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Abstract

Vitellaria paradoxa (shea tree) is an economically and medicinally important species indige-
nous to sub-Saharan Africa. Although the species holds substantial value, domestication
efforts have been constrained, primarily due to the absence of efficient propagation alterna-
tives, especially for the East African subspecies (V. paradoxa subsp. nilotica) which remains
understudied in tissue culture research. This study investigated the influence of leaf explant
developmental stage and media composition on callogenesis and embryogenic potential in
V. paradoxa subsp. nilotica. Thus, leaf explants from six distinct growth stages were cultured
on Murashige and Skoog (MS) media supplemented with various concentrations of 2,4-D,
TDZ, NAA, and BAP. Callogenesis was significantly influenced by explant age, media
strength, and specific PGR combinations. Results revealed that explants from Stage III
(11-15 days) and Stage IV (1620 days) exhibited the highest callus induction rates (up to
100%), particularly on half-strength MS media containing 2.0 mg/L 2,4-D and 0.5-1.0 mg/L
TDZ. Histological analysis suggests that varying responses at the different stages relate to
chloroplast distribution, trichome density/orientation, and vascular tissue maturity. Pro-
embryogenic structures were successfully induced, representing a developmental milestone
with strong prospects for advanced stages of differentiation. The findings also emphasize
the importance of explant physiology and media formulation in developing regeneration
protocols for V. paradoxa from leaf explants.

Keywords: Vitellaria paradoxa subsp. Nilotica; leaf explant physiology; callogenesis; plant
growth regulators

1. Introduction

Vitellaria paradoxa C.F. Gaertn., commonly known as the shea tree, is a perennial
species indigenous to sub-Saharan Africa. The tree is primarily valued for its seeds,
which produce shea butter—a globally traded commodity with nutritional, cosmetic, and
medicinal applications [1]. Despite its economic and cultural significance, propagation of V.
paradoxa remains largely dependent on seed germination, a process that is inherently slow
as its cultivation is mainly through semi-domestication [2]. Therefore, the development
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of reliable in vitro regeneration systems has become crucial for enhancing conservation,
genetic improvement, and large-scale propagation of this species.

Recent advances in plant tissue culture have enabled the use of leaf explants as a viable
approach for achieving callogenesis and regeneration in several woody plant species [3-5].
However, in the case of the shea tree, previous studies have primarily relied on nodal
segments, shoot tips, and immature cotyledons as explant sources [6—10] and offered limited
insight into the physiological and biochemical factors that influence responses in vitro.
Moreover, these studies have predominantly focused on the West African subspecies (V.
paradoxa subsp. paradoxa), while the East African subspecies (V. paradoxa subsp. nilotica)
has, to our knowledge, remained largely uninvestigated.

As demonstrated in other woody species, successful callogenesis and subsequent plant
regeneration is highly dependent on several factors, including explant physiological age, culture
medium composition, and the type and concentration of plant growth regulators [11-13]. In par-
ticular, this study highlights the significant influence of leaf developmental stage on in vitro
success rate—an area that has been largely overlooked in previous shea tree research.

Thus, the study aims to evaluate the effect of leaf developmental stage on callus induc-
tion in V. paradoxa subsp. Nilotica, determine optimal media composition(s) for callogenesis,
and confer the potential for further differentiation of induced calli. The findings not only
contribute to the development of a regeneration protocol for this underexplored subspecies
but also highlight the broader potential of leaf-derived calli in biotechnological applications
such as metabolite enhancement and conservation strategies.

2. Materials and Methods
2.1. Establishment of Mother Plants

Ripened V. paradoxa fruits were collected from Agago District in Northern Uganda for
the establishment of mother plants. The fruits were sourced from trees exhibiting diverse
phenotypic and presumably, genetic traits. Firstly, the fruits were depulped by hand and
washed with running tap water at the Faculta Tropikeho green house, Czech University
of Life Sciences, Prague. Immediately, the seeds were sown in black pots containing
composted soil and perlite in a 3:1 ratio. The seeds were sown by placing their longitudinal
axes parallel to the soil surface to prevent the emergent tap root from coiling within the
seed shell at the dorsal end. Sowing was concluded by partially covering the seeds with
soil and thereafter watering was carried out thrice a week. Although germination occurred
within a week of sowing, shoots emerged from the soil after 6-10 weeks. Hence, the shoots
bore leaves that were used as explants for the study.

2.2. Assessment of Explant Physiology

Leaf explants were excised at different stages of growth to ascertain the effect of plant
physiology on micro-propagation success. According to ref. [14], leaf development takes
place in five stages, namely primordium initiation, polarity establishment, expansion, leaf
shape formation, and senescence. The current study focused on leaves that had expanded
following primordium initiation and polarity establishment. Thus, six different growth
phases (within thirty days) were used for the study (Table 1). The first growth phase
is preceded by a dormancy period, during which swollen buds remain inactive for 3 to
40 days (observation). This phase was excluded from the study due to its irregularity both
within and among phenotypes.

Hence, the start of the first growth period (Stage I) was characterized by leaf buds that
had unfurled and measured approximately 1.0-1.5 cm in length (Figure 1a). The leaves
were morphologically diverse with respect to leaf shape and appearance of the veins; thus,
eight phenotypes were examined for this physiological study.
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Table 1. Phases of leaf growth.

Stage of Growth Age (Days) Leaf Color and Appearance

I 0-5 Pink/brown

I 6-10 Brown with green patches
I 11-15 Green with dark patches
v 16-20 Dark green

v 21-25 Light green

VI 26-30 Light green
(@) (©)

(e)

(d)

Figure 1. Growth phases: (a) Stage I; (b) Stage II; (c) Stage III; (d) Stage IV; (e) Stage V. Bar =1 cm.

2.3. Histological Studies

Leaf histology was studied to understand the physiological changes taking place at
each stage of growth. Freshly excised samples were embedded in paraffin at a paraffin
embedding station (HistoCore Arcadia H). Successive sections of 10 um in thickness were
prepared using a rotary microtome (Histocore MULTICUT) and immediately stained with
1% safranin for 1 min. The sections were prepared further by floating in a warm water
bath set at 40 °C for three to five minutes. Afterwards, the flattened sections were carefully
mounted on glass slides and covered using cover slips with a drop of glycerin. The
tissues were examined using a light microscope (Nikon® Eclipse E100, Tokyo, Japan) and
the images were photographed using a microscope digital camera (Levenhuk® C-Series,
New York, NY, USA).

2.4. Explant Preparation

Freshly excised leaves were subjected to preparation for initiation as depicted in the
schematic representation (Figure 2).

---------- Liquid detergent wash and [~~~ = + + + + + + -

- Explant | oV | Running Distiited Wiater m 1% Sodium hypachlorite

B 2-minute rinse with
sterile distilled water

Wash or rinse
using rotary
shaker
(220 RPM)

Initiation

Figure 2. Explant surface sterilization.

| [Sterile-distilled water | (S ETEEEREEERE | - 70% Ethanol- -
o (5-minu3terinse) ol 2-minute rinse with

"""""""" sterile distilled water e o o o o = = =




Horticulturae 2025, 11, 1127

40f13

2.5. Culture Conditions and Callus Induction

Callus induction media (CIM) at full strength comprised 0.8% (w/v) agar, 3% sucrose,
and an MS [15] (mineral solution), whereas half-strength media contained 2% sucrose and
MS nutrients at half concentration, but the amount of agar remained unchanged. Media
were prepared by enrichment with various combinations of plant growth regulators (PGRs)
and then setting the pH to 5.8 + 0.01 using 1M KOH or 1M HC]I, followed by pouring
into 75 mL Erlenmeyer flasks. Thereafter, respective media were autoclaved for 25 min at
121 °C and 15 psi.

To evaluate the effect of PGRs on callogenesis, 1 cm? leaf segments were cultured on
MS media having different concentrations. The segments were prepared without the midrib
or leaf margins. Preliminary experiments showed 2,4-D as the only phytohormone that
gave response when used singly, with 2 mg/L as its optimum concentration. In addition,
higher concentrations of BAP (>0.5 mg/L) produced no response. Thus, experiments were
conducted by initiating leaf explants on media containing 2,4-D (2.0 mg/L) along with TDZ
(0.5-1.0 mg/L), NAA (0.05-1.0 mg/L), and BAP (0.5 mg/L). The PGRs used in this study
were sourced from Sigma-Adrich (Steinheim, Germany). Callogenesis was assessed four
weeks after initiation by recording the fresh weight of calli and calculating the percentage
of callusing. The resulting calli were subcultured every 14 days for 8 weeks. The subculture
media comprised several combinations of TDZ (0.5-1.0 mg/L), NAA (0.05-1.0 mg/L), BAP
(0.5-3.0 mg/L) and 0.5 mg/L GAjz. Calli that were induced using media formulations
containing TDZ and NAA were grouped as T1, whereas T2 referred to calli generated
from 2,4-D and NAA CIM. Accordingly, subculturing involved transferring 0.5 g of callus
to the respective growth media. Calli were ranked based on the percentage of explant
transformation after initiation and the degree of weight increase following transfer.

2.6. Experimental Design and Data Analysis

A completely randomized design with 10 explants per treatment and three replications
was applied to study callogenesis and performance of transferred calli. Analysis of vari-
ance, t-tests, and mean separation (Tukey’s HSD) were performed at p < 0.05 to examine
distinctions between treatments using R software (version 4.4.2). Percentage callusing was
angular-transformed for ANOVA analysis. Graphs were generated using Microsoft® Excel®
software. (Microsoft Corporation, Redmond, WA, USA; Microsoft 365, 2025 version)

3. Results
3.1. Growth Trend of V. paradoxa Leaf Explants: A 30-Day Assessment

Generally, leaf growth was slow in the first seven days, but it increased sharply
afterwards for approximately a fortnight. The various phenotypes assessed exhibited an
identical growth pattern where shoot growth stagnated after 18-22 days and no further
development was recorded thereafter (Figure 3).

The process of leaf development from primordium expansion up to its final size and
shape is regulated by plant hormones, transcriptional regulators, and mechanical properties
of the tissue [14]. For instance, ref. [16] found the transcriptional factors prominent in young
rapidly dividing leaves to be different from those expressed in mature leaves of Arabidopsis.
This means that leaf expansion is intricately controlled by multitudinous genes being
expressed or being suppressed at different stages of development. It also points to the
fact that expansion of leaf lamina follows a synchronized pattern of further cell division
(of the primordia) and cell enlargement under genetic control, but can be modified by
the environment, especially light [17]. Thus, the growth trend reported in this study can
be correlated with the assertion of the latter authors that initial leaf expansion is steered
by exponential cell division, which continues until the leaf is fully grown (Stages I to V,
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Figure 3), and that complete cell division occurs when the leaf has reached the period of
linear rate of expansion (Stage VI, Figure 3). During this final phase of growth, maximum
leaf expansion occurs due to enlargement of pre-formed cells [17].

Leaf Length (cm)

Days 2

a

6

8

8.0 VI
(a) 7.0 v
E 6.0
E 5.0 v
f @ 4.0
7
= 3.0 III
©
a.0 / 9L 20 I I
sl
20
oo M1
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33
10 12 14 16 18 20 22 24 26 28 30 32 (b)
Days Days

Figure 3. Growth trend of leaves (leaf length) for thirty days: (a) Assessment of growth for eight
selected phenotypes; (b) abridged growth trend.

3.2. Effect of Media Composition on Callogenesis

Generally, calli began to form two weeks after initiation. Swollen whitish structures
first appeared on the cut edges of the leaf explants, then the main veins started to bulge,
and the entire leaf vasculature followed suit. Variations were obtained depending on
media composition and strength. Leaf explants cultured on half-strength media completely
transformed into calli within 4-5 weeks, but it required eight weeks to obtain complete
explant transformation with full-strength MS media. The latter calli were durable and
remained fresh up to 12 weeks without needing transfer, but the former deteriorated fast
and required transfer to fresh media instantly.

In addition, only media formulations containing either 2,4-D or TDZ or both were able
to produce a response. Thus, watery and loose-textured calli were induced when 2,4-D was
used singly. Such calli were considered non-embryogenic. Other formulations containing
2,4-D induced compact white calli irrespective of media strength (Figures 4 and 5).

()

Figure 4. Appearance of calli after 4-6 weeks after initiation of leaf lamina on various induction
media: (a) 1.0 mg/L TDZ + 0.5 mg/L NAA; (b) 1.0 mg/L TDZ + 1.0 mg/L NAA; (c) 2.0 mg/L 2,4-D;
(d) 2.0 mg/L2,4-D + 0.5 mg/L TDZ. Bar =1 cm.

Findings from this study showed that leaf explants produced extremely responsive
calli in 2,4-D + TDZ media combination (Figure 5), as also reported earlier from leaf explant
of Primula vulgaris by ref. [18]. A combination of 2, 4-D and TDZ has also been reported to
induce embryogenic calli in plants like Coffea arabica [19] and Fragaria vesca [20].

Media composition is one of the most critical factors influencing plant growth [21]. In
the present study, callogenesis was enhanced when media strength was reduced by half
(Figure 5). Indeed, leaf explants were non-responsive when initiated on media containing
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TDZ combined with NAA at full strength but produced friable green calli when the media
strength was halved (Figure 5). This finding is supported by the assertion of ref. [22]
that % MS contains less macronutrient salts, which does not seem to induce ammonium
toxicity, a condition which is favorable for woody plants. Although many studies have
yielded optimum callusing with full MS [20,23], % MS is largely successful with recalcitrant
plant species that respond poorly to the higher salt concentrations of the full-strength MS
medium due to osmotic stress [22]. Therefore, improved callogenesis in half-strength MS
is attributable to reduced osmotic and ammonium stress, which, according to ref. [22], is
known to impair morphogenic competence in woody and recalcitrant species.

Regarding callus weight, the treatment with 0.5 mg/L TDZ + 0.1 mg/L NAA at %
concentration of MS salts exhibited the highest mean fresh weight. In fact, calli that were
induced on half-strength media were significantly heavier (p < 0.05) than those produced
on full-strength MS media (Figure 5).

Callus weight (g)

1.2

0.8

0.6

0.4

0.2

[ y %
J a0
B .
nEr -
. & 8 8 I | |
TR1 ' TR2 . TR3 l TR4 I TRS I TR6 I TR7

TR2 10 Th2+ LONAA + 2.02.4D TREATMENTS TRS — 0.5 TDZ + 0.1 NAA

TR6—1.0 TDZ + 0.5 NAA
TRA—2.0 2,4-D R Full MS B Half MS

Callus Properties
CW — Compact and white
FW — Friable and white
FG FG — Friable and green

cw oW, ;

cw FW

NN

TR6—-1.0 TDZ + 1.0 NAA

Figure 5. Effect of media composition on callus properties. Data represents mean + standard
deviation. Between media strengths, average callus weights differed significantly according to t-test
(p < 0.001). Treatments (TR1-TR7) contain PGR values in mg/L.

3.3. Effect of Media Composition on Callus Growth at Various Phases of Development

Callus induction was greatest where 2,4-D (2.0 mg/L) was used singly or in combina-
tion with 0.5 mg/L TDZ. But the incorporation of BAP either diminished the callus rate
or completely failed to induce calli (Table 2). Furthermore, the use of BAP together with
2,4-D only did not result in any response in this study. On the contrary, ref. [24] reported
up to 87.3% callogenesis from leaf disks of V. paradoxa using media formulations containing
BAP in combination with 2,4-D. A similar trend was also observed in a study by ref. [25],
where a media concoction of 0.5 mg/L 2,4-D and 1.5 mg/L BAP optimally induced callus
in young leaf explants of V. paradoxa. More recently, calli have also been induced from
nodal explants of V. paradoxa cultured in media containing BAP, Kin, and NAA [7].

This contradiction underscores the need to understand the inherent variation between
the genotypes investigated. Thus, it is important to point out that previous studies [24,25]
were conducted on the West African subspecies (paradoxa), whereas the current study
utilized the East African subspecies (nilotica). According to ref. [21], media composition for
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successful culture may vary between different plant species or even among genotypes of the
same species. This notion supports the results from this study in which media formulations
different from those reported in previous investigations gave optimum callus induction. It
also explains why media formulations deployed in previous studies were ineffective in the
current investigation.

Table 2. Effect of media composition on callus induction at different growth stages.

MS Media Media Formulations (mg/L) Average Callusing at Six Stages of Growth (%)
Strength TDZ NAA 2,4-D BAP I I 11 1AY4 A% VI
0.5 0.05 2.0 54.7 48.8 35.3
0.5 0.05 2.0 0.5 50.8 33.2
1.0 1.0 2.0 35.3 63.4 52.7 41.2 26.6
Full 0.5 2.0 50.8 75.0 63.4 45.0 28.9
strength 2.0 71.6
0.5 0.1
1.0 0.5
1.0 1.0
Half 0.5 0.05 2.0
strength
1.0 1.0 2.0
0.5 2.0
2.0
0.5 0.1
1.0 0.5
1.0 1.0
0.5 0.1 0.5
Grand average callusing (%) 00¢ 36.32b 50.6 @ 46.02 30.3ab 17.7 be
Rank of callus formation — ++ ++++ ++++ +++ +

Legend: (—) No callusing; (+) Less than 10% of explant callused; (++) 10-30% explant transformation; (+++) 31-50% of

explant callused; (++++) 51-79% explant transformation; (+++++) More than 80% of the leaf callused. Different letters

indicate significantly different means at (p < 0.05). Values shown are angularly transformed percentages. Colors were
used to represent percentage ranges of callus induction for ease of visual comparison across treatments and

growth stages.

Color code (percentage range) - 2140 41-60 61-80 -

Furthermore, this negation could also be a result of auxin—cytokinin antagonism be-
tween BAP and 2,4-D or NAA. It is well documented that cell division and growth in plant
tissue cultures occur under the synergistic regulation of cytokinin and auxin. Cytokinin
coordinates the distribution of auxin, whereas auxin supports cytokinin biosynthesis—all
occurring under complex but coordinated molecular mechanisms [26]. However, antago-
nism affects the following: biosynthesis, where one hormone affects the production of the
other; signaling, a phenomenon characterized by one hormone negatively regulating the
signaling pathways of another; and transport, where interactions influence the distribution
of hormones, especially auxin [27,28]. Hence, with reference to this study, it is plausible to
assume that BAP may have distorted the distribution and or signaling pathways of NAA
or 2,4-D during callogenesis.

The findings of this study also indicate that callogenesis varied significantly (p < 0.05)
across different growth stages of the leaf explants (Table 2). The highest callus induction
rate (100%) was obtained when either Stage III or IV explants were initiated on half-strength
CIM that contained 2.0 mg/L 2,4-D + 0.5-1.0 mg/L TDZ. Very poor rates of callogenesis
were recorded for Stage VI explants, while Stage I explants did not give any response at
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all (Table 2). A possible explanation for these variations can be drawn from the authors
of [29], who opined that uptake of nutrients in vitro can be affected by the biochemical
or physiological status of plant tissues. Examination of leaf histology showed structural
changes at the different stages of leaf development (Figure 6). As noted by ref. [30], leaf
development is characterized by three continuous and overlapping growth stages, namely
initiation, morphogenesis, and differentiation. The initiation phase is marked by the
emergence of the leaf from the flanks of the shoot apical meristem. It follows that, through
morphogenesis, the lamina is initiated, and leaf marginal structures such as leaflets, lobes,
and serrations are formed. During differentiation, the leaf area grows substantially, leaf
tissues mature and differentiate, and the final leaf form is determined. With reference to this
study, Stage I (Figures 1 and 2) marks the last stage of morphogenesis and the beginning
of leaf differentiation. At this stage, leaf explants do not give any response (Table 2) and
become necrotic within a week of placement in CIM. A possible explanation could be that at
this stage, the leaf cells (especially vascular ones) are not yet fully differentiated (Figure 4).
This phenomenon hinders their ability to initiate calli, and the authors of [31] believe that
calli are usually induced from pericycle cells adjacent to the xylem through asymmetric or
formative cell divisions.

Further, Stages III and IV gave the best results for callogenesis overall (Table 2).
During this phase, the explants exhibited exponential growth (Figure 3), which, according
to ref. [17], is the period when cell division is at its highest. This instant cell proliferation
could be one of the factors responsible for optimum callus induction at this stage of growth.
Additionally, an examination of leaf cross sections showed that chloroplasts were evenly
distributed throughout the leaf mesophyll between Stages I and IV (Figure 6). Chloroplasts
are the sites of photosynthesis, converting light energy into chemical energy in the form
of ATP and NADPH. These products are crucial for the metabolic processes that drive
cell growth and differentiation [32], including those involved in callogenesis. Hence, the
presence of chloroplasts all over the mesophylls could have also contributed to enhanced
callogenesis for the growth periods from II to IV (Figure 6; Table 2). However, in the latter
stages, chloroplasts accumulated mostly in the palisade mesophyll towards the adaxial
side of the leaf (Figure 6).

This change in physiology coupled with the cessation of cell division and expan-
sion [17] implies that the leaf at this point is committed to mobilizing nutrients mainly
for relocation to other developing organs [33]. It also suggests that the withdrawal of
chloroplasts from the vicinity of other cell types (including pericycle cells responsible
for callus initiation) reduces the callogenesis potential of older leaf explants. This line
of argument aligns with the authors of [31,34], who believe that photosynthetic activity
usually interferes with callus formation.

Despite the abundance of chloroplasts in the spongy mesophyll of Stage II explants
(Figure 6), their callus induction rates were substantially lower than those of Stage IIl and IV
explants (Table 2). This difference is likely due to the presence and orientation of trichomes
at this stage of leaf development (Figure 6). Plant trichomes are epidermal appendages
normally found on the surfaces of stems, leaves, petals, and fruits. They are structurally
designed to protect plants against abiotic and biotic stressors such as UV rays, temperature
extremities, and herbivores [35]. An examination of leaf sections in this study showed Stage
II explants with densely packed trichomes oriented perpendicularly to the leaf surface
(Figure 6). But leaf explants at later stages bore trichomes observed to be positioned parallel
to the leaf surface, rendering them not visible in the cross sections (Figure 6). Thus, the bulk
and alignment of trichomes in Stage II explants may have provided a significant physical
barrier between the leaf surface and CIM, which led to a lower callogenesis rate.
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Vascular
bundles

Figure 6. Leaf cross sections at different stages of growth. (A) Stage I; (B) Stage II showing trichomes
denoted by ‘T’; (C) Stage III; (D) Stage IV; (E) Stage V, leaf mesophyll with minor vasculature;
(F) Stage VI, major vasculature and part of leaf mesophyll. ‘ad” represents the adaxial side of the leaf;
cl, chloroplast.

3.4. Effect of Media Composition on Growth of T1 and T2 Calli

Further growth of calli was observed following their transfer to various media. The
combination of TDZ with NAA had a substantial effect on callus proliferation, suggesting
their joint effectiveness (Table 3). However, the interaction of GA3 with BAP was not as
effective as its combination with TDZ, NAA, and BAP (Table 3). Such an occurrence where
a growth regulator shows different responses in several combinations underscores the need
for manipulation of phytohormone ratios to accomplish optimum results [36].

This is because plant growth regulators exert their effects after binding to specific
receptors of plant tissue. Moreover, plant tissues possess different binding affinities for
various versions of the same phytohormone [22].

Generally, T1 calli had a higher mean weight compared to T2 but it was not statistically
significant at 5% alpha level (Table 3). The latter callus type appeared embryogenic and
yellowish white with nodular surfaces, whereas the latter were irregularly shaped but
maintained a green color. Although the two callus types were alike in weight, subsequent
transfer into media devoid of phytohormones gave different results. While T1 calli retained
green, irregular shapes, T2 calli formed green, globular structures that were round or oval.
Neither of the callus types differentiated into embryos or organs. In fact, the globular
structures from T2 calli raptured into reddish brown friable structures, which eventually
became necrotic. But the T1 calli remained unchanged despite numerous transfers.

According to ref. [37], globular structures are pro-embryogenic masses that are funda-
mental for somatic embryogenesis. Previous studies have shown that globular structures
can give rise to somatic embryos. For example, ref. [5] reported the differentiation of
pro-embryogenic masses into various stages of somatic embryos that eventually germi-
nated into plantlets with Sapindus trifoliatus. A similar study by ref. [3] also demonstrated
plant regeneration of Quercus alba leaf explants through somatic embryogenesis facilitated
by intermediate nodular structures. Such findings from previous studies highlight the
necessity of media modification in the present work. Thus, our future studies will aim to
promote the differentiation of globular structures and achieve regeneration. Strategies such
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as modifying auxin—cytokinin ratios, introducing stress preconditioning, or supplementing
with morphogenic elicitors will be employed.

Table 3. Effect of growth media on performance of calli from two categories of CIM.

Compositions of Transfer Media

Source of (Half-Strength MS) Mean Callus Callus
Callus (CIM) Weight (g) Ranking
TDZ NAA BAP GAj3
1.0 1.0 2.30 +0.19 +++++
0.5 0.1 2.0 0.5 3.28 +0.26 +++++
0.5 0.5 0.40 + 0.05 —
T1 Calli 2.0 0.5 0.53 + 0.06 +
0.5 2.0 0.5 1.90 + 0.20 ++++
0.5 2.0 3.05 £+ 0.29 +++++
0.5 3.0 1.08 £ 0.11 +++
1.0 1.0 1.38 +0.17 +++
0.5 0.1 2.0 0.5 1.74 £ 0.16 ++++
0.5 0.5 1.05 £ 0.12 +++
T2 Calli 2.0 0.5 0.92 £0.11 ++
0.5 2.0 0.5 1.53 £0.16 +++
0.5 2.0 1.97 £0.17 ++++
0.5 3.0 1.82 & 0.16 ++++

T1 = Calli induced on CIM containing 1.0 mg/L TDZ +0.5 mg/L NAA or 1.0 mg/L TDZ +1.0 mg/L NAA.
T2 = Calli induced on CIM containing 2.0 mg/L 2,4-D+0.5 mg/L TDZ or 2.0 mg/L 2,4-D+1.0 mg/L
TDZ+1.0 mg/L NAA or 2.0 mg/L 2,4-D+0.5 mg/L TDZ+0.05 mg/NAA. Ranking legend: (—) No callus growth
observed; (+) 0.1-0.5 g callus increment; (++) 0.6-1.0 g callus growth; (+++) 1.1-1.5 g increment; (++++) 1.6-2.0 g
callus growth; (+++++) more than 2.1 g of callus increment. Data represents mean =+ standard deviation. No
significant difference was observed between T1 and T2 calli (t-test, p = 0.52).

Explants from other Sapotaceae species, including Chrysophyllum caimito, Synsepalum
dulcificum, Argania spinosa, Manilkara zapota, and Palaquium gutta, often exhibit high phenolic
content and sap exudation similar to V. paradoxa. Such traits, as noted by ref. [38], contribute
to contamination and tissue browning, ultimately limiting in vitro culture success. Another
hinderance to in vitro propagation within this family is the recalcitrance of explants to
rooting [39]. However, the attainment of somatic embryogenesis and in vitro organogenesis
by refs. [40] and [39], respectively, not only stress the challenges with the Sapoteceae family
but also the need for media optimization and (or) explant manipulation if regeneration is
to be achieved.

Although the current study establishes a foundation for future induction of somatic
embryos, the significance of plant calli cannot be overlooked. Besides plant regeneration,
callus cultures have been found useful in enhancing the quantity and quality of secondary
metabolites in leaf explants. For example, ref. [41] reported elevated levels of aromatic
compounds like rosmarinic acid and caffeic acid in leaf calli of Rosmarinus officinalis. Gen-
erally, secondary metabolites have numerous pharmacological properties such as regular
antioxidants, antimicrobial, anti-inflammatory, anti-diabetic, antispasmodic, and, lately,
anticarcinogenic [42,43]. In relation, V. paradoxa leaves are traditionally used to make medic-
inal concoctions for the treatment of abdominal pain, headaches, and fever. This is due to
the leaves containing bioactive compounds such as tannins, saponins, steroids, flavonoids,
alkaloids, and triterpenes, which exhibit antibacterial properties against numerous microor-
ganisms [44,45]. Thus, the quantity of secondary metabolites in V. paradoxa leaves can also
be amplified in vitro through callogenesis.
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4. Conclusions

This study demonstrates that physiological age, media strength, and precise PGR
combinations are critical for optimizing callogenesis in Vitellaria paradoxa (subsp. nilotica).
The combination of 2,4-D + TDZ consistently led to high callus induction, with peak respon-
siveness from leaves at Stages III and IV, where up to 100% callus induction was achieved.
Differential stage responses are attributable to histological traits, including chloroplast
localization, trichome arrangement, and the degree of vascular tissue maturation. Even
without achieving somatic embryogenesis, this maiden comprehension of physiological
age can be exploited further to attain regeneration V. paradoxa using leaf explants. This may
necessitate modification of the CIM, growth media, or other in vitro culture conditions.
In addition, callus cultures of V. paradoxa are promising for enhancing the production
of secondary metabolites (e.g., flavonoids, tannins, triterpenes). These compounds have
pharmacological relevance, aligning with the plant’s traditional medicinal uses.
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