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Abstract: In vitro propagation of olive (Olea euorpea L.) always remained a challenging task due to
its woody nature and oxidation of culture. The current study intended to optimize shoot induction
and proliferation protocol for different cultivars (“Leccino”, “Gemlik”, “Moraiolo” and “Arbosana”)
of olive-on-olive media (OM) provided with different concentrations (0, 0.5, 1.5, and 2.5 mgLfl) of
6-benzylaminopurine (BAP) by pre-exposing their explants (nodal segments) with different regimes
(0, 24, and 48 h) of cooling. The impacts of treatments were evaluated on morphological (shoot
induction percentage, primary shoot length, number of leaves shoot !, and number of shoots per
explant™1), physiological (total chlorophyll, carotenoids, CO, assimilation, and proline), biochemical
(primary and secondary metabolites) attributes of cultivars after 50 to 60 days of culture. Data
recorded were subjected to statistical analysis. All traits depicted significant increases in all genotypes
with increasing pre-cooling treatments and increasing supplementations of 6-benzylaminopurine
(BAP). This increase was the highest for the interaction of 48 h pre-cooling and 2.5 mgL~! BAP
concentration. Moreover, correlation analysis of all traits revealed significant paired association
among them in a positive direction, while principal component analysis (PCA) revealed the extent of
association varied with types of treatments and the nature of genotypes. Among cultivars, Arbosana
depicted more dramatic changes in morphological traits, physiological attributes, and biochemical
contents due to varying interactions of pre-cooling and BAP treatments as compared to Moraiolo,
Gemlik, and Leccino with in vitro systems.

Keywords: explants; shoot induction; metabolites; micropropagation; correlation

1. Introduction

Olive (Olea euorpea L.) is an important plant of the Mediterranean region and an
important source of traditional landscape, food, and oil. Various traditional methods of
propagation such as grafting, cuttings, and leafy stem rooting are commonly used for
olive multiplication [1]. These methods ensure the preservation of genetic traits but have
numerous limitations such as season dependence, low success rate, nutrient requirement,
the hygienic status of the mother plant, and variable response from cultivar to cultivar [2].
Moreover, these methods require large spaces and extensive areas to establish plant nurs-
eries and do not guarantee the production of disease-free plants. From this perspective, the
in vitro propagation method is one of the best choices for the commercial propagation of
olives with a high survival rate throughout the season [3]. In addition, the multiplication
of olives using tissue culture is not an easy task, owing to some challenges such as explants
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oxidation, high phenolic contents, the laborious establishment of shoot culture, cultivars
dependency, and difficulties in disinfection [4]. Although in the past various shoot induc-
tion protocols of olives were optimized within micropropagation systems, all were cultivar
dependent [1,5,6]. Successful in vitro propagation of olive is highly associated with type
and culture medium composition. For example, Revilla et al. [7] successfully propagated
olive using Kuniyuki walnut medium supplemented with 6-benzylaminopurine (BAP)
as a growth regulator while sucrose was a carbohydrate source. Likewise, Piexe et al. [1]
used BAP and coconut water for successful shoot induction in olive. Correspondingly,
Chaari-Rkhis et al. [6] found olive medium (OM) [8] with supplementation of growth regu-
lators is more effective in boosting the shooting and proliferation of different olive cultivars.
In the same way, Hamooh and Shah [9] found zeatin as an active hormonal supplement
in enhancing the shooting traits of different olive cultivars. Furthermore, Ali et al. [5]
explicated that individual and combined application of BAP within in vitro olive medium
significantly improves the growth-related traits of olive explants. Plant growth regulators
such as BAP have a tendency to initiate intracellular processes that substantially improve
related physiological and biochemical activities within the plant system [10]. Moreover,
organic substances such as humic acids play an important role in plant tissue culture
and micropropagation since they can act as growth by reducing the mutagenic effects
of various chemical compounds [11-14]. Hence, a culture medium supplemented with
proper hormonal concentrations is more effective in inducing growth and differentiation
within in vitro culture system. The growth regulators such as BAP not only accelerate the
differentiation processes of culture but also regulate the post-differentiation events [15].
Plantlets established within a nutrient medium containing a proper concentration of growth
regulators show robust physiological and metabolic activities that consequently result in
their early establishment within in vitro culture [16].

Hitherto, very limited studies have been conducted to elucidate the impacts of in vitro
hormonal treatments on the dynamic association of physiological and metabolic traits
with morphological traits of plant cultures [17]. Therefore, the effective role of hormones
always remained a potential consideration while optimizing a protocol for any micro-
propagation system [10]. Apart from this, the choice of explants for olive propagation
is also important for the successful establishment of culture [6]. Although in previous
studies successful cultures of olive were established on OM using axillary buds as explants
source, observed shoot induction percentage was comparatively low in explants that were
not provided by proper pre-culturing treatments [6,18,19]. In addition, perennial plants
including olives protect their delicate reproductive meristematic tissues in specialized
structures known as buds, whose growth is strictly regulated by dormancy mechanisms
imposing physiological constraints on their growth until optimum conditions return [20].
Dormancy is released in buds or primrodia by prolonged intervals of chilling. Moreover,
axillary buds become dormant due to various endogenous factors such as the accumulation
of ABA [21]. Infact, ABA masks intercellular communication during dormancy due to
enhanced activity of callose synthase causing a high accumulation of callose that results in
blockage of plasmodesmata [22]. Vernalin has the tendency to dissolve callose content that
restores cellular communication and breaks bud dormancy by reciprocating the effect of
ABA [23]. Moreover, chilling treatments break bud dormancy due to the increase in the
production of vernalin, as reported by Leida et al. [19] in peach plants. In this context, the
pre-cooling treatment is effective in breaking the dormancy owing to its tendency to counter
the effect of ABA by stimulating the activity of vernalin [24]. Moreover, nodal segments are
considered better explants than axillary buds due to their comparatively high resistance
against oxidation due to the deposition of a high content of phenolic compounds [3]. The
oxidation of phenolics is harmful in plant tissue culture as it leads to the browning of
explants and medium that stops cell division and finally results in the failure of tissue
culture [25]. Oxidative browning of explants can be prevented by controlling the leaching
of phenolic compounds from plant tissue by providing them with some pre-treatments
such as cooling [26]. Although high phenolic contents are a great obstacle in devising
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successful shooting protocols for woody plants, their effect can be nullified by pre-culturing
treatments [27]. In this perspective, nodal explants can get rid of seasonal dormancy by
properly exposing them to the proper durations of pre-cooling. To date, no comprehensive
study has been conducted for the optimization of olive in vitro propagation protocol at
a physiological, molecular, and biochemical level using different pre-cooling treatments
for explants and varying concentrations of BAP. In this regard, the current study was
conducted to optimize shoot induction protocol for olives using four different cultivars
(“Leccino”, “Gemlik”, “Moraiolo” and “Arbosana”), by culturing their pre-cooled explants
on OM using different concentrations of BAP. Furthermore, the effects of these treatments
were assessed on the physiological, biochemical, and growth traits of plantlets grown
within the micropropagation system.

2. Materials and Methods

In the current study, four different cultivars of olive such as “Leccino” (Italy), “Gemlik”
(Turkey), “Moraiolo” (Italy), and “Arbosana” (Spain) were evaluated for the optimization of
shoot induction protocol in a three replicate experiment using three factorial arrangements
in randomized complete block design (RCBD) at plant tissue culture lab of Jilin Agricultural
University, China.

2.1. Explant Disinfection, Media Preparation, and Treatments

The nodal segments obtained from soft, healthy, and lateral one-year-old branches of
olive cultivars were used as explants. After detaching the leaves, branches were divided
into 10 cm long pieces that were thoroughly washed for 30 min under running tap water.
Subsequently, branch segments were cut into nodal segments of size 1-1.5 cm as explicated
Chaari-Rkhis et al. [6]. The nodal segments were surface sterilized by treating them with
70% ethanol for 1 to 2 min. Afterward, they were dipped in 15% sodium hypochlorite
solution for 10 min. Finally, the nodal segments were rinsed four times using sterilized
distilled water and each step was conducted for 5 min. All sterilization steps were carried
out under laminar air flow hood by sustaining sterilized atmosphere. In addition, Rugini [8]
olive medium (OM) (PhytoTech labs, Lenexa, KS, USA) with optimized pH (5.75 & 0.5) was
prepared and supplemented with different concentrations (0, 0.5, 1.5, and 2.5 mgL ') of 6-
benzylaminopurine (BAP) (PhytoTech labs, USA) by following manufacturer’s instruction
within 300 mL glass bottle. Before adding BAP, media was autoclaved as per method of
Chaar-Rkhis et al. [6] at 121 °C under 15 psi pressure for 15 min. Afterward, media was
cooled to 50 °C and filter sterilized BAP solution was added. Before culturing, explants
were wrapped in aluminum foil were subjected to pre-cooling treatments of 0, 24, and 48 h
at4 to 8 °Cin a chiller. Afterward, 3 to 4 explants (nodal segments) from each cultivar were
cultured on Rugini [8] olive medium (OM) (PhytoTech labs, USA) in glass bottles under
laminar flow chamber. For each treatment, three bottles were used.

2.2. In Vitro Propagation and Data Collection

The cultured bottles were kept in growth chamber under controlled conditions. The
cultures were provided with 2500 lux light intensity, 25 °C temperature, and 16 h photope-
riod. The data for growth, physiological, and biochemical parameters were collected from
50 to 60 days old plantlets of olives. For this purpose, we followed destructive sampling.
Furthermore, cultures facing browning were immediately shifted within fresh medium.

2.3. Measurement of Growth Traits

The morphological parameters were evaluated on the basis of percentage of the induced
shoots (PIS), length of primary shoot (cm) (LPS), number of leaves per shoot (NLPS), and
number of shoots per explant (NSPE). The data for PIS were recorded for each cultivar by
applying percentage formula while the data obtained for LPS and NLPS were estimated
on average basis from randomly selected five primary shoots from each treatment before
subjecting to statistical analysis. In the same way, data were recorded for NSPE.
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2.4. Assessment of Physiological Parameters

Among physiological parameters such as total chlorophyll, carotenoids, and proline
were estimated following the methods used by Mahmood et al. [28]. In addition, proline
content was estimated based on reactivity with ninhydrin using UV-Vis spectrophotometer
(DeNovix, Wilmington, DE, USA). On the other hand, assimilation rate of CO, (Acop) was
measured using specific apparatus IRGA (ADC BioScientific, Hoddesdon, UK).

2.5. Assessment ofBiochemical Contents
2.5.1. Quantification of Primary Metabolites

Leaf carbohydrates were quantified using the method of Boussadia et al. [29]. The
carbohydrate contents such as fructose, glucose, and sucrose were extracted using ethanol
reagent and extract was subjected to centrifugation at 5000 rpm for 10 min. Afterward,
metabolites were quantified using high pH anion-exchange chromatography. On the other
hand, starch content was estimated using acid hydrolysis method used by Chow and
Landhausser [30]. For this purpose, dried 50 mg leaf samples were extracted using 80% hot
ethanol that subsequently followed enzymatic digestion. Afterward, quantification was
performed at 525 after adding HySOj.

2.5.2. Quantification of Secondary Metabolites

Among secondary metabolites, total phenols were estimated following the method
used by Siddiqui et al. [31]. For this purpose, Folin-Ciocalteu reagent was used, with gallic
acid as the standard. In addition, total flavonoids were calculated following the procedure
by Zhao et al. [32] and quantified using colorimetric assay method, with rutin as standard.
Total tannins content was determined by following the protocol of Fadda and Mulas [33].
For this purpose, 2 mL of extracted sample was treated with 10 mL vanillin hydrochloride
and for quantification; absorbance was recorded at 500 nm. Total alkaloid contents were
determined by following the procedure optimized by Li et al. [34]. In this regard, the
prepared standard solution of leaf extract was quantified using UV-Vis spectrophotometer
(DeNovix, USA), and absorbance was recorded as 418 nm.

2.6. Statistical Analysis

A tri-replicate experiment was conducted in randomized complete block design
(RCBD) using three factorial arrangements with pre-cooling as one factor, varieties as
second factor, and BAP concentrations as third factor. The data collected were evaluated
statistically by applying analysis of variance (ANOVA) at a 5% probability level, with
the help of computer-based software Statistix ver. 8.1 (McGraw-Hill 2008). Furthermore,
correlation and principal component analysis (PCA) were conducted with the help of
computer-based statistical tool RStudio version 1.3.959 (RStudio Team 2020) using the Per-
formaceAnalytics, FactoMineR, factoextra, devtools, ggplot2, ggpubr, gplots, and pheatmap
packages of R version 4.1.0 (R Core Team 2021).

3. Results
3.1. Growth Traits

All individual factors of treatments significantly (p < 0.01) affected the mean values of
growth-related traits such as LPS, PIS, NLPS, and NSPE in all olive cultivars (Table 1). All growth
traits showed statistically significant (p < 0.01) increase with changing regimes of pre-cooling
and increasing concentrations of BAP (Table 1). Moreover, among cultivars “Arbosana” (V4)
plantlets recorded a maximum improvement in the aforementioned growth traits followed by
“Moraiolo” (V3), “Leccino” (V2), and “Gemlik” (V1) as indicated in Table 1. In addition, V4
revealed a maximum mean value for LPS (3 cm) that was significantly (p < 0.01) different from
the means of other varieties. Correspondingly, V4 exhibited significantly (p < 0.01) high PIS
(85%) as compared to V3 (75%), V2 (70%), and V1 (60%) as shown in Table 1. Similarly, under
the same conditions, V4 depicted statistically (p < 0.01) distinct improvement in NLPS (5) and
NSPE (4). In addition, among two-way interactions, the interaction of BAP with pre-cooling
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(T x Lp) and cultivars (V x Lp) illustrated statistically distinct (p < 0.05) change in all growth
traits (Tables 5 and 6). At all regimes of pre-cooling, BAP manifested maximum improvements
in growth-related traits of olive cultivars at concentration 2.5 mgL_1 (L4) (Table 6); however,
this improvement was more dramatic at 48 h (T3) interval of pre-cooling (Table 5). Overall, the
performance of explants from all cultivars was notably different under varying concentrations
of BAP and changing regimes of pre-cooling. Likewise, the two-way interaction T x V, and the
three-way interaction T x V x L showed no significant effect on the growth traits of cultivars.

Table 1. Effect of different pre-cooling treatments and varying concentrations of BAP on growth traits
of different olive (Olea euorpea L.) genotypes cultured within micropropagation system using OM.

Treatments LPS (cm) PIS NLPS NSPE
Pre-cooling (T) (Hours)
T1 (0 h) 197 £0.11° 70.02 + 2.00 371+015¢ 2.045+0.10°¢
T2 (24 h) 227 +£0.132 78.05 +1.87b 393 +0.17b 256 +£0.13P
T3 (48 h) 255 +0.152 83.06 + 1.622 42840202 4.00+0.192
LSD 0.35 1.96 0.13 0.14
Varieties (V)
V; (Leccino) 1.98 £ 0.15¢ 65 +2.234 358 +0.184 2.05+0.134
V, (Gemlik) 226+0.14b 70 +2.49° 3.88+0.19°¢ 243 +0.18°
V3 (Morailo) 234 +0.15P 75 +2.74° 409 +0.20b 3.60 +0.20°
V, (Arbosana) 3.00 +0.172 85 +3.132 5.00 + 0.232 4.00+0212
LSD 0.10 2.70 0.08 0.08
BAP (Lg) (mgL™!)

L1 (0) 1.05 4+ 0.034 4 68 + 0.073 4 248 +0.0454 25400214
L2(0.5) 2.03 +0.083°¢ 75+ 0.80 © 3.40 + 0.09 € 34 0.093¢
L3 (1.5) 2.32 +£0.088 P 79 £1.93P 418 +£0.10b 325+0.10P
L4(2.5) 2.55 + 0.083 2 84+1.872 458 +0.982 4.01+0.142

LSD 0.08 1.30 0.11 0.08
Significance
T * * *% *
V L *3% *% %
LB *3% *% *% *%

TxV ns ns ns ns
T >< LB * * * *

V X LB * * * *
TxV xLg ns ns ns ns

Means with same letter (s) in each column indicate no significant difference in traits due to treatments. *, ** represent
significant differences at p < 0.05 and p < 0.01, respectively, while “ns” represents non-significant difference (LPS,
length of primary shoot; PIS, percentage of induced shoots; NLPS, number of leaves per shoot; NSPE, number of
shoots per explant).

3.2. Physiological Parameters

All traits except proline depicted a significant increase with increasing regimes of
pre-cooling and BAP concentrations (Table 2). In addition, among cultivars “Arbosana”
(V4) illustrated a maximum increase in all physiological traits followed by “Moraiolo”
(V3), “Gemlik” (V2) and “Leccino” (V1). Furthermore, V4 exhibited maximum chlorophyll
content (50 g cm~2) that was slightly higher than the mean chlorophyll contents of other
varieties (Table 2). Correspondingly, V4 recorded the highest (8 umol m~2s~1) while V1
recorded the lowest mean value (7 pmol m~2s~ 1) for Acop at 2.5 mgL’1 (L4) concentration
of BAP in plantlets whose explants were treated with 48 h interval of pre-cooling. In
addition, under analogous conditions, V4 depicted a statistically significant (p < 0.01)
increase in carotenoids (5.29 pg cm~?) and a decline in proline (38.7 pg g_1 FW) contents.
Among physiological traits, chlorophyll and carotenoids showed significant (p < 0.05)
variation due to the two-way interaction of BAP with pre-cooling treatments (T x Lg)
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and cultivars (V x Lp) (Tables 5 and 6). All cultivars pre-treated with a 48 h regime of
cooling illustrated maximum chlorophyll and carotenoid contents at a BAP concentration of
2.5 mgL~! (Tables 5 and 6). In general, explants from all cultivars pre-treated with different
cooling intervals responded differently under provided in vitro conditions due to varying
concentrations of BAP. All traits showed no significant variation due to two-way interaction
T x V and three-way interaction T x V x Lg.

Table 2. Effect of different pre-cooling treatments and varying concentrations of BAP on physiological
parameters of different olive (Olea euorpea L.) genotypes cultured within micropropagation system

using OM.
Total Chlorophyll Carotenoids Acoz Proline
Treatments (ug cm—2) (ug cm—2) (umol m—2s~1) (ug g1 FW)
Pre-cooling (T) (Hours)
T1 (0 h) 4183 +252P 453 +0.20°¢ 6.93 +0.37¢ 42.00 +2.102
T2 (24 h) 47.96 4+ 3.072 5.05+ 025" 7.47 +0.39P 39.70 + 1.76
T3 (48 h) 51.55 4 3.452 552 +0.322 8.09 + 0422 38.87 +1.76 P
LSD 5.12 0.38 0.32 1.91
Varieties (V)
V; (Leccino) 42 4£2.00° 4.81+0.28¢ 6.59 4+ 0.40 ¢ 413242352
V, (Gemlik) 46.57 + 337" 493 +0.352 7.41 +0.44° 39.74 + 229
V3 (Morailo) 48.53 + 3.76 b 5.09 +0.30° 7.76 + 0.48 2P 41.00 +2.14 2
V, (Arbosana) 50.37 4+ 4.112 529 +0.28 ¢ 7.93 £ 0.502 38.70 4 2.08 ©
LSD 2.74 0.11 0.36 0.59
BAP (Lg) (mgL™1)
L1 (0) 19.70 + 0.26 4 2.71 +0.050 4 3.82+0.104 48.66 + 0.63 2
L2(0.5) 27.62 4+ 0.70 417 +0.12°¢ 5.82 +0.12¢ 46.62 +0.62P
L3 (1.5) 32.53 +0.83P 484+011° 6.40 +0.12b 4337 £0.61°
L4(2.5) 37.68 +0.77 2 5.44 4 0.132 6.95+0.122 234140204
LSD 0.60 0.14 0.17 1.24
Significance

T * * *% *

V *% *% * *%

L *3% *3F *3% *3
TxV ns ns ns ns
TxLgp * * ns *

V x Lg * * ns ns
TxVxLg ns ns ns ns

Means with same letter (s) in each column indicate no significant difference in traits due to treatments. *, ** represent
significant differences at p < 0.05 and p < 0.01, respectively, while “ns” represents non-significant difference.

3.3. Biochemical Contents
3.3.1. Primary Metabolites

All primary metabolic contents including fructose, glucose, sucrose, and starch varied
significantly (p < 0.01, p < 0.05) due to the individual effect of olive cultivars’ pre-cooling
regimes and varying concentrations of BAP within OM (Table 3). All metabolites depicted
statistically significant (p < 0.01) increase at the pre-cooling treatment of 48 h (T3) and BAP
concentration of 2.5 mgL~! (L4) as shown in Table 3. On the other hand, among cultivars,
“Arbosana” (V4) revealed the highest rise in all primary metabolites followed by “Moraiolo”
(V3), “Gemlik” (V2), and “Leccino” (V1). Moreover, V4 recorded maximum fructose
(0.04 mg g~! DW), sucrose (0.5 mg g~! DW), and starch (0.7 mg g~! DW) contents as
compared to other cultivars. In the same way, V3 demonstrated the maximum (1.42 mg
g~ ! DW) and V1 recorded the minimum (1 mg g~! DW) increase in the amount of glucose.
In addition, among two-way interactions T x Lp significantly (p < 0.05) altered the mean
values of glucose, sucrose, and fructose contents while V x Lg significantly (p < 0.05)
altered the mean values of fructose and sucrose content (Tables 5 and 6). All pre-cooled
olive cultivars showed a maximum rise in the quantities of primary metabolites when OM
augmented with BAP at 2.5 mgL~! (L4), however, this incline was more dramatic in all
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cultivars that followed the pre-cooling treatment of 48 h (T3) as concluded by Tables 5 and 6.
As a whole, explants from all cultivars pre-treated with different cooling regimes behaved
differently under provided in vitro conditions due to varying levels of BAP. On the other
hand, all primary metabolites showed no significant variation due to two-way interaction
T x V and three-way interaction px V x Lg.

Table 3. Effect of different pre-cooling treatments and varying concentrations of BAP on primary
metabolites of different olive genotypes cultured within micropropagation system using OM.

Treatments Starch Glucose Fructose Sucrose
mg g1 DW mg g1 DW (mg g1 DW) (mg g~1 DW)
Pre-cooling (T) (Hours)
T1(0h) 0.33 £0.05° 1.04 £0.10°¢ 0.029 + 0.002 © 0.29 +0.03 ¢
T2 (24 h) 0.53 £ 0.06 2P 1.19 +£0.10b 0.032 + 0.003 P 0.41 4+ 0.04°
T3 (48 h) 0.62 + 0.06 2 139 £ 0.122 0.035 & 0.004 2 0.51 +£0.052
LSD 0.21 0.08 0.002 0.07
Varieties (V)
V; (Leccino) 0.42 + 0.06° 1.07 £0.11°¢ 0.024 4 0.003 © 0.32 +£0.044
V, (Gemlik) 0.41 4+ 0.06° 1.13 £ 0.11 be 0.027 + 0.004 ® 0.38 +0.05°¢
V3 (Morailo) 0.47 4+ 0.07° 142 +£0.112 0.028 + 0.004 ° 0.42 4+ 0.05°
V, (Arbosana) 0.68 & 0.08 2 1.20 +0.15° 0.039 + 0.005 2 0.48 +0.062
LSD 0.11 0.08 0.08 0.03
BAP (Lg) (mgL™)
L1(0) 0.09 +0.014 0.21 +0.024 0.007 4 0.0003 4 0.05 + 0.004 ¢
L2 (0.5) 0.19 £0.01°¢ 0.55 + 0.01°¢ 0.020 4 0.0014 © 0.19 £ 0.014 ¢
L3 (1.5) 0.32 +0.022 0.67 +0.02° 0.031 + 0.0020 P 0.26 + 0.009 b
L4(25) 0.26 +0.01° 0.83 +£0.022 0.040 + 0.0024 2 0.31 +0.0102
LSD 0.02 0.02 0.002 0.006
Significance
T *3% * *% *
V 3% *3F 3% *
LB *3% *% *3% ¥
TxV ns ns ns ns
T x Lp ns * * *
V x Lg ns ns * *
TxVxLg ns ns ns ns

Means with same letter (s) in each column indicate no significant difference in traits due to treatments. *, ** represent
significant differences at p < 0.05 and p < 0.01, respectively, while “ns” represents non-significant difference.

3.3.2. Secondary Metabolites

Among individual treatment factors, pre-cooling regimes significantly (p < 0.05,
p < 0.01) increased alkaloids and phenolic contents (Table 4). On the other hand, varying
BAP concentrations significantly (p < 0.05) impacted the amount of secondary metabolic
contents including alkaloids, phenols, tannins, and flavonoids (Table 4). Moreover,
among cultivars “Arbosana” (V4) manifested a more dramatic increase in the concentra-
tions of alkaloids, phenols, and flavonoids followed by “Moraiolo” (V3), “Gemlik” (V2)
and “Leccino” (V1). In addition, V4 illustrated the maximum alkaloids (2.5 mg g~! DW)
that were a bit higher than the alkaloid content of other cultivars (Table 4). Following
the analogous trend, V4 revealed a more dramatic rise in flavonoid (1.54 mg g~! DW)
and phenol content (1.5 mg g~! DW) unlike other cultivars (Table 4). Among two-way
interactions T x Lg and V x Lg significantly altered the mean values of alkaloids and
flavonoids (Tables 5 and 6). The BAP made a statistically distinct (p < 0.05) rise in
alkaloids and flavonoid contents of all olive cultivars at a concentration of 2.5 mgL~!
(L4) under all pre-cooling treatments; however, this rise was at the maximum at 48 h
(Tables 5 and 6). Generally, plantlets from all cultivars whose explants followed different
pre-cooling treatments before culturing showed variable responses within in vitro con-
ditions on OM augmented with different concentrations of BAP. In addition, two-way
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interaction T x V and three-way interaction T x V x Lg showed no significant effect on
the concentration of secondary metabolites.

Table 4. Effect of different pre-cooling treatments and varying concentrations of BAP on secondary

metabolites of different olive genotypes cultured within micropropagation system using OM.

Treatments Alkaloids Flavonoids Tannins Phenols
mg (g DW)-1 mg (g DW)-1 mg (g DW)-1 mg (g DW)-1
Pre-cooling (T) (Hours)
T1(0h) 1.52 £ 0.074 ¢ 1.35 + 0.067 ° 0.63 4 0.0152 0.70 & 0.025 2
T2(24 h) 1.75 + 0.077 ® 1.44 + 0.077 3 0.65 +0.014 2 0.85 + 0.026 2
T3 (48 h) 2.00 +0.092 1.60 4+ 0.082 2 0.72 £0.0152 0.93 + 0.026 2
LSD 0.18 0.15 0.17 0.14
Varieties (V)
V1 (Leccino) 1.5+ 0.093 d 1.39 £ 0.084 ¢ 1.45 + 0.084 2 1.00 + 0.049 4
V, (Gemlik) 1.70 £ 0.10¢ 1.42 + 0.080 be 1.43 £ 0.080 2 1.03 £ 0.055 b¢
V3 (Morailo) 1.84 £0.10° 1.50 =+ 0.095 ab 1.49 £ 0.095 2 1.08 + 0.059 ab
V, (Arbosana) 2540012 1.54 4+ 0.098 2 1.50 + 0.098 2 1.5 + 0.064
LSD 0.045 0.09 0.1 0.06
BAP (Lg) (mgL™)
L1 (0) 1.02 +£0.031¢ 0.84 4+ 0.035 ¢ 0.68 +0.017 ¢ 0.73 4+ 0.026 ¢
L2 (0.5) 1.64 + 0.054 P 1.20 4 0.049 0.80 & 0.027 © 1.04 + 0.035 ¢
L3 (1.5) 1.48 £ 0.054 © 1.42 +0.054 P 1.01 £ 0.032° 1.27 4 0.031 2
L4(2.5) 1.85 + 0.062 2 1.62 4+ 0.068 2 1.11 + 0.027 2 1.16 + 0.033 P
LSD 0.023 0.040 0.055 0.028
Significance
T * x* ns ns
V 3% *3F ns *
LB *% *% *3% *%
TxV ns ns ns ns
T x Lp * * ns *
V x Lp * * ns ns
TxVxLg ns ns ns ns

Means with same letter (s) in each column indicate no significant difference in traits due to treatments. *, ** represent

significant differences at p < 0.05 and p < 0.01, respectively, while “ns” represents non-significant difference.
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Table 5. Traits showing statistically significant (p < 0.05) difference due to interaction effect of pre-cooling regimes and BAP concentrations (T x Lg).

PCT (T) BAP (Lp) LPS PIS NLPS NSPE Chlorophyll  Carotenoids Glucose Fructose Sucrose Proline Alkaloids Flavanoids Phenols
(hours) (mgL-1) (cm) (ug cm~2) (ug cm~—2) mg g~! DW mg g~! DW mg g~! DW ugg 1 FW mg g1 DW mg g~ DW mg g1 DW

T1 (0 h) L1 (0) 1.00 + 0.08 36.7 £ 1.41 2.45 £ 0.08 1.06 + 0.03 18.5+£0.37 2.62 £ 0.07 0.16 = 0.01 0.005 £ 0.0007 0.02 £ 0.001 46.7 £ 0.3 0.85 £0.03 0.75 £0.03 0.69 £ 0.02
L2(0.5) 1.69 £0.12 46.0 £ 2.32 315£0.17 1.74 £ 0.10 23.8 +£0.39 3.60 £ 0.11 0.47 £ 0.009 0.012 £ 0.001 0.10 £ 0.007 447 £ 0.44 1.22 +0.052 0.94 £0.05 0.85 £ 0.034
L3(1.5) 1.94 +0.01 524 +294 3.79 £0.14 212 £0.11 27.5+0.41 422409 0.58 £ 0.010 0.020 + 0.002 0.21 £ 0.003 42.0+0.90 1.420 + 0.058 1.13 £ 0.05 1.001 + 0.050

L4 (2.5) 2.19 £0.07 57.0 £2.77 4.22 £0.15 240 +£0.12 33.5£0.52 4.81 £0.14 0.74 £ 0.011 0.028 & 0.002 0.25 £ 0.004 22.8 £0.37 1.58 & 0.06 1.28 £ 0.06 1.11 £ 0.04
T2 (24 h) L1 (0) 1.04 £ 0.02 42.0+£0.73 2.49 + 0.05 1.21 £ 0.02 19.5 £ 0.31 2.78 £ 0.06 0.22 £ 0.005 0.008 + 0.0003 0.05 £ 0.008 48.5 £ 0.52 1.08 £ 0.03 1.001 + 0.04 0.87 £ 0.034
L2(0.5) 2.04 £ 0.06 55.0 £ 1.88 3.25 £ 0.08 2234012 27.4 +0.30 4.03 £0.10 0.56 £ 0.005 0.020 £ 0.001 0.21 £0.011 454 4+ 0.72 1.44 + 0.04 1.20 +0.03 1.07 + 0.04
L3 (1.5) 229 £0.01 61.2 +£1.88 425+ 0.16 2.57 £0.12 33.3 £ 0.55 494 +£0.12 0.68 £ 0.006 0.034 £ 0.001 0.26 £ 0.01 42.8+0.48 1.58 £ 0.05 1.40 +0.05 1.22 £0.03
L4 (2.5) 2.57 £0.07 65.3 £1.54 470 £ 0.16 2.98 £0.12 37.4 +0.67 540+0.9 0.85 £ 0.001 0.043 £ 0.0021 0.31 £ 0.010 247 £0.31 1.77 £ 0.05 1.61 +0.07 1.31 £0.03
T3 (48 h) L1 (0) 1.13 £ 0.03 413 £0.59 2.50 £ 0.01 1.20 &£ 0.01 20.8 £0.29 272 £0.10 0.23 £ 0.008 0.007 +£ 0.0004 0.07 £ 0.005 50.5 £ 0.51 1.12 £ 0.03 1.04 £+ 0.03 0.93 £ 0.025
L2(0.5) 237 £0.11 62.0 +2.15 3.79 £0.16 2.33 £0.17 314 £0.72 4.87 £0.13 0.63 £ 0.009 0.025 £+ 0.001 0.27 £ 0.007 49.5 £ 0.74 1.77 £ 0.04 1.46 £+ 0.03 1.20 £ 0.02
L3 (1.5) 2.67 £0.13 68.4 £2.50 453 +0.12 293 £0.20 36.5 + 0.67 537 £0.13 0.75 £ 0.009 0.037 £ 0.002 0.32 £ 0.008 45.0 £ 0.84 1.94 + 0.04 1.69 + 0.02 1.28 £ 0.01
L4 (2.5) 2.89 +£0.14 72.8 £2.58 483 +0.11 3.57 £0.28 41.8 £ 0.63 6.12 £0.17 0.91 £ 0.011 0.050 +£ 0.002 0.36 £ 0.011 22.5£0.39 2.20 £0.03 1.97 £ 0.04 1.39 £0.01
LSD 0.1388 2.2443 0.1944 0.1422 1.0253 0.2206 0.0289 0.0028 0.0102 2.1257 0.0421 0.0700 0.0500

* Only traits showing significant difference are indicated in table, while means with difference greater than LSD are significantly different at p < 0.05. (LPS, length of primary shoot; PIS,
percentage of induced shoots; NLPS, number of leaves per shoot; NSPE, number of shoots per explant).

Table 6. Traits showing statistically significant (p < 0.05) difference due to interaction effect of varieties and BAP concentrations (V x Lg).

. BAP . . .
Varieties Chlorophyll Carotenoids Fructose Sucrose Alkaloids Flavanoids
V) (m(gLI‘le) LPS PIS NLPS NSPE (ng cm~2) (ug cm~—2) mg g~! DW mg g~! DW mg g~! DW mg g~1 DW
Leccino (V1) L1 (0) 0.87 £ 0.07 39.1+2.16 2.27 £0.07 1.11 4 0.04 11.1 4+ 0.30 2.64 £0.10 0.006 + 0.0008 0.03 £ 0.008 0.93 £ 0.06 0.81 +0.04
L2 (0.5) 1.67 +0.15 471 +£2.95 291 +£0.15 1.64 +0.12 18.1+1.18 3.87 £0.23 0.016 + 0.002 0.17 £0.02 1.29 +£0.10 1.06 & 0.07
L3 (1.5) 1.92 4+ 0.12 53.1 £3.08 3.66 £0.14 1.94 4+ 0.01 224 +£1.37 462+0.1 0.026 & 0.003 0.24 £0.01 1.48 £0.10 1.24 4+ 0.07
14 (2.5) 2.2140.10 57.24+3.38 4.07 £0.15 226+ 0.11 25.6 +1.44 510£0.1 0.035 + 0.005 0.28 £0.01 1.65+0.13 1.41 4+ 0.07
Gemlik (V2) L1 (0) 1.9 £0.03 394 +£1.27 2.49 +0.04 1.17 4 0.04 11.6 +0.20 2.87 £0.04 0.006 & 0.0007 0.05 £ 0.001 0.97 £ 0.05 0.94 +0.05
L2 (0.5) 1.97 +0.13 54.6 +2.41 3.22 +£0.08 2.01+0.14 18.7 +1.39 3.97 £0.25 0.015 =+ 0.002 0.19 £0.02 1.43 +0.08 1.17 4 0.06
L3 (1.5) 222+0.11 60.2 +£2.49 411+0.18 246 £0.1 23.1+1.57 4.62+0.24 0.029 + 0.003 0.26 £0.01 1.54 £ 0.09 1.34 4 0.05
L4 (2.5) 2.514+0.10 65.0 = 2.40 449 £0.14 3.01£0.2 270+ 1.52 527 £0.23 0.038 & 0.004 0.29 £0.01 1.79 £0.13 1.53 £ 0.05
Morailo (V3) L1 (0) 1.12 £ 0.04 424+142 2.59 £0.03 1.16 & 0.02 11.24+0.32 2.69 £ 0.07 0.007 £ 0.002 0.05 £ 0.001 1.02 +0.03 0.94 +0.05
L2 (0.5) 219 +0.12 56.1 + 3.40 3.61 £0.16 224+0.11 19.6 +1.53 4.34+£0.20 0.020 + 0.003 0.20 £0.02 1.58 +0.09 1.23 4+ 0.04
L3 (1.5) 242 +0.16 62.4 +3.61 4.32+£0.11 2.76 +£0.16 241+191 4.80 £0.17 0.017 + 0.004 0.27 £0.01 1.73 £ 0.07 1.47 £ 0.02
L4 (2.5) 2.62 +0.16 67.0+2.71 4.81+0.14 3.23 +0.27 2824173 5.70 £0.25 0.040 & 0.003 0.32 £0.02 1.92 4 009 1.71 4 0.03
Arbosana (V4) L1(0) 1.12 £ 0.04 4124094 2.57 £0.11 1.19 £ 0.03 11.6 +0.20 2.62 £0.13 0.007 & 0.0006 0.06 £ 0.001 1.13 £ 0.05 1.03 £ 0.03
L2 (0.5) 229 +0.14 59.7 £ 4.06 3.86 £0.15 251+0.15 20.6 £1.52 4.50 £0.2 0.023 + 0.002 0.21 £0.02 1.60 £ 0.09 1.35 4 0.07
L3 (1.5) 2.62+0.16 67.0 +4.48 4.67 £0.13 3.01+0.17 252 +1.95 524 +0.2 0.037 + 0.002 0.28 £0.01 1.82 +0.09 1.57 4 0.06
L4 (2.5) 2.86 +0.17 71.1 + 4.45 4.96 +£0.14 3.44+0.26 28.7 £2.11 5.61 +0.34 0.048 + 0.004 0.33 £0.02 2.04 £0.08 1.84 4 0.05

LSD 0.1610 2.588 0.2234 0.1644 1.2170 0.2659 0.0045 0.0118 0.0482 0.0809

* Only traits showing significant difference are indicated in table, while means with difference greater than LSD are significantly different at p < 0.05. (LPS, length of primary shoot; PIS,
percentage of induced shoots; NLPS, number of leaves per shoot; NSPE, number of shoots per explant.
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3.4. Correlation and Principal Component Analysis (PCA)

Correlation analysis illustrated a significantly high paired association among
growth traits, physiological parameters, and biochemical contents of all olive cultivars
subjected to different pre-cooling regimes and varying in vitro concentrations of BAP
(Table 7). All primary and secondary metabolites revealed a significantly high paired
association with physiological traits such as chlorophyll and Aco,. Furthermore, all
growth traits of plantlets depicted a strong paired association between themselves,
and physiological traits as illustrated in Table 1. On the other hand, principal com-
ponent analysis (PCA) deciphered varying responses of traits with respect to varying
concentrations of BAP, different regimes of pre-cooling, and types of cultivars. The
response of all traits under study revealed analogous behavior at varying doses of BAP
such as L2 (0.5 mgL~1), L3 (1.5 mgL~!), and L4 (2.5 mgL~!) as compared to control
(Figure 1). However, the divergence of trait clusters from graph origin was different at
all applied concentrations of BAP which revealed a differential extent of association of
traits at each concentration. Overall, this divergence of traits cluster from origin was
the highest for 2.5 mgL~! (L4), which was an indicator of a promising increase in the
strength of traits association. In addition, the PCA graph for pre-cooling treatments
revealed the analogous response of all traits at treatments T2 and T3 as compared to
control (T1) as illustrated in Figure 2. Correspondingly, the differential divergence of
trait clusters from the origin at each pre-cooling treatment showed the varying extent
of association among traits that was maximum at T3. This indicated variable associated
response of traits with changing regimes of pre-cooling. Furthermore, the PCA graph
for all olive cultivars revealed the complementary response of all traits as explicated by
the merged circles of clusters (Figure 3). However, the divergence cultivars with respect
to the proximity of traits from origin were different, which indicated the differential
response of each cultivar for the same sort of traits. Among cultivars, “Arbosana” (V4)
manifested a response of traits in close proximity followed by “Moraiolo” (V3), “Gemlik”
(V2), and “Leccino” (V1).

Table 7. Correlation table describing the significance of association between different metabolic,
physiological, and growth traits of different cultivars of olives due to different regimes of pre-cooling
and BAP levels.

Starch 0.91 0.95 *** 0.94 *+* 0.94 *** 0.93 *** 0.92 *** 0.88 *** 0.95 *** 0.94 * 0.91 *** 0.92 *** 0.94 *** 0.93 *** 0.92 *** 0.94 ***
Glucose 0.92 *** 0.97 *** 0.97 *** 0.98 *** 0.96 *** 0.97 *** 0.90 *** 0.85 *** 0.88 *** 0.91 *** 0.91 0.94 *** 0.93 *** 0.90 ***
Fructose 0.93 *** 0.96 *** 0.92 ** 0.95 *** 0.90 *** 0.92 *** 0.92 *** 0.89 *** 0.92 *** 0.93 *** 0.92 *** 0.93 *** 0.94 ***

Sucrose 0.98 *** 0.98 *** 0.97 *** 0.97 *** 0.95 *** 0.91 = 0.92 * 0.95 *** 0.95 *** 0.96 *** 0.93 *** 0.92 ***

Chlorophyll  0.96 *** 0.98 *** 0.96 *** 0.94 *** 0.92 = 0.92 *** 0.96 *** 0.95 *** 0.95 *** 0.95 *** 0.93 ***

Aco2 0.96 *** 0.96 *** 0.93 *** 0.89 *** 0.92 *** 0.93 *** 0.95 *** 0.97 #** 0.94 * 0.93 ***

Carotenoids ~ 0.96 *** 0.94 *** 0.91 = 0.91 0.94 *** 0.95 *** 0.96 *** 0.95 *** 0.94 ***

Proline 0.90 *** 0.85 *** 0.87 *** 0.91 *** 0.91 #** 0.93 *** 0.91 * 0.90 ***

Alkaloids 0.97 #* 0.93 0.95 *** 0.97 *** 0.95 *#** 0.92 % 0.93 ***

Flavonoids 0.94 * 0.96 *** 0.94 0.90 = 0.89 *** 0.91 ***

Phenols 0.96 *** 0.93 *** 0.90 *** 0.89 *** 0.87 ***

Tannins 0.95 *** 0.91 = 0.90 *** 0.89 ***

PIS 0.97 0.93 *** 0.96 ***

LPS 0.95 *+* 0.96 ***

NLPS 0.94 ***

NSPE

*** Indicates significant extent of paired association among traits at p < 0.001.
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Figure 1. PCA graph demonstrating the extent of association and divergence of physiological,
biochemical, and growth-related traits of different olive genotypes from origin under varying concen-
trations (L1, control; L2, 0.5 mgL_1 ;L3,1.5 mgL_1 ;14,25 mgL_l) of BAP with respect to control.
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Figure 2. PCA graph demonstrating the extent of association and divergence of physiological,
biochemical, and growth-related traits of different olive genotypes from origin under varying pre-

cooling treatments (T1, control; T2, 24 h; T3, 48 h).
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Figure 3. PCA graph explicating the varying extent of association and divergence of physiological,
biochemical, and growth-related traits from origin with respect to type of genotypes (V1, Leccino; V2,
Gemlik; V3, Moraiolo; V4, Arbosana).

4. Discussion

The current study intended to elucidate the impacts of various combinations of pre-
cooling treatments and BAP concentrations on morphological, physiological, and biochem-
ical traits of different olive genotypes cultured on OM during in vitro conditions. Despite
incessant efforts, the delineation of optimized protocols for shoot induction in olive always
remained a case of potential concern. In this context, the current study deeply assessed
the impacts of different pre-cooling and BAP treatments on different olive cultivars for
setting appropriate shoot induction protocol. For BAP, the present study noticed that
for the induction of shooting and proliferation activity, at least its supplementation is
mandatory at a concentration of 0.5 mgL~!. Likewise, in the past, various studies proved
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that the addition of zeatin in OM is mandatory for inducing shooting in axillary buds of
olive, however, its concentration at 2.5 mgL’l depicted comparatively better results [1,6].
However, the supplementation of zeatin was variable in terms of effectivity for differ-
ent olive cultivars [9]. Therefore, BAP supplementation in combination with pre-cooling
treatments of explants was used as an alternative strategy. Apart from this pre-cooling
treatment of explants such as axillary buds and nodal segments is an effective tool to
increase their shoot induction percentage, as it has a tendency to break their dormancy by
triggering the activity of vernalin [26]. In fact, vernalin has a tendency to reciprocate the
effect of ABA whose deposition results in the synthesis of callose that blocks intercellular
transport occurring through plasmodesmata [21]. Likewise, the present study recorded
that integration of an extended span of pre-cooling and high concentration of BAP made
significant improvements in growth traits such as LPS, SIP, NLPS, and NSPE of all olive
cultivars (Table 1). These findings were inconsistent with the findings of Peixe et al. [1]
Chaari-Rkhis et al. [6] and Zuccherelli and Zuccherelli [35] who reported a significant
increase in LPS, SIP, NLPS, and NSPE under increased concentrations of growth regulators
within OM. Furthermore, internodal segments cultured after 24 and 48 h of pre-cooling
also recorded consistent increases in physiological processes and metabolic activities with
increasing concentrations of BAP as evident from high accumulation pigments and primary
metabolites (Tables 2, 3, 5 and 6). Perhaps, plant growth is strongly associated with the
synthesis of structural and regulatory enzymes in addition to the synthesis of enzymes
participating in photosynthesis [36]. Proline has a tendency to protect the essential enzymes
and to balance the subcellular machinery that facilitates the specific function of carbon
and nitrogen [37]. Proline serves as an osmoprotectant in the cell; therefore, it prevents
plantlets from dehydration within the micropropagation system when they sense any
sort of abiotic stress [36]. With increasing BAP concentrations, proline content depicted a
significant reduction in all genotypes that is because of potential role of BAP in cohering
metabolic activities as reported by Hamooh and Shah [9]. Furthermore, the increase in
chlorophyll is also associated with dramatic increase in the levels of various metabolites
including both primary and secondary [38]. High chlorophyll content is directly connected
with enhanced CO, assimilation due to increase in quantity of photosynthetic pigments
such as chlorophyll and carotenoids [39]. Perhaps due to these reasons all genotypes of
olive depicted strong positive correlation between physiological and growth traits within
micropropagation system due to increasing BAP concentrations (Table 7). In addition, high
content of carbohydrate may increase the production of substrates involved in shikimic
acid pathway that ultimately trigger the production of secondary metabolites [40]. There-
fore, increased production of secondary metabolites is directly associated with the high
production of carbohydrates as reported by Ghasemzadeh et al. [41]. Correspondingly,
the current study recorded complete parallelism between the increment of primary and
secondary metabolic contents (Tables 3, 4 and 7). Moreover, the current study noticed a
significant change in the levels of both primary (fructose, glucose, sucrose, and starch)
and secondary (alkaloids, phenols, tannins, and flavonoids) metabolites due to optimiza-
tion of BAP concentrations with pre-cooling treatments within in vitro micropropagation
system (Tables 3—6). Various protocols are optimized for different olive cultivars using
different concentrations of growth regulators such as BAP and zeatin within OM by testing
their impacts on growth traits. However, the current study recorded dynamic impacts of
changing hormonal concentrations on physiological and metabolic activities in addition to
growth traits. Hormones, being signaling entities, are potentiate enough to establish the
coherence between physiological and biochemical activities for triggering the growth and
differentiation process at the cellular level [42]. The current study validated these views by
recording strong paired association between physiological, biochemical, and growth traits
through correlation analysis (Table 7). Although all cultivars under study responded in
an analogous way to the varying conditions of the micropropagation system, the extent
of response was different with respect to pre-cooling treatments, BAP concentration, and
cultivars (Figures 1-3). This could be attributed to the different genetic makeup of all geno-
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types due to which they responded differently to treatments. As a whole, on olive media,
during both optimizations, the performance of “Arbosana” was exceptionally different at
the morphological, physiological, and biochemical levels.

5. Conclusions

Overall, those cultivars whose explants were pre-treated at 48 h cooling treatments be-
fore culturing depicted noteworthy performance at a BAP concentration of 2.5 mgL~!. The
current study remained fruitful in optimizing shoot induction and proliferation protocol for
olive cultivars by comprehensively evaluating the effects of all treatments at physiological,
biochemical, and morphological levels. Moreover, this study proved that BAP is a good
hormonal supplement to OM that can increase the effectiveness of the culture medium for
olive propagation within in vitro conditions.
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