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Abstract: The current study was aimed to evaluate the seed priming potential of AGE (aqueous
garlic extracts) to enhance seed germination and early seedling growth of eggplant. Different
concentrations (100, 200, and 300 µg mL−1) of AGE were evaluated along with methyl jasmonate
(MeJA) and salicylic acid (SA), plant growth regulators with reported seed priming potential whereas,
water was taken as a control treatment. Eggplant seeds were primed for 4-, 8-, and 12-h and seed
germination traits such germination rate index, germination percentage, mean germination time, and
early seedling growth traits such as fresh and dry weights, root, and shoot lengths were observed.
Moreover, plant antioxidant enzymes activities and lipid peroxidation levels, soluble protein contents
and reactive oxygen species were monitored to establish the stimulatory/inhibitory effects of the
treatments. Our results indicate priming potential of AGE, SA, and MeJA to enhance seed germination
and early seedling growth in eggplant and the effects were obvious in various morphological and
physiological traits. Seed priming significantly altered the antioxidant enzymes activities such as
superoxide dismutase (SOD), and peroxidase (POD) with alteration in the reactive oxygen species
(ROS). Interestingly, priming duration also affected the bioactivity of these chemicals because seed
priming with 300 µg mL−1 AGE for 4 h had a positive influence, however, prolonged exposure to
the same concentration inhibited the seed germination process and induced oxidative stress on the
seedlings with elevated levels of malondialdehyde (MDA) content. We propose AGE seed priming
as a bio-stimulant to enhance seed germination and early seedling growth in eggplant, and the
results hence lay the foundation for the preparation of garlic-based compounds to improve vegetables
production under plastic tunnels and greenhouse production units.
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1. Introduction

By definition, seed germination is the incorporation of events that commence with the uptake of
water by a dry seed and terminate with the elongation of the embryonic axis, resulting into visible
germination [1]. It is the primal process in the plants life and may be regarded as the characteristic
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phenomenon to establish the proceeding plant growth and development in a particular environment.
It is therefore necessary to understand that any alteration, imbalance, or obstacle during this stage
may affect or define the lateral development or growth pattern of the plants [2,3]. By nature, each
seed is equipped with the necessary food and biochemical drive forces to establish its existence into
the provided environment [4]. However, the conditions of the very environment sometimes interact
with the seed germination. Various reports show that numerous physiological activities such as
antioxidative enzymes [5], hormones such as Abscisic acid (ABA) [6], Indole-3-acetic acid (IAA) [7] and
Gibberellic acid (GA3) [8], starch metabolism [9] and soluble sugars content [10], the redox potential [11]
etc., overall influence the germination process and may be considered important parameters to study
the germination process in a particular environmental situation. To overcome germination obstacles or
to enhance germination potential, numerous methods can be employed such as the use of genetically
enhanced/modified seeds bank and chemical priming [12–14]. Priming is seed treatments that result in
hydrating the seeds followed by re-drying to activate certain biochemical processes but the radicle
protrusion, however, has not occurred yet. Seed priming has been shown to successfully enhance the
germination process and alleviate or overcome germination obstacles [15]. Nevertheless, seed priming
is suggested to induce resistance against pathogenic attacks [16] or to stimulate the early growth of the
plants [17]. Therefore, a well-established root system anticipates improved growth and development of
the resulting plants. However, priming potential of a proposed chemical depends on the concentration
of the chemical as well as, the priming duration.

Previously, the use of Salicylic Acid (SA) has been reported to enhance seed germination and
seedling vigor in eggplants by altering various physiological functions [18]. SA is a hormone signaling
molecule suggested to induce defense responses of the plants upon pathogen attack [16]. Moreover,
methyl jasmonate (MeJA), which is an endogenous plant growth regulator, regulates plants defense
responses and alleviates the stress situations on the plants [19]. Exogenously applied MeJA can
enhance primary defense responses of the subject plants and may affect plant growth depending on
the concentration applied as reported by Nawaz et al. (2017a,b). MeJA with increased concentrations
could inhibit the germination and plant growth of rice as compared to low concentrations [20,21].

Recent advancements into the use of agricultural bio-stimulants have gradually paved the
way for the horticulturist community to explore various botanical bio-stimulants to enhance growth,
development, and/or the defense system of the subject plants [22]. As the name suggests, a bio-stimulant
could be a single biochemical or a formulation of numerous compounds extracted or obtained from
organic origin that bear the potential to bring about considerable changes in the physiology of the
receiver plant. Based on their activity, they can be further categorized as promotors, inducers, or
stimulators [23–25].

Plant derived secondary metabolites have been proposed by various researchers to induce the
defense responses or improve the growth and development of the subject plants [26,27]. Furthermore,
plant allelopathy has also been suggested to induce signals in the receiving plants which alter their
physiological and molecular responses and, therefore, influence their growth and development [28,29].
Garlic among the plant species is been regarded as an allelopathic plant, which influences soil
microclimate, enhances biological activities therein, and results in improved plant growth and
metabolism. Previously, intercropping with garlic has been suggested to alleviate continuous cropping
obstacles [30,31]. Intercropping with garlic has also been proposed to improve cucumber growth and
soil properties [32,33]. However, intercropping different plant species creates competition for nutrients
and space and may affect the producibility. Apart from intercropping, numerous studies reported the
direct influence of garlic extracts and garlic derived allelochemicals on the growth and physiology
of various vegetables [34–38]. The presence of organosulfur compounds such as allicin and Diallyl
disulfide (DADS) or Diallyl trisulfide (DATS) allows speculation on the bioactivity of garlic extracts in
the physiology of receiving plants [34,35,39]. The concentrations of garlic biochemicals may influence
the resulting growth of the plants [36], additionally, the method of application also affect the bioactivity
of these biochemicals [40–42]. Nevertheless, these studies mostly involve the application of garlic
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compounds either as a foliar spray or root fertigation upon the seedlings. The question therefore exists
that whether or not garlic allelochemicals bear the potential as a seed-priming bio-stimulant to enhance
seed germination, which not only may improve the resulting plant growth but also, if possible, alleviate
the environmental stresses ensuring the utility of space, water and nutrients by the treated plants.

The present study demonstrates garlic extracts as plant bio-stimulant to induce priming effects on
the biological activities of the eggplant seeds during seed germination and early seedling development.
Our study encompasses germination potential and indices, morphological observations (size, weight),
and biochemical processes particularly the soluble protein abundance, lipid peroxidation levels (MDA
content), antioxidant enzymes activity, and reactive oxygen species modulation, which are often
regarded important during early growth establishment in plants. Findings of the current study are
therefore of vital significance to establish an understanding of garlic extracts as priming agents to
enhance and improve seed germination of eggplant seeds and may probably provide a platform to
alleviate autotoxicity or continuous cropping obstacles that significantly impair eggplant production,
particularly under the plastic production units in China [31].

2. Materials and Methods

2.1. Preparation of Aqueous Garlic Extract (AGE), Salicylic Acid (SA), and Methyl Jasmonate (MeJA) Solution

The method previously described in Reference [36], was used to prepare AGE (aqueous garlic
extracts). Briefly, fresh garlic bulbs of CV G025 were obtained from the garlic germplasm unit, College
of Horticulture, Northwest A & F University, China. Randomly selected, 10 g of the sample was
completely homogenized in a sterile mortar pestle with 100 mL sterile distilled water and centrifuged
at 10,000 rpm for 10 min. The pellet was discarded, and the supernatant was filtered through a 0.22 µm
membrane filter. This filtrate was serially diluted to final concentrations of 100 µg mL−1, 200 µg
mL−1, and 300 µg mL−1, respectively. Salicylic acid (Bo Di, TianJin, China) was prepared to a final
concentration of 0.5 mM. Methyl jasmonate was bought from and prepared to a final concentration of
0.05 mM [16,43].

2.2. Germination of Eggplant Seeds and Seedling Growth in Petri Dishes

Eggplant seeds (cultivar Taikong Qiewang) were used to perform all the experiments. After
surface sterilization, these seeds were treated with the above-mentioned concentrations of AGE (100,
200, and 300 µg mL−1), MeJA (0.05 mM), and SA (0.5 mM) by placing 200 seeds in 50 mL for 4, 8-, and
12-h duration, respectively, in a rotary shaker maintained at 25 + 2 ◦C. For the control treatment, seeds
were primed for these mentioned durations with distilled water. The treated seeds were air dried and
50 seeds were selected from each treatment for germination bioassay. The selected seeds were evenly
distributed onto a double-layered filter paper enclosed in a petri dish (11 × 7 cm). To each petri dish,
5 mL of distilled water was applied to provide moisture, and the seeds were maintained under dark
in a growth chamber under 25 ± 1 ◦C. Each treatment contained 4 replicates. The seed germination
was monitored and watered with 2–3 mL of water on alternative days. Seeds germination (defined as
seeds with radicle 3 mm or more in length) was determined by counting the number of germinated
seedlings at 24 h intervals over a 7-day period [35]. When the germination rates reached 80%, the
obtained seedlings were exposed to light (white light with a luminance of 60 µmol·m−2

·s−1).

2.3. Measurement of Morphological Parameters and Germination Efficiency

When the seedlings grew to 10 days, morphological indices were measured. Hypocotyl and root
length were measured with the help of Vernier calipers. Fresh weight of the aerial part and the roots
were immediately taken using electronical balance and the samples were later put in an oven at 80 ◦C
for 20 h and later, the dry weights were recorded [44]. Data were recorded using 20 seedlings per
sample and the mean was calculated.
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The germination efficiency was expressed in terms of germination percentage, mean germination
time, germination rate index, and coefficient of velocity of germination (CVG) as described by
Alsaeedi [45].

2.4. Estimation of Antioxidant Activity (SOD, POD, and CAT) and MDA Content

From treated seedlings, 0.5 g of leaf samples were homogenized in 2 mL of 0.05 M phosphate buffer
(pH 7.8) under ice cold conditions. The homogenate was centrifuged with 6 mL of 0.05 M phosphate
buffer (pH 7.8) for 20 min at 10,000× g and at 4 ◦C [46]. The supernatant was further used to estimate
the antioxidant enzymes and MDA content. The SOD activity of the treated seedlings was determined
by photoreduction of nitroblue tetrazolium (NBT) [47]. To 0.05 mL of the supernatant, 1.5 mL of
0.05 M phosphate buffer (pH 7.8), 0.3 mL 0.1 mM EDTA-Na2, 0.3 mL 0.13 M methionine, 0.3 mL of
0.75 mmol·L−1 NBT, 0.3 mL of 0.02 mmol·L−1 riboflavin and 0.25 mL distilled water were added to
achieve a total volume of 3 mL. The reaction mix was exposed to fluorescent light (86.86 µmol·m−2

·s−1)
for 10–20 min and the absorbance was read at 560 nm wavelength on a spectrophotometer (UV-3802,
UNICO, MDN, WI, USA). SOD activity was estimated as 50% inhibition of the NBT reduction by
superoxide generated from the reaction of photo-reduced riboflavin and oxygen. The total SOD activity
was expressed in units per gram of fresh leaves (U g−1 Fw). To determine the POD activity, the guaiacol
method was used [48]. To 0.5 mL extract, 50 mL of 0.05 M phosphate buffer (pH 7.8), 28 mL guaiacol,
and 19 mL 30% hydrogen peroxide (v/v) was added. Increase in absorbance at 470 nm for 3.5 mL of the
prepared mix was used recorded for 3 min at an interval of 30 s. Total POD activity was represented as
D470 per minute per gram of fresh leaves (U g−1 min−1). For the CAT activity, 0.1 mL of extract was
mixed with 1.9 mL of 200 mM phosphate buffer (pH 7.0), and 1 mL of 0.3% hydrogen peroxide. The
enzyme activity was determined by reading absorbance at 240 nm for 3 min. The CAT activity was
obtained as OD at 240 nm min−1 g−1 [49].

The MDA (Malondialdehyde) content was estimated by a Thiobarbituric acid (TBA) reaction
method [50]. 2 mL of the supernatant was heated with 0.6% (w/v) TBA solution [prepared in 5% (v/v)
trichloroacetic acid (TCA)] for 10 min in boiling water and cooled to sediment the flocculate thus
formed. The absorbance of the resulting solution was read at 450 and 532 nm and subtracted from the
absorbance read at 600 nm. Total MDA content was therefore expressed as the amount of substance
per gram of fresh leaves (nmol g−1 Fw).

2.5. Total Soluble Proteins, Superoxides and Peroxides Determination

The concentration of the superoxide radicle O2
- in the shoots was determined by incubating intact

seedling shoots in a solution containing 10 mM KCN (to inhibit Cu/Zn SODs), 10 mM H2O2 (to inhibit
Mn and Cu/Zn SODs), 2% (m/v) SDS (to inhibit Mn and Fe SODs), 80 µM nitro blue tetrazolium chloride
(NBT), and 50 mM potassium phosphate (pH 7.0) for 20 min. The shoots were then homogenized and
centrifuged at 10,000× g for 5 min. The supernatant was spectrophotometrically analyzed at 600 nm.
The superoxide concentration was determined by reading absorbance of the supernatant at 600 nm [44].
Hydrogen peroxide was measured to indicate the level of stress in the seedlings after inoculation. The
samples were homogenized in 1 mL of: 0.25 mL of 0.1% Trichloroacetic acid + 0.5 mL of 1 M KI +

0.25 mL of 10 mM potassium phosphate buffer; at 4 ◦C for 10 min in dark. A control was prepared by
replacing KI with water. After incubation, the homogenate was centrifuged at 12,000× g for 15 min at
4 ◦C. The supernatant was dispensed into UV-microplate wells and incubated at room temperature
for 20 min. A calibration curve was generated with the standard H2O2 solution and concentration of
the unknown (supernatant) was obtained [40]. Protein concentration of the seedling was determined
colorimetrically for the total crude extraction of the protein sample according to Reference [51] using
bovine serum albumin as standard.
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2.6. Statistical Analysis and Preparation of Illustrations

The experiment was performed in a randomized complete block design with 4 replicates. The
collected data were subjected to analysis of variance (ANOVA) and differences obtained in the mean
values were categorized through least significant difference (LSD) at the 0.05 level probability using
SPSS statistical program. The pictures and figures were prepared using Origin-pro version 16, MS
Excel 2016 and Photoshop CC, respectively.

3. Results

3.1. Effect of Seed Priming on the Germination Traits of Eggplant

Seed priming with AGE, SA, and MeJA resulted in enhanced germination and the results are
presented in Figure 1. The germination percentage was significantly higher in seeds treated with
100–200 µg mL−1 of AGE, MeJA, and SA compared to the control treatment and seeds applied with
200 µg mL−1 of AGE for 12 h obtained maximum germination percentage. Interestingly, AGE at higher
concentrations (300 µg mL−1) greatly reduced germination percentage in a time dependent manner and
prolonged exposure (12 h) resulted in the minimum germination percentage, which was at a statistical
difference with the control treatment (Figure 1a).
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Figure 1. Germination dynamics of AGE (aqueous garlic extracts), methyl jasmonate (MeJA), salicylic
acid (SA) and control seedlings of eggplant. (a) percent of germinated seeds at 7th day, (b) Mean
germination time, (c) Germination rate index, (d) Coefficient of velocity of germination. Ck (Distilled
water), A1, A2, A3 (AGE 100, 200, 300 µg mL−1), MJ (MeJA 0.05 mM), SA (Salicylic acid 0.5 mM),
whereas 4, 8-, and 12-h are priming durations. Bars represent mean and standard errors (n = 50). Data
were subjected to analysis of variance ANOVA. Same letters on the bars bear no significant difference
at p = 0.05 (LSD), whereas, capital letters represent a significant difference among chemical treatments
and small letters represent a significant difference among the priming durations.

Not only did the germination percentage increase with AGE application, but also the time required
by the seed to germinate was shortened. Priming the seeds with 200 µg mL−1 of AGE for 12 h facilitated
germination in the least amount of time. On the other hand, priming with 300 µg mL−1 of AGE for
12 h, imposed stress upon the seeds and extended the germination time. Treatment with 100 µg mL−1

of AGE for 12 h and SA for 4 h also reduced the germination time appreciably (Figure 1b).
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As compared to the control, the germination rate was highest in seeds treated with 200 µg mL−1

of AGE for 12 h and lowest in seeds treated with 300 µg mL−1 of AGE for 12 h compared to the control.
The effect of 100 µg mL−1 AGE and MeJA were non-significant during the 4 h priming, however, the
prolonged duration (8 h) resulted in higher germination rates. SA however, had promising effects on
the germination rates in all the priming durations (Figure 1c).

The CVG was found to be highest with application of 200 µg mL−1 of AGE for 12 h and lowest
with 300 µg mL−1 of AGE for 12 h (with respect to the control). 100 µg mL−1 of AGE for 12 h also
showed a significant increase in CVG. Similarly, seeds primed with SA for 4 h resulted higher CVG
than those of 8- and 12 h. Furthermore, MeJA priming for 8 h had more prominent effects on CVG
than the rest of the priming durations (Figure 1d).

3.2. Seed Priming Promotes Morphological Indices of Eggplant

Seed priming significantly improved various morphological parameters in eggplant. The results
for these morphological parameters can be observed in Figure 2, whereas the mean values which
describe the overall effects of the treatments on these parameters, are shown in Table 1. Data analysis
revealed significant effects of AGE, SA, and MeJA on the morphological growth and the effects
correlated to concentrations or the priming duration. It can be observed from Table 1, that the
priming duration of 12 h was the most effective in enhancing the morphological parameters of the
eggplant seedlings. This was followed by 8 h having an intermediate effect and 4 h having the least
positive influence. It can also be observed that 200 µg mL−1 of AGE significantly improved the overall
morphological characters such as seedling length and fresh or dry weights in comparison to the
control treatment. Moreover, 100 µg mL−1 of AGE exhibited an enhancing effect which was less, yet
very close to the effect obtained by the application of 200 µg mL−1 of AGE. MeJA also positively
influenced seedling growth, particularly improving shoot length. Compared to the control treatment,
seed priming with SA improved the shoot length and fresh weight of the eggplant seedlings. AGE
at high concentrations of 300 µg mL−1, however, negatively impacted upon seedling growth and a
significant inhibition was observed compared to the rest of the treatments.

The interactive effects of the treatments can be observed in Figure 2. Data analysis showed that
priming duration may interact with the potential of the treatments. When the eggplant seeds were
primed for a duration of 4 h, the fresh weights of the root and aerial parts of the plant showed a
noticeable increment where 0.5 mM SA treatment delivered the highest fresh weight recorded for the
aerial parts and roots (11.6 mg and 4.03 mg), followed by 300 µg mL−1 AGE (11.1 mg for aerial parts
and 3.99 mg for roots). Treatment with MeJA produced an intermediate effect on an increase in fresh
weights; 10.3 mg for aerial parts and 3.52 mg for roots. Control seedlings had the lowest levels of fresh
weights. Highest dry weights were observed in the seedlings treated with 300 µg mL−1 AGE (0.49 mg
and 0.26 mg, respectively) followed by SA (0.38 mg for aerial parts and 0.22 mg for root) treatment,
whereas the lowest values were observed in the control seedlings. Additionally, considerable root and
shoot length enhancement were observed and SA treated seedlings had maximum values (9.4 mm
shoot length and 8.95 mm root length), control seedlings comparatively had lower root and shoot
lengths (7.9 mm shoot length and 7.0 mm root length).

Similarly, when the seedlings were primed for 8 h with these biochemicals, noticeable increments
were observed for fresh and dry weights as well as root and shoot lengths. Interestingly, 200 µg mL−1

AGE treated seedlings showed maximum fresh weights, which was 13.6 mg for aerial parts and 5.31 mg
for roots. SA did not stimulate any significant increase in the fresh weights when compared to the
control seedlings. Treatment with MeJA resulted in an increase in fresh weights (13.2 mg for aerial parts
and 5.19 mg for roots). Nonetheless, 300 µg mL−1 AGE reduced the fresh weights of aerial parts in
comparison to the other concentrations. Similar effects were observed on the dry weights, where 200 µg
mL−1 AGE, 100 µg mL−1 AGE, and MeJA had almost similar results; SA had somewhat positive effects
on the dry weight but were non-significant compared to the control. The AGE treatments (100 and 200
µg mL−1) resulted in an increase in the root lengths, however, the highest concentration i.e., 300 µg
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mL−1 inhibited the root lengths of the seedlings. Similar effects were observed in the seedlings treated
with SA.
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Table 1. Effect of treatments and priming durations on morphological parameters of eggplant seedlings.

Treatments Shoot Length
(mm)

Aerial Part
Fresh Weight
(mg Plant−1)

Aerial Part Dry
Weight (mg

Plant−1)

Root Length
(mm)

Root Fresh
Weight (mg

Plant−1)

Root Dry
Weight (mg

Plant−1)

Treatments

Control 8.53 ± 0.38c 10.83 ± 0.51de 0.488 ± 0.025cd 7.81 ± 0.94cd 3.47 ± 0.40d 0.243 ± 0.011d
AGE (100) 10.09 ± 0.47b 12.90 ± 0.60b 0.606 ± 0.029a 10.37 ± 0.55b 4.87 ± 0.30ab 0.325 ± 0.030b
AGE (200) 11.11 ± 0.43a 13.83 ± 0.45a 0.659 ± 0.033a 12.81 ± 1.34a 5.54 ± 0.43a 0.388 ± 0.021a
AGE (300) 8.76 ± 0.52c 10.57 ± 0.51e 0.469 ± 0.030d 6.80 ± 0.72d 3.41 ± 0.29d 0.230 ± 0.017d

MeJA 10.36 ± 0.57ab 12.09 ± 0.63bc 0.547 ± 0.028b 8.79 ± 0.67bc 4.32 ± 0.25bc 0.294 ± 0.009bc
SA 10.07 ± 0.64b 11.65 ± 0.55cd 0.528 ± 0.036bc 7.43 ± 1.14cd 3.88 ± 0.36cd 0.288 ± 0.009c

Priming Durations

4 h 8.62 ± 0.49c 10.47 ± 0.56c 0.442 ± 0.029c 7.88 ± 0.84b 3.61 ± 0.34c 0.253 ± 0.017c
8 h 9.96 ± 0.51b 11.96 ± 0.59b 0.564 ± 0.027b 8.52 ± 0.87b 4.27 ± 0.33b 0.292 ± 0.010b

12 h 10.89 ± 0.52a 13.51 ± 0.48a 0.643 ± 0.034a 10.61 ± 0.98a 4.87 ± 0.34a 0.339 ± 0.021a

F-Test

Concentrations (C) *** *** *** *** *** ***
Priming Durations (P) *** *** *** *** *** ***

C × P ** *** *** *** *** ***

Values are expressed as the mean ± SE (n = 20); different letters indicate significant differences between means
within columns at p < 0.05 (LSD). Ck (distilled water), AGE (aqueous garlic extracts, 100, 200, and 300 µg mL−1),
MeJA (0.05 mM) and SA (0.5 mM), whereas 4, 8-, and 12-h are priming durations. Data in the treatment section
represent the mean data for the particular treatment at the applied priming durations (4, 8, and 12 h), whereas, the
data in the priming durations represent the mean data of the particular priming duration observed for the applied
treatments to the seeds. *, **, ***, significant at 5, 1, and 0.1% level, respectively.
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When the seeds were primed for 12 h, significant effects were observed on the fresh weights
(17.4 mg for aerial parts and 7.66 mg for roots) in the seedlings treated with 200 µg mL−1, which
compared to the control (12.7 mg for aerial parts and 4.02 mg for root), was at the highest level of
significance. On the other hand, a higher concentration of AGE (300 µg mL−1) significantly inhibited
the fresh weights compared to the control (from 12.7 mg in control to 10.2 mg) and roots (from 4.02 mg
in control to 2.86 mg). The influence on fresh weights of the aerial parts and roots on treatment with
MeJA (12.8 mg for aerial parts and 4.25 mg for root) and SA (12.4 mg for aerial parts and 4.09 mg for
root) was almost similar to that observed in the control plants. Similar effects were observed in the
root dry weights and the maximum concentration of AGE 300 µg mL−1 significantly inhibited the
dry weights to 0.19 mg when compared to the control (0.28 mg). The highest values (0.56 mg) were
recorded for the seeds primed with 200 µg mL−1 AGE. Furthermore, the same concentration resulted
in the highest shoot and root length, whereas the maximum concentration (300 µg mL−1) negatively
influenced these growth parameters indicating the inhibitory effects of AGE at maximum concentration
(Figure 3).
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Figure 3. Seedlings growth after germination of the seeds primed with AGE, MeJA, SA, and distilled
water. Control (distilled water), AGE (100, 200, and 300 µg mL−1), MeJA (Methyl Jasmonate 0.05 mM),
and SA (Salicylic acid 0.5 mM) whereas 4, 8-, and 12-h are the priming durations (Bar = 10 mm).

3.3. Seed Priming Alters the Antioxidant Enzymes and Indicates a Stress Like Response in the Resulted
Eggplant Seedlings

Results for the antioxidant enzymes and the lipid peroxidation levels observed in the eggplant
seedlings are presented in Figure 4. Data analysis revealed that seed priming had a significant influence
on these enzymes activity and the effect relates to the concentration and duration of priming. Among
the applied treatments, AGE with 200 µg mL−1 for 12 h had the maximum results for the activity of
superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT). Similar effects were observed in
the seeds primed with 100 µg mL−1 for the same duration. Seed priming with MeJA for 8 h yielded
maximum results for SOD activity. Interestingly, SA priming for 4 h resulted in maximum SOD activity
compared to the rest of the treatments. On the other hand, when the concentration of AGE increased
to 300 µg mL−1, the activity of CAT and POD significantly reduced in comparison to the control
treatment, indicating inhibition of antioxidant enzymes activity due to prolonged exposure to higher
concentrations of AGE. To indicate stress levels, we observed the lipid peroxidation by measuring the
malondialdehyde (MDA) concentrations in the treated eggplant seedlings. As shown, seed priming



Appl. Sci. 2019, 9, 2203 9 of 18

with 300 µg mL−1 of AGE for 12 h significantly increased the MDA content, followed by seeds primed
with MeJA and SA for the same durations, indicating that prolonged priming with these chemicals
imposed a stress situation on the seeds.
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Figure 4. Priming effect of AGE, MeJA, and SA on the antioxidant enzymes and MDA content of
eggplant seedlings. (a) Superoxide dismutase (SOD), (b) peroxidase (POD), (c) catalase (CAT) and
(d) malondialdehyde (MDA). Ck (distilled water), A1, A2, A3 (AGE 100, 200, 300 µg mL−1), MJ (MeJA
0.05 mM), SA (Salicylic acid 0.5 mM), whereas 4, 8-, and 12-h are priming durations. Bars represent
mean and standard errors (n = 4). Data were subjected to analysis of variance ANOVA. Same letters on
the bars bear no significant difference at p = 0.05 (LSD), whereas, capital letters represent significant
difference among chemical treatments and small letters represent significant difference among the
priming durations.

3.4. Effect of Seed Priming on the Reactive Oxygen Species Observed in Eggplant Seedlings after Germination

Figure 5 depicts the concentrations of reactive oxygen species observed in the eggplant seedlings
after germination. Data analysis revealed that seed priming may influence the production of superoxide
radicals and the effect may relate to the concentration of the chemicals and priming duration. As shown,
a seed primed with 300 µg mL−1 AGE for 12 h had the highest superoxide radical’s concentration
followed by 8 h priming, indicating the negative or stress-like influence of AGE on the resulted
seedlings. Evidently higher concentrations were also observed in the seedlings after priming with
100 and 200 µg mL−1 AGE for 8 and 12 h. Seeds primed with either MeJA or SA for 8 h also resulted
in elevated levels of superoxide radicals compared to the control seedlings. It is important to notice
that seed priming for 4 h did not influence the superoxide concentrations when compared with the
control. Similar effects were observed on the hydrogen peroxide (H2O2) levels where the seeds priming
with 300 µg mL−1 AGE for 8 and 12 h resulted in the highest concentrations, indicating severe stress
situations in the eggplant seedlings. The prolonged exposure of seeds to AGE (100 and 200 µg mL−1) or
MeJA and SA also increased the H2O2 concentration in the resulting eggplant seedlings in comparison
to the control treatments.
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Figure 5. Effect of AGE, MeJA, and SA on the ROS concentration in eggplant seedlings. (a) Superoxide,
(b) Hydrogen peroxide. Ck (distilled water), A1, A2, A3 (AGE 100, 200, 300 µg mL−1), MJ (MeJA 0.05
mM), SA (Salicylic acid 0.5 mM), whereas 4, 8-, and 12-h are priming durations. Bars represent mean
and standard errors (n = 4). Data were subjected to analysis of variance ANOVA. Same letters on
the bars bear no significant difference at p = 0.05 (LSD), whereas, Capital letters represent significant
difference among chemical treatments and small letters represent significant difference among the
priming durations.

3.5. Seed Priming of Eggplant Indicates Alterations in the Total Soluble Protein Concentrations in the
Obtained Seedlings

The total soluble protein concentrations were determined in the eggplant seedlings germinated
after seed priming with distilled water, AGE, MeJA, and SA and the results showed that seed priming
influenced the protein concentrations in the resulted seedlings (Figure 6). Data analysis revealed that
seeds primed with 100 µg mL−1 and 200 µg mL−1 AGE for 12 h had maximum protein concentrations
followed by MeJA priming for 8 h. The lowest values were observed in the seedlings treated with
300 µg mL−1 AGE for 12 h, indicating that the higher concentration of AGE may downregulate the
protein abundance. Furthermore, our results indicated that priming duration also influenced the
protein abundance and seeds primed with SA for 4 h had higher protein concentrations, whereas,
MeJA resulted in higher protein concentrations when seeds were primed for 8 h.
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Figure 6. Total soluble protein concentration in eggplant seedlings after germination. Ck (distilled
water), A1, A2, A3 (AGE 100, 200, 300 µg mL−1), MJ (MeJA 0.05 mM), SA (Salicylic acid 0.5 mM),
whereas 4, 8-, and 12-h are priming durations. Bars represent mean and standard errors (n = 4). Data
were subjected to analysis of variance ANOVA. Same letters on the bars bear no significant difference
at p = 0.05 (LSD), whereas, capital letters represent significant difference among chemical treatments
and small letters represent significant difference among the priming durations.
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4. Discussion

The observed data suggested biological influence of AGE on various physiological processes
during seed germination of eggplant. The effect, however, was proportional to the concentration of
AGE and priming duration. Additionally, SA and MeJA also influenced the seed germination and
early seedlings growth, indicating significant influence of these growth regulators on seed priming.

Based on the results obtained, it was observed that the concentration of AGE influenced the
germination processes in a dose dependent manner. Seeds applied with 100 µg mL−1 and 200 µg mL−1

AGE showed an increase in germination percentage, germination rate, and CVG. It is important to
consider that the increase in the germination traits was concentration and priming duration dependent.
The highest concentration of AGE inhibited these traits when the seeds were primed for prolonged
(12 h) durations. Similar effects were observed for the enzymes such as SOD, and POD activities,
where a concentration dependent effect was observed. These findings strongly suggest that the
biological influence of AGE depends on its concentration and duration of the application. Previously,
same concentrations of AGE have been reported to impose significant influence on the growth and
physiology of subject plants [40–42], and therefore strongly agree to our results. Seed primed with
MeJA and SA also exhibited alterations in the germination traits and the antioxidant enzymes activities,
with MeJA being slightly more effective than SA. Previously, SA has been reported to induce defense
responses and improve seed germination traits when the eggplant seeds were primed with various
concentrations [16], which strongly agree with our findings that SA primed seeds have improved seed
germination and seedling vigor. Furthermore, a study reported by Sheteiwey et al. (2018) suggested
that priming with MeJA alleviates osmotic stress in rice by altering the physiological processes in
the germinating seedlings and our findings are in strong agreement to the biological influence of
MeJA as seed priming. The prolonged exposure of these seeds to higher concentration of AGE i.e.,
300 µg mL−1, however, negatively influenced the seedlings and the lipid peroxidation levels (MDA
concentration) were significantly higher, indicating the onset of oxidative stress. These findings agree
to the previously established dose dependent effects of garlic derived compounds [34,35]. Moreover, it
has been reported that AGE application triggers antioxidant enzymes in cucumber, eggplant, tomato,
and pepper seedlings [36,40–42], which are in line with current results. Antioxidant enzymes are the
key players to counteract various stresses [52,53] and help sustain the growth and development of the
plants. Elevated reactive oxygen species such as O2

− and H2O2 were observed in the seedlings treated
with different concentrations of AGE and the SA or MeJA treatments. These findings signify the role of
seed priming in stimulated seeds germination and the resulting seedlings growth and development.
As previously described, during cellular metabolism, numerous processes produce ROS, and these
ROS signal a vast array of cellular responses to sustain normal plant growth [54]. Particularly during
seed germination, these ROS play a pivotal role in the cell division and elongation processes [55,56].
The elevated amounts observed in current findings not only indicate a stress situation but also, it is
likely associated with enhanced cellular metabolic processes. The elevation in the antioxidant enzymes,
therefore, indicates that these seedlings possessed a more stable and elaborate physiological state
where the possible negative influence of the ROS (e.g., cellular destruction or DNA denaturation) was
effectively controlled and the seedlings therefore exhibited significant morphological growth [52]. On
the other hand, when the seeds were exposed to higher concentrations of AGE for prolonged periods,
the activity of antioxidant enzymes degraded and the ROS elevation caused oxidative burst responses,
therefore inhibiting the seedling growth [53,57,58]. Additionally, priming also induced incrementing
effects on the soluble protein content of the seeds where the highest amounts were observed in the
seedlings treated with AGE. Seed priming with SA also induced an increased amount of protein
production in the seedlings.

Seed priming enhanced germination process and physiological activity of the eggplant seedlings
resulting in enhanced morphological growth of the seedlings. We observed increments in the hypocotyl
length, root length, and fresh and dry weight of the seedlings. These findings clearly indicate that due
to various treatments, the cocktail of physiological responses such as ROS and antioxidative responses,
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as well as the soluble proteins, resulted in enhanced seedling growth and development as compared to
those of the control seedlings. Nevertheless, the effect was concentration dependent and the higher
concentrations of AGE impacted negatively upon the treated seeds, resulting in stunted or poor growth
and development in the obtained seedlings.

Current findings not only signify the role of seed priming in the early growth of eggplant, but
also, implicates the potential of garlic derived compounds to enhance seed germination and improve
early seedling growth of the subjected seeds. To strengthen our hypothesis for the possibility of AGE
as seed priming biomolecules, it is important to understand and consider the significant role of the
studied physiological players (ROS and antioxidant enzymes) during seed germination and early
seedlings growth of the plants. ROS such as O2

•-, H2O2, OH•, and 1O2 are most often produced
during cellular metabolism [59]. The production of these ROS, however, implicates a number of
biological responses in the plants [58,60]. One aspect of these ROS is the perception of stress or stress
like stimulus on the plants, which triggers the overproduction of these ROS to stress encounters, for
example during a pathogenic attack. These ROS, therefore, induce cellular destruction to seize and
control the spread of pathogenic growth in the affected areas [57,61,62]. Moreover, previous studies
also suggest that abiological stresses such as salt and drought may induce higher concentrations of
ROS in the cells, causing cellular destructions and impairing the growth of the plants [63,64]. However,
a plethora of reports describes these ROS as signaling molecules inside the plants to govern various
molecular responses such as gene translation or transcription and may therefore be considered pivotal
for the normal life pace of these plants [58]. Additionally, ROS have been reported to play an active
role during seed germination in cellular metabolism, cellular expansion, and division [55,56]. In
addition, ROS production release dormancy as reported by Morad Shaban, 2014, sunflower seeds
treated with ROS producing chemicals had significantly higher seed germination in comparison to the
dormant, non-treated seeds [65]. Furthermore, ROS also involve in the carbonylation of biomolecules
particularly proteins, resulting cellular damages, therefore, regulation of ROS is important to establish
seed quality [66]. Certain scavengers that regulate and avoid the overproduction of ROS may be of
potential to sustain seed quality and biological activities in the seeds, for example, methionine sulfoxide
reductase (MSR), which repairs the oxidized methionine (Met) in methionine sulfoxide (MetO) and is a
ROS scavenger involved in seed maturation and germination, which is suggested to be strongly related
to seed longevity [67], strengthening our hypothesis that ROS regulation may be involved in the seed
germination and early seedling growth after the seeds were primed with a particular concentration and
appropriate duration. As discussed above, current findings revealed significant activities of certain
ROS and their respective counterparts (antioxidant enzymes), indicating considerable influence of
AGE on the cellular processes of the treated seeds during seed germination and early seedling growth.
When the seeds are subjected to concentrations ranging up to 200 µg mL−1, the redox balance of the
seedlings is maintained, resulting in a boosted growth pattern of the obtained seedlings. However, at
higher concentrations, the balance is perturbed, inhibiting the growth of the seedlings. Similarly, MeJA
and SA result differently depending on the priming duration, which influence the ROS abundance
and antioxidant enzymes activities. These findings further signify that priming induces biological
influence on the eggplant seeds and confirms AGE as a bio-stimulant to alter the redox potential of the
resulting seedlings.

Seed germination is a complex process and should be understood as the basic phenomenon
to establish plant growth and development [2]. In horticultural produce, particularly in vegetable
production, different crops encounter autotoxicity due to continuous cropping such as observed
in the eggplant [68]. Thus, seed germination is sometimes negatively impacted by these hurdles,
causing a significant reduction in the seedling development and plant production [69]. Intercropping
with garlic has been reported to overcome these obstacles in eggplant production and garlic root
exudates are reported to influence numerous physiological responses in these plants [31,70]. However,
intercropping may sometimes compromise the space and nutrients from the cropping system and affect
the producibility of the desired crops. As our results show significant responses in the eggplant seedlings
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physiological and morphological growth patterns, it can be suggested that the application of AGE as a
seed priming agent could possibly be a more effective way to overcome certain challenges during early
growth of eggplant production and may therefore be proposed as alternative to intercropped garlic.
Moreover, application of SA and MeJA has been reported to enhance seed germination and overcome
various stress conditions, nevertheless, it can be noticed that the application of these substances is
condition specific and, therefore, so is the resulted roles of these substances [71–73]. Current findings
strongly suggest that the potential of AGE to stimulate the cellular metabolism is comparatively higher
to those of the SA and MeJA and thus, indicate a promising role of AGE as a biological compound
to stimulate and enhance the plant growth and development. Furthermore, garlic extracts contain
carbohydrates, sugars, vitamins, minerals, and organosulfur compounds [39,74,75]. Application of
these substances may improve the plant growth and enhance photosynthates abundance resulting in a
pronounced growth [42].

The presence of allelochemicals such as DADS can trigger numerous physiological and molecular
responses in the subject plants, enhancing cellular division and roots elongation [34,35], indicating that
AGE is biologically active inside the plant cells. Nevertheless, the biological effects of AGE depend on
concentration, hence exposure to high concentrations may negatively influence the miniature plants
during seed germination. Usage of AGE as a priming agent to induce biological processes during seed
germination, however, requires future advanced study approaches such as cell division or genetic
approaches and our results therefore lay foundations not only to understand these processes, but also
to prepare a garlic derived seed priming agent for enhanced vegetable production, in particular under
plastic tunnel or greenhouse production units.

5. Conclusions

The outcome of the study is the positive effects of seed priming on eggplant seed germination and
early seedlings growth. It is thoughtfully concluded that AGE at a concentration of 200 µg mL−1 for
12 h was the best priming treatment. Additionally, MeJA and SA also improved seed germination and
early seedling growth, which confirm previously suggested functions of these plant growth regulators
to induce priming effects on the seed germination of various plants. Our findings indicated that seed
priming stimulated germination and enhanced numerous physiological responses such as antioxidant
enzymes, ROS modulation, and soluble protein abundance in the randomly selected eggplant seeds.
These physiological responses may, therefore, be suggested to have influenced the morphological
improvements such as root/shoot length and fresh and dry weights. AGE could also successfully
improve the germination properties of the eggplants by reducing the time taken to germinate and
increase the number of seedlings germinated in a given time. Furthermore, stimulated antioxidant
enzymes system may be important for the protection and maintenance during long-term survival of
the resulting plants. Current findings also provide a platform for future research work to understand
the biological functions of AGE, MeJA, and SA during seed germination involving ROS regulation
and the scavenging through antioxidant enzymes or, the accumulation of soluble proteins interacting
with the germinating seeds. Preparation of AGE is, nonetheless, handy and economical, and bears
less or no potential hazards to the users and thus is proposed as a promising seed priming agent for
enhanced seed germination and improved growth during early stages of plant development. Although
the results are very convincing, additional studies involving molecular approaches and evaluating the
anti-pathogenic effects of AGE treated plants should be performed.

Author Contributions: Conceptualization, M.A., S.H. and Z.C.; data curation, H.A., M.I.G., B.A. and M.J.A.;
formal analysis, M.A. and H.A.; Funding acquisition, Z.C.; investigation, M.A., H.A. and M.I.G.; methodology,
M.A. and S.H.; project administration, Z.C.; Resources, Z.C.; software, M.A.; supervision, Z.C.; Validation, M.A.,
S.H. and Z.C.; writing—original draft, M.A.; Writing—review and editing, M.A. and S.H.

Funding: This research received financial support from the Shaanxi Provincial Sci-Tech Innovation project (Grant
Number 2016KTCL02-01) and National Natural Science Foundation of China (Grant Number 31772293).



Appl. Sci. 2019, 9, 2203 14 of 18

Acknowledgments: The authors would like to extend their sincere appreciation to the China Scholarship Council
and Shaanxi Provincial Science and Technology Innovation project of China for their financial support.

Conflicts of Interest: The authors have no conflict of interests to declare.

Abbreviations

SOD superoxides dismutase
POD peroxidase
CAT catalase
MDA malondialdehyde
ROS reactive oxygen species
DADS diallyl disulfide
DATS diallyl trisulfide
ABA Abscisic acid
IAA Indole-3-acetic acid
GA3 Gibberellic acid
SA Salicylic acid
MeJA Methyl Jasmonate
DADS Diallyl disulfide
DATS Diallyl trisulfide
CVG coefficient of velocity of germination
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