shimamura et al. [45] and
Xiao et al. [46], with minor modifications. A DPPH stock solution was prepared by dis-
solving 7.89 mg of DPPH in 100 mL of 99.5% ethanol and incubating the solution in
darkness for 2 h. For the blank, 1 mL of DPPH solution was mixed with 800 puL Tris-HCI
buffer (pH 7.4) and 4.5 mL ethanol and incubated for 30 min in the dark before record-
ing absorbance at 517 nm. For sample analysis, 1 mL DPPH solution was combined with
800 pL Tris-HCI buffer and 200 pL of extract, followed by incubation under identical
conditions. The reduction in absorbance at 517 nm was used to calculate free radical

scavenging activity.

2.3 Statistical analysis

All measurements were performed in triplicate using five bulbs per replicate and the
results represent pooled means over two growing seasons. Obtained data was subjected
to variance analysis (ANOVA), Tukey’s HSD test at significance level p <0.05, Pearson
correlation and principal component analysis with K-means clustering. All statistical
analyses were carried out in R version 4.3.1.

3 Results and discussion

3.1 Sugars profiling

The biochemical profiling of twenty-five garlic genotypes revealed substantial variation
in all measured sugar fractions and related traits. Total sugars (TS) spanned almost an
order of magnitude, from as low as 53.33 mg/g fresh weight (fw) in Phule Baswant to
441.16 mg/g fw in G-384 (Table 2). Non-reducing sugars (NRS) predominantly sucrose
ranged from just 0.35 mg/g fw in Silkuei Local to 118.60 mg/g fw in G-384, indicating the
exceptionally high sucrose accumulation in these genotypes. These TS values far exceed
those reported for Greek landraces, where total sugars typically fall below 100 mg/g
fw [47]. In contrast, Italian and Argentinian varieties report NRS at 19.9-32.9 mg/g fw
[48], indicating that our Indian germplasm harbors unique sugar-accumulation poten-
tial. Reducing sugars (RS) principally glucose and fructose also varied markedly, from
4.64 mg/g fw in GG-2 to 21.03 mg/g fw in G-386. Fresh garlic bulbs typically contain
22-26% carbohydrates by fresh weight, most of which are fructans; mono- and disac-
charides account for only 4-8% of fw [49]. Among these free sugars, fructose generally
predominates, followed by glucose and then sucrose in an approximate 57:7:8 ratios in
processed (black) garlic [50, 51]. Although fresh cloves exhibit similar relative propor-
tions, their absolute concentrations are considerably lower. The ratio of reducing to
non-reducing sugars has critical implications for both sensory quality and postharvest
performance. During thermal processing, reducing sugars participate in Maillard brown-
ing, generating the characteristic dark color and complex flavor profile of black garlic
[52]. Thus, high RS genotypes such as G-386 are likely to yield darker, more intensely
flavored products upon roasting or drying, whereas low RS lines like GG-2 may be pref-
erable for applications demanding lighter coloration. However, under cold storage high
total- and reducing-sugar content can accelerate sprouting. Chilling at 4 °C breaks down
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Table 2 Mean+ SD of biochemical traits in 25 garlic genotypes over two years
Genotype TS (mg/gfw) RS (mg/g NRS (mg/g  PA (pmol Allicin TSS (%) MC (%)

fw) fw) PA/g fw) (mg/g fw)
Bhima 30328+817 766+0.19 1828+052 3160+1.33 3.18+0.13 3043+1.18 64.73+1.06
Omkar
Bhima 330054208 744+005 5697+200 39.89+0.25 340+0.10 3047+044 63.71+0.12
Purple
G-1 23728150 7.144+010 51.00+£028 2549+0.12 218+004 2743+0.25 61.61+£252
G-41 3231641049 748+024 2506+005 2933+0.16 293+0.11 30.07+0.06 60.77+1.40
G-50 35345+£510 754+005 75.01+1091 31.86+003 272+0.11 3190+£0.70 67.57+0.18
G-282 184744450 13324056 43.01+£065 3281+1.15 3.17+£0.03 2890+0.34 66.84+1.50
G-323 153.62+6.64 895+031 4640+046 3308+133 161+002 3040+073 67.29+246
G-384 441.16+£279 5.16+0.23 11860+1.81 3385+024 191+006 3760+£0.54 60.01+0.21
G-386 165.06+640 21.03+034 2023+051 4048+1.18 244+005 2850+036 6522+2.15
GG-2 27725+750 464+005 89174272 3530+£023 219+0.02 3407+0.15 6148+198
GG-3 124734270 1030+032 29.80+041 37494044 1.75+006 3510+£0.29 6191+1.86
GG-4 187.02+6.07 12924023 4606+095 3430+0.70 1.53+003 3390+1.15 63.32+090
GAG-6 147674572 1017+£0.14 2726+£027 4149+£1.71 285+0.12 3690+1.21 5898+1.52
GAG-7 37028+11.68 7.68+020 2234+0.05 47424068 3.05+0.05 3253+0.32 62.95+0.83
PG-17 168.05+530 12.74+038 2.35+0.03 3296+134 2144009 3453+043 59214021
PG-18 189.56+120 877+£036 4941+£0.76 39.74+0.11 270+£0.09 3223+035 61.76+045
Godawari  257.86+8.14  7.14+0.15 2042+037 4131+0.88 2774000 30.50+1.19 64.54+178
Phule 53334231 2085+0.83 2593+0.79 4375+167 3.08+001 3513+048 6153+0.11
Baswant
Ooty Local  12530+£429 14514025 4815+104 4191+019 289+0.13 3330+044 62.03+228
Rani B. 32167+493 7284030 3.75+£0.14 4049+1.72 292+006 2743+1.15 6843+£1.98
Local
Sikkim 327.60+£060 7.20+007 7.454+0.02 4087+1.20 3.01+0.04 2957+0.84 6528+266
Local
Silkuei 26266+261 707+0.19 035+0.01 34204150 250+007 2667+0.33 6888+0.12
Local
Navapur 17528+443 888+0.20 2224006 3016160 299+0.11 29.03+£0.05 68.17+224
Local

VNS Local-1 197.90+4.82  7.13+0.17  1.90£0.04 3784+129 268+£0.12 2667+£0.58 6533£1.35
VNS Local-2 21854+6.70  791+0.11  6.84£0.00 4399+133 299+005 29.73+086 6742+244
Mean 235.86 9.64 32.71 3722 262 3132 63.96

CV (%) 947 12.51 493 1.68 1.03 3.08 2.34

TS: Total sugars, RS: Reducing sugars, NRS: non reducing sugars, PA: Pyruvic acid, TSS: Total soluble solids, MC: moisture
content

fructans into simple sugars, stimulating bud break unless storage conditions are carefully
managed [53].

3.2 Pungency profiling

Pungency in garlic is measured in the form of pyruvic acid released by alliinase or by
directly measuring allicin content [54]. Pyruvic acid (PA) in Indian garlic genotypes
ranged from 25.49 in G-1 to 47.42 pmol PA g™' fw in GAG-7. Our PA values (25.5-47.4
umol g™ fw) fall below ranges reported by Abedi et al. [55] and Tripathi et al. [56] in
peeled cloves. Based on the classification proposed by Natale et al. [57], garlic genotypes
with pyruvic acid values below 60 pmol g™ fresh weight are considered low pungency.
Accordingly, all the evaluated genotypes in the present study can be classified as low
pungency. Allicin content was relatively uniform varying between 1.53 mg/g fw (GG-
4) and 3.40 mg/g fw (Bhima Purple) (Table 2). Allicin (diallyl thiosulfinate) is the prin-
cipal pungent molecule produced when garlic cells are cut, the enzyme alliinase mixes
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Fig. 2 Relationship between TSS and moisture content in 25 genotypes of garlic

with alliin to rapidly produce allicin [58]. Allicin is unstable and quickly decomposes
into various sulfur volatiles such as Diallyl disulfide, Vinyldithiins and Ajoene [59]. It was
observed that genotypes with higher pyruvic acid tend to possess elevated allicin content
(Fig. 1). Genotypes such as GAG-7, VNS Local-2, Phule Baswant, Ooty Local, GAG-6
and Godawari possess superior pungency and bioactive potential. Bhima Omkar and
G-282 presented relatively high allicin content (>3.0 mg/g fw) with only moderate pyru-
vic acid (~32-34 umol/g fw), implying that these genotypes might possess efficient alli-
cin biosynthesis pathways, possibly due to higher alliin or alliinase activity. Genotypes
GG-4 and G-323 displayed lower allicin content despite moderate pyruvic acid levels,
suggesting a possible block in the conversion pathway or reduced enzyme activity [60,
61]. This disparity between PA and allicin requires further enzymatic profiling to under-
stand biochemical bottlenecks.

3.3 TSS and moisture profiling

TSS ranged from 26.67% (Silkuei Local and VNS Local-1) to 37.60% (G-384), while
moisture content (MC) varied from 58.98% (GAG-6) to 68.88% (Silkuei Local) (Table 2;
Fig. 2). A negative relationship between TSS and MC was observed (Fig. 2), indicating
that genotypes with higher soluble solids tend to have lower moisture levels. This inverse
association is important for post-harvest storage, as lower moisture content reduces
microbial spoilage, respiration rate and physiological deterioration, thereby enhanc-
ing shelf life. Higher TSS is also associated with increased dry matter content, which

improves processing quality and storability. Similar trends have been reported in garlic

Page 8 of 18
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and related Allium crops [62, 63]. Genotypes such as G-384 and GAG-6, with high TSS
and low MC, can therefore be considered promising for both fresh consumption and
processing due to their superior storage and quality attributes.

3.4 Antioxidants activity profiling

Organosulphur compounds, phenols and flavonoids in garlic contribute to antioxidant
properties of garlic [64—67]. Total flavonoid content ranged from 0.46 mg/g QE fw
in Rani B. Local to 1.80 mg/g QE fw in G-41, while total phenolics ranged from 4.21
(Bhima Purple) to 6.34 mg/g GAE fw (G-50). Notably, white cloved genotype such as
G-50, exhibited high TP content, whereas purple cloved genotypes like Rani B. Local
and VNS Local-2 showed moderate levels (Table 3).

The antioxidant potential of 25 garlic genotypes was assessed using three widely
accepted assays FRAP, DPPH and ABTS. Figure 3 provides a comparative visualiza-
tion of the antioxidant activities across genotypes of garlic included in the study. The
FRAP assay measures the reducing capacity of antioxidants, with peak values observed
in VNS Local-1 followed by Rani B. Local, Ooty Local, Godawari and GG-3. The DPPH
assay reflects free radical scavenging through hydrogen donation. Maximum activity
was recorded in Bhima Omkar, followed closely by Ooty Local and VNS Local-2. Nota-
bly, the ABTS assay, which assesses both hydrophilic and lipophilic antioxidant activi-
ties, revealed that genotypes such as G-50, Bhima Omkar, G-323 and Ooty Local had

Table 3 Mean +SD of antioxidant parameters in 25 garlic genotypes over two years

Genotype Clove colour TF TP FRAP DPPH ABTS
(mg/g QEfw) (mg/gGAE  (umol/gTE  (umol/gTE  (umol/g
fw) fw) fw) TE fw)

Bhima Omkar White 1.18+0.00 5.01+0.06 0.37+0.02 041+£0.01 1.21+£0.02
Bhima Purple Purple 1.25+£0.05 4.21£0.00 0.37+0.01 0.30+£0.01 1.01+£0.05
G-1 White 1.35+£0.02 4.514+0.06 0.38+£0.00 0.30£0.01 1.10£0.04
G-41 White 1.80+£0.01 5.02+0.17 0.24+0.00 0.34+0.01 0.65+0.01
G-50 White 1.35+0.05 6.34+£0.19 0.32+0.00 0.29+0.01 1.30+0.02
G-282 White 1.20£0.00 4.34+0.07 0.39+0.01 0.33+£0.01 1.09+£0.00
G-323 White 1.70£0.02 4.83£0.16 0.39+0.02 0.36+0.01 1.20£0.00
G-384 White 1.52+0.01 4.70+0.21 046+0.00 0.32+0.00 0.77+0.01
G-386 Purple 0.97+£0.05 461£0.17 0.45+0.00 0.30+£0.01 0.58+0.00
GG-2 White 1.75+0.02 469+0.11 047+0.02 0.34+0.00 0.97+0.01
GG-3 White 1.21£0.04 5.05+0.06 0.53+£0.00 037+0.01 0.90+0.02
GG4 White 0.94+0.00 4.89+0.02 0.36+0.00 031+0.01 0.95+0.02
GAG-6 Pink 1.49+0.04 4.70+0.17 047+0.01 0.35+0.01 0.76+£0.04
GAG-7 Purple 1.16+0.01 4.46+0.04 0.44+0.00 0.35+£0.00 0.77+0.03
PG-17 White 0.60+0.01 465+0.12 0.45+0.00 0.35+0.01 0.97+0.04
PG-18 White 1.54+0.04 454+0.16 0.51+0.02 037+0.01 0.99+0.01
Godawari Purple 1.04+0.02 4.64+0.10 0.53+0.01 0.35+£0.00 0.75+£0.02
Phule Baswant Purple 1.02+0.02 4.78+0.02 046+0.01 036+0.02 0.80+0.02
Ooty Local White 1.20£0.03 4.85+0.20 0.53+0.02 040£0.02 1.17+0.03
Rani B. Local Purple 046+0.02 431£0.03 0.55+0.02 0.37+0.01 0.87+0.04
Sikkim Local White 1.22+0.03 468+0.14 0.52+0.00 0.38+0.01 091+0.02
Silkuei Local Purple 0.95+0.02 5.12+0.00 0.38+0.01 0.39+0.01 0.92+0.00
Navapur Local Pink 1.03+£0.01 5.13+0.09 047+0.02 0.38+0.01 1.10£0.01
VNS Local-1 Purple 1.11+£0.04 561£0.17 0.56+0.02 0.37+0.00 1.09+0.05
VNS Local-2 Purple 0.74+0.02 536+0.22 043+0.01 0.40+0.02 1.13+£0.05
Mean - 1.19 4.84 044 035 0.96

CV (%) - 2062 2.96 6.83 340 9.53
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Fig. 3 Antioxidant activity estimated through FRAP, ABTS and DPPH in 25 genotypes of garlic

the highest values (>1.2 umol/g TE fw), highlighting their potential to neutralize free
radicals in diverse biological environments. This is particularly relevant given that gar-
lic extracts with high antioxidant capacity have been shown to prevent lipid peroxida-
tion, thereby reducing oxidative stress in diabetic patients [68]. Bhima Omkar stood out
across all assays, especially in ABTS (1.21 pmol/g TE fw) and DPPH (0.41 umol/g TE fw),
indicating broad-spectrum antioxidant activity. G-50 recorded the highest ABTS value
(1.30 umol/g TE fw), though its FRAP and DPPH values were moderate. This selective
high ABTS activity could reflect the presence of compounds active in aqueous-organic
systems. VNS Local-1 exhibited high FRAP (0.56 pmol/g TE fw) and ABTS (1.09 pmol/g
TE fw), showing excellent reducing power and radical scavenging potential. G-41 exhib-
ited the lowest FRAPS (0.24 pmol/g TE fw) and relatively low DPPH and ABTS values
despite having the highest total flavonoid content (1.80 mg/g QE fw). This suggests that
all flavonoids may not contribute equally to antioxidant activity [69]. G-386 and GG-4
showed the lowest ABTS values, indicating limited scavenging ability in mixed solvent
systems. Though FRAP and ABTS trends were somewhat aligned for many genotypes,
DPPH values remained relatively stable across most entries. This may imply that the gar-
lic antioxidants are more efficient in electron transfer (FRAP) and radical neutralization
in aqueous-organic environments (ABTS) than in hydrogen atom donation (DPPH) [67,
70,71].

3.5 Effect of clove colour on biochemical composition of garlic
We also analyzed the influence of clove colour on the biochemical composition of gar-
lic. While many studies have reported comparative biochemical differences between
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black and white garlic, there are few or no studies examining such variations among
purple, pink and white clove garlics (Fig. 4) [49, 72-74]. Such influences of skin colour
on bioactive compositions are well documented in onion [75-77]. Significant differ-
ences (p <0.05) were observed among clove colour groups for all traits except total sug-
ars (Table 4). Significant differences were observed in the partitioning between reducing
(RS) and non-reducing sugars (NRS). Purple garlic exhibited the highest RS content
(10.42 mg/g), while white garlic recorded the highest NRS (46.41 mg/g fw), suggest-
ing that coloured garlic types accumulate more simple sugars. In contrast Yuan et al.
[78] reported highest RS in white and reduced in black colour garlic. Similar patterns
of carbohydrate partitioning have been reported by Petropoulos et al. [48], indicating
genotypic and pigment-related variation in garlic sugar profiles. White garlic also exhib-
ited significantly higher levels of total flavonoids (TF, 1.33 mg/g QE fw) and total phe-
nols (TP, 4.86 mg/g GAE fw), aligning with its superior ABTS antioxidant activity (1.01
umol/g TE fw). This suggests a strong contribution of hydrophilic phenolic compounds
to the radical scavenging ability in white genotypes. In contrast, purple and pink garlic
despite having lower phenolic content demonstrated higher levels of pyruvic acid (39.94
and 40.37 umol PA/g fw, respectively) and allicin (2.78 and 2.85 mg/g fw, respectively),
compounds closely linked to pungency and sulfur-based antioxidant mechanisms. These
findings support earlier work by Miron et al. [40] and Bagiu et al. [79], which highlighted
that sulfur-containing compounds like allicin are key contributors to garlic’s bioactivity
and are often more abundant in pigmented cloves due to enhanced alliinase activity.

While, the influence of genotypes, temperature, storage conditions and black garlic
processing on antioxidant potential has been widely documented, limited studies have
explored the effect of naturally occurring clove colour variation in garlic [80-82]. Our
study provides new insights into this understudied aspect, revealing that clove colour
significantly influences antioxidant activity as determined by FRAP, ABTS and DPPH
assays. A notable variation among white, purple and pink cloved garlics was observed.
Purple garlic showed the highest FRAP (0.47 pmol/g TE fw), indicating superior fer-
ric reducing antioxidant power compared to white (0.42 umol/g TE fw), although
differences between pink and purple were marginal. Similarly, DPPH radical scaveng-
ing potential was comparable among the three groups, with a slight edge in pink (0.36
umol/g TE fw) and purple (0.36 pmol/g TE fw) cloves, both significantly higher than
white (0.35 umol/g). In contrast, ABTS scavenging activity was highest in white garlic
(1.01 pmol/g TE fw), followed by purple (0.93 pmol/g TE fw) and pink (0.90 umol/g TE
fw), with a significant (p <0.05) reduction in pink cloves.

Godavari

White cloves Pink cloves Purple cloves

Fig. 4 Clove colour variability observed in the garlic genotypes
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TSS an indicator of sugar content, also varied significantly. White garlic recorded the
highest TSS (32.10%), followed by purple (30.67%) and pink (30.42%). The lower TSS
in pink garlic could relate to its lower carbohydrate biosynthesis or dilution effect due
to higher moisture content. Such inverse relationships between TSS and moisture have
been reported in garlic and other Allium species [83—85]. In contrast, moisture content
(MC) was highest in pink cloves (64.84%), whereas white had the lowest (63.13%), sug-
gesting possible genotype-related variation in bulb water retention capacity.

3.6 Correlation among the biochemical components

The correlation analysis (Fig. 5) revealed key relationships among biochemical traits in
garlic. Total sugars (TS) showed a strong negative correlation with reducing sugars (RS)
and a positive correlation with non-reducing sugars (NRS), indicating compositional
shifts between sugar forms. Such type of correlation was also reported by Atashi et al.
[86]. Allicin correlated positively with pyruvic acid (PA), supporting their biosynthetic
link, but negatively with TSS. Antioxidant activities, particularly FRAP, were positively
associated with PA, while DPPH and ABTS showed moderate correlations with total fla-
vonoids (TF). In this study, total phenols (TP) showed no correlation with FRAP and
DPPH and only a slight positive correlation with ABTS. In contrast, Akan [87] reported
a significant positive correlation between TP and antioxidant activities. Moisture con-
tent (MC) was inversely related to TSS and NRS. The correlation values reported in this
study are slightly higher than Pasupula et al. [88] and lower than reported by Locatelli et
al. [89].

3.7 PCA with K-means clustering

The PCA coupled with K-means clustering provides a robust approach to visualize and
interpret the inherent diversity among garlic genotypes. PC1 and PC2 explain 17% and
15.4% of the total variance, respectively, cumulatively capturing a meaningful portion of
the variability among genotypes (Fig. 6). K-means clustering effectively grouped the gen-
otypes into three distinct clusters; however, some overlap among clusters was observed.
Cluster 1 includes genotypes such as G1 (Bhima Omkar), G5 (G-50), G6 (G-282), G8
(G-384), G13 (GAG-6), G20 (Rani Benneur Local), G22 (Silkuei Local) and G23 (Nava-
pur Local). These genotypes exhibit intermediate to high scores along PC1 and moderate

TS RS NRS PA Allicin TSS MC TF TP FRAP DPPH ABTS

TS 029 -0.17 0.16 -0.1 0.1 0.17 0.01 -0.27 024 -0.08

RS 025 0.01 0.16 0.12 -03 -0.14 0.06 -0.11 -0.24

-034 - -0.01 -02 0.13

-0.18 034 03

NRS -0.36 049

PA -0.17 0.25 041
Allicin 0.16 0.01 -0.36

TSS -0.1 0.16 049

MC 0.1 -0.12 -034

T 0.01 -0.14 -0.01 -0.18 -0.08 -0.07 031 0.04

FRAP -0.27 0.06 -0.2 0 01 -0.04 -0.32
DPPH -0.24 -0.11 034 026 -0.12 021 023
ABTS -0.08 -0.24 0.13 -03 0.02 -0.22 039 0.01

Fig. 5 Pearson correlation between biochemical components of garlic. The color gradient represents correlation
coefficients, where blue and red indicate positive and negative correlations, respectively and color intensity re-
flects the strength of the relationship
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Fig. 6 PCA biplot of garlic genotypes based on biochemical traits with K-means clustering. The first two principal
components (PC1 and PC2) explain 17% and 15.4% of the total variance, respectively. Different colors represent
distinct clusters identified through K-means clustering

variability on PC2, suggesting balanced expression of the measured biochemical traits.
Cluster 2 includes G2 (Bhima Purple), G3 (G-1), G4 (G-41), G7 (G-323), G10 (GG-2),
G11 (GG-3), G12 (GG-4), G16 (PG-18), G17 (Godawari), G19 (Ooty Local) and G21
(Sikkim Local). These genotypes show high positive scores along PC1 and negative to
neutral PC2, indicating close association and relatively similar biochemical profiles.
Cluster 3 comprises G9 (G-386), G14 (GAG-7), G15 (PG-17), G18 (Phule Baswant), G24
(VNS Local-1) and G25 (VNS Local-2). This cluster lies predominantly on the nega-
tive side of PC1 and positive PC2, reflecting greater dispersion and variability among
genotypes. The observed clustering pattern suggests that the diversity among garlic
genotypes is governed by the combined influence of multiple biochemical traits. Simi-
lar variability in antioxidant and biochemical characteristics among garlic genotypes has
been reported in earlier studies [90-92], supporting the present findings.

4 Conclusion

This study reveals substantial biochemical diversity among 25 Indian garlic genotypes
grown under short-day conditions, encompassing wide variation in sugars (total, reduc-
ing and non-reducing), pungency (pyruvic acid and allicin), TSS, moisture content and
antioxidant activity evaluated through FRAP, DPPH and ABTS assays. Although studies
examining the biochemical implications of clove colour in garlic are limited, the cur-
rent work clearly establishes that clove colour significantly influences most biochemi-
cal traits (p<0.05), with the exception of total sugar content. Purple-cloved genotypes
were characterized by higher reducing sugar concentrations, whereas white-cloved types
exhibited greater accumulation of non-reducing sugars, phenolics, flavonoids and ABTS
antioxidant activity. In contrast, purple and pink genotypes showed elevated levels of
pyruvic acid and allicin, linking these clove colours to enhanced pungency and sulphur-
mediated bioactivity. Correlation analysis revealed strong interdependence among sugar
fractions, with total sugars shifting between reducing and non-reducing fractions. A
close association between pyruvic acid and allicin further confirmed their coordinated
role in determining pungency. Moreover, antioxidant activity was more strongly associ-
ated with sulphur compounds and flavonoids than with total phenolic content, under-
scoring the distinct metabolic contributors to garlic’s functional properties. Multivariate
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analysis (PCA and k-means clustering) further grouped the genotypes into three func-
tional clusters, enabling the identification of genotypes with distinct biochemical and
nutraceutical potential. Collectively, the results clarify how clove colour associated met-
abolic differentiation shapes biochemical composition in garlic and offer practical guid-
ance for genotype selection in breeding and value-added food applications emphasizing
pungency, functional quality and nutraceutical potential.
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