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Effect of low 2,4-D concentration
on enhancing indirect
embryogenesis and genetic
stability in date palm (Phoenix
dactylifera L.)

Ammar M. A. Ali%?*), Ahmed A. Qahtan?, Jameel M. Al-Khayri*** & Hesham S. Ghazzawy®

This investigation systematically evaluated the effect of low (10 mg/L) and high (50 mg/L)
concentrations of 2,4-dichlorophenoxyacetic acid (2,4-D), combined with 3 mg/L 2iP, on callus
induction from shoot tip explants of Barhi date palm cv. The induced calli were used to establish an
indirect somatic embryogenesis (ISE) system on MS medium supplemented with different plant growth
regulator (PGR) formulations. Genetic stability was assessed using inter-simple sequence repeat (ISSR)
markers. Callus induced with low 2,4-D (C1) concentration exhibited significantly (p <0.05) superior
morphogenic competence, yielding a higher fresh weight (FW) of callus at both the induction (0.290 g/
jar) and regeneration (0.475 g/jar) stages, more somatic embryos (100% frequency, 8/explant), and
enhanced regeneration capacity compared to callus induced by high 2,4-D (C2). Regenerants from

C1 displayed superior bud germination (6.2/explant), shoot proliferation (7/explant) and elongation
(6.7 cm), as well as root induction (5.6/shoot) and elongation (6.3 cm). Plantlets were successfully
acclimatized, achieving an 88.5% survival rate. ISSR analysis confirmed 97.5% of genetic fidelity
among all regenerants. These results indicate that a lower 2,4-D concentration (10 mg/L) enhances
callus vigor and subsequent organogenesis, facilitating a highly efficient and genetically stable ISE
protocol for date palm micropropagation.
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Dates (Phoenix dactylifera L.) are highly esteemed fruits, recognized for their significant functional food
properties. These properties are attributed to their rich nutritional composition and therapeutic benefits!'.
In numerous developing nations, dates serve as a dietary staple, particularly in mitigating malnutrition and
food scarcity among vulnerable populations, including children. They provide a concentrated source of
energy, essential minerals, and dietary fiber, rendering them a vital dietary component in resource-limited
environments®. Furthermore, dates have historically been utilized for managing a diverse array of ailments,
ranging from gastrointestinal disturbances to chronic conditions such as neurodegenerative and cardiovascular
diseases®.

The Mediterranean region is home to hundreds of P. dactylifera cultivars, many of which are highly regarded
for their exceptional nutritional and commercial value!. Among these, the Barhi cultivar (cv.) has garnered
substantial recognition as a premium fruit crop due to its superior physicochemical properties and health-
promoting characteristics. Comparative investigations have demonstrated that Barhi dates exhibit elevated
fructose content, increased levels of essential micronutrients (e.g., potassium, magnesium, and iron), and
enhanced antioxidant capacity when compared to other prominent cultivars®. Notably, in an assessment of 18
date varieties cultivated in the United Arab Emirates, Barhi cv. consistently ranked among the top performers
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owing to its favorable nutritional profile, including remarkably low levels of antinutritional factors*. Moreover, its
therapeutic potential has been underscored in Saudi Arabia, where it constitutes one of the three most frequently
consumed date varieties for addressing mineral deficiencies®.

The growing awareness of these health benefits has led to a steady rise in global demand for dates, particularly
premium varieties such as Barhi. Consequently, market prices have surged in recent years, reflecting both
consumer preference and constrained supply. However, this upward trend has simultaneously exposed critical
challenges inherent in date palm cultivation. Date palm is conventionally propagated through offshoots;
nevertheless, the mother plant produces only a limited number of offshoots”~. Furthermore, this crop is highly
susceptible to numerous diseases and pests, resulting in substantial yield reductions. Given these inherent
limitations, the development of alternative propagation methodologies is imperative. Plant tissue culture
emerges as an efficacious solution, facilitating the rapid production of disease-free, genetically uniform plants,
thereby establishing itself as an indispensable tool for contemporary date palm cultivation 1012,

Callus tissue is the foundational stage for initiating diverse in vitro culture systems, including indirect
organogenesis, even under changing environmental conditions'?. Somatic embryogenesis (SE), a pivotal
biotechnological approach, enables the mass production of embryos either directly from explants or indirectly
via callus in in vitro plant cultures!*!>. Micropropagation through indirect somatic embryogenesis (ISE) is
more efficient, yielding a greater productivity of in vitro plantlets. Additionally, a small quantity of induced
callus can be cryopreserved for extended durations and subsequently regenerated in high quantities for further
multiplication.

Various date palm cultivars, including Barhi cv., have been successfully propagated in vitro using both
techniques (direct and indirect). These methodologies typically employ different explants, mainly as shoot
tips'®~1” and floral bud?, in conjunction with varied types of culture media, plant growth regulators (PGR) and
controlled conditions. Consequently, micropropagated plants may exhibit phenotypic and genotypic variations.
Therefore, a true-to-type genetic fidelity test is employed to ascertain the genetic stability of micropropagated
plantlets, particularly those derived from callus?!-?2.

A primary factor implicated in somaclonal variation in callus-derived plants is the type and concentration
of auxin utilized during the initial induction stage. 2,4-D, a synthetic herbicide, functions as an auxin mimic
at low concentrations and demonstrates high stability during heat sterilization?*. This unique characteristic
has prompted its widespread application by researchers across a wide range of concentrations, with conflicting
reports regarding its impact on the genomic stability of in vitro produced plantlets across diverse plant species?*.
In date palm, 2,4-D has been extensively applied at varying doses, from very low (1 mg/L) to very high
(100 mg/L), to promote optimal callus formation and undifferentiated biomass growth, often in combination
with different cytokinins (such as 2iP or BA)?*-3.. However, research findings have been inconsistent. Some
studies reported that lower to moderate 2,4-D levels (1 mg/L)*” and 5 mg/L?® were most effective for maximizing
callus biomass, as higher concentrations (>20 mg/L) were found to suppress in vitro growth and cause tissue
necrosis®?. Additionally, doses exceeding 50 mg/L were linked to genetic instability and mutations in some date
palm species?>*.

On the other hand, some studies found that low 2,4-D concentrations had negligible effects on callus
induction, leading to the use of very high levels (100 mg/L) without observed somaclonal variations®>!. These
conflicting results persist in recent literature!®-?>27:30:3133 with no experimental study conclusively determining a
safe and effective 2,4-D range for in vitro date palm regeneration.

To address this gap, the current study investigated two previously suggested 2,4-D concentrations: 50 mg/L
(the highest reported non-detrimental dose)*>** and 10 mg/L (a concentration considered high in studies
favoring lower hormone levels)***, both combined with 3 mg/L 2iP to induce callus from Barhi date palm shoot
tips. The resulting callus was then used as explant material for plantlet regeneration through an ISE system, with
genetic stability assessed via ISSR markers.

Materials and methods

The in vitro culture experiments were conducted at the Plant Tissue Culture Laboratory of the General
Corporation for Agricultural Services in Sanaa, Republic of Yemen, from 2020 to 2022. DNA extraction and
subsequent genetic stability analysis were performed at the Department of Botany and Microbiology, College of
Science, King Saud University, Saudi Arabia.

Plant materials
Date palm (Barhi cv.) offshoots (3—4 years old), confirmed to be free from diseases and pests, were selected and
collected from Bakil Thiba date palm farms located in Al-Jouf Province, in Khab and Alshaaf District, Republic
of Yemen, in 2020.

Callus induction and ISE formation

The detailed methodology for callus induction, callus proliferation, and somatic embryogenesis formation
has been comprehensively described in our recently published work®. The culture media compositions are
summarized in Table 1, and the in vitro culture stages of ISE are shown in Fig. 1. Briefly, to induce callus tissue, the
apical meristem of the shoot tip was cut longitudinally into four explants (1.2-1.5 cm long). Then, the prepared
explants were individually inserted in the MS (Murashige & Skoog)*” medium treated with different PGR
formulations (Tablel). Explants were placed on the medium with the basal end in contact and the abaxial side
facing upward to ensure consistent orientation across replicates (Fig. 1). To establish indirect SE, approximately
0.5 g of fresh weight (FW) from two distinct samples of well-developed callus tissue, induced separately by
fortified MS medium with either 10 mg/L 2,4-D + 3 mg/L 2iP (designated as Callus 1) or 50 mg/L 2,4-D + 3 mg/L
2iP (designated as Callus 2), were transferred to MS medium+0.1 mg/L NAA to facilitate the formation of
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Other
PGR in basal MS medium additive
Culture stage (mg/L) (g/L)
Treatment | 2,4-D | NAA | 2iP | BA | GA3 | Agar | AC
1 10 - 3.0 6.0 1.5
Callus initiation
2 50 3.0 6.0
Callus multiplication 1 1.0 6.0 1.5
Embryogenic callus formation | 1 0.1 6.0 1.5
Germination & sprouting 1 0.1 0.05 6.0 1.5
1 0.2 6.0
Shoots elongation 2 0.5 6.0
3 1.0 6.0
1 0.5 1.0 1.5
Roots formation* 2 1.0 1.0 1.5
3 1.5 1.0 1.5

Table 1. PGR types and concentrations used in this investigation. *Rooting medium was 1/2 strength semi
liquid MS; AC, activated charcoal.

embryogenic callus (EC). Subsequently, both EC1 (derived from Callus 1) and EC2 (derived from Callus 2) were
germinated through sub-culturing on MS medium containing NAA (0.1 mg/L)+BA (0.05 mg/L) for 12 weeks
in darkness (with subculture every 4 weeks). Following this, the germinated buds from each treatment were
counted and re-cultured on the same medium, but with incubation under an 8/16-h light/dark photoperiod to
induce the development of green shoots/sprouts.

Shoot elongation

Well-developed sprouts (Sproutsl) originating from SE in EC1 and Sprouts2 developed from SE in EC 2 were
transferred to an elongation medium fortified with gibberellic acid (GA3) at three different levels (0.2, 0.5, and
1 mg/L) for a period of 2 months under an 8/16-h light/dark photoperiod (Table 1). Subsequently, the shoot
length (cm) was measured for each treatment group.

Root formation

Well-developed shootlets derived from Sproutsl and Sprouts2 were transferred to a rooting 1/2 strength semi-
liquid MS medium with NAA at three separated concentrations (0.5, 1, 1.5 mg/L) for 2 months under an 8/16-h
light/dark photoperiod (Table 1). The number of roots formed and their respective lengths (cm) were quantified
for each experimental trial.

Plantlet acclimatization

The plantlets were aseptically removed from their culture containers and meticulously washed with sterilized
tap water to eliminate any remaining gel medium attached to the root system. To prevent fungal contamination,
they were then immersed in a fungicidal solution. Subsequently, the plantlets were transplanted into plastic
pots filled with a growth medium consisting of a 2:1(v/v) mixture of peat moss and sand. During the early
acclimatization stage, a high-humidity environment (87.5%) was maintained by enclosing the plantlets within a
polyethylene plastic tunnel and irrigating them with a half-strength MS macro-salt solution. To ensure successful
acclimatization, the plantlets were gradually introduced to greenhouse conditions, and the plastic covering was
incrementally removed after 3 weeks. For the first 2 weeks following cover removal, the plantlets were frequently
misted with water to aid in their transition. After a 3-month acclimatization period in the greenhouse, the
plantlets were transferred to larger nursery poly-bags or earthen pots containing a 2:1(v/v) blend of garden
soil and farmyard manure, where they were further cultivated under nursery conditions. Survival rates were
monitored during both the hardening and acclimatization phases, while the average leaf count and leaf length
per plant were recorded as growth metrics.

DNA isolation and genetic fidelity evaluation

Genomic DNA was extracted from fresh leaf tissue (0.25 g per sample) of in vitro-regenerated plantlets and the
donor plant using the Doyle and Doyle* protocol. DNA purity and concentration were spectrophotometrically
determined (Nanodrop 2000, Thermo Scientific, USA). Genetic homogeneity among regenerants was assessed
using seven ISSR markers (UBC, Canada). PCR amplification was performed in 25 uL reactions containing
50 ng/uL genomic DNA (1.5 uL), ISSR primer (1.5 puL), GoTaq® Green Master Mix (12.5 pL, Promega, USA), and
nuclease-free water (9.5 uL). Thermal cycling (Bio-Rad, USA) consisted of an initial denaturation (94 °C, 5 min);
34 cycles of denaturation (94 °C, 45 s), annealing (46-55 °C, 30 s), and extension (72 °C, 90 s); followed by a
final extension (72 °C, 5 min). All reactions were performed in triplicate to ensure reproducibility. Amplification
products were resolved by electrophoresis (1.5% agarose, 1X TAE, 75 V) and imaged (G: BOX F3, Syngene, UK).
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Fig. 1. The main culture stages of ISE of date palm Barhi cv. developed from callus induced on MS medium
fortified with either 10 mg/L 2,4-D + 3 mg/L 2iP (Callus 1) or 50 mg/L 2,4-D + 3 mg/L 2iP (Callus 2).

Data analysis

The study employed ten replicates per treatment (each in vitro culture experiment was replicated ten times).
Each individual culture tube was inoculated with a single explant, embryo cluster, or regenerated plantlet. A
factorial randomized complete block design was implemented, and the collected data were analyzed using a one-
way analysis of variance (ANOVA). Post-hoc mean comparisons were performed using a LSD test at a stringent
significance level of 5%.
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Results

Callus induction and proliferation

As depicted in Fig. 2, the supplemented culture medium with 10 mg/L 2,4-D + 3 mg/L 2iP significantly (p <0.05)
induced a higher callus fresh weight (Callus 1), recorded as 0.290 g/jar, compared to the fresh weight (0.223 g/
jar) of callus induced by the medium augmented with 50 mg/L 2,4-D +3 mg/L 2iP (Callus 2). These findings
indicate that 2,4-D functions as a potent inducer for callus formation when applied at a lower concentration
(10 mg/L), yielding a greater callus FW than at the higher dose (50 mg/L). Furthermore, Callus 1 exhibited faster
proliferation, with a callus FW of 0.475 g/jar, representing a 70.25% increase, when regenerated on a medium
containing 1 mg/L 2,4-D +5 mg/L 2iP, in contrast to Callus 2, which demonstrated a lower proliferated callus
FW (0.326 g/jar) with a 64.65% increase rate (p >0.05). Both callus induction treatments resulted in a consistent
compact texture but displayed distinct coloration (creamy for Callusland brownish for Callus 2), whereas both
regenerated calluses were observed to be creamy and friable (Fig. 1).

Somatic embryogenesis formation, bud germination, and sprouting

Both friable calluses 1 and 2 were utilized as explants (0.5 g/tube) for the indirect development of somatic
embryogenesis (SE) over a 6-month in vitro culture period. Both embryogenic calluses (EC1&2) initially
manifested as small white granules, originating from the aggregation of cells within friable tissues (Fig. 1). These
formed granules developed into many white globular stage somatic embryos (Fig. 3a) after culture on the MS
medium supplemented with 0.1 mg/L NAA for 8 weeks in darkness. When the globular somatic embryos were
cultured on the same medium and under the same incubation conditions for additional 12 weeks, the globular
stage-embryo developed into heart (Fig. 3b), torpedo (Fig. 3¢), and cotyledonary stage embryos (Fig. 3d), as well
as a cluster of SE (Fig. 3e). After an additional 4 weeks of incubation in the light, somatic embryos successfully
germinated on MS medium supplemented with 0.1 mg/L NAA +0.05 mg/L BA (Fig. 3f) and developed into
normal plantlets (Fig. 3g). This final stage of shoot and root formation is described in detail in the shoot and
root sections.

The results presented in Table 2 indicate that EC1 exhibited the highest EC formation rate (100%) with
maximal embryo production (8 embryos/explant), whereas EC2 demonstrated a 90% EC formation rate with 7
embryos/explant. Somatic embryos in EC1 and EC2 germinated into small white buds following sub-culturing
on MS medium containing 0.1 mg/L NAA +0.05 mg/L BA for 12 weeks in darkness. Subsequently, approximately
6.2 buds/explant germinated from ECI and 5 buds/explant from EC2. These germinated buds subsequently
developed into Sproutsl (7 sprouts) and Sprouts 2 (6 sprouts) through re-culturing on the identical medium
but incubated under an 8/16-h; light/dark photoperiod to facilitate the formation of green shoots for 1 month.

Shoot elongation

Well-developed sprouts, each possessing a minimum of two sprouts, were isolated from the explant and
transferred to a medium treated with three distinct formulations of GA3 (Table 1). As presented in Table 3, the
highest mean shoot length was observed in both treated Sprouts 1 and 2 when were cultured on MS medium
supplemented with the moderate concentration (0.5 mg/L) of GA3. Sprouts 1 yielded taller shoots (6.7 cm),
while Sprouts 2 exhibited a slightly shorter shoot length (6.4 cm) on the same medium.
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Fig. 2. Fresh weight of callus induced from shoot tip explant; (C1) callus 1 induced on MS + 10 mg/L of 2,4-
D +3 mg/L of 2iP; (C2) callus 2 induced on MS+50 mg/ L of 2,4-D + 3 mg/L of 2iP & fresh weight of callus 1
and 2 separately regenerated on MS+1 mg/L 2,4-D + 5 mg/L of 2iP. Different superscript letters at the same
colored column indicate the values are significantly different at 0.5 level.
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Fig. 3. Morphological developmental stages of SE of date palm Barhi cv.; (a) Globular-shaped SE induced on
MS+0.1 mg/L NAA; (b) Heart-shaped SE; (c) Torpedo- shaped SE; (d) Cotyledonary-shaped SE; (e) Cluster of
SE developed on MS+0.1 mg/L NAA +0.05 mg/L BA; (f) Germinating SE; (g) Whole developed plant.

Cl1

100

8+0.67%

6.2+0.79*

7+0.47%

C2

90

7+0.47°

5+0.94°

6.2+0.63"

Table 2. EC formation % and number of SE, germinated buds and sprouts formed of callusl and callus 2
induced from shoot tip explant of Barhi cv. Different superscript letters at the same column indicate the values

are significantly different at 0.5 level.

1 0.2 5.2+0.78"
Sprouts 1 2 0.5 6.7+0.95*

3 1 4+0.48°

4 0.2 43+0.67°
Sprouts 2 5 0.5 6.5+0.85%

6 1 1.9+0.31¢

Table 3. Effect of GA3 concentrations on shoot length developed from Sprout 1 and Sprouts 2 of Barhi cv.
Different superscript letters at the same column indicate the values are significantly different at 0.5 level.
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Fig. 4. Shoots elongation developed from Sprouts 1 and Sprouts 2 of Barhi cv. grown on MS medium
supplemented with (1&4) 0.2 mg/L GA3; (2&5) 0.5 mg/L GA3; (3&6) 1 mg/L GA3.

Type of sprouts | Treatment code | NAA (mg/L) | Number of root formed/plant | Root length (cm)
1 0.5 56+1.7 6.3+0.66%
Sprouts 1 2 1 3.4+0.7° 5+0.94°
3 L5 2.740.5% 4.9+0.56
4 0.5 5+0. 81° 5+0.81°
Sprouts 2 5 1 3+0.94° 3.9+0.31°
6 L5 2+0.80° 4.5+0.52%¢

Table 4. Effect of different NAA concentrations on number of root and root length/ shoot developed from
Sprouts 1 and Sprouts 2 of Barhi cv. Different superscript letters at the same column indicate the values are
significantly different at 0.5 level.

Figure 4 shows that both higher (1 mg/L) and lower (0.2 mg/L) concentrations of GA3 significantly (p <0.05)
resulted in reduced shoot lengths. Furthermore, abnormal growth was observed in shoot 6, which developed
from Sprout 2, when cultured on the medium containing the higher concentration (1 mg/L) of GA3.

Root formation

Results presented in Table 4 and Fig. 5 demonstrated that roots developed most robustly on rooting 1/2 MS
medium (semi-liquid) containing 0.5 mg/L NAA. A greater number of roots (5.6 roots/shoot) and increased
root length (6.3 cm) were initiated from shoots developed from Sprout 1. In contrast, a significant reduced
number of roots (4 roots/shoot) and slightly shorter root lengths (5 cm) were observed on the same medium
from sprout 2 developed shoots.

In vitro plantlets acclimatization

The acclimatization process was successfully executed irrespective of the specific composition of the culture
medium and the growth regulator employed. Well-elongated plantlets from all in vitro treatments were carefully
removed from their culture medium and progressively hardened under greenhouse conditions, achieving a high
survival rate 87.5%. After a 3-month period under greenhouse conditions, all surviving plants exhibited normal
morphological development and uniform growth, with no observable abnormalities (Fig. 6). Acclimatized plants
developed an average of 3-5 leaves per plant, with an approximate leaf length of 15-20 cm.

Genetic fidelity using ISSR markers
The results of ISSR analysis indicated that all seven ISSR primers utilized produced scorable, clear and
reproducible bands following PCR amplification, yielding a total of 45 scorable bands with an average of 6.43
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Roots developed from sprouts1 Roots developed from sprouts 2

Fig. 5. Roots developed from Sprouts 1 and Sprouts 2 of Barhi cv. grown on MS medium supplemented with
(1&4) 0.5 mg/L NAA; (2&5) 1 mg/L NAA; (3&6) 1.5 mg/L NAA.
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Fig. 6. Acclimatized plants of date palm Barhi cv.

Name of primers Sequence 5'-3’ Annealing Temperature (°C) | No. of bands
UBC-811 GAGAGAGAGAGAGAGAC 51.3 7

UBC-827 ACACACACACACACACG 51.3 13

UBC-834 AGAGAGAGAGAGAGAGYT 49.8 10

UBC-855 ACACACACACACACACYT 49.9 9

UBC-868 GAAGAAGAAGAAGAAGAA 45.2 1

UBC-880 GGGTGGGGTGGGGTG 57.7 1

UBC-890 ACTTCCCCACAGGTTAACAC | 55.9 4

Total no. of bands 45

Average no. of bands /primers 6.43

Table 5. ISSR primers used to evaluate the genetic fidelity of micropropagated date palm Barhi cv. plants.

bands/ primer (Table 5). The primer UBC-827 generated the maximal bands (13), whereas both UBC-868 and
UBC-880 primers each generated only a single band.

Results revealed that the most obtained bands (44 out of 45) of six ISSR primers were monomorphic and
exhibited very high similarity (97.5%). Only one band generated by UBC-834 primer was polymorphic (2.5%)
(Figs. 7 and 8).
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Fig. 7. Representative ISSR profiles of date palm using primer UBC-834. Lane M—DNA ladder (1 kb); lane
mp — donor plant; lanes p1- p6 randomly selected micropropagated plants.
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Fig. 8. UPGMA dendrogram of MP and regenerates of date palm plantlets based on ISSR marker analysis.

Discussion

In vitro micropropagation of date palm via ISE system is a highly favored and widely implemented methodology,
particularly for commercial production requiring large-scale regeneration of plantlets. Callus tissue, characterized
by its undifferentiated cellular state, serves as a renewable source for sustained in vitro propagation. However,
plantlets derived from callus tissues often exhibit somaclonal variations and genetic instability. These undesirable
phenomena are frequently attributed to various factors employed during the callus induction process, the type
and concentration of auxin, particularly 2,4-D, being a prominent determinant, especially when applied at
elevated levels. In this study we addressed two ISE protocols established from calli induced by low and high
levels of 2,4-D, as repeatedly suggested in previous studies, and implemented a genetic fidelity test.

PGR effect on callus initiation and multiplication
The results demonstrated a significant increase (p<0.05) in the FW of callus induced and proliferated in the
presence of a lower dose of 2,4-D in the medium. This indicates that a lower dose of 2,4-D exerted a more
pronounced inductive effect on callus biomass accumulation than the higher dose applied. These results are
consistent with previous reports in certain date palm cultivars. For example, elevated levels of 2,4-D inhibited
in vitro cellular biomass accumulation in Shishi cv.” and induced severe negative effects in Barhi cv. in vitro
cultures *2%, a finding also observed in other plant species such as rice’’. The suppressive effect observed with
higher concentrations of 2,4-D was attributed to necrosis in cultured tissues and subsequent browning of the
medium, likely due to increased polyphenol production®*!. Furthermore, higher applications of 2,4-D are
primarily responsible for somaclonal variations detected in in vitro regenerated plants 12425,

2,4-D is commonly employed in callus induction/initiation, either alone or in combination with cytokinins
such as 2iP or BA, across numerous date palm species, with varied concentrations of 2,4-D applied, including
very low (1 mg/L)?, low (5 mg/L)?, moderate (10 mg/L) 3, high (50 mg/L)*, and very high (100 mg/L)**-3%,
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These auxin levels are occasionally combined with low concentrations of cytokinins, such as 3 mg/L of 2iP3*3542,

The presence of PGR (auxin and cytokinin) is indispensable during callus induction and proliferation. This
is owing to the synergistic effect exerted by these two types of PGR, where auxin plays a crucial role in cell
dedifferentiation and biomass accumulation, whereas cytokinin exerts a considerable influence on cell division
during callogenesis?”*3. Our results indicate that a stronger synergistic effect, reflected in improved callogenesis
growth and development, was observed when explants were treated with the combination containing the lower
dose of 2,4-D. This superior effect was evidenced by higher callus FW, the absence of distinct brown spots, and
more vigorous proliferation.

Somatic embryogenesis and bud formation

Somatic embryos were successfully formed from callus induced by either higher or lower levels of 2,4-D, with
a higher formation rate observed in EC1. In this context, 2,4-D is widely used in the establishment stage of SE
in date palm and is crucial for EC development in many cultivars, including Barhi?*3%3>44, In a recent study
conducted by Othmani et al. (2024), 2,4-D at 1 mg/L successfully induced callus formation from the basal region
of mature tetraploid female flowers of the Deglet Nour’ date palm cv.*>. Although prolonged or high-dose 2,4-D
treatments may induce somaclonal variation, including potential changes in ploidy, this study did not directly
assess ploidy status. Future work could include flow cytometry or chromosome counts to confirm cytogenetic
stability of regenerants. This limitation does not affect the conclusions on regeneration efficiency but outlines a
direction for confirmatory analysis. In contrast to 2,4-D, NAA is preferred and extensively used in the culture
medium for many in vitro post-initiation stages, such as EC induction, SE initiation and germination, and shoot/
root development. In this study, the results indicated that both media used for EC induction and SE germination
were fortified with NAA (0.1 mg/L) and NAA (0.1 mg/L) +0.05 mg/L BA, respectively. The maximum germinated
buds were observed in ECI. A similar level of NAA, but with a higher level of KIN (0.1), was applied to induce
the highest multiplication and germination rate (88%) of buds in Barhi cv.*’. Diverse combined levels of auxin
and cytokinin are frequently applied in SE germination in many date palm species, as exemplified in Khalas cv.
when 4 mg BA/L+0.5 mg/L of NAA induced 4.50 buds, while 8.75 buds were achieved on medium had 2 mg
BA/L+1 mg/L NAA in Sagai cv.*.

In some instances, NAA alone successfully induced SE germination at 0.1 mg/L¥. In other studies, a
hormone-free MS medium was used for SE germination in several date palm species, such as Khalas, Ajwa,
Jarvis®s, Halawy and Khalas cvs®. Furthermore, different types of media, including solid/liquid, with various
additives have been investigated. Resan et al.* optimized liquid MS media with 50 mg/L phloroglucinol (PG) in
combination with 0.5 mg/L TDZ for the highest buds germinated (23 buds) from SE of Barhi cv.

Sprouting and shoot elongation

Results indicated that the highest sprouting developed from EC1 on the germination medium containing
0.1 mg/L NAA+0.05 mg/L BA. Previously, varying responses in sprouting or shoot formation have been
reported across numerous date palm varieties, attributed to factors such as media composition, the type and
concentration of PGR employed, and the specific cultivar under investigation. Different numbers and heights
of shoots have been documented for various date palm in vitro propagations on MS medium augmented with
diverse PGR formulations. For instance, a lower number of shoots (2.2) with maximal shoot length (8.8 cm)
developed on MS medium containing 2.0 mg/L Kinetin+ 1.5 IAA in Aseel cv.>!. Also, 4 shoots formed on media
containing 1 mg/L Kin+ 1 mg/L BA in Jawzi cv.%2, whereas Resan et al. % reported the highest average of shoots
(41.0 shoots) in Barhi cv. formed on liquid media supplemented with 50 mg/L PG in combination with 0.5 mg/L
TDZ. Additionally, Mazri et al.>® induced 30 shoot buds/explant of date palm cv. Al-Fayda on semi-solid 1/2 MS
medium supplemented with 2.3 uM KIN +2.4 uM NOA. These studies collectively indicate that MS medium
fortified with auxin and cytokinin®® or with cytokinin alone ** is commonly employed to induce and develop
shoots in date palm in vitro culture.

It has also been posited that in vitro growth is highly dependent on the intricate balance between naturally
occurring endogenous hormones within plant cells and the concentrations of analogous synthetic substances
exogenously supplied to the culture nutrient medium®. The presence of appropriate auxin concentrations in
conjunction with suitable cytokinin concentrations appears to be paramount for the successful micropropagation
of most plants in vitro>>. Low auxin concentrations in the presence of cytokinin have been shown to stimulate
the multiplication of adventitious buds in date palm species *’.

Regarding shoot elongation, our results showed that the tallest shoots developed on the medium augmented
with 0.5 mg/L GA3. Conversely, higher (1 mg/L) or lower (0.2 mg/L) concentrations of GA3 significantly
(p<0.05) resulted in reduced shoot lengths. Furthermore, abnormal growth was observed in some shoots
developed from Sprouts 2 when cultured on the medium containing the higher concentration (1 mg/L) of GA3.

GA3 positively influences shoot elongation in numerous plant species produced ex vitro or in vitro, although
elevated levels may be associated with certain malformations. This observation was corroborated by Al-Najm
et al.”’, who reported that an increase in shoot length was associated with increasing GA3 concentration to
1.0 mg/L, but also noted some malformations such as thin growth and distortions of slender leaves, which
subsequently hindered rooting and transplanting. Their results also indicated significantly improved elongation,
with an optimized shoot length of 7.64 cm in date palm cultivated on medium containing 0.5 mg/L GA3,
compared to other treatments. Our findings align with these results, as 0.5 mg/L of GA3 yielded normal
and robust shoot elongation. This further confirms the well-established role of GA3 in plant cell elongation.
Gibberellins promote elongation by stimulating sub-apical meristem cell proliferation and elongation, and by

facilitating the hydrolysis of polysaccharides into simple sugars beneficial to plant tissue®.
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Root formation

Results indicated a higher number and length of roots developed in semi-liquid 1/2 MS medium treated with
0.5 mg/L NAA compared to other treatments (p <0.05). These findings are consistent with those reported by
Alansi et al.*®, who found that 0.5 mg/L NAA + MS medium induced more roots (4.14) in Sagai cv., whereas the
longest root length (4.10 cm) was achieved at 1.5 mg/L of IAA. Conversely, Hassan et al.”® claimed that MS salt
medium supplemented with 0.2 mg/l NAA and 0.1 mg/l indole-3-butyric acid (IBA) gave optimal root formation
for Medjool cv. Also, Al-Najm et al.>” observed that optimal rooting (81%) was attained on MS medium +a
lower concentration 0.2 mg/L NAA in six date palm cultivars, including Barhi. In vitro root induction and
growth exhibit variability depending on numerous factors, primarily cultivar type, PGR formulations, and the
physicochemical properties of the media. Furthermore, the physical state of the employed medium during
rooting plays a vital role in root formation, with semi-solid/liquid media being preferred during the rooting
stage. Mazri et al.>® observed that optimal rooting (3.90 roots/shoot) of Al-Fayda cv was successfully achieved
on semi-solid 1/2 MS with 2.3 uM KIN + 2.4 uM NOA. Auxins are commonly incorporated into rooting media,
having long been recognized for their active role in root formation®. The initial cell division for root initiation is
primarily dependent on the type and concentration of auxin applied. NAA is considered the most effective auxin
for root induction and is frequently utilized at various concentrations in numerous plant species®'. Some studies
suggest that high auxin levels may inhibit root formation and reduce root number. Al-Najm et al.*” demonstrated
that the highest rooting rate and root number were achieved at lower concentrations (0.1-0.5 mg/L) of NAA in
six date palm cultivars, while higher concentrations acted as rooting inhibitors.

Hardening and acclimatization of plantlets

Acclimatization is the physiological process of gradually transitioning plants from a heterotrophic (in vitro)
to an autotrophic (ex vitro) mode of nutrition. The results exhibited a high survival rate (87.5%) for hardened
plantlets after 6 weeks of ex vitro incubation. Normal phenotypic growth with no deformities was observed
during 3 months of cultivation under greenhouse conditions. Similar results, with a higher survival rate (95%),
were reported by Solangi et al.*® for micropropagated Barhi cv. plantlets acclimatized in a comparable manner.
Conversely, a lower survival rate (70.32%) was recorded for hardened Barhi plantlets in a protocol implemented
by Samiei et al.%2. In other studies, an 80% survival rate was detected during the hardening of in vitro plantlets of
six date palm species, including Barhi cv. Similar to the variations in culture conditions, PGR, and media types
selected during in vitro culture, various soil mixtures are used in different ratios, and numerous uncontrolled
conditions are imposed on plantlets during the acclimatization process. These variations inherently influence
the growth and development of acclimatized plants. Therefore, this phase is critically important, as it directly
determines the quality of preceding phases and the ultimate productivity of the extensive work invested.

Genetic conformity using ISSR markers

Establishing an in vitro regeneration system that preserves the quality traits of regenerants is highly valuable
and strongly recommended, particularly for plants generated from callus®!. In this regard, molecular markers
have been extensively employed to assess the genetic conformity of plant species regenerated via in vitro culture,
especially for economically important species such as date palm, prior to large-scale production®®. Qur
results unequivocally demonstrated that the indirect organogenesis pathway established in this study effectively
preserves the genetic stability of regenerants developed from callus induced by both low (10 mg/L) and high
(50 mg/L) doses of 2,4-D PGR, maintaining 97.5% of genetic homogeneity between the regenerants and the
donor plant. These findings corroborate previously reported genetic stability in in vitro plants initiated from SE
derived from callus induced by 2,4-D concentrations below 50 mg/L in different date palm cultivars. Genetic
stability has been confirmed in Barhi plantlets developed from callus induced on medium +90.5 uM 2,4-D*°, and
no genotoxic effect of 2,4-D doses below 50 mg/L was observed in Hillawii date palm plantlets?. Furthermore,
a high dose of 100 mg/L of 2,4-D is widely applied in inducing callus for establishing indirect in vitro plantlets
from various date palm varieties, with no reported abnormalities or somaclonal variations?3-%°.

In contrast to these results, Baklouti et al.*> reported genetic variations by ISSR analysis during in vitro
initiation of plantlets from callus induced by 2,4-D levels below 40 mg/L in Barhi cv. Similarly, Abass et al.
detected genetic variations between Hillawii date palm plantlets using RAPD markers when 100 mg/L of 2,4-D
was employed. These contrasting findings have been previously discussed; Mazri and Meziani’ review revealed
that the genetic conformity of date palm plants micropropagated through SE has been a subject of controversial
discussion. This discrepancy may be attributed to interactions among various factors during in vitro cultivation,
such as indigenous and exogenous PGR, media composition, varied control conditions, plant species/cultivar,
and the number of re/subcultures applied. These factors are frequently cited as the primary agents used to
interpret the observed conflicting results regarding genetic conformity in date palm.

Numerous studies recommend strategies to mitigate the risk of somaclonal variation during in vitro date
palm culture, including the use of low doses of auxins (primarily 2,4-D), reduced numbers of subcultures, and
the utilization of juvenile explants 4-%. Although the present study demonstrated robust genetic stability in all
obtained plantlets, those developed from callus treated with a low concentration (10 mg/L) of 2,4-D exhibited
superior normality with enhanced in vitro organs development compared to plantlets derived from callus
induced by a higher dose (50 mg/L) of 2,4-D, where some plants displayed dwarfism and abnormal leaves. These
results corroborate and support studies that advocate for the use of lower doses of PGR over higher doses, even
when genetic stability is ensured.

Conclusion
This study demonstrated a significant superiority of low 2,4-D concentration across different in vitro culture
stages of date palm. The low concentration enhanced callus proliferation and organogenic efficiency, producing
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more robust regenerants compared to those from cultures treated with a high 2,4-D level. Critically, ISSR
analysis confirmed that all regenerated plants were genetically uniform, and they were successfully acclimatized
with a high survival rate (88.5%). The inhibitory effect of high 2,4-D concentration is thus confined to the
phenotype, suppressing morphogenesis without inducing genetic variability. Based on these findings, two
optimal concentration ranges of 2,4-D for date palm ISE can be recommended:

1. From10 to 50 mg/L (effective for callus induction without genetic instability).
2. From 0 to 10 mg/L (more favorable for maximizing morphogenic efficiency and ensuring genetic uniform-

ity).
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