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ABSTRACT

This study examined the influence of 2,4-dichlorophenoxyacetic acid (2,4-D) on callus development,
embryogenic potential, and antioxidant metabolism in Ficus elastica. Leaf explants were cultured on Murashige
and Skoog medium containing 0.0, 0.5, 1.0, 1.5, or 2.0 mg L™ (unit revised from mg-L 1) 2,4-D. Auxin
concentration significantly affected morphogenetic and biochemical parameters (p < 0.01) (sentence revised as
suggested). The optimal response occurred at 1.0 mg L™, where callus induction reached 85.2 £ 1.1% with a
biomass of 3.18 £ 0.14 g explant™ (unit revised from g-explant 1) and the shortest initiation time of 22.6 £ 0.5 days
(p =0.007). Callus induction (%) = (Number of explants forming callus / Total number of explants cultured) x 100
(formula added). Somatic embryogenesis was most successful at this level, producing 74.4 + 1.2% embryo
induction, a quality index of 5.1 + 0.4, and 54.6 + 1.6% plantlet conversion (p = 0.006). Somatic embryogenesis
(%) = (Number of explants producing somatic embryos / Total number of explants cultured) x 100 (formula added).
Regenerated plantlets from the same treatment showed superior rooting (91.4 = 1.4%) and survival following
acclimatization (85.3 £ 1.4%; p = 0.006). Antioxidant enzyme activity was also highest at 1.0 mg L™, with
superoxide dismutase, catalase, ascorbate peroxidase, and peroxidase activities significantly enhanced (p = 0.006),
while oxidative stress markers such as H,O,, malondialdehyde, and electrolyte leakage were at their lowest.
Phenolic compounds (1.77 + 0.05 mg GAE g™t FW; p = 0.007) and free proline (2.27 + 0.06 umol gt FW; p =
0.007) also peaked at this concentration. In contrast, 2.0 mg L~ suppressed morphogenesis and increased oxidative
damage (p = 0.007). Collectively, these findings confirm that 2,4-D regulates morphogenesis and stress physiology
in a concentration-dependent manner, with 1.0 mg L™ identified as the most effective for optimizing regeneration
in F. elastica.
Keywords: Rooting and acclimatization, Callus Induction, Phenolic compounds, Hydrogen peroxide (H,0O.), Ficus

elastic.
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INTRODUCTION

Plant tissue culture provides a controlled environment for propagation, crop enhancement, maintenance, cellular
and developmental processes, documented as modern plant biotechnology [1,2]. Production of valuable secondary
metabolites, propagation of elite genotypes, and conservation of endangered germplasm are a wide range of
applications of tissue culture [3]. Many tissue culture systems exhibit a phenomenon that allows somatic cells to enter
a totipotent state, which lies in the capability of plant cells to undertake reprogramming and dedifferentiation [4].
Somatic embryogenesis and Callus formation serve as the foundation for genetic engineering systems and plant
regeneration that characterize one of the most vital outcomes of this reprogramming [5]. Callus induction is a
preliminary step in which plant explants grow in proliferative cell masses and are unorganized under nutritional and
hormonal conditions [6]. Auxins are most frequently employed in plant tissue culture for initiating dedifferentiation,
such as Callus induction, and recognized as growth regulators [7]. Furthermore, synthetic auxin 2,4-
dichlorophenoxyacetic acid (2,4-D) induces cellular proliferation and callogenesis in a diversity of species due to its
strong capability [8]. 2,4-D establishes the conditions essential for supplementary morphogenesis by changing gene
expression and modulating endogenous hormonal balance that promotes re-entry of somatic cells into the cell cycle
[9]. Low to moderate levels of 2,4-D concentration play a pivotal role in shaping developmental outcomes, often
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promoting embryogenesis and callus formation, while oxidative stress, inhibited morphogenesis, and abnormal tissue
growth consequences at supra-optimal concentrations [10]. While higher concentrations lead to reduced regeneration
productivity and tissue necrosis, the optimal window of 2,4-D exposure is essential for effective induction of
embryogenic calli [11]. The hormonal necessities for embryogenesis vary significantly among plant taxa [12].
Developmental reprogramming to form bipolar structures is a unique regeneration pathway in Somatic embryogenesis,
where somatic cells undergo zygotic embryogenesis [13]. These somatic embryos can develop into whole plants,
assembling a precise system for genetic transformation and large-scale propagation [14]. Growth regulators play an
important role in stress-related signaling, the physiological state of the explant, and the development of somatic
embryos [15,16]. It also plays a dual role, serving as both inducers and inhibitors of development and embryogenesis
under endogenous and exogenous stress conditions [17]. Hydrogen peroxide, Morphogenesis, and dedifferentiation
are closely associated with oxidative stress within cultured tissues and are generated as byproducts of metabolic
activity [18,19]. While modest levels of ROS trigger developmental reprogramming, act as signaling molecules, and
extreme accumulation can lead to cellular damage [20]. Furthermore, the non-enzymatic metabolites, such as proline
and phenolic complexes, play vital roles in embryogenesis and in stress adaptation [21]. Phenolics act as antioxidants
by defending cellular structures and scavenging free radicals, while Proline serves as a stabilizing protein under stress
[22, 23]. Accumulation of these metabolites improved tolerance to in vitro stress conditions with good embryogenic
potential [24, 25].

Ficus elastica, belongs to the Moraceae family, frequently recognized as the rubber plant, and is valued for its capacity
to improve indoor air quality and as an ornamental foliage plant [26]. Its wide-ranging physiological resilience and
adaptability make it a striking candidate for large-scale propagation and for biotechnological improvement [27].
However, associated with other members of the Moraceae, such as Morus alba and Ficus carica, comparatively limited
studies have been conducted on regeneration and in vitro culture of F. elastica [28]. Ficus elastica remains
comparatively underexplored and lacks a well-established standardized in vitro regeneration protocol, highlighting
the necessity of the present study. This knowledge gap limits the expansion of transformation systems and reliable
propagation, which are important for their wider horticultural application and future improvement. Therefore, this
study was conducted to clearly investigate the role of 2,4-D in regulating callus induction and somatic embryogenesis
in F. elastica and to establish a standardized and efficient micropropagation protocol.

Materials And Methods
1-Experimental design, plant material
Young, healthy explants (young leaf segments, approximately 0.5-1.0 cm in length) of Ficus elastica were excised
from the apical and sub-apical regions of disease-free, 1-2-year-old field-grown mother plants in southern Irag. The
selected explants were physiologically active, free from visible damage, infection, and stress symptoms. Five 2,4-D
treatments (0.0, 0.5, 1.0, 1.5, and 2.0 mg-L1) were used, and each treatment comprised three replicates; each replicate
contained 30 explants (total explants per treatment = 90).
2-Explant preparation and sterilization

The Explants 0.5-1.0 cm segments were trimmed and treated under aseptic conditions in a laminar-flow cabinet.
Systematically cleaned for 20 min under a continuous stream of tap water, and sterilized for 30 seconds by immersion
in 70% ethanol, and mercuric chloride solution 0.1% (w/v) under aseptic conditions for 5 min with gentle agitation.
Explants were washed three times with sterile distilled water to eliminate traces of sterilizing agents, blotted dry on
sterile filter paper, and directly transported to culture medium [29].

3-Culture medium and conditions

Murashige and Skoog (MS) basal medium and vitamins were used, enhanced with 3% (w/v) sucrose, agar-0.7%
(w/v), and coagulated. Before autoclaving, at 121 °C for 15 min, the medium pH was adjusted to 5.8. Stock solution
(1,000 mg-Lt) of 2,4-D (analytical grade) was prepared in a small volume of 1 N NaOH, filter-sterilized (0.22 pm),
and added aseptically to cooled medium to reach desired levels viz; (0.0 (control), 0.5, 1.0, 1.5, and 2.0 mg-L™). For
callus induction, these desired levels were incorporated into the medium. At 25 + 2 °C, cultures were incubated in
complete darkness. Subculturing was achieved every 28 days to keep callus proliferation [30, 31].

4-Callus Induction and Somatic Embryogenesis Assessment

The callus formation was measured by recording the mean number of days from inoculation until the first
noticeable appearance of callus in the receptive explants. To determine callus biomass, samples were harvested on the
28 day, carefully blotted on sterile filter paper to eliminate excess surface moisture, and immediately weighed using
an analytical balance with an accuracy of 0.01 g. The morphological structures of the callus were observed under
aseptic conditions and classified into separate categories, with compact, friable, embryogenic, and non-embryogenic
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forms. Explants were sited separately on MS callus induction medium (one explant per culture tube). The callus
induction proportion was calculated as described by previously [32, 33]:

. . Numb f lants f i 11
Callus induction (%) = —————— > “XPR OTRESAWE » 100

Total number of explants cultutred

5-Somatic embryogenesis, embryo scoring, and plantlet conversion

Calli were assessed after 8-12 weeks for somatic embryo development. Embryo induction frequency was
calculated as the percentage of calli forming embryos from the total detected. Embryo quality was scored on a 1-5
scale, where 1 designated necrotic and 5 showed well-formed bipolar embryos. Healthy embryos were transferred to
regeneration medium (%2 MS or MS without auxin, with or without 0.1-0.5 mg-L™* BAP), where BAP treatments were
applied to specific groups of embryos, while a control group was maintained on medium without BAP for comparison
and conversion efficiency was determined as the percentage of embryos producing plantlets. Shoots >2 cm were
removed and moved to rooting medium (MS + 2.0 mg-L™t IBA). [34]

. . Number of calli forming embryos

Somatic embryogeneSIS (%) = Total number of calli fbserveyd X100
No. embryos producing plantlets % 100

. op) =
Conversion ( /0) Total embryos transferred

6-Rooting and acclimatization

After 4-6 weeks on MS medium, rooting was assessed, and the medium was enhanced with IBA. Rooting
proportion was calculated as the plantlets that developed roots relative to the total number transported. The average
number of roots per plantlet was noted by counting roots longer than 1 cm, and the mean root length was determined
from five representative roots per plantlet. Acclimatization success was assessed under gradually reduced humidity as
the percentage of plantlets that survived four weeks after transfer to a peat: sand (1:1) substrate as described by [35].

7-Biochemical sampling and general extraction procedure

Callus samples were collected for biochemical assays at the same time of day on day 28. ~0.5-1.0 g fresh weight
(FW) of callus was harvested from each treatment. Flash-frozen in liquid nitrogen and stored at —80 °C until analysis.
All extractions were performed on ice. For enzyme assays, in liquid nitrogen, tissue (0.5 g FW) was crushed and
homogenized in 5 mL ice-cold extraction buffer (50 mM potassium phosphate buffer, pH 7.0, containing 1 mM EDTA,
1% (w/v) polyvinylpolypyrrolidone (PVPP), and 0.1% Triton X-100). Homogenates were centrifuged at 12,000 x g
for 15 min at 4 °C, and supernatants were collected for assays. Protein extracts were quantified by using bovine serum
albumin (BSA) as a standard; enzyme activities are expressed per mg protein as described [36, 37, 38].

8- Antioxidant Enzyme Activity and Oxidative Stress Markers

Enzymatic antioxidant activities from fresh callus tissue extracts were examined: The SOD (activity of superoxide
dismutase) was determined following the protocol drawn by Marklund and Marklund [39], with Absorbance at 560
nm and with slight alterations by Hasanuzzaman et al., [40]. Catalase (CAT) activity was recorded by the adapted
method of Aebi [37]. The decline in absorbance of H,O, at 240 nm was used to quantify enzyme activity [5].
Peroxidase activity was measured using guaiacol and monitoring the rise in absorbance at 470 nm due to guaiacol
oxidation [41]. The absorbance (at 290 nm), ascorbate peroxidase (APX), was determined due to ascorbate oxidation
[42]. Coefficient for ascorbate reduction (¢ = 2.8 mM™-cm™ at 290 nm) as used and expressed as pmol ascorbate
oxidized min™ mg™ protein with analogous calculation to CAT. Hydrogen peroxide (H,O,) measured by the
potassium iodide reaction, with absorbance at 390 nm; H,O, content shown as pmol H,O, g™ FW by means of a
calibration curve organized with known H,O, concentrations [43]. Lipid peroxidation (MDA) was assessed by the
TBA reaction, MDA content absorbance at 532 and 600 nm to correct for non-specific turbidity [44]. Initial
conductivity (C1) is measured after incubating callus tissue in deionized water at room temperature for a fixed period,
then samples are boiled to release total electrolytes and final conductivity (C2) is recorded; electrolyte leakage is then
calculated using these values).
CAT activity = AA240/ (€ x I) x (V total)/ (V enzyme) x 1/ (Protien (mg))
POD activity = AA470/ (€ x I) x (V total)/ (V enzyme) x 1/ (Protien (mg))
MDA (nmol g™t FW) = ((A532-A600))/(€TBA) x (V total)/W
Electrolyte leakage (%) = C1/C2 x100

9- Determination of Total Phenolic Content

Following the Folin—Ciocalteu method, the total phenolic content was estimated [45]. Almost 0.5 g of fresh callus
tissue was centrifuged at 10,000 rpm for 15 min and homogenized in 10 mL of 80% methanol. 0.5 mL supernatant
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was incubated for 5 min and was mixed with 2.5 mL Folin—Ciocalteu reagent (1:10 dilution). Then, sodium carbonate
solution 2.0 mL of 7.5% was added, and the mixture was set aside at room temperature for 30 min. A UV-V is
spectrophotometer was used, and absorbance was recorded at 765 nm. The gallic acid standard curve was used for
measuring the concentration of phenolics, and the outcomes were expressed as mg gallic acid equivalent (GAE) per g
fresh weight (FW) using the equation:

Total phenolics (mg GAE\cdotpg™ FW) =
Where:

CCC = concentration from calibration curve (mg-mL™), VVV = extract volume (mL), MMM = mass of fresh callus
tissue ()

cCxV
M

10- Determination of Free Proline Content

By the technique of Bates, Waldren, and Teare [46], Free proline content was measured. 0.5 g of fresh callus tissue,
at 10,000 rpm for 15 min, was centrifuged and homogenized in 10 mL of 3% sulfosalicylic acid. Two milliliters of
the extract were mixed in a test tube (with acid ninhydrin reagent 2 mL and 2 mL of glacial acetic acid), followed by
heating at 100 °C for 1 h. The absorbance was recorded at 520 nm. And 4 mL toluene was added to extract the
chromophore. The reaction was stopped in an ice bath. Proline absorption was measured from a standard curve
equipped with L-proline and expressed as umol-g™ FW using the following formula:

Proline (umol\cdotpg™ FW) = %

Where: A= proline concentration from standard curve (ug-mL™), Vt= total extract volume (mL), W= fresh weight of
sample (g), VsV=volume of sample used (mL), 115.5 = molecular weight of proline.
11- Statistical Analysis

One-way analysis of variance (ANOVA) was performed, and Significant differences were recorded by using
Duncan’s Multiple Range Test (DMRT) at a significance level of p < 0.05. Data were expressed as mean + standard
error.

Results

The response of Ficus elastica explants to 2,4-D at various levels is shown in Table 1. A basal medium without
2,4-D (control) showed a very inadequate callus induction rate (6.2 + 0.7%), which was significantly lower than all
auxin-supplemented treatments (p < 0.01). At 0.5 mg-L™* 2,4-D, callus induction improved substantially to 66.6 +
2.2% with an average callus fresh weight of 1.77 £ 0.16 g per explant. However, callus initiation was relatively
delayed, appearing after 33.5 + 1.3 days (p = 0.006 compared with the control). The maximum callogenic response
was found at 1.0 mg-L™* 2,4-D, which documented 85.2 + 1.1% induction with a mean fresh weight of 3.18 + 0.14 g
per explant and the shortest time to visible callus formation (22.6 + 0.5 days). Statistical analysis confirmed that these
values were significantly higher than those of both lower and higher concentrations (p = 0.007). A further increase to
1.5 mg-L™t resulted in a modest decline in induction frequency (72.3 + 1.4%) and biomass (2.72 £ 0.15 g), though
these values remained statistically significant compared with the control (p = 0.005). At 2.0 mg-L™ 2,4-D, callus
induction dropped to 54.3 £ 2.7%, with a reduced fresh weight of 1.22 + 0.12 g per explant and delayed initiation
(35.4 + 1.4 days). These reductions were statistically significant when compared with the optimal concentration (p =
0.006).

Table 1. Callus induction frequency, mean days to visible callus, and callus fresh weight after 28 days on MS
medium with varying 2,4-D concentrations.
2,4-D (mg-L™) Callus induction (%) Days to visible Callus fresh weight (g Significance (p-

callus (d) - explant™) value)
0.0 (Control) 6.2+0.7a
0.5 66.6 +2.2b 335+13c 1.77+0.16 b 0.006
1 85.2+ 1.1c 22.6+ 0.5a 3.18+0.14 ¢ 0.007
15 723t 1.4c 25.5+ 0.6b 2.72+0.15¢ 0.005
2 54.3+ 2.7b 35.4+1.4d 1.22+0.12 a 0.006

Note: NS = not significant; different letters (a, b, ¢, d) indicate statistically significant differences according to
Duncan’s multiple range test (p < 0.05).

The effect of 2,4-D concentration on somatic embryo induction, embryo morphology, and conversion efficiency is
summarized in Table 2. No embryogenic response was recorded in the control treatment, confirming that auxin
supplementation was essential for initiating somatic embryogenesis in Ficus elastica. At 0.5 mg-L™* 2,4-D, embryo
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induction reached 34.2 + 1.6%, with a mean embryo quality index of 2.5 £ 0.4 and a plantlet conversion rate of 22.1
+ 1.4%. These values were significantly greater than the control (p = 0.005). The most effective result was observed
at 1.0 mg-L™2, which produced the highest embryo induction frequency (74.4 + 1.2%), superior embryo quality (5.1 £
0.4), and the greatest plantlet conversion rate (54.6 + 1.6%). Statistical analysis confirmed that this concentration was
significantly different from all other treatments (p = 0.006). A moderate decline was observed at 1.5 mg-L™, where
induction decreased to 57.4 + 2.2% with a lower embryo quality index (3.2 £ 0.2) and conversion efficiency (43.4 +
1.7%), though the results remained significantly higher than the control (p = 0.005). By contrast, the highest
concentration (2.0 mg-L™*) strongly inhibited embryogenesis, reducing induction to 21.6 + 1.4%, embryo quality to
1.9 + 0.4, and conversion efficiency to 14.6 £ 1.4%. These values were significantly lower compared with the optimal
treatment (p = 0.007).

Table 2. Frequency of somatic embryo induction (8—12 weeks), embryo quality index (1-5 scale; 5 = best
morphology), and embryo-to-plantlet conversion (%) after transfer to regeneration medium.
Embryo quality Conversion to

2,4-D (mg-L™) Embryo induction (%) index olantlet (%) p-value
0.0 (Control) 0.0+0.0a 0.0+£0.0a
0.5 34.2+ 1.6b 25+0.4hb 22.1+ 1.4b 0.005
1 744+ 1.2¢C 5.1+ 0.4c 54.6 £ 1.6¢ 0.006
15 574+22c 3.2£0.2c 434+ 1.7b 0.005
2 21.6x 1.4b 19+04b 146+ 1.4b 0.007

Note: The embryo quality index (1-5 scale) is based on visual scoring and represents a subjective assessment. NS =
not significant (p > 0.05). Different letters indicate significant differences according to Duncan’s test.

The rooting response of regenerated F. elastica plantlets on IBA-supplemented medium is presented in Table 3.
Plantlets derived from the control callus (0.0 mg-L™* 2,4-D) exhibited the lowest rooting frequency (44.2 + 1.2%),
with an average of only 2.4 + 0.3 roots per plantlet, a mean root length of 3.1 + 0.4 cm, and poor survival after
acclimatization (42.6 * 2.4%). These results were not significantly different from each other (NS), reflecting the weak
morphogenic potential of control-derived callus. Supplementation with 0.5 mg-L™ 2,4-D during the callus induction
stage substantially improved subsequent rooting performance. Rooting frequency increased to 74.3 + 1.4%,
accompanied by a higher mean root number (4.9 £ 0.3), root length (4.9 + 0.4 cm), and acclimatization survival (71.4
+ 2.2%), which were all statistically significant compared with the control (p = 0.007). The maximum rooting
efficiency was obtained from plantlets derived from 1.0 mg-L™* 2,4-D, showing 91.4 + 1.4% rooting with 3.8 + 0.4
roots per plantlet and the longest mean root length (7.9 £ 0.3 cm). Survival after acclimatization also peaked at 85.3
+ 1.4%. These improvements were statistically significant (p = 0.006). Plantlets originating from 1.5 mg-L™t 2,4-D
shown 79.4 £ 1.3% rooting with the highest mean root number (6.3 = 0.3) and moderate root length (5.9 + 0.4 cm).
Acclimatization survival remained high at 79.1 + 1.6% (p = 0.007). By contrast, 2.0 mg-L™ 2,4-D negatively affected
rooting and survival, reducing rooting frequency to 62.4 + 1.6%, with only 4.9 + 0.4 roots per plantlet, a mean root
length of 3.9 £ 0.4 cm, and a survival rate of 64.3 + 2.4% (p = 0.005).

Table 3. Rooting percentage on IBA (2.0 mg-L™) rooting medium, mean root number and root length, and
survival after acclimatization.

Acclimatization

Origin (2,4-D) Rooting (%) Mean roots/plantlet Root length (cm) survival (%) p-value
0.0 (Control) 442 +1.2d 2.4+ 0.3d 3.1+ 0.4d 42.6+ 2.4d NS
0.5 74.3+ 1.4a 4.9+ 0.3a 4.9+ 0.4a 71.4+2.2a 0.007
1 91.4+1.4b 3.8+ 0.4b 7.9+ 0.3b 85.3+ 1.4b 0006
15 79.4+ 1.3b 6.3+ 0.3b 59+0.4b 79.1+1.6b 0.007
2 62.4+ 1.6¢C 4.9+ 0.4c 3.9+ 0.4c 64.3+ 2.4c 0.005

Note: NS = not significant (p > 0.05). Different letters indicate significant differences according to Duncan’s test.
The different concentrations of 2,4-D had a significant influence on the antioxidant enzyme system and oxidative
stress indicators in F. elastica callus tissues (Table 4). In the control group (0.0 mg-L™), relatively low activities of
superoxide dismutase (SOD, 12.1 + 0.4 U mg™t prot), catalase (CAT, 15.4 + 0.3 U mg™! prot), ascorbate peroxidase
(APX, 7.6 £ 0.4 U mg™t prot), and peroxidase (POD, 18.2 + 1.3 U mg™ prot) were observed. In contrast, oxidative

197



Kirkuk University Journal for Agricultural Sciences, Vol.17, No. 3, 2026 Online ISSN: 2958-6585

damage was more evident, with elevated levels of hydrogen peroxide (H,O,, 5.9 + 0.4 pmol g1 FW),
malondialdehyde (MDA, 6.5 + 0.5 nmol g™t FW), and electrolyte leakage (14.2 + 0.1%), which together reflected a
baseline stress status (p = 0.005). At 0.5 mg-L™ 2,4-D, there was a noticeable enhancement in enzymatic defense.
SOD, CAT, APX, and POD activities rose to 16.3+£0.9,26.2+ 1.3,14.4 + 0.6, and 33.2 £ 1.7 U mg ™ prot, respectively
(p = 0.007). This enzymatic upregulation coincided with a reduction in stress indicators, as H,O, content dropped to
4.6 +0.4, MDA to0 3.9 + 0.6, and electrolyte leakage to 11.2 + 0.5%. The most pronounced response was recorded at
1.0 mg-L™%, where maximum enzyme activities were achieved: SOD (27.6 £ 1.2), CAT (43.1 + 1.5), APX (24.2 +
1.4), and POD (52.4 = 1.5 U mg™ prot) (p = 0.006). Simultaneously, stress markers reached their lowest levels, with
H,0, at 2.6 + 0.4, MDA at 2.8 £ 0.5, and electrolyte leakage at 6.4 £+ 0.4%, indicating efficient mitigation of oxidative
damage. When 1.5 mg-L™* 2,4-D was applied, enzyme activities remained elevated (SOD: 21.4 + 0.6; CAT: 34.3 £
1.3; APX: 17.1 £ 0.4; POD: 43.1 = 1.5; p = 0.008), although values were lower compared with the 1.0 mg-L™
treatment. Stress indicators showed a slight increase, with H,0, at 3.3 + 0.4, MDA at 3.7 £ 0.4, and electrolyte leakage
at 8.6 + 0.5%, suggesting partial oxidative imbalance. By contrast, a decline in antioxidant activity was evident at 2.0
mg-L1. Enzyme levels dropped significantly (SOD: 14.9 + 0.6; CAT: 21.2 + 1.4; APX: 12.4 + 0.5; POD: 26.5+ 1.4
U mg™ prot; p = 0.007), while oxidative stress markers increased, with H,O, (5.1 + 0.1), MDA (5.4 + 0.2), and
electrolyte leakage (13.6 + 0.3%) approaching control levels.

Table 4. Antioxidant enzyme activities and oxidative stress markers in callus tissue.

2,4-D SOD (U CAT (U APX (U POD (U HZ?Z o MDIA_l Electrolyte |
(mg-L™) mg™ prot) mglprot) mglprot) mg!prot) (WE\?V)Q (nrlrg\(;v)g leakage (%) p-vaiue
0 12.1+ 0.4a 154+0.3a 7.6+0.4a 182+13a 59+04c 6.5+05d 14.2+0.1c 0.005
0.5 16.3+0.9b 26.2+1.3b 144+06b 33.2+17b 4.6+04b 3.9+06c 11.2+0.5b 0.007
1 27.6+12c 431+15c 242+14c 524+15c 26+04a 2.8%0.5a 6.4+ 0.4a 0.006
15 21.4+ 0.6¢ 343+13c 17.1+0.4c 43.1+15c 3.3t04a 3.7£0.4b 8.6+ 0.5a 0.008
2 14.9+ 0.6b 21.2+1.4b 124+05b 265+14b 51+01c 54+02d 13.6£0.3c 0.007

Note: NS = not significant (p > 0.05). Different letters indicate significant differences according to Duncan’s test.
The results of phenolic content and free proline accumulation in callus tissues after 28 days revealed a strong
dependence on the concentration of 2,4-D (Table 5). In the control callus (0.0 mg-L™* 2,4-D), phenolic compounds
were detected (mg GAE g™ FW 0.66 + 0.04) and proline (umol g™t FW 0.96 + 0.03), both representing the lowest
levels, with no significant variation (NS). The addition of 0.5 mg-L™ 2,4-D led to a marked increase, with phenolics
reaching 1.13 £ 0.03 mg GAE gt FW (p = 0.006) and proline rising to 1.41 + 0.06 umol g™* FW (p = 0.006). The
most pronounced effect was detected at 1.0 mg-L™* 2,4-D, where phenolic accumulation peaked at 1.77 £ 0.05 mg
GAE gt FW (p = 0.007), and 2.27 £ 0.06 pumol g™t FW (p = 0.007). At 1.5 mg-L™, both parameters declined
moderately, with phenolics at 1.46 + 0.06 mg GAE g™ FW (p = 0.008) and proline at 1.81 + 0.05 pmol g™t FW (p =
0.008), though still above control. In contrast, exposure to 2.0 mg-L™ resulted in a reduction, as phenolic content
dropped to 0.96 + 0.03 mg GAE g™t FW (p = 0.007) and proline to 1.17 £ 0.04 umol g™* FW (p = 0.007).

Table 5. Total phenolic content and free proline in callus (day 28).

- Total phenolics (m Free proline (umol - g7t
2,4-D (mg-L™) GAE g FV\E) g P FV\/()“ g p-value
0.0 (Control) 0.66+ 0.04a 0.96+ 0.03a NS
0.5 1.13£ 0.03b 1.41+0.06b 0.006
1 1.77+ 0.05¢ 2.27+0.06¢ 0.007
15 1.46% 0.06¢ 1.81+ 0.05¢ 0.008
2 0.96+ 0.03b 1.17+£0.04b 0.007

Note: NS = not significant (p > 0.05). Different letters indicate significant differences according to Duncan’s test.

Discussion

The current study found that 2,4-dichlorophenoxyacetic acid (2,4-D) employs a vigorous concentration-dependent
effect on somatic embryogenesis, antioxidant defense mechanisms, callus induction, and rooting in Ficus elastica.
The outcomes of this study clearly found that modest auxin levels, chiefly 1.0 mg-L™, with biochemical responses,
and optimal morphogenetic, while supra-optimal concentrations (2.0 mg-L™) produced a failure in physiological
stability, embryogenesis, and callogenesis. The maximum biomass (3.18 g per explant) and callus induction rate
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(85.2%) were attained at 1.0 mg-L"1 2,4-D, while higher levels concentrated the response. These results are consistent
with Ficus elastica [29] and Coffea arabica [47], where low to moderate 2,4-D concentrations stimulated
dedifferentiation, but extra auxin instigated tissue toasting and oxidative stress. Similarly, somatic embryogenesis
conversion rate of 54.6%, superior embryo morphology with a peak at 1.0 mg-L ™. Similar outcomes were noted that
the auxin is important for embryogenic induction in Medicago truncatula and Arabidopsis, but with the reduction of
auxin enabled embryo maturation and also described that auxin-triggered dedifferentiation and subsequent rebalancing
of endogenous signals for successful bipolar embryo formation [48,49]. The enhanced plantlets after acclimatization
rooting performance reached 1.0 mg-L™ 2,4-D treatments, showing a carry-over effect of auxin priming at the callus
stage, with rooting reaching 91.4%, and a survival rate of 85.3. These results are consistent with previous findings in
other woody species such as Morus alba and Ficus carica [50, 51]. Remarkably, although 1.5 mg-L™ 2,4-D produced
more roots per plantlet, root length and survival were superior at 1.0 mg-L™. da Silva et al. [52] described that the
higher concentrations of auxin improve root primordia initiation with the elongation and physiological quality of the
roots. The higher activities of antioxidant enzymes (SOD, CAT, APX, and POD) were found at 1.0 mg-L™ 2,4-D,
with the lowest levels of hydrogen peroxide, lipid peroxidation, and electrolyte leakage in this study. These results are
consistent with previous studies in Glycine max and Oryza sativa, which described the improved enzymatic
antioxidant defense with the optimal auxin exposure, while excessive auxin accumulation enhances cellular injury and
reactive oxygen species (ROS) [53. 54]. Fehér, [33] described that increase in oxidative stress markers, disrupt cellular
homeostasis leading to tissue necrosis with the higher supra-optimal auxin doses. Secondary metabolite analysis
confirmed that 2,4-D powerfully controlled the accumulation of proline and phenolics and in Ficus elastica callus
tissues with maximum metabolites were perceived at 1.0 mg-L™%, with a gradual decline detected at higher auxin
levels. Bielach et al., [55] studied the phenolics and proline and found regulatory role in auxin-mediated
morphogenesis and stress adaptation, reported it as an antioxidant for protecting embryogenic cells from oxidative
damage. In addition, Kavi Kishor et al., [56] also explained that phenolics and proline contribute to signaling processes
and cell wall remodeling both of which are serious for embryogenic capability. Martin et al., [57] described that
Proline accumulation enhanced tolerance to osmotic and oxidative stress under hormonal stress during in vitro culture
and act as an osmoprotectant. Nieves et al., [58] and Awada et al., [59] designed the study on Medicago sativa and
Coffea canephora and increased proline levels with improved somatic embryogenesis, metabolite functions and
recognized as a stress marker and developmental regulator. Jin et al., [60] conducted study on Oryza sativa and
reported enhanced embryogenic potential with the proline accumulation under auxin whereas extreme levels of 2,4-D
suppressed metabolite amalgamation and condensed regeneration proficiency. In Nicotiana tabacum, proline and
phenolics were both raised in auxin-induced calli with improved embryogenic responses [32]. He et al. [61, 62] also
found Similar auxin-dependent patterns in Vitis vinifera with the increased phenolic accumulation in embryogenic
calli.

Conclusion

This experimental study concluded that the success of in vitro regeneration is dependent on precise modulation of
auxin concentration in Ficus elastica. This study also concluded that low concentrations are insufficient to trigger
dedifferentiation and high levels impose oxidative stress, but the intermediate dose (1.0 mg-L™) provides the ideal
balance for morphogenesis and biochemical stability. These insights contribute to the broader understanding of auxin-
regulated developmental plasticity in plants and may serve as a reference for some recalcitrant woody species.

References

[1]. Tripathi, M. K., Tiwari, S., Tripathi, N., Tiwari, G., Bhatt, D., Vibhute, M., ... Tiwari, S. (2021). Plant tissue
culture techniques for conservation of biodiversity of some plants appropriate propagation in degraded and
temperate areas. Current Topics in Agricultural Sciences, 4, 30-60.

[2]. Sharma, A., Pandey, H., Nampoothiri Devadas, V. A. S., Kartha, B. D., & Jha, R. (2023). Production of,
factors affecting, gene regulations, and challenges in tissue cultured plant through soilless culture. Journal
of Agricultural and Food Chemistry, 71(14), 5804-5811.

[3]. Halder, M., Majumder, A., Ray, S., & Jha, S. (2021). Medicinal plant research at crossroads: biotechnological
approaches for conservation, production and stability in tissue cultures and regenerated plants. In Medicinal
Plants: Domestication, Biotechnology and Regional Importance (pp. 459-544).

[4]. Morinaka, H., Coleman, D., Sugimoto, K., & Iwase, A. (2023). Molecular mechanisms of plant regeneration
from differentiated cells: Approaches from historical tissue culture systems. Plant and Cell Physiology,
64(3), 297-304. https://doi.org/10.1093/pcp/pcacl72

[5]. Ling, Y., Wang, D., Peng, Y., Peng, D., & Li, Z. (2025). Cross-stressful adaptation to drought and high
salinity is related to variable antioxidant defense, proline metabolism, and dehydrin b expression in white

199


https://doi.org/10.1093/pcp/pcac172

Kirkuk University Journal for Agricultural Sciences, Vol.17, No. 3, 2026 Online ISSN: 2958-6585

clover. Agronomy, 15(1), 126.

[6]. Tirtawijaya, G., Negara, B. F. S. P., Lee, J. H., Cho, M. G., Kim, H. K., Choi, Y. S, ... Chai, J. S. (2022).
The influence of abiotic factors on the induction of seaweed callus. Journal of Marine Science and

Engineering, 10(4), 513.

[7]. Bravo-Vazquez, L. A., Angulo-Bejarano, P. I., Bandyopadhyay, A., Sharma, A., & Paul, S. (2023).
Regulatory roles of noncoding RNAs in callus induction and plant cell dedifferentiation. Plant Cell Reports,

42(4), 689-705.

[8]. Zaman, M. A. K., Azzeme, A. M., Ramle, I. K., Normanshah, N., Shaharuddin, N. A., Ahmad, S., &
Abdullah, S. N. A. (2021). Prolonged incubation of callus on auxin herbicide 2,4-D displayed significant
effect on alkaloid production in callus of the woody medicinal plant Polyalthia bullata. In Vitro Cellular &

Developmental Biology - Plant, 57(5), 749-759.

[9]. Branddo, A. S., Borbinha, J., Pereira, T., Brito, P. H., Lourenco, R., Bensimon-Brito, A., & Jacinto, A. (2022).
A regeneration-triggered metabolic adaptation is necessary for cell identity transitions and cell cycle re-entry

to support blastema formation and bone regeneration. Elife, 11, €76987. https://doi.org/10.7554/eL ife.76987
[10]. Mustafina, F. U., Kizi Jamalova, D. N., Zarekarizi, A. R., Kizi Juraeva, H. K., Ogli Khazratov, A. T., Hoe
Jin, K., ... Lim, J. T. (2025). Optimized microclonal propagation protocol and antioxidant activity of callus
cultures from the endangered Ferula tadshikorum Pimenov (Apiaceae Lindl.). Plant Cell, Tissue and Organ

Culture, 161(2), 51.

[11]. Arain, S., Kaloi, G. M., Ahmad, S., Rajput, M. A., Mari, A. H., Al-Qahtani, W. H., ... Abro, A. A. (2024).
The effect of dichlorophenoxyacetic acid (2,4-D) concentrations on callus induction in sugarcane
(Saccharum officinarum). Applied Ecology and Environmental Research, 22(5), 4951-4960.

https://doi.org/10.15666/aeer/2205 49514960

[12]. Thakur, P., Kumari, N., Kumar, A., Sharma, P., & Chadha, S. (2024). Recent advances in development and
utilization of double haploids (DHSs) in economically important vegetable crops. Plant Cell, Tissue and Organ

Culture, 156(1), 15.

[13]. Ramakrishnan, M., Zhou, M., Ceasar, S. A., Ali, D. J., Maharajan, T., Vinod, K. K., ... Wei, Q. (2023).
Epigenetic modifications and miRNAs determine the transition of somatic cells into somatic embryos. Plant

Cell Reports, 42(12), 1845-1873.

[14]. Su, W., Xu, M., Radani, Y., & Yang, L. (2023). Technological development and application of plant genetic

transformation. International Journal of Molecular Sciences, 24(13),
https://doi.org/10.3390/ijms241310646

[15]. Sabagh, A. E., Mbarki, S., Hossain, A., Igbal, M. A., Islam, M. S., Raza, A, ... Farooq, M. (2021). Potential
role of plant growth regulators in administering crucial processes against abiotic stresses. Frontiers in

Agronomy, 3, 648694.

[16]. Owais, M., Mohammed, D. A., Mhammad, H. A., Al Sulivany, B. S., Dernekbasi, S., & Fazal, R. M. (2025).
The role of silica nanoparticles in modulating growth performance, enzyme activity, and heavy metal
accumulation in muscle tissue of common carp (Cyprinus carpio L.). Science Journal of University of Zakho,

13(2), 197-205.

[17]. Kosakivska, I. V., Vedenicheva, N. P., Babenko, L. M., Voytenko, L. V., Romanenko, K. O., & Vasyuk, V.
A. (2022). Exogenous phytohormones in the regulation of growth and development of cereals under abiotic

stresses. Molecular Biology Reports, 49(1), 617-628. https://doi.org/10.1007/s11033-021-06802-2

[18]. Hussain, T., Metwally, E., Murtaza, G., Kalhoro, D. H., Chughtai, M. I., Tan, B., ... Kalhoro, M. S. (2024).
Redox mechanisms of environmental toxicants on male reproductive function. Frontiers in Cell and

Developmental Biology, 12, 1333845.

[19]. Yousefi, M., Adineh, H., Al Sulivany, B. S., Gholamalipour Alamdari, E., Yilmaz, S., Mahboub, H. H., &
Hoseini, S. M. (2025). The potential of the inclusion of Prosopis farcta extract in the diet on the growth
performance, immunity, digestive enzyme activity, and oxidative status of the common carp, Cyprinus

carpio, in response to ammonia stress. Animals, 15(6), 895.

[20]. Kesawat, M. S., Satheesh, N., Kherawat, B. S., Kumar, A., Kim, H. U., Chung, S. M., & Kumar, M. (2023).
Regulation of reactive oxygen species during salt stress in plants and their crosstalk with other signaling

molecules—Current perspectives and future directions. Plants, 12(4), 864.

[21]. Kumar, K., Debnath, P., Singh, S., & Kumar, N. (2023). An overview of plant phenolics and their

involvement in abiotic stress tolerance. Stresses, 3(3), 570-585.

[22]. zafari, S., Sharifi, M., Chashmi, N. A., & Mur, L. A. (2016). Modulation of Pb-induced stress in Prosopis
shoots through an interconnected network of signaling molecules, phenolic compounds and amino acids.

Plant Physiology and Biochemistry, 99, 11-20.

200


https://doi.org/10.7554/eLife.76987
https://doi.org/10.15666/aeer/2205_49514960
https://doi.org/10.3390/ijms241310646
https://doi.org/10.1007/s11033-021-06802-2

Kirkuk University Journal for Agricultural Sciences, Vol.17, No. 3, 2026 Online ISSN: 2958-6585

[23]. Raza, A., Hussain, S., Javed, R., Hafeez, M. B., & Hasanuzzaman, M. (2021). Antioxidant defense systems
and remediation of metal toxicity in plants. In Approaches to the remediation of inorganic pollutants (pp.
91-124). Springer Singapore.

[24]. Olivares-Garcia, C. A., Mata-Rosas, M., Pefia-Montes, C., Quiroz-Figueroa, F., Segura-Cabrera, A.,
Shannon, L. M., ... Ruiz-May, E. (2020). Phenylpropanoids are connected to cell wall fortification and stress
tolerance in avocado somatic embryogenesis. International Journal of Molecular Sciences, 21(16), 5679.
https://doi.org/10.3390/ijms21165679

[25]. Ahmed, B. S. (2023). Nutritional effects of dietary spirulina (Arthrospira platensis) on morphological
performance, hematological profile, biochemical parameters of common carp (Cyprinus carpio L.). Egyptian
Journal of Veterinary Sciences, 54(3), 515-524. https://doi.org/10.21608/ejvs.2023.191557.1441

[26]. Abd Rabou, A. F. N., Hamad, W. A., Mousa, R. A., Shafei, A. A., Fayyad, N. A., Radwan, E. S., ... Sukker,
G. S. (2019). Trees and shrubs existing at the main campus of the Islamic University of Gaza, Gaza Strip,
Palestine. International Journal of Latest Transactions in Engineering and Science, 7(1), 1-16.

[27]. Sharma, G., Barney, J. N., Westwood, J. H., & Haak, D. C. (2021). Into the weeds: New insights in plant
stress. Trends in Plant Science, 26(10), 1050-1060.

[28]. Basnett, D., Banerjee, M., & Chowdhury, S. K. (2023). A review on medicinal values and pharmacological
importance of Moraceae. Plant Science Today, 14719, 1-9. https://doi.org/10.1016/j.crbiot.2023.100134

[29]. Al-Khayri, J. M. (2010). Somatic embryogenesis of date palm (Phoenix dactylifera L.) improved by coconut
water. Biotechnology, 9(4), 477-484. https://doi.org/10.3923/biotech.2010.477.484

[30]. Ikeuchi, M., Sugimoto, K., & lwase, A. (2013). Plant callus: mechanisms of induction and repression. The
Plant Cell, 25(9), 3159-3173. https://doi.org/10.1105/tpc.113.116053

[31]. Carra, A., Wijerathna-Yapa, A., Pathirana, R., & Carimi, F. (2024). Development and applications of somatic
embryogenesis in grapevine (Vitis spp.). Plants, 13(22), 3131.

[32]. Karami, O., & Saidi, A. (2010). The molecular basis for stress-induced acquisition of somatic embryogenesis.
Molecular Biology Reports, 37(5), 2493-2507.

[33]. Fehér, A. (2019). Callus, dedifferentiation, totipotency, somatic embryogenesis: what these terms mean in
the era of molecular plant biology? Frontiers in Plant Science, 10, 536.

[34]. Jiménez, V. M. (2005). Involvement of plant hormones and plant growth regulators on in vitro somatic
embryogenesis. Plant Growth Regulation, 47(2), 91-110.

[35]. Pavei, A. F., De Freitas Fraga, H. P., Do Nascimento Vieira, L., & Guerra, M. P. (2018). Effects of glutathione
supplementation and carbon source during somatic embryogenesis of Acca sellowiana (O. Berg) Burret
(Myrtaceae). Acta Scientiarum. Biological Sciences, 40, 1-8.

[36]. Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Analytical Biochemistry, 72(1-2), 248-254.

[37]. Aebi, H. (1984). Catalase in vivo. Methods in Enzymology. Oxygen Radicals in Biological Systems, 105,
121-126. https://doi.org/10.1016/s0076-6879(84)05016-3

[38]. Adineh, H., Yousefi, M., Al Sulivany, B. S., Ahmadifar, E., Farhangi, M., & Hoseini, S. M. (2024). Effects
of dietary yeast, Saccharomyces cerevisiae, and Costmary, Tanacetum balsamita, essential oil on growth
performance, digestive enzymes, biochemical parameters, and disease resistance in Nile tilapia, Oreochromis
niloticus. Aquaculture Nutrition, 2024(1), Article 1388002.

[39]. Marklund, S., & Marklund, G. (1974). Involvement of the superoxide anion radical in the autoxidation of
pyrogallol and a convenient assay for superoxide dismutase. European Journal of Biochemistry, 47(3), 469—
474,

[40]. Hasanuzzaman, M., Nahar, K., Gill, S. S., & Fujita, M. (2013). Drought stress responses in plants, oxidative
stress, and antioxidant defense. In Climate Change and Plant Abiotic Stress Tolerance (pp. 209-250).
https://doi.org/10.1002/9783527675265.ch09

[41]. Zargar, T. B., Mir, A. R., Alam, P., & Hayat, S. (2022). Melatonin alleviates cadmium-induced toxicity by
modulating antioxidant defence mechanisms, growth and photosynthesis in Brassica juncea. Russian Journal
of Plant Physiology, 69(6), 121.

[42]. Nakano, Y., & Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in
spinach chloroplasts. Plant and Cell Physiology, 22(5), 867-880.

[43]. Velikova, V., Yordanov, I., & Edreva, A. (2000). Oxidative stress and some antioxidant systems in acid rain-
treated bean plants: Protective role of exogenous polyamines. Plant Science, 151(1), 59-66.
https://doi.org/10.1016/S0168-9452(99)00197-1

[44]. Heath, R. L., & Packer, L. (1968). Photoperoxidation in isolated chloroplasts: I. Kinetics and stoichiometry
of fatty acid peroxidation. Archives of Biochemistry and Biophysics, 125(1), 189-198.

201


https://doi.org/10.3390/ijms21165679
https://doi.org/10.21608/ejvs.2023.191557.1441
https://doi.org/10.1016/j.crbiot.2023.100134
https://doi.org/10.3923/biotech.2010.477.484
https://doi.org/10.1105/tpc.113.116053
https://doi.org/10.1016/s0076-6879(84)05016-3
https://doi.org/10.1002/9783527675265.ch09
https://doi.org/10.1016/S0168-9452(99)00197-1

Kirkuk University Journal for Agricultural Sciences, Vol.17, No. 3, 2026 Online ISSN: 2958-6585

https://doi.org/10.1016/0003-9861(68)90654-1

[45]. Singleton, V. L., & Rossi, J. A. (1965). Colorimetry of total phenolics with phosphomolybdic-
phosphotungstic acid reagents. American Journal of Enology and Viticulture, 16(3), 144-158.

[46]. Bates, L. S., Waldren, R. P. A., & Teare, I. D. (1973). Rapid determination of free proline for water-stress
studies. Plant and Soil, 39(1), 205-207.

[47]. Mahood, H. E., Sarropoulou, V., & Tzatzani, T. T. (2022). Effect of explant type (leaf, stem) and 2,4-D
concentration on callus induction: Influence of elicitor type (biotic, abiotic), elicitor concentration and
elicitation time on biomass growth rate and costunolide biosynthesis in gazania (Gazania rigens) cell
suspension cultures. Bioresources and Bioprocessing, 9(1), 100. https://doi.org/10.1186/s40643-022-00588-
2

[48]. Garcia, C., Furtado de Almeida, A. A., Costa, M., Britto, D., Correa, F., Mangabeira, P., ... Marelli, J. P.
(2022). Single-base resolution methylomes of somatic embryogenesis in Theobroma cacao L. reveal
epigenome modifications associated with somatic embryo abnormalities. Scientific Reports, 12(1), 15097.
https://doi.org/10.1038/s41598-022-18035-9

[49]. Rose, R. J. (2019). Somatic embryogenesis in the Medicago truncatula model: Cellular and molecular
mechanisms. Frontiers in Plant Science, 10, 267. https://doi.org/10.3389/fpls.2019.00267

[50]. Dessoky, E. D. S., Attia, A. O., & Mohamed, E. A. M. (2016). An efficient protocol for in vitro propagation
of fig (Ficus carica sp.) and evaluation of genetic fidelity using RAPD and ISSR markers. Journal of Applied
Biology and Biotechnology, 4, 57-63.

[51]. Rohela, G. K., Jogam, P., Mir, M. Y., Shabnam, A. A., Shukla, P., Abbagani, S., & Kamili, A. N. (2020).
Indirect regeneration and genetic fidelity analysis of acclimated plantlets through SCoT and ISSR markers
in Morus alba L. cv. Chinese white. Biotechnology Reports, 25, e00417.

[52]. Da Silva, C. C. A., dos Santos Costa, D., Direito?, I. C. N., & Victdrio?, C. P. (2022). Effects of high-dose
2,4-D on germination and initial development of Canavalia ensiformis (L.) DC. Revista Concilium, 22(7).
https://doi.org/10.5281/zenodo.15563013

[53]. Al-Zahrani, H. S., Nahar, K., Alharby, H. F., Alsamadany, H., Hakeem, K. R., & Hasanuzzaman, M. (2022).
Zinc supplementation enhances glutathione-mediated antioxidant defense and glyoxalase systems to
conferring salt tolerance in soybean (Glycine max L.. Agronomy, 12(5), 1032.
https://doi.org/10.3390/agronomy12051032

[54]. Lu, H., Wang, M., Li, W., Chen, Z., Li, S., Yi, Z., & Zhang, Y. (2023). Superior antioxidant capacity and
auxin production promote seedling formation of rice seeds under submergence stress. Agronomy, 13(1), 171.

[55]. Bielach, A., Hrtyan, M., & Tognetti, V. B. (2017). Plants under stress: involvement of auxin and cytokinin.
International Journal of Molecular Sciences, 18(7), 1427.

[56]. Kavi Kishor, P. B., Hima Kumari, P., Sunita, M. S. L., & Sreenivasulu, N. (2015). Role of proline in cell wall
synthesis and plant development and its implications in plant ontogeny. Frontiers in Plant Science, 6, 544.
https://doi.org/10.3389/fpls.2015.00544

[57]. Martin, A. F., Hapsari, B. W., & Ermayanti, T. M. (2018). Growth and proline accumulation in response to
osmotic stress induced by polyethylene glycol treatment in Tacca leontopetaloides cultured in vitro.
International Journal of Agricultural Technology, 14(5), 705-716.

[58]. Nieves, N., Sagarra, F., Gonzélez, R., Lezcano, Y., Cid, M., Blanco, M. A., & Castillo, R. (2008). Effect of
exogenous arginine on sugarcane (Saccharum sp.) somatic embryogenesis, free polyamines and the contents
of the soluble proteins and proline. Plant Cell, Tissue and Organ Culture, 95(3), 313-320.

[59]. Awada, R., Lepelley, M., Breton, D., Charpagne, A., Campa, C., Berry, V., ... Etienne, H. (2023). Global
transcriptome profiling reveals differential regulatory, metabolic and hormonal networks during somatic
embryogenesis in Coffea arabica. BMC Genomics, 24(1), 41.

[60]. Jin, J., Essemine, J., Duan, J., Xie, Q., Zhu, J., & Cai, W. (2021). Regeneration of active endogenous IAA in
rice calli following acclimation to 2,4-D free medium. Plant Growth Regulation, 93(2), 203-220.
https://doi.org/10.1007/s10725-020-00679-0

[61]. He, J., Yao, L., Pecoraro, L., Liu, C., Wang, J., Huang, L., & Gao, W. (2023). Cold stress regulates
accumulation of flavonoids and terpenoids in plants by phytohormone, transcription process, functional
enzyme, and  epigenetics. Critical Reviews  in Biotechnology,  43(5), 680-697.
DOI: 10.1080/07388551.2022.2053056

[62]. Wang, P., Si, H., Li, C., Xu, Z., Guo, H., Jin, S., & Cheng, H. (2025). Plant genetic transformation:
Achievements, current status and future prospects. Plant Biotechnology Journal, 23(6), 2034-2058.
https://doi.org/10.1111/pbi.70028

202


https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1186/s40643-022-00588-2
https://doi.org/10.1186/s40643-022-00588-2
https://doi.org/10.1038/s41598-022-18035-9
https://doi.org/10.3389/fpls.2019.00267
https://doi.org/10.5281/zenodo.15563013
https://doi.org/10.3390/agronomy12051032
https://doi.org/10.3389/fpls.2015.00544
https://doi.org/10.1007/s10725-020-00679-0
https://doi.org/10.1080/07388551.2022.2053056
https://doi.org/10.1111/pbi.70028

Kirkuk University Journal for Agricultural Sciences, Vol.17, No. 3, 2026 Online ISSN: 2958-6585

¢ oudlsl) Gl Al (2 i) S5l g elS AU 462 paead a8 ) e aalnall gal)
(Ficus elastica) Jataall (A 3aus3 sabdaal) Cililadial) g ¢ gl (Adadl okl g
) Oy A 3y b )
Gt Sliad S alil ¢ Lo ¢ 3L j 6 305 Auala ¢ o slall IS ¢ L) o sl s

Ll

(o8 338D Sliadl) 3 Jfiaill g ¢ dpiial) 3oLl 5 ¢ QSN sk e (2,4-D) il S5 5 )58 4D Gaes il Au )l sda Cuand
Lagl 24-D('L - a2k 2.0 511.5 51.0 510.5 51 0.0) e s3> Skoog s Murashige L s e 31,5 wilils 4e) 5 5 cas Ficus elastica
ORial Jeay Cun ¢ 1L - aale 10 e i) Blatl) clas (0,01 > ) dsand) bl s dun ol 58 ) gal) cilaladl) o uuS 31 585 L gale il
ST sl iiall skl S (0,007 =) p32 0.5 £ 22,6 e S5 yuadl 517 Cativne ISV ae 0,14 £ 3,18 i &y son A pe 71,1 £ 85.2 S I
il ekl (0006 = p) Al Qignd(£1.6 + 54.6 5 ¢ 0.4 £ 5.1 Jasa hsas ¢ Gl G 23712 + 744 gl Cus ¢ (g sinall 3 tie el
el 52083 slndll oy 531 LS (IS (0.006 = p ¢ /1.4 + 85.3) o) 3xy3lad) 08 e slily (Z1.4 + 91.4) Bisiia | 2k 3Nl (ki (e 3a2305a)
=p) S IS4 a3 ) superoxide dismutase, catalase, ascorbate peroxidase, and peroxidase iadil ae ¢ 171 - aale 1,0 e Lia
1.77) Al sl LS jall cualy LS il ginna il (8 S el g pSIYD i g ¢ Algalloni sllall g « Ho02 e (s2uSHl dleaY) clladle of s 8¢ (0.006
2.0 ¢ Jaall &3S 5l 138 die La 35,53 (0.007 = p ¢ FW 1™ ae il 540,06 £ 2.27) sl sl (0.007 = p ¢ FW 1°g GAE 2l 0.05 +
(e it 4G Hlay dgaY) Lin sl gad g JS plaiy 2 4-D of i) sda K5 ¢ elea JS& (0,007 = =) s2SE ) pall 334 55 Jl aia 1L - pale
Ficus elastica Lidaall 8 waail cpuail 4l FSEY) 4 e oaans 217 - aade 1.0 e ¢ S 53

Ficus elastica Llaall «(Hy05) ¢ somed) 1S 5 s el sidl) GlS jall (Gl (i o @Bl 5 il dalisall cilal<)

203



