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Abstract: Fruit maturity for seed production can occur at various times because of the continual
flowering of pepper plants. Accordingly, seeds with different maturity are acquired as the fruits
are collected in a single harvest. Immature seeds obtained in this harvest may lead to a decrease
in the quality of seed lots. Therefore, this research aimed to evaluate the influence of four different
endophytic bacteria strains (Pseudomonas fluorescens strain L5b, Pseudomonas gessardii strain L13,
Bacillus subtilis strain Bs1 and Bacillus mojavensis strain ApBm) on germination and seedling vigor
of immature and mature bell pepper seeds. To obtain seeds with different maturity levels, fruits
were collected 45–49 days after flowering for immature seeds and 65–69 days for mature seeds. The
effectiveness of these bacteria strains was examined by coating seeds with four different endophytic
bacteria strains separately. Additionally, to see the activity of endophytic bacteria more clearly, a
mock treatment with sterile water was added to the experiment as a control (+) group. Bio-priming
(especially strain Bs1 and L13) improved germination and seedling emergence characteristics of
both immature and mature seed lots compared to control groups (p < 0.05). The results demonstrate
that bio-priming with beneficial endophytic bacteria can be used to stimulate the quality of both
immature and mature seeds from the pepper.
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1. Introduction

Seeds are one of the vital components and the means of gaining high-quality crops,
mainly in vegetable production. Detection of suitable harvest time for seed maturity with
high quality is crucial for seeds that have high moisture content during development [1].
Pepper (Capsicum annuum L.) seeds keep seed moisture at maturity [2], and high germina-
tion percentage is not simply attained because of the subsequent flowering on the mother
plant. Consequently, the proper harvest time for fruit maturation influences the pepper
seeds’ seed quality [3–5], which affects high-quality transplant production in pepper. More-
over, immature pepper seeds need a longer time to germinate and lose quality faster. Hence,
improving and preserving seed quality in this species has great importance.

Fruit ripeness can be monitored at varied times owing to the constant blooming of the
pepper plant. Eventually, seeds with different maturity levels are acquired in commercial
seed production since fruits are generally harvested in once-over harvesting. When seeds
of different maturity are collected in one group, immature seeds can adversely impact
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seedling emergence and uniformity, resulting in a decrease in the quality of seed lots [6].
Correspondingly, if the quality of the immature seeds is improved, it can have a favorable
influence on the final quality of the seed lot [7].

Initiation of physiological activity without the emergence of the radicle of seed-by-seed
priming has drawn attention in plant production [8]. Numerous priming methods using
chemicals were developed to increase seed quality. However, stimulated environmental and
health issues along with the immense use of chemicals bring attention to different practices
in agriculture. Accordingly, with the recent progress in seed priming techniques, seed
bio-priming with beneficial microorganisms has gained attention as a promising method.

Endophytic bacteria are microorganisms living inside plants without creating noxious
efficacy [9]. Many endophytic bacteria that are in strong contact with seeds may have
adapted to link with embryos or seedlings to regulate seedling growth [10–14] and improve
plant growth through enhanced nutrient uptake, nitrogen fixation, synthesis of enzymes,
siderophores production and growth phytohormones [15–19]. Bio-priming organisms
with PGPB comprise species of the genera Pseudomonas and Bacillus [20,21] along with
Burkholderia, Stenotrophomonas, Micrococcus, Rhizobium, and Pantoea, Microbacterium [22–27].
The bio-priming method has been studied and described by many researchers [19,28–36] in
various ways, but it still needs to be discovered and advanced. The method has a significant
role in improving germination, seed quality, plant development and yield [37,38]. It was
reported that the treatments could stimulate seed germination and uniformity [11,39] and
a better stand establishment [40].

Variations in compounds of the bacteria in/on seeds can affect seed vigor. For instance,
diminishing the bacterial amount within Setaria viridis seeds leads to a decline in their
germination percentage [41]. Furthermore, positive associations among seed bacteria and
the mean germination time of Brassica napus were also described [42].

Whereas some studies have focused on the effect of seed microbiota on germination
and emergence [43–46], bacterial communities’ influence on seed enhancement possibilities
of differentially matured lots is currently unknown [47,48]. Therefore, the aim of the
present study was to evaluate the effects of four different endophytic bacteria, Pseudomonas
fluorescens strain L5b, Pseudomonas gessardii strain L13, Bacillus subtilis strain Bs1 and Bacillus
mojavensis strain ApBm, on immature and mature pepper seeds by the meaning of quality.

2. Materials and Methods
2.1. Seed Production

The study was performed in 2019 and 2020 in greenhouse conditions of Ataturk Horti-
cultural Central Research Institute—Yalova (latitude 40.7◦ N, longitude 29.3◦ E, altitude
8.6 m above sea level). “Kandil Dolma” open-pollinated bell pepper was used as plant
material. This cultivar is widely produced and consumed in Turkey and registered to the
Atatürk Horticultural Central Research Institute. Therefore, it was chosen as the material
in the study (Figure 1).

Seeds of “Kandil Dolma” pepper were sown in the second week of March 2019.
Seedlings were planted in production parcels in the second week of May. The medium
used for seedling production was the mixture of 2:1 peat moss (Potgrond P, Germany) and
perlite. Plant spacing was 0.7 m between rows and 0.5 m between plants. The trial soil
was sandy loam with pH 7.34, EC 2.48, organic matter 3.46% and extractable potassium,
phosphorus and lime were 39.41, 10.02 mg kg−1 and 1.42%, respectively. Sample collection
and analysis for soil chemical features and nutrient conditions was executed as described
in ICARDA [49]. Weekly fertilization was managed based on soil analysis and plant
development. 20–20–20 N, P2O5 and K2O kg ha−1 was spread in the parcel by irrigation.
Once per week, irrigation was made until July. After this, irrigation was made every three
days until the end of August. Furthermore, the mean temperature was 14.8, 18.7, 23.4, 27.5,
28.1, 27.7 and 25.4 ◦C from March to September during the season.
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23.4, 27.5, 28.1, 27.7 and 25.4 °C from March to September during the season. 
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at full anthesis, and fruits were harvested 45–49 (immature) days and 65–69 days (ma-
ture) after flowering in the vegetation period. Seeds extracted from the fruits were dried 
at 25 °C in an incubator for 24 h to obtain about 7–7.5% seed moisture content. Determi-
nation of moisture content of dried seeds was done according to the ISTA method [50]. 
The dried seeds were kept at 4 °C in hermetically laminated aluminum foil packets until 
use (Figure 2). 

  

Figure 2. Extracted seeds of pepper and hermetically laminated aluminum foil pack. 

Figure 1. Labeled flowers and fruits of cv. “Kandil Dolma” pepper.

A total of 120 flowers were labeled (four flowers per plant labeled at the same time) at
full anthesis, and fruits were harvested 45–49 (immature) days and 65–69 days (mature)
after flowering in the vegetation period. Seeds extracted from the fruits were dried at
25 ◦C in an incubator for 24 h to obtain about 7–7.5% seed moisture content. Determination
of moisture content of dried seeds was done according to the ISTA method [50]. The
dried seeds were kept at 4 ◦C in hermetically laminated aluminum foil packets until use
(Figure 2).
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2.2. Bacterial Strains and Bio-Priming Treatment

Four strains of endophytic bacteria were chosen in this study, namely, Pseudomonas
fluorescens strain L5b, Pseudomonas gessardii strain L13, Bacillus subtilis strain Bs1 and
Bacillus mojavensis strain ApBm (Figure 3). They were ensured by the Department of Plant
Protection, Faculty of Agricultural at the University of Ankara, Turkey.
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Figure 3. Pure cultures of the endophytic bacteria on King B medium.

The endophytic bacteria Bacillus subtilis (strain Bs1) and Bacillus mojavensis (strain
ApBm) were isolated from the inner tissues of apple (Malus domestica) leaves, Pseudomonas
fluorescens (strain L5b), and Pseudomonas gessardii (strain L13) were isolated from lettuce
(Lactuca sativa) leaves and deposited in the Bacterial culture collection of Ankara Uni-
versity Faculty of Agriculture, Department of Plant Protection. All strains were able to
produce siderophores (Canik Orel, unpublished). The strains were identified by the am-
plification and sequence of the 16S rRNA gene as previously described [51]. Obtained
sequences were blasted and submitted to the GeneBank of NCBI under the accession
numbers MW_843843-45 and MW_850518.

The experiment was carried out with four treatments and two control groups. The
treatments were Bacillus mojavensis (strain ApBm), Bacillus subtilis (strain Bs1), Pseudomonas
fluorescens (strain L5b) and Pseudomonas gessardii (strain L13) coated seeds, non-treated
(control) and sterile distilled water (control (+))-treated seeds. Bacteria were grown from
pure cultures on King B and nutrient–agar plates and then were suspended in sterile
distilled water after 24 h of incubation. The bacterial cell suspension was adjusted with a
UV-visible spectrophotometer at OD600. Immature and mature “Kandil Dolma” pepper
seed lots were surface sterilized with 5% sodium hypochlorite for 60 s. and rinsed three
times in sterile distilled water, and then dried overnight on sterile blotting papers. Seeds
were coated with endophytic bacteria strains individually. 5 mL of the suspension of each
bacterial strain, OD600: 1 × 108 cfu mL−1 inoculums, put into a Petri dish, and 70 mg of
carboxymethyl cellulose (CMC) was added as adhesive material. One gram of seed was
put into this suspension and treated with the endophytic bacteria suspension at 27 ◦C
for 3 h in a shaker incubator, then placed in sterile Whatman filter papers and dried at
room temperature overnight in the laminar flow hood. Untreated seeds were considered as
control. Apart from that, mock treatment with sterile water was added to the experiment
as a control (+) group. This group aimed to reveal the effectiveness of endophytic bacteria
rather than the priming effect on the quality of pepper seeds by placing the seeds in sterile
water instead of the bacterial solution.

2.3. Germination Experiment

The trial was conducted with 4 replicates, and each replicate had 50 seeds for each
endophytic bacteria and control groups (i.e., 4 endophytic bacteria, control (+) and control).
Two pieces of Whatman No: 1 blotting paper were placed in 9 cm Petri dishes. Then
5 mL of sterile pure water was added after the seeds were placed in the Petri dishes. The
germination test was laid out at 25 ± 1 ◦C in the dark, and the percentage of germination
was measured using daily counts for 14 days. The germination papers were moistened as
needed. Normal seedlings were determined at the end of the experiment.

Mean germination time (MGT) was calculated based on the daily counts made during
the experimental period [52].

MGT = ∑(Gt × Dt)/∑Gt where Gt = number of seed germinated at time Dt; Dt = days
from when seed germinated.
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2.4. Seedling Emergence Experiment

The seedling emergence test was performed with the same protocol as the germination
test (mentioned above). Seeds coated with four different endophytic bacteria and control
groups were sown in vials at a depth of 1 cm in a mixture of peat and perlite (1:0.5). The
vials were put in a climate-controlled chamber at 22 ± 1 ◦C and 60–70% relative humidity
with 16 h light and 8 h dark conditions. Emergence counts were executed daily for 21 days.
The seedling emergence percentages (the appearance of hypocotyls at the surface) were
determined after 21 days. Mean emergence time (MET) was determined through the daily
counts made during the experimental time.

2.5. Radicle Emergence Assay

RE (radicle emergence, 2 mm length) was calculated in continuous counts of radicle
emergence after 72, 120, and 168 h for germination assay and hypocotyl occurrence was
taken into consideration after 168, 216 and 264 h for seedling emergence experiment.

2.6. Statistical Analysis

The tests in the study were designed based on the experimental randomized parcel
design with four replicates. The percentage values gained from these tests were subjected
to
√

n transformation. All mean data were assessed with one-way ANOVA using the JMP
8.0 statistical package program. The means of values were compared using the Duncan
Multiple Range Test at p < 0.05 level of significance.

3. Results
3.1. Efficacy of Bio-Priming with Endophytic Pseudomonas and Bacillus spp. on Seed Germination

Priming treatments of seeds notably influenced the germination characteristics, result-
ing in better germination percentages. There were dual statistical interactions determined
between maturity levels and bio-priming treatments for germination and vigor tests. The
impact of bio-priming on germination percentage changed with maturity levels (Table 1).
The mean germination rate of PGPB inoculated immature seeds were 61.3%, 70.0%, 60%
and 70.7% for the strains ApBm, Bs1, L5b and L13, respectively. Germination rates were
higher in seeds inoculated with PGPB than in control (55.5%). However, the control (+)
treatment (70.3%) statistically had the same effect as the bacterial strains Bacillus subtilis
strain Bs1 and Pseudomonas gessardii strain L13 in terms of germination rate (p < 0.01). As
for the mature seed lots, all the bio-primed seeds and mock-inoculated (control (+)) seeds
displayed remarkably higher germination percentages compared to the control group
(87.5%). As the germination test results were evaluated using maturity levels, the ger-
mination rate of mature seed lots (92.0%) was greater than the immature seeds (64.6%).
When treatments were compared to each other, the effect of bio-priming with PGPB on
germination percentage changed with bacteria strains (Table 1). Germination percentages
were higher for bio-priming with Bacillus subtilis strain Bs1 (82.0%) and P. gessardii strain
L13 (82.4%) along with control (+) group (81.9%), compared to the seeds treated with
Bacillus mojavensis strain ApBm (75.9%), Pseudomonas fluorescens strain L5b (76.3%) and
control seed lots (71.5%).
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Table 1. Effect of endophytic bacteria inoculation on mean germination percentages of immature and
mature pepper seeds.

Treatments
Maturity Levels

Means
Immature Mature

Control 55.5 ± 4.8 e 87.5 ± 0.9 b 71.5 C
Control (+) 70.3 ± 3.7 c 93.5 ± 2.2 a 81.9 A

ApBm 61.3 ± 2.5 d 90.5 ± 3.6 ab 75.9 B
Bs1 70.0 ± 2.5 c 94.0 ± 1.4 a 82.0 A
L5B 60.0 ± 3.5 d 92.5 ± 0.9 ab 76.3 B
L13 70.7 ± 3.4 c 94.0 ± 1.4 a 82.4 A

Means 64.6 B 92.0 A
Pmat.x treat. < 0.01, CV: % 2.26. The data show the mean values± standard error. Numbers marked with different
letters are significantly different (p < 0.01) in between lines and columns. Mat.: maturity levels, Treat.: treatments.
Pmat.x treat.: Significance of interaction between maturity levels and treatments.

Priming treatments have a crucial impact on germination vigor. Mean germination
time is one of the methods used to determine seed vigor. When the mean germination time
of bio-primed and control seeds were examined, seed inoculation with endophytic PGPB
significantly improved the speed of germination compared to both control groups (control
and control (+)) at both maturity levels. Nevertheless, the rate of improvement varied with
bacterial strains (Table 2). The shortest germination time was obtained with the mature
pepper seed lot inoculated with the Bacillus mojavensis strain ApBm (4.01). On the other
hand, the longest (6.52) mean germination time was found in the untreated control group.
A similar trend was seen with the immature seed lots as well. Inoculation with the L13
strain shortened the germination time up to 1.75 days compared to the control group and
1.62 days for the control (+) group (Table 3). In terms of maturity levels, mature seed lots
(5.02) germinated faster than immature pepper seeds (6.55). Among the treatments, the
shortest germination time was obtained with the L13 strain (4.82). Based on the results
of this experiment, bio-priming with endophytic PGPB reduced the time required for
germination compared to control groups and positively affected the quality of seeds at
both maturity levels (Figure 4).

Table 2. Effect of endophytic bacteria inoculation on mean germination times of immature and
mature pepper seeds.

Treatments
Maturity Levels

Means
Immature Mature

Control 7.26 ± 0.19 a 6.52 ± 0.26 b 6.89 A
Control (+) 7.13 ± 0.18 a 5.57 ± 0.26 c 6.35 B

ApBm 6.33 ± 0.15 b 4.01 ± 0.10 e 5.17 D
Bs1 6.56 ± 0.04 b 4.89 ± 0.08 d 5.72 C
L5B 6.51 ± 0.23 b 5.00 ± 0.30 d 5.75 C
L13 5.51 ± 0.37 c 4.13 ± 0.03 e 4.82 E

Means 6.55 A 5.02 B
Pmat.x treat. < 0.01, CV:% 4.20. The data show the mean values ± standard error. Numbers marked with different
letters are significantly different (p < 0.01) in between lines and columns. Mat.: maturity levels, Treat.: treatments.
Pmat.x treat.: Significance of interaction between maturity levels and treatments.
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Table 3. Advantage table for the endophytic bacteria strains against control groups for pepper seeds.

Treatments
Germination (%) Emergence (%) MGT (Day) MET (Day)

C C (+) C C (+) C C (+) C C (+)

Immature

ApBm +5.8 −9.0 +24.0 +1.3 −0.93 −0.80 −0.56 +0.24
Bs1 +14.5 −0.3 +27.7 +5.0 −0.70 −0.57 −2.01 −1.21
L5B +4.5 −10.3 +23.7 +1.0 −0.75 −0.62 −1.43 −0.63
L13 +15.2 +0.4 +21.7 −1.0 −1.75 −1.62 −1.36 −0.56

Mature

ApBm +3.0 −3.5 +25.0 +21.0 −2.51 −1.56 −0.42 −0.22
Bs1 +6.5 +0.5 +36.0 +32.0 −1.63 −0.68 −0.57 −0.37
L5B +5.0 −1.0 +32.0 +28.0 −1.52 −0.57 −0.89 −0.69
L13 +6.5 +0.5 +19.0 +15.0 −2.39 −1.44 −0.56 −0.36

C: control, C (+): positive control, MGT: mean germination time, MET: mean emergence time.
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3.2. Influence of Bio-Priming Treatments on Seedling Emergence

Bio-priming treatment significantly influenced the seedling emergence percentages of
“Kandil Dolma” pepper seeds at both maturity levels (Table 4). The mean emergence per-
centages of the bio-primed seeds were 69.3%, 73.0%, 69.0% and 67.0% for ApBm, Bs1, L5B
and L13 immature seeds, respectively. However, these figures increased to 86.0%, 97.0%,
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93.0% and 80.0% for the mature seeds according to the interaction found between maturity
levels and treatments. The control and the control (+) seeds had much lower values, with
45.3% and 68.0%, and 61.0% and 65.0% for immature and mature seeds, respectively. The
effect of bio-priming treatment was revealed more clearly with the seedling emergence
parameters than the germination test. The gap between the control groups and bio-primed
seeds was widened further by treatment with endophytic Bacillus and Pseudomonas species.
For instance, inoculation with Bacillus subtilis (strain Bs1) increased emergence percentages
up to 36% and 32% than the control and control (+) seeds, respectively, in mature seed lot
(Table 3). All the bio-primed seeds showed better emergence rates for means values of both
maturity levels.

Table 4. Effect of endophytic bacteria inoculation on mean emergence percentages of immature and
mature pepper seeds.

Treatments
Maturity Levels

Means
Immature Mature

Control 45.3 ± 8.2 f 61.0 ± 5.0 e 53.2 D
Control (+) 68.0 ± 2.8 de 65.0 ± 3.8 de 66.5 C

ApBm 69.3 ± 3.8 c–e 86.0 ± 4.5 ab 77.7 AB
Bs1 73.0 ± 4.4 cd 97.0 ± 3.3 a 85.0 A
L5B 69.0 ± 3.3 c–e 93.0 ± 3.3 a 81.0 A
L13 67.0 ± 4.4 de 80.0 ± 8.5 bc 73.5 BC

Means 65.3 B 80.3 A
Pmat.x treat. < 0.05, CV:% 5.16. The data show the mean values ± standard error. Numbers marked with different
letters are significantly different (p < 0.05) in between lines and columns. Mat.: maturity levels, Treat.: treatments.
Pmat.x treat.: Significance of interaction between maturity levels and treatments.

The treatment with bio-priming demonstrated a significantly lower emergence time
than both control groups in both maturity levels. While the lowest (8.47) emergence time
was found with Pseudomonas fluorescens strain L5b seeds, the highest seedling emergence
time (9.36) was determined for the control group in mature seed lots (Table 5). A moderately
decreased seedling emergence time was recorded from the pretreated L5B (9.43), and L13
(9.50) strains in immature seed lots, which were statistically similar. In addition, the best
result was obtained from strain Bs1 (8.85) for the same maturity level (Figure 4). Seeds
inoculated with the Bs1 strain had a difference of 2.01 days compared to untreated seeds
and 1.21 days for the control (+) for immature seed lots (Table 3). Consequently, the results
mainly indicated that, compared with control groups at both maturity levels, all the bio-
priming treatments (except strain ApBm) provided statistically better outcomes in reducing
the time of seedling emergence, naturally enhancing the pepper seed quality.

Table 5. Effect of endophytic bacteria inoculation on mean emergence times of immature and mature
pepper seeds.

Treatments
Maturity Levels

Means
Immature Mature

Control 10.86 ± 0.11 a 9.36 ± 0.29 cd 10.11 A
Control (+) 10.06 ± 0.51 b 9.16 ± 0.05 c–e 9.61 B

ApBm 10.30 ± 0.35 b 8.94 ± 0.12 d–f 9.62 B
Bs1 8.85 ± 0.22 ef 8.79 ± 0.12 ef 8.82 C
L5B 9.43 ± 0.39 c 8.47 ± 0.24 f 8.95 C
L13 9.50 ± 0.36 c 8.80 ± 0.35 ef 9.15 C

Means 9.83 A 8.92 B
Pmat.x treat. < 0.01, CV:% 3.57. The data show the mean values ± standard error. Numbers marked with different
letters are significantly different (p < 0.01) in between lines and columns. Mat.: maturity levels, Treat.: treatments.
Pmat.x treat.: Significance of interaction between maturity levels and treatments.
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3.3. Evaluation of Radicle Emergence (RE) Assay

In this method, the vigor of bio-primed and control seed lots at different maturity
levels was measured by single early counts of radicle emergence to 2 mm at 72 h, 120 h and
168 h for the germination test and 168 h, 216 h and 264 h for the seedling emergence test.
The RE test showed that the initial moment of radicle emergence varied between the seed
lots. When the RE values of the germination experiment were examined, differences were
observed between maturity levels. According to the data obtained by radicle counts at the
72nd hour, it was determined that the bio-primed L13 strain (5.5%) came to the fore for
immature seeds; furthermore, higher results were obtained with L13 and ApBm strains
(18.0% and 28.5%, respectively) compared to control and control (+) groups (4.5% and
10.0%) for mature seed lots. In parallel with the results of the 72nd hour, the L13 strain
made a significant difference in immature seed lots at the 120th hour (42.5%). Moreover,
clearly higher radicle emergence percentages were acquired with all bio-primed seeds
(ApBm, Bs1, L5b and L13 strain) for mature seeds (81.5%, 80%, 77% and 93%, respectively)
compared to both control and control (+) groups (17.5% and 42.7%). Regarding the data
at 168th hour, bio-priming with endophytic bacteria accelerated germination compared
to both control groups for immature seeds. However, this outcome was not detected for
mature seed lots (Figure 5).

The analysis of variance showed significant differences among the treatments and
maturity levels for RE throughputs in the seedling emergence test (Figure 6). Based on
the results obtained from the counts made in the 168th hour of the seedling emergence
experiment, there was no statistical difference found between the treatments for mature
seeds, while bio-priming with Bs1, L5b and L13 strains yielded higher emergence per-
centages for immature seed lots (9%, 8% and 7%, respectively). Seed inoculation with
endophytic bacteria significantly elevated RE values in 216 h counts at both maturity levels.
However, the rate of enhancement varied with bacterial strains. All bacteria (Bs1, L5b and
L13 strain), except Bacillus mojavensis ApBm (18%), improved RE percentages (56%, 41%
and 40%) compared to non-treated control (0%) and control (+) (27%) in immature seeds.
Considering the measurements for mature seeds, higher radicle emergence rates were
provided from all seed lots inoculated with endophytic bacteria. This case is also seen in
the data taken from the same maturity level at the 264th hour. In other words, these results
clearly specified that the vigor of pepper seeds at different maturity levels was affected
positively by bacteria strains at the point of radicle emergence rate.
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4. Discussion

In the present study, bio-priming with four different endophytic bacteria elevated
the vigor potential of pepper seeds compared to untreated seeds and mock-inoculated
seeds. Moreover, the use of Pseudomonas gessardii strain L13 and Bacillus subtilis strain Bs1
improved germination values to a certain level at both maturity levels. Similar advances
in seed germination parameters by endophytic bacteria were stated for other plants like
maize [53], wheat [54] and tomato [55]. These findings can be due to the increased synthesis
of phytohormones like gibberellins, cytokinin and siderophores, which launch the activity
of certain enzymes that stimulate quick germination [13,56]. In addition, an important
development in seedling vigor may be seen through the higher synthesis of auxins [57].
Mechanisms for better germination and breaking of dormancy with bio-priming treatment
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can be the initiation of water-stimulated metabolic activity, advanced fixing due to enzyme
activity, production of hormones and biological control by production of siderophores [11,40].

Commercial seed production in continuously flowering pepper plants is usually
carried out in a single harvest. Mainly all fruits are harvested and seeds extracted si-
multaneously. Due to this method preferred by seed companies, seeds with different
maturity levels (immature–mature–over mature) are collected together [7]. Under these
circumstances, numerous researchers reported that lower germination performance was
seen in immature seeds compared to mature seeds in many crops [6,58–61]. This is the case
for immature seeds that have partially less developed embryonic textures, and it is possible
that inoculation with endophytic bacteria initiates embryonic development, which then
lets seeds germinate quicker. Thus, the germination potential is enhanced, especially for
immature seeds, which may improve the overall chance of successful stand establishment.

Our study also highlights that the beneficial endophytic bacteria strains significantly
promoted the emergence of the pepper seedlings, considering the results of radicle emer-
gence and seedling emergence assays. In these assays, inoculation with four different
endophytic bacteria strains accelerated the seedling emergence period and increased the
rate of emergence compared to control groups at both maturity levels. These results are
similar to the findings of a few studies [14,45,47,62–64]. They generally concluded that
inoculated seeds resulted in better germination and early seedling development. In these
former works, researchers mostly utilized mature seeds in their studies; however, the cur-
rent study investigated the efficiency of endophytic bacteria strains on immature seeds and
mature seeds. In this respect, the study is different from other studies. The physiological
reasons for the advantage obtained due to endophytes are not clear. However, there are
some reports that they extend root elongation rate, root branching [65], or alter hormone
levels, such as indole acetic acid (IAA) that modulate seedling growth [66]. We emphasize
that some endophytes like Bacillus can be selective, as they are common in cucurbits but
rare in others suggesting a selective ecological role [67]. In that sense, differences in bac-
teria’s effect in our work may be attributed to their species selectivity, colonization and
environment combination [68].

The influence of different strains of endophytic bacteria also increased sprouting capacity
to different extents depending on the strain. The most persistently performing strains to
improve seedling quality were Pseudomonas fluorescens strain L5b and Pseudomonas gessardii
strain L13. The improved RE values and seedling growth in response to both inoculants
compared with the mock-inoculated seeds (control (+)) indicates the beneficial role of these
endophytic bacteria. Several reports also demonstrated that sprouting is positively affected
by various genera of PGPB, such as Pseudomonas and Bacillus [19,36,51,69]. The present results
also have value for organic transplant production systems. Chemicals are not allowed in
organic transplant production methods. Therefore, beneficial bacteria have benefits regarding
seed quality enhancing treatments [69].

Seed germination is a complicated mechanism that is completed by the radicle’s emer-
gence through the seed coat [70]. It is initiated with the uptake of water that raises seed
weight. This increase in inner water capacity rebuilds a practical hydrophobic movement
to regulate proteins and cell membranes. Mitochondria and DNA are restored for protein
synthesis from stocked and freshly produced RNAs. By reducing the effectiveness of the
factors that restrict germination, nutrients are spread throughout the seed to achieve goals.
The radicle then appears through fast cell extension followed by a slower cell-division-
induced development [71]. Earlier radicle emergence and higher seedling emergence in
inoculated seeds showed that beneficial bacteria are likely to initiate faster decomposition
of seed storage materials. This resulted in faster seed germination and seedling emergence.
These features are valuable for obtaining well-developed transplant production in modules
with vegetable seeds, including pepper [72]. Moreover, shorter mean time to germination
and emergence showed that treated seeds are likely to have larger seedling size and unifor-
mity. Some earlier studies indicated that fast germination resulted in larger seedling size
and better stand establishment. However, within this mechanism, endophytic bacteria’s
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effect on seeds with underdeveloped embryos and encouraging their development should
be investigated with further studies since seed lots with various maturity stages are very
likely in once-over seed-harvesting practices.

5. Conclusions

To sum up, everything that was stated so far, priming pepper seeds with beneficial
bacterial inocula is an attractive ecological approach for improving germination rates of
seeds with different maturity levels. Bio-priming with Pseudomonas and Bacillus strains
used in this study is potentially able to stimulate rapid and uniform germination as well as
faster seedling growth. Moreover, this method is of interest and merit to companies, which
demand good quality in their seeds.
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