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Abstract: In many tropical countries with agriculture as the mainstay of the economy, tropical crops
are commonly cultivated at the plantation scale. The successful establishment of crop plantations
depends on the availability of a large quantity of elite seedling plants. Many plantation companies
establish plant tissue culture laboratories to supply planting materials for their plantations and one
of the most common applications of plant tissue culture is the mass propagation of true-to-type elite
seedlings. However, problems encountered in tissue culture technology prevent its applications
being widely adopted. Proteomics can be a powerful tool for use in the analysis of cultures, and to
understand the biological processes that takes place at the cellular and molecular levels in order to
address these problems. This mini review presents the tissue culture technologies commonly used in
the propagation of tropical crops. It provides an outline of some the genes and proteins isolated that
are associated with somatic embryogenesis and the use of proteomic technology in analysing tissue
culture samples and processes in tropical crops.
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1. Introduction

It is anticipated that, by 2050, the population in the tropics will reach 50% of the world’s
population [1]. This population increase will pose a threat to the available resources, including
food for consumption. Tropical crop production, therefore, needs to be increased to cater to the
burgeoning demand. This can be accomplished with effective crop improvement strategies. Plant
tissue culture is one such crop improvement strategy, which has been widely adopted not only for
mass propagation of elite planting materials, but to capture maximum yield potential for field planting.

Plant tissue culture is an important tool in plant biology that has been widely used for basic
and applied research. Most plant cells display developmental plasticity, i.e., with the capability
to dedifferentiate, redifferentiate, and regenerate into a whole plant, known as totipotency. Plant
researchers recognise this attribute to be a useful feature in using plants as a model organism for
studying biological, biochemical, physiology, and molecular mechanisms in living systems [2]. More
recently, Sugimoto et al. [3] suggested that the totipotency of plant cells might not be applicable to
all plant cells, but restricted only to a group of stem cells. These plant stem cells are widely found
in plants due to their presence in the vascular systems, specifically the pericycle region. This could
account for why regeneration in plant tissue culture is more amenable in dicotylenous compare to
monocotyledous plants.

There are many advantages associated with plant tissue culture compared with conventional
plant propagation [4]. In plant tissue culture, optimal growth and physical conditions are provided
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in order to maximise growth parameters of the plants for divisions and multiplications. Therefore,
through in vitro clonal micropropagation, the maximum yield potential of the plant can be captured
by mass multiplication of selected elite plants as planting materials. This strategy has been practiced in
the production of many tropical field crops, including oil palm [5], banana [6], pineapple [7], rubber [8],
and tropical fruit trees [9].

Even though commercial plant tissue culture laboratories have been established to supply elite
field planting materials for many years, there are hurdles that needed to be overcome in order to
implement the technology successfully. Some of the main challenges facing mass micropropagation
are genotype-dependant, somaclonal variations and the low conversion rate of tissue culture materials
from explants to plantlets. As a result, large economic losses have been incurred in the form of labour,
resources, and time.

Several molecular tools have been used in an attempt to unravel the biological and
molecular mechanisms underlying the regeneration competency in plant tissue culture samples [10].
The emergence of proteomic technology provides us with a powerful tool to investigate the proteins,
which are the gene products that are directly associated with the phenotypic traits under study. In this
mini review, we provide a glimpse of the use of proteomic technologies to address challenges faced in
the tissue culture of tropical crops.

2. Tissue Culture in Tropical Crops

With the onset of modern agriculture, many tropical crops with lucrative potential, such as oil
palm, rubber, coffee, banana, pepper, cocoa, and pineapple, were planted at the large-scale in the field.
This has resulted in a significant demand for high-quality planting materials in order to boost the yield
at harvest. Planting materials supplied through the route of tissue culture serve as a viable alternative
for the establishment of tropical crop plantations. Therefore, many commercial plant tissue culture
laboratories have been established.

Plant tissue culture for the mass production of planting materials can be carried out in several
ways. Explant materials from various plant parts, including leaf, stem, root, shoot, meristem, hypocotyl,
cotyledon, embryo, pollen, and flower, can be used as starting materials for clonal multiplication under
in vitro aseptic conditions [10]. Normally, differentiated somatic cells are involved, hence the term
somatic embryogenesis. Micropropagation by somatic embryogenesis can be accomplished through
direct or indirect routes. The direct route involves the growth of adventitious shoots or roots directly
from the differentiated tissues. Usually, only a few clonal plants can be obtained through the direct
method. Therefore, the direct method is not commonly adopted for commercial mass propagation
even though this method has been known to produce plants that are genetically more stable. Somatic
embryogenesis via the indirect route is the generally preferred tissue culture process for commercial
tissue culture laboratories as this method has significant potential to produce hundreds of thousands
of somatic embryos with the use of a small number of starting explant materials.

The indirect route of somatic embryogenesis usually involves an initial dedifferentiation of
explants into the callus phase. The callus may or may not develop further into embryos depending on
the embryogenic competence acquired by the callus [11]. The induction of callus and its subsequent
conversion into embryos has been linked with endogenous and exogenous auxin. The application of
the auxin analogue, 2,4-dichlorophenoxyacetic acid (2,4-D), has been known to trigger plant cells to
proliferate into undifferentiated cells [12], however, the conversion of the callus into embryos requires it
to be grown in hormone free medium. Callus induction was reported to have involved the termination
of the current gene expression in the explant tissue, which was then replaced by an embryogenic gene
expression programme [13]. The current gene expression may be downregulated by DNA methylation,
influenced by the plant hormone auxins [14], which would explain the role of auxin in the process of
somatic embryogenesis.

The understanding of the developmental trajectory of somatic embryos from explants will help
us address some of the challenges faced by commercial tissue culture laboratories for the large-scale
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production of elite planting materials. To this end, many researchers have attempted to use genome
information to isolate gene sequences associated with plant embryogenesis.

3. Regulatory Genes in Somatic Embryogenesis

Several genes involved in regulating somatic embryogenesis have been isolated. Most of the work
has been carried out using the model plant species, Arabidopsis thaliana (Figure 1—[15]). Although the
genome sequence of Arabidopsis differs from crop genomes, the gene catalogue provides a valuable
resource for orthogonal gene comparison and studies with other crop species. Studies found that
LEAFY COTYLEDON1 (LEC1) and LEC2 are genes involved with one of the key pathways in somatic
embryogenesis [16]. Overexpression of LEC genes trigger the upregulation of YUCCA (YUC) genes,
which, in turn, leads to an increase in the endogenous levels of auxin in Arabidopsis [17]. Using auxin
polar transport inhibitors, Liu et al. [18] has shown that auxin is involved in embryo morphogenesis.
Other genes involved in somatic embryogenesis are SOMATIC EMBRYOGENENSIS RECEPTOR
KINASE (SERK) [19], BABY BOOM (BBM) [20], and WUSCHEL-RELATED HOMEOBOX (WOX) [21].
The use of information at the genome level has allowed the elucidation of certain functions in the cells.
However, several studies revealed that the levels of transcripts and proteins often do not correlate
well [22]. Therefore, the use of proteomic technology to elucidate cellular and molecular mechanisms
underlying important processes, such as somatic embryogenesis, is essential.
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4. The Development of Proteomic Technology in Crops

The word “proteome” is derived from PROTEins expressed by a genOME. Proteomics is the
characterization of the entire protein complement expressed by a genome of a given organism [23].
The proteome is the time- and cell-specific protein complement of genome in a cell at any given time. It
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is the large-scale study of protein properties, such as expression, modification, and interaction, to gain
an overview of cellular processes at the protein level.

Since proteins are the gene products of the cells, they provide a better representation of the
linkage to the phenotypic traits of the organism. Proteomics reveals cellular functions at the level of
the cell, organ, tissue, and organism, which enables a more in-depth study of molecular and biological
processes to be accomplished.

The most intensive studies of proteomics have been performed on the model plant species
Arabidopsis thaliana and rice, particularly after the publication of the genome sequence drafts of
Arabidopsis [24] and rice [25,26] in 2000 and 2002, respectively. This is because genomic information
facilitates protein identification. Similarly, with increasing genomic DNA and EST sequencing data
deposited into public domain databases, increasing the number of crops studied using proteomic
approaches, for example, maize [27], wheat [28], barley [29,30], soy bean [31], chickpea [32], and date
palm [33].

With the advancements of proteomic approaches, there are many dimensions of studies that can
be accomplished by using the techniques that have been developed. In general, proteomics can be
subdivided into different areas, including descriptive proteomics, differential expression proteomics,
posttranslational modification, interactomics, and proteinomics [34]. The proteomic techniques can be
further categorized into gel-based and gel-free proteomics.

The most common gel-based technique used in a proteomic laboratory is two-dimensional gel
electrophoresis (2-DE) developed in the mid-1970s [35]. This technique is popular because it is
relatively easy and inexpensive to set up. 2-DE approaches have been reported to be one of the most
powerful tools for protein profiling to visualize isoforms that results from charged posttranslational
modifications [36]. However, conventional 2-DE techniques have the limitation of gel-to-gel variations
which may introduce technical errors to the results. Differential gel electrophoresis (DIGE) technology
developed in the early 2000s [37–39] has helped to mitigate this shortcoming. DIGE is normally used
for comparative proteomic studies, although it has protein co-migration problems. More recently,
the development of 3-D gel separation is reported to have helped to reduce this co-migration issue [40].

In addition, 2DE has other limitations such as quantitative reproducibility, poor detection of
certain proteins, including low-abundance proteins, acidic or basic proteins, hydrophobic proteins,
or proteins with extreme sizes. The development of gel-free proteomics, therefore, provides an
alternative to more accurately quantitate protein and enable deeper explorations of complex proteins.
One of the main attractions of the gel-free proteomic approach is the number of proteins that can
be identified. It has been reported that over 12,000 proteins have been identified in different organs
of Arabidopsis [41] using gel-free proteomic approaches, compared with 4000 identified proteins in
rice using gel-based approaches [42]. The high number of identified proteins in the gel-free approach
implies a wider coverage of proteins being identified which could include the low-abundance proteins.
Therefore, more recent proteomic studies in crops, such as wheat [43,44] and soy beans [45,46], have
adopted gel-free proteomic approaches.

Both the gel-based and gel-free approaches use mass spectrometry for protein identification.
Proteomic technologies have made a big leap with the discovery of protein ionisation methods, notably
the electrospray ionisation (ESI) and matrix-assisted laser desorption/ionization (MALDI) techniques
in mass spectrometry, which enable proteins to be identified. Mass spectrometry (MS)-based proteomics
can be used for protein profiling, protein identification, and quantification, as well as analysis of protein
modifications and interactions [47].

5. Proteomics in Somatic Embryogenesis

The current progress in the field of proteomics provides a concrete platform to study the molecular
changes occurring in somatic embryogenesis in plants. 2DE has been applied in somatic embryogenesis
studies in carrot [48], cichorium [49], Vitis [50], Cupressus sempervirens [51], and Cyclamen persicum
Mill [52].
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Three major somatic embryogenesis-related proteins have been identified in cichorium as
pathogenesis-related (PR) proteins [49]. Using embryogenic and non-embryogenic cichorium ‘474’
cell lines, the study showed that an increase in protein level of up to eight-fold was observed in the
embryogenic cells compared to the non-embryogenic cells. The proteins associated with somatic
embryogenesis were identified to be β-1,3-glucanase, chitinase, and osmotin-like proteins. Since all
three proteins are known to be related to stress, it implies that these proteins could perform multiple
roles in the cells, including cell development.

In a study on Picea glauca, a total of 48 differentially-expressed proteins were identified across four
stages of somatic embryo development [53]. The differential protein abundance could be detected as
early as seven days post embryo development using 2DE coupled with MS/MS proteomic technology.
The most abundant protein was found to be the storage protein vicilin, which has similarly been found
to be the most abundant polypeptide found in zygotic protein [54]. The other significant protein found
in association with somatic embryo development is enolase, which has shown to be induced during
anaerobiosis in maize [55].

Proteomic analysis has been used to study the induction of somatic embryos in Medicago truncatula
culture grown in P4 media supplemented with 6-Benzylaminopurine and 1-Naphthaleneacetic
acid [56]. A total of 54 differentially-abundant proteins were found, however, only 16 proteins
were identified. The results showed that Rubisco small chain proteins gradually decreased over the
growth period of the cultured tissue, suggesting their possible role as markers for tissue differentiation
and proliferation. Other important proteins identified were Thioredoxin H protein, which is associated
with early development of somatic embryogenesis and 1-Cys Peroxiredoxin, which plays a role in
late embryogenesis. In another similar study by Jong et al. [57] on Medicago truncatula protoplast
proliferations, a total of 886 protein spots with differential abundance were detected, out of which,
89 proteins were identified. The majority of the proteins were categorized under the main cellular
processes such as energy metabolism, defence, or stress responses, secondary metabolism and protein
synthesis, suggesting that protoplast proliferation involves cellular reorganizations.

A proteomic analysis was carried out on various developmental stages of somatic embryos in
Cyclamen persicum Mill by Bian et al. [52]. The study found 35 differential protein spots with 10 protein
spots identified. Examples of the identified proteins are the proteasome subunit and triosephosphate
isomerase. The proteasome subunit has reported to be closely related to cell proliferation processes [58]
and is involved in early somatic embryo development in Picea glauca [53]. Triosephosphate isomerase
was found to be involved in sugar metabolism and is one of the key regulatory enzymes involved in
glycolysis and the tricarboxylic acid cycle [59].

With the development of gel-free proteomic technology, more proteins associated with somatic
embryogenesis have been detected and identified. An extensive review on the use of gel-free
proteomics to study somatic embryogenesis has been provided by Heringer et al. [60]. The somatic
embryogenesis-related proteins were classified into different groups. For example, stress and
detoxification is one of the groups that is associated with somatic embryos development because
the developmental process involves genetic reprogramming, cell dedifferentiation, and maintenance
of cellular homeostasis.

6. Application of Proteomics in Tissue Culture of Tropical Crops

The incorporation of high-throughput “-omics” technologies, principally genomics, transcriptomics,
proteomics, and metabolomics, has facilitated the discovery pathways for the functionality of genes
in a systematic manner. Proteomics provides a platform towards understanding cellular functions
at the level of cells, organs, tissues, and organisms. Proteomics is a promising approach that can
complement and relate to transcriptomics and metabolomics [61]. This approach has become one of
the main technologies chosen by plant researchers to unravel the fundamental and molecular levels of
cells in order to characterize plant subspecies, and to identify putative molecular markers to aid in crop
breeding programs [62].
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The most intensive proteomic studies have been conducted using the model plant species
Arabidopsis thaliana and rice, which is reflected in the highest number of publications found in proteomic
related references. Publications of plant proteome research increased steeply after the completion of
the genome sequence of Arabidopsis [24] and rice [25]. Today, many plant biologists have adopted
proteomic technology in their research studies, which have extended to non-model plant species, such
as food crops [62].

Proteomics can be used to investigate many biological processes in crops. Since tissue culture
technology plays an important role in plant breeding programmes, the technology has been widely
adopted by plantation research companies. However, there are still hurdles which impede the progress
of tissue culture technology. For example, some of the problems in dire need of attention include
the genotypically-dependent nature of the culture, a low conversion rate of embryogenic competent
tissue, and heterogeneity of the culture samples. Proteomic technology serves as a promising tool
to unravel biological processes and molecular mechanisms in the plants down to the cellular level.
This will help researchers to better predict the outcomes should any biological problems arise. The use
of proteomic tools, therefore, have been adopted in the tissue culture of tropical crops studies (Table 1).
Nevertheless, most of the studies focussed on somatic embryogenesis for use in mass propagation of
clonal planting materials due to its potential in meeting the industrial requirements.

Table 1. Applications of proteomic technology in tissue culture of tropical crops.

Scientific Name
(Common Name) Explants Micropropagation

Methods
Proteomic

Techniques References

Coffea arabica (coffee) Leaf SE Q Exactive
Orbitrap MS [63]

Cyphomandra betacea
(tamarillo) Leaf SE LC MS/MS [64]

Elaeis guineensis
(oil palm)

(a) Leaf
(b) Zygotic

embryos
SE 2-DE & MALDI

ToF MS/MS [65,66]

Manihot esculenta
(cassava)

Green cotyledons
of somatic
Embryos

SE 2-DE/MALDI-MSMS [67]

Musa spp. (banana) Immature male
flower buds SE 2-DE & MALDI-Tof

MS [68]

Persea americana
(avocado)

Immature zygotic
embryos SE 2D-DIGE [69]

Phoenix dactylifera
(date palm) Embryos SE 2-DE & MALDI-Tof

MS/MS [70]

Saccharum spp.
(sugarcane)

nodal segments
with axillary buds SE ESI-QTOF HDMS [71]

Theobroma cacao
(cocoa)

(a) Flower, zygotic
embryos

(b) Zygotic
embryos

SE

(a) 2DE and
nano-LC-MS
(b) 2DE and

EASY-nLC coupled
with Micro-ToF-Q

[72,73]

Vanilla planifolia
(vanilla)

nodal segments
with axillary buds OG 2DE and MALDI

Tof/Tof/MS [74]

Most proteomics studies have involved the initial conversion of explants to proembrogenic callus
or embrogenic callus in somatic embryogenesis. This is because the initial phase is the critical stage to
screen for non-embrogenic calli to be discarded so that resources, such as labour and culture media,
can be saved. It is interesting to note that the proteins involved in the induction of embryogenic calli
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at the initial stage of somatic embryogenesis for most of the tropical crop species studied have been
associated with glycolysis, stress, or defence mechanisms (Table 2). Starch is essential for initial embryo
development and it is synthesised through glycolysis. The exhibition of oxidative stress in in vitro
culture has been documented [75] and plants generally have defence mechanisms against reactive
oxygen species (ROS) in order to overcome oxidative stress during the culturing process.

Table 2. Proteins involved in the early embryogenic callus formation in somatic embryogenesis.

Plant Type Protein Cellular Functions References

Cyphomandra betacea
(tamarillo)

fructokinase glycolysis

[64]
Pathogenesis-related

proteins Stress association

Heat shock 70 kDa Stress association

enolase glycolysis

Elaeis guineensis
(oil palm)

triosephosphate
isomerase glycolysis

[65]L- ascorbate peroxidase Defence response

superoxide dismutase defence response

Elaeis guineensis
(oil palm)

type IIIa membrane
protein cp-wap13

cell wall degradation,
loosening and
biosynthesis

[66]fructokinase glycolysis

PR proteins (peroxidase
and glutathione
S-transferase)

Stress association

Musa spp. (banana)

indole-3-pyruvate
monooxygenase Auxin synthesis

[68]

adenylate
isopentenyltransferase Cytokinin synthesis

Acyl-acyl-carrier-protein
desaturase fatty acid biosynthesis

pectinesterase inhibitor Inhibit pectin
accumulation

Caffeoyl-CoA
O-methyltransferase lignin biosynthesis

Persea americana
(avocado)

superoxide dismutase Defence response

[69]Heat shock 70 kDa Stress association

Glutathione S-transferase Detoxification process

Theobroma cacao (cocoa)

β-1,3 glucanases Stress association

[72]chitinase Stress association

osmotin-like protein Stress association

7. Conclusions

Proteomics serve as a promising platform for researchers to study total proteins at the global
cell level. The information derived from proteomics will help us to uncover many complex questions
underlying biological processes in the cell. Since plant tissue culture involves the manipulation of cells
or tissues under in vitro conditions, proteomics serves as an effective tool to be used in addressing
the questions of cell growth and division. As can be seen in the elucidation of some protein species
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associated with the initial formation of embryogenic calli, such information would enable us to make
more accurate predictions about the fate of the cells undergoing tissue culture.

Despite great promise being brought about by proteomic technology, the technique is not widely
adopted in the improvement programs of tropical crops. This could be due to the dynamic range
of proteins that make it difficult to be used as an effective application tool, for example, as potential
biomarkers. In addition, protein is an unstable macromolecule which is, therefore, not practical to
handle in bulk.

Nevertheless, as the field of proteomic technologies advances, the sensitivity of protein detection
will be enhanced. This has been seen in the use of gel free proteomic approaches. Even though the
use of such an approach is currently not widely adopted due to the prohibiting cost of setting up the
facilities and the high operating cost, it is hoped that, over time, the cost will eventually come down
to allow more researchers to gain access to the technology. We believe that this would open up new
avenues for us to solve more complex challenges encountered in tissue culture.
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