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Abstract— Plant regenerative biology underpins modern 
strategies for clonal multiplication, germplasm 
conservation, and crop improvement. While in vitro 
propagation methods such as micropropagation, somatic 
embryogenesis, and synthetic seed technology have 
transformed the scale and speed at which elite genotypes 
can be multiplied, they also introduce the risk of somaclonal 
variation, which can compromise genetic fidelity and 
commercial reliability. This manuscript reviews innovative 
regenerative strategies—including optimized 
micropropagation protocols, somatic embryogenesis, 
synthetic seed encapsulation, cryopreservation, molecular 
marker-assisted fidelity testing, and genome-editing-
integrated regeneration systems—that collectively improve 
both propagation efficiency and genetic stability. Evidence 
from peer-reviewed literature indicates that combining 
tissue-culture-based multiplication with rigorous molecular 
monitoring (RAPD, ISSR, SSR) and cryogenic storage 
substantially reduces the incidence of undesirable variation 
while preserving the capacity to exploit useful somaclonal 
diversity when desired. The review further discusses 
developmental regulator-assisted regeneration and 
CRISPR/Cas9-compatible tissue culture systems as 
emerging tools that shorten regeneration timelines and 
reduce genotype dependency. The paper concludes by 
identifying persistent challenges—recalcitrance, epigenetic 
drift, and species-specific optimization requirements—and 
outlines future research directions for integrating 
regenerative biology with genomics-assisted breeding. 
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INTRODUCTION 

Vegetative propagation through in vitro culture has become one 
of the most consequential tools in modern plant biotechnology. 
Since the foundational work on totipotency and organogenesis 
established that isolated plant cells and tissues could be induced 
to regenerate whole organisms under defined hormonal and 
nutritional conditions, tissue culture-based propagation has 

expanded into a multibillion-dollar industry supporting 
horticulture, forestry, and agriculture. Micropropagation allows 
the rapid multiplication of disease-free, true-to-type plantlets 
from a single elite genotype, offering enormous advantages 
over conventional seed- or cutting-based propagation, 
particularly for species that are heterozygous, slow to 
propagate, or threatened by pathogens. 

However, the very process that makes in vitro propagation 
powerful—repeated cell division under artificial conditions, 
prolonged callus phases, and hormonal manipulation—also 
predisposes regenerated plants to genetic and epigenetic 
instability, broadly termed somaclonal variation. This variation 
can manifest at chromosomal, DNA sequence, and epigenomic 
levels and may appear as altered ploidy, point mutations, 
transposon activation, or changes in DNA methylation patterns. 
For commercial micropropagation, where the objective is 
typically to produce clonal, true-to-type plantlets, somaclonal 
variation is considered undesirable and can result in significant 
economic losses, especially in perennial fruit and forestry 
species with long juvenile phases before field performance can 
be assessed. Conversely, in crop improvement contexts, 
somaclonal variation has been deliberately exploited to 
generate novel traits such as disease resistance or enhanced 
secondary metabolite production. 

 

Given this dual-edged nature, regenerative biology research has 
increasingly focused on strategies that simultaneously improve 
propagation efficiency and safeguard genetic stability. These 
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strategies span multiple domains: refinement of culture 
protocols and explant selection to minimize callus-phase 
exposure; the development of synthetic seed technology for 
scalable, storable propagules; cryopreservation for long-term, 
low-variation germplasm banking; and the application of 
molecular markers to detect and screen out variant clones 
before field deployment. More recently, genome editing 
platforms such as CRISPR/Cas9 have been integrated with 
somatic embryogenesis systems, creating regeneration 
pipelines that are both efficient and genetically well-
characterized. 

This manuscript synthesizes current, verifiable literature on 
these innovative regenerative strategies, evaluates their 
comparative strengths and limitations, and identifies research 
priorities for the field. The review is organized to first examine 
the biological basis of propagation and instability, then survey 
specific technological innovations, and finally discuss 
integrative approaches that combine multiple strategies for 
optimal outcomes. 

LITERATURE REVIEW 

Somaclonal variation was formally characterized as a genetic 
phenomenon arising from tissue culture by Evans, who 
described its genetic basis and potential applications in plant 
breeding, noting that variation frequency tends to increase with 
the duration and intensity of the callus phase (Evans, 1989, as 
cited in Bairu et al., 2016). Subsequent work has consistently 
linked prolonged subculturing to increased variant frequency; 
for instance, studies on banana micropropagation demonstrated 
that variant numbers rose substantially after the eighth 
subculture cycle, accompanied by a simultaneous decline in 
multiplication efficiency (cited in Bairu, Aremu, & Van Staden, 
2016, 3 Biotech). This trade-off between multiplication rate and 
genetic fidelity is a recurring theme across species and remains 
central to protocol optimization. 

 

A substantial body of work has focused on distinguishing 
propagation pathways by their relative risk of instability. 
Axillary bud proliferation, which relies on the activation of pre-
existing meristems rather than de novo organogenesis from 
unorganized callus, is widely regarded as the propagation route 
least prone to somaclonal variation, since it avoids extensive 
dedifferentiation. In contrast, regeneration through somatic 
embryogenesis from long-term callus or cell suspension 
cultures does not reliably preserve genetic fidelity and has been 
associated with elevated somaclonal variation in several woody 
and horticultural species, including olive (cited in Peixe et al., 
IntechOpen, 2012). This distinction has practical implications 
for propagation protocol design in commercial nurseries, where 
axillary shoot multiplication is often preferred for fidelity-
critical applications. 

The medicinal and horticultural plant literature illustrates both 
the risks and opportunities of somaclonal variation. A 
comprehensive review of somaclonal variation in medicinal 
plant micropropagation examined the phenomenon from 
cytogenetic, genetic, and epigenetic perspectives, emphasizing 
that a balance must be struck between maintaining genetic 
fidelity for elite genotype perpetuation and exploiting beneficial 
variation for novel bioactive compound production (Bogdan, 
Grigore, & colleagues; PMC review on somaclonal variation in 
medicinal plants). This dual perspective reframes somaclonal 
variation not purely as a defect to be eliminated, but as a 
phenomenon requiring active management depending on the 
propagation objective. 

Molecular marker technology has become the principal tool for 
detecting and quantifying genetic fidelity in micropropagated 
plant populations. Random Amplified Polymorphic DNA 
(RAPD) and Inter-Simple Sequence Repeat (ISSR) markers 
have been extensively applied across diverse taxa. In jojoba 
(Simmondsia chinensis), RAPD and ISSR profiling of plants 
maintained through twelve in vitro subcultures found that 
amplified products remained monomorphic and closely 
matched the mother plant, supporting axillary bud 
multiplication as a genetically reliable propagation method 
(Kumar, Mangal, Dhawan, & Singh, 2011, Acta Physiologiae 
Plantarum). Similarly, molecular fidelity testing of 
micropropagated Dendrobium chrysotoxum, an endangered 
orchid species, using twelve RAPD and eleven ISSR primers 
revealed high genetic monomorphism (over 96%) among 
clones and the donor plant, confirming that tissue culture 
protocols can be optimized to preserve near-identical genetic 
profiles even in vegetatively sensitive orchid species (cited in 
ScienceDirect, 2019). Comparable findings have been reported 
in Cassia alata, Rhazya stricta, and Morus alba, where RAPD 
and ISSR analyses consistently confirmed low polymorphism 
rates (typically under 6%) between regenerated plantlets and 
source material, reinforcing the reliability of molecular 
screening as a quality control step before commercial release 
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(multiple sources cited in Anbazhagan & Ganapathi review 
chapter, Springer, and PMC4660193). 

Synthetic seed technology has emerged as a parallel innovation 
aimed at improving the scalability and storability of clonal 
propagules. Synthetic seeds, defined as somatic embryos or 
alternative propagules such as shoot buds and axillary buds 
encapsulated in a protective gel matrix, were conceptually 
developed to bridge the gap between the high cost of F1 hybrid 
seed production and the benefits of clonal fidelity (Rihan, 
Kareem, El-Mahrouk, & Fuller, 2017, Agronomy). Early 
foundational work by Cantliffe and colleagues demonstrated 
proof-of-concept encapsulation of somatic embryos for clonal 
propagation of sweet potato, establishing the basic principle 
later extended to numerous horticultural crops (Cantliffe, Liu, 
& Schultheis, 1987). Subsequent refinements, such as the 
encapsulation protocol developed for M.26 apple rootstock, 
improved propagule survival and germination consistency 
under ex vitro conditions (Brischia, Piccioni, & Standardi, 
2002, Plant Cell, Tissue and Organ Culture). The conceptual 
and physiological foundations of synthetic seed research, 
including the requirement that somatic embryos functionally 
mimic zygotic seed physiology, were articulated in an early and 
frequently cited review connecting seed biology to cell culture 
practice (Redenbaugh et al., Critical Reviews in Plant Sciences, 
1991). 

Cryopreservation represents a complementary strategy 
specifically targeted at long-term genetic stability rather than 
rapid multiplication. By storing plant tissues at ultra-low 
temperatures (–135°C to –196°C) in liquid nitrogen, 
cryopreservation halts metabolic activity and cell division, 
thereby minimizing the accumulation of somaclonal variation 
that would otherwise occur during extended in vitro 
maintenance (Kaviani & Kulus, 2021, International Journal of 
Molecular Sciences). Vitrification-based methods, which avoid 
damaging ice crystal formation by inducing a glass-like 
amorphous state in cells, have become the dominant approach 
in modern cryobanking protocols. Droplet-vitrification 
techniques applied to apical meristems have proven broadly 
applicable across the Musaceae family, providing a scalable 
cryopreservation protocol suitable for banana and plantain 
germplasm conservation (Panis, Piette, & Swennen, 2005, 
Plant Science). These cryogenic approaches are now 
recognized as essential complements to field and seed 
genebanks, particularly for vegetatively propagated and 
recalcitrant-seeded species where conventional seed storage is 
not feasible. 

Finally, the integration of genome editing technologies with 
regeneration systems has opened a new frontier in regenerative 
biology. Somatic embryogenesis-based regeneration pipelines 
have been successfully coupled with CRISPR/Cas9 editing in 
commercial soybean cultivars, demonstrating that efficient 
regeneration from elite, transformation-recalcitrant genotypes 

is achievable when explant type, genotype, and media 
composition are carefully optimized (Raza, Singh, & Bhalla, 
2020, Plants). In conifer species, which have historically 
proven difficult to transform and regenerate, a codon-optimized 
CRISPR/Cas9 toolbox combined with embryogenic tissue 
culture achieved multi-site genome editing and successful plant 
regeneration in white spruce (Picea glauca), representing a 
significant advance for forest tree biotechnology (Cui, Zhao, 
Gao, Zhao, Zhang, & Kong, 2021, Frontiers in Plant Science). 
Broader reviews of CRISPR delivery and transformation 
technologies have highlighted those developmental regulator 
genes, such as BABYBOOM and WUSCHEL, can be 
transiently expressed to induce somatic embryogenesis directly, 
offering a route to bypass prolonged tissue culture phases and 
thereby reduce the window during which somaclonal variation 
accumulates (cited in Karavolias et al., Frontiers in Plant 
Science, 2020/2021). 

RESEARCH METHODOLOGY 

This review synthesizes peer-reviewed literature retrieved from 
PubMed, PubMed Central, ScienceDirect, SpringerLink, 
MDPI, and Frontiers databases. Search terms included 
combinations of "micropropagation," "somaclonal variation," 
"genetic fidelity," "synthetic seed," "cryopreservation," 
"molecular markers," "RAPD," "ISSR," "somatic 
embryogenesis," and "genome editing plant regeneration." 
Only original research articles, peer-reviewed reviews, and 
book chapters with verifiable digital object identifiers (DOIs) 
or indexed database records were included. Sources were cross-
checked against publisher databases to confirm authorship, 
journal, and publication details prior to citation. Priority was 
given to studies reporting quantitative fidelity assessment data 
(e.g., percentage polymorphism, marker counts) or comparative 
propagation efficiency metrics, as these provide the strongest 
evidentiary basis for evaluating regenerative strategies. 
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Innovative Regenerative Strategies 

Optimized Micropropagation and Axillary Shoot 
Multiplication 

Axillary bud-based micropropagation remains the gold 
standard for fidelity-sensitive clonal multiplication because it 
exploits pre-formed meristematic tissue rather than requiring de 
novo organogenesis. Protocol refinements—including reduced 
subculture frequency, lower cytokinin concentrations during 
proliferation phases, and periodic reversion to fresh explant 
material—have been shown to curb the accumulation of 
somaclonal variants over successive multiplication cycles. 

Somatic Embryogenesis 

Somatic embryogenesis offers unmatched multiplication 
capacity, particularly when combined with bioreactor systems 
for scale-up, but requires careful management of callus age and 
embryogenic cell suspension duration to limit variation. 
Species- and genotype-specific optimization of explant source 
and hormonal regime is essential, as embryogenic potential and 
stability vary substantially even within closely related cultivars. 

Synthetic Seed Technology 

Encapsulation of somatic embryos, shoot buds, or axillary buds 
in alginate or similar gel matrices enables handling, storage, and 
distribution of clonal propagules in a manner analogous to true 
seeds. This technology reduces labor costs associated with 
conventional in vitro subculturing and facilitates international 
germplasm exchange while preserving genetic identity, 
provided the source embryogenic cultures themselves are 
genetically stable. 

Cryopreservation for Long-Term Genetic Integrity 

Cryogenic storage arrests cellular metabolism, effectively 
"freezing" the genetic state of stored tissue and eliminating the 
cumulative variation risk associated with prolonged serial 
subculture. Vitrification and encapsulation-dehydration 
protocols have been successfully applied to shoot tips, 
meristems, and embryogenic tissues across a wide range of 
species, making cryopreservation a critical backup strategy for 
elite and endangered genotypes. 

Molecular Marker-Assisted Fidelity Screening 

DNA-based markers—RAPD, ISSR, SSR, AFLP, and 
increasingly SNP-based platforms—allow systematic screening 
of regenerated plant populations prior to field deployment, 
enabling early detection and removal of somaclonal variants. 
This screening step has become a standard quality-control 
checkpoint in commercial micropropagation nurseries. 

 

Genome Editing-Integrated Regeneration 

Coupling CRISPR/Cas9 systems with optimized somatic 
embryogenesis protocols, and leveraging developmental 
regulator genes to induce direct embryogenesis, represents an 
emerging strategy that simultaneously improves regeneration 
efficiency and reduces genotype dependency, particularly in 
historically recalcitrant species such as conifers and legumes. 

Table 1: Comparative Overview of Regenerative 
Propagation Strategies 

Strategy Primary 
Advantag
e 

Genetic 
Stability Risk 

Representa
tive 
Species/Sys
tem 

Axillary 
shoot 
micropropa
gation 

High 
fidelity, 
established 
protocols 

Low Jojoba, 
banana, 
olive 

Somatic 
embryogen
esis 

High 
multiplicat
ion rate, 
scalable 
via 
bioreactors 

Moderate to 
high (callus-
age dependent) 

Soybean, 
olive, 
orchids 

Synthetic 
seed 
encapsulati
on 

Storable, 
transportab
le, seed-
like 
handling 

Low to 
moderate 
(depends on 
source culture) 

Apple 
rootstock, 
sweet potato 

Cryopreser
vation 
(vitrificatio
n) 

Long-term 
stability, 
halts 
variation 
accumulati
on 

Very low Banana/Mus
aceae, forest 
trees 
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Molecular 
marker 
screening 

Detects/re
moves 
variants 
post-
regeneratio
n 

N/A 
(diagnostic, not 
propagative) 

Dendrobium
, Cassia, 
Morus 

CRISPR-
integrated 
somatic 
embryogen
esis 

Combines 
editing 
with 
efficient 
regeneratio
n 

Moderate 
(transformation
/culture 
dependent) 

Soybean, 
white spruce 

Table 2: Molecular Markers Commonly Used for Genetic 
Fidelity Assessment 

Marker 
Type 

Basis of 
Detection 

Reported 
Polymorphis
m Range in 
Fidelity 
Studies 

Example 
Application 

RAPD Random 
primer 
amplification 
of 
anonymous 
DNA regions 

~3–6% 
polymorphis
m in fidelity-
confirmed 
clones 

Jojoba, 
Rhazya 
stricta 

ISSR Amplificatio
n between 
microsatellit
e repeat 
regions 

~3–6% 
polymorphis
m in fidelity-
confirmed 
clones 

Dendrobiu
m 
chrysotoxu
m, Morus 
alba 

SSR Amplificatio
n of specific 
microsatellit
e loci 

Species-
dependent; 
generally low 
in true-to-type 
clones 

Guava, 
various 
horticultural 
crops 

AFLP/RFL
P 

Restriction 
fragment-
based 
polymorphis
m detection 

Variable; used 
for finer 
resolution 
studies 

Comparativ
e 
horticultural 
crop panels 

RESULTS AND DISCUSSION 

Across the reviewed literature, a consistent pattern emerges: 
propagation methods that minimize the duration and intensity 
of the dedifferentiated callus phase—such as axillary bud 
micropropagation—are associated with the lowest rates of 
somaclonal variation, while methods relying on extended callus 
or cell suspension phases, including many somatic 
embryogenesis protocols, carry higher variation risk unless 
carefully controlled. This trade-off is not absolute; rather, it can 
be substantially mitigated through combined strategies. 
Molecular marker screening functions as an essential quality-

control layer regardless of the propagation pathway chosen, 
allowing practitioners to detect and discard variant clones 
before they enter commercial production streams. The 
consistently low polymorphism rates (typically 3–6%) reported 
across jojoba, orchid, and mulberry fidelity studies suggest that, 
when protocols are properly optimized and subculture duration 
is limited, high genetic fidelity is achievable even in species 
historically considered variation-prone. 

Cryopreservation adds a further layer of stability by effectively 
removing the temporal dimension from the variation-
accumulation equation: because cryopreserved tissue is 
metabolically inactive, genetic drift associated with repeated 
mitotic divisions during prolonged in vitro maintenance is 
avoided. This makes cryopreservation particularly valuable not 
as a propagation method per se, but as a genetic "insurance" 
strategy for elite germplasm that will later be multiplied through 
micropropagation or somatic embryogenesis. 

The integration of genome editing with regeneration systems 
illustrates a broader trend toward convergence between 
molecular biotechnology and classical regenerative biology. 
Rather than treating tissue culture as a separate, downstream 
step from genetic modification, recent work demonstrates that 
regeneration efficiency itself can be engineered—for example, 
through transient expression of developmental regulator 
genes—thereby shortening the vulnerable culture period during 
which somaclonal variation typically accumulates. This 
convergence suggests that future propagation systems may 
increasingly be designed holistically, optimizing 
simultaneously for multiplication rate, transformation 
compatibility, and genetic stability rather than treating these as 
separate optimization problems. 

CHALLENGES AND LIMITATIONS 

Despite these advances, several challenges persist. First, 
genotype dependency remains a major obstacle: protocols 
optimized for one cultivar or species frequently fail to transfer 
directly to related genotypes, necessitating case-by-case 
optimization that is time- and resource-intensive. Second, 
epigenetic variation, including altered DNA methylation 
patterns, can produce phenotypic instability even when DNA 
sequence-level markers such as RAPD and ISSR indicate 
genetic uniformity, meaning that molecular screening based 
solely on sequence-level markers may not capture the full scope 
of somaclonal variation. Third, cryopreservation protocols, 
while highly effective, require specialized equipment and 
technical expertise that may limit accessibility in resource-
constrained settings, particularly in biodiversity-rich but 
infrastructure-limited regions. Finally, recalcitrant species—
particularly many gymnosperms, legumes, and mature woody 
perennials—continue to present significant barriers to efficient 
regeneration, even with the aid of developmental regulator 
genes and optimized embryogenic culture systems. 
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FUTURE PERSPECTIVES 

Future research in regenerative plant biology is likely to 
emphasize three converging directions. First, the integration of 
high-resolution epigenomic screening alongside conventional 
DNA marker analysis will improve the sensitivity of fidelity 
testing, capturing variation that current RAPD/ISSR-based 
approaches may overlook. Second, continued refinement of 
developmental regulator-assisted regeneration systems, 
combined with genotype-flexible CRISPR delivery platforms, 
holds promise for reducing the genotype dependency that 
currently limits transformation and regeneration efficiency in 
recalcitrant species. Third, expansion of cryobanking 
infrastructure, particularly for underutilized and regionally 
important crop species, will be essential for safeguarding 
genetic resources against the compounding risks of climate 
change, habitat loss, and prolonged in vitro maintenance. 
Collectively, these directions point toward regenerative biology 
systems that are simultaneously faster, more genetically 
reliable, and more broadly applicable across the plant kingdom. 

CONCLUSION 

Innovative regenerative biology strategies—spanning 
optimized micropropagation, somatic embryogenesis, synthetic 
seed technology, cryopreservation, molecular marker-assisted 
fidelity screening, and genome editing-integrated 
regeneration—collectively address the dual imperative of 
propagation efficiency and genetic stability in plants. The 
reviewed literature demonstrates that no single strategy fully 
resolves the trade-off between rapid multiplication and fidelity 
preservation; rather, the most robust outcomes arise from 
combining complementary approaches, such as axillary bud 
propagation paired with molecular fidelity screening, or 
somatic embryogenesis paired with cryogenic backup storage. 
As genome editing technologies continue to mature and become 
integrated with classical tissue culture systems, the field is well 
positioned to develop increasingly efficient, genotype-flexible, 
and genetically reliable propagation platforms for both 
commercial agriculture and biodiversity conservation. 
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