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The peptide-based gene delivery system, mediated by cell-penetrating peptides (CPPs), has been regarded as a
promising non-viral tool for efficient and stable gene transfection into both animal and plant cells. CPPs are short
peptides with diverse sequences and functionalities, capable of agitating plasma membrane and entering cells.
Various basic, amphipathic, cyclic, and branched CPPs were designed, and modifications of functional groups

were performed to enhance DNA interaction and stabilization in transgenesis.

cell-penetrating peptides transgenic plants gene delivery direct membrane translocation

| 1. Introduction

The current trends in crop yield fall short of meeting the demand, as the global requirement for food is projected to
double in the next 30 years . Modern agriculture is facing major global challenges, such as loss of biodiversity,
chemical contamination of soils, plant pests, and diseases [, all of which can directly affect plant health and
productivity. Genetically modified plants and crops provide one of the solutions to increase global food production
with improved gains in yield and resistance to plant diseases or insect pests. Several successful cases of
genetically modified plants have conferred phytoprotection against insects, pests, and pathogens, such as
overexpression of proteinase inhibitor genes from legumes B!, recombinant Bt toxic proteins from soil bacteria
Bacillus thuringiensis 4!, a-amylase inhibitors, and plant lectins . In spite of these successful examples, there is a

need to develop alternative strategies of phytoprotection.

Transgenic plants are defined as plants containing gene modifications and expressing recombinant proteins or
products from foreign genes [&l. The success of transgenic plants depend on favorable methods of gene delivery.
The first transgenic plant was reported in 1983 when an antibiotic-resistant Ti plasmid was delivered into tobacco,
mediated by A. tumefaciens . Subsequently, tremendous gene delivery strategies, such as particle bombardment
(biolistics), were applied in plants. Flourishing developments of biotechnology in exogenous nucleic acid delivery

have brought a great improvement in transgenic plants 2!,

Genetic transformation methods in plants were generally divided into two types: direct and indirect gene delivery
methods &. DNAs or RNAs can be introduced into plants either directly or packaged by specific viruses or bacteria,
then transferred into plants via an indirect method . Additional gene delivery classifications include physical,
chemical, and biological methods (Figure 1) 19 Physical methods, such as microinjection, biolistics,

electroporation, silicon carbide fibers, laser-mediated DNA delivery, sonoporation, hydrodynamic force, etc.,
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facilitate nucleic acids to penetrate cell membrane directly 11, The advantages of physical methods for gene
delivery are plant- and genome-type independence. Large- or small-sized plasmid DNAs can be delivered by these
methods, while DNA transformations in some recalcitrant plants, such as cereals and legumes, are wildly applied
(221 However, the criticisms of physical methods are irreversible tissue damage and integration of genes into host
genomes 19, In microinjection and electroporation methods, plant sample preparations become protoplasts or a

single cell, and this complicated procedure makes the drawback for transgenic plant applications 19,

Physical Methods:
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* Agrobacterium 4 :
— A. Tumefaciens ~ / ‘ ™
— A. Rhizogenes = _
*» Viral vectors Zygotic
* Peptides/Proteins embryos

Figure 1. Methodologies of gene delivery in plants. Various methods including physical, chemical, and biological
manners were applied in gene delivery. Plant cells were prepared as protoplasts for gene uptake. Plant tissues
(callus) and zygotic embryos also served as the transgenic hosts. PEG: polyethylene glycol; DEAE:

diethylaminoethanol.

Polyethylene glycol (PEG)-, diethylaminoethanol (DEAE)-dextran-, calcium phosphate-, dendrimer-, and liposome-
mediated gene transfers were categorized as chemical methods L3l Hygromycin resistance gene was
introduced into the protoplasts of rice, and these transgenic rice plants generated viable seeds 4. The benefits of
liposome-mediated nucleic acids delivery include DNA protection from nuclease digestion, as well as suitability for
multiple types of plant cells, such as protoplasts and plasmodesmata [2!. Calcium phosphate is a cheap and easily
handled DNA delivery method that possesses economic benefits. DNAs are able to interact with positively charged
calcium ions via electrostatics, form precipitates, and enter cells by endocytosis 2. Endocytosis is the major route
for DNA delivery in chemical method-mediated plant transformation X8, However, nucleic acids, which might be

digested in lysosomes, and the limitation on plasmid DNA size reduce the potential of application in transgenic
plants [61L7],
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| 2. Cell-Penetrating Peptides (CPPs)

CPPs are short and membrane-active peptides 8. In general, macromolecules, such as DNAs, RNAs, and
proteins, are impermeable to cell membranes. The cell membrane is a natural barrier to prevent harmful
exogenous or pathological molecules from entering the cell freely, and to maintain the osmotic balance within the
cell. Some functional proteins are able to enter cells via specific receptors or channels, while nucleic acids alone
are generally not 22, Not only can CPPs enter cells by themselves, but also deliver various cargoes, including
nucleic acids, into living cells 29, However, nucleic acids are not the only macromolecules that CPPs are able to
deliver. CPPs also can serve as a Trojan horse, while peptides/proteins 21, nanoparticles 22, pharmaceutical
molecules, and small drugs [29[23124] play the role of Achilles. The selectivity and efficiency of drug/molecules
delivery are significantly improved when CPPs cooperate with liposomes/micelles 2226 Most CPPs have been

shown to be nontoxic, and do not interfere with functionality of the delivered biomacromolecule 27,

There are various interactions between CPPs and their cargoes. CPPs and cargoes can form complexes with
covalent bonds 28, noncovalent interactions 18, and covalent- and noncovalent-synchronous linkages 29, The
potential of bio-membrane penetration in CPPs is amazing. Until now, studies indicated that CPPs were able to
penetrate different targets, including mammalian cells 18 plant cells/tissues [28129[80I[31I[32][33]34][35] ' rodent skin
and intestinal mucosa 21, prokaryotes [B8I37 fungi B8 insect cells 22, paramecia 2%, and rotifers which were
individual organisms containing thick cuticles 1. Recently, different modifications on CPPs, such as D-form amino
acid applications, branches on backbone sequences, cyclic structures alterations, and non-standard amino acid
substitutions were designed to increase their internalization efficiency and stability [181421143144] - Highly cellular
penetration efficiencies and non-cytotoxic properties make CPPs an ideal delivery system for therapeutic drugs,
gene therapies, and transgenic plants [211451[46][47][48]

| 3. Subcellular Targets for Gene Delivery

CPPs have demonstrated remarkable ability to deliver diverse biomacromolecules into various plant species. The
plasmid DNA delivery mediated by CPPs displayed a high potential and efficiency in plant root cells “9 embryos
(591 and leaf cells B without protoplast preparations. Positively charged CPPs possess the abilities to interact with,
condense, and package plasmid DNAs. The combination ratio between CPP and nucleic acid, also called nitrogen
(NH3%)/phosphate (PO,") (N/P) ratio 22 is key to DNA condensation and packaging. It further affects gene delivery
efficiency 4258l An optimal N/P ratio makes CPP/DNA complexes more stable and is able to raise gene delivery
efficiency. A good transgenic efficiency also depends on other factors, such as long-term stability of CPP/DNA
complexes in cytosol, evasion from the endosome-lysosome system, targeted site of gene expression, and DNA
releasing from CPP/DNA complexes [BUB4IB4I55I56] The efficiency of cytoplasmic delivery by the predominant
endosomal pathway is typically very low. A study showed that glutathione-responsive CPPs are able to escape
from endosome entrapment and release DNAs at a higher rate to achieve gene transfer in plants 9. Aside from
efficiency, targeted delivery is also crucial in transgenic plant development B4, Various DNA plasmids were

designed and applied to the genes that were successfully achieved for development of transgenic plants (Table 1).
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The researchers discussed three major subcellular targets for CPP/DNA complex delivery: nucleus, plastids, and

mitochondria.

Table 1. List of various genes applied in transgenic plants.

32{2’:&2 Genes Targets References
Proteinase inhibitor genes Tobacco =l
Recombinant Bt toxic proteins Vigna ungiguiculata [415]
Non-CPP- a-Amylase inhibitors, plant lectins Adzuki bean 5
based gene
delivery Antibiotic-resistant Ti plasmid Tobacco 7]
(A. tumefaciens mediated transfection)
Hygromycin resistance gene Protoplasts of rice [14]
CPP-based : Leaves of A. 130]
gene p35S-RLuc-tNOS and p35S-GFP-tNOS plasmids thaliana
delivery
p35S-Nluc-tNOS or p35S-GFP-tNOS plasmid o (341
thaliana
Roots of mung [49]

pHBT-sGFP(S65T)-NOS plasmid bean andlsoybean

psbAp:GFP:SPECr:psbAt At plastid genome integration Seedlings and
vector, cox2p: GFP:SPECr:cox2t At mitochondrial genome leaves of A. (58]
integration vector, and cox2t:SPECr:GFP:cox2p Nt thaliana or N.
mitochondrial genome integration vector tabacum
PsbA-SPECr-sGFP-psbA, Prrn-aadA-sfGFP-Trps, PsbA- Leaves of A. 59]
SPECr-sGFP-psbA, and Prrn-aadA-sfGFP-Trps thaliana
DONR-cox2:rluc and pDONR-cox2:gfp plasmids Leaves of A, (54]
P ' P 9P P thaliana
pAct-1GUS plasmid Wheat immature (591
embryos
pPrr::GFP(S65T)::TpsbA, pPrrn::DsRed::TpsbA, and Leaves of A. [56]
pPpsbA::Rluc plasmids thaliana
Leaves of N. 57]

psfGN155-MxMT and psfGC155-MxMT plasmids benthamiana

pBI221, pBI121, and pPpsbA::Rluc plasmids Leaves of 501
Arabidopsis,
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3212’35); Genes Targets References
) soybean, and
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signal are recognized by importin, and are transported into nucleus through the classical nuclear import pathway
61 MPG, a chimeric CPP composed of HIV glycoprotein 41 and SV40 T antigen, is an example of NLS. NLS
enters nucleus not only by itself but also with its cargoes 2. According to the chemical and physical properties of
NLS, it is considered a cationic peptide [23. However, many studies suggested this NLS to be categorized as an
amphipathic peptide, because its primary sequence contains both cationic and hydrophobic residues 4262],
Fagerlund et al. suggested that lysine/arginine-rich NLS on signal transducers and activators of transcription 1
(STAT1) homodimer proteins and STAT1-STAT2 heterodimer proteins is key to both DNA binding and importin
interaction 831, Mutations of the conserved arginine/lysine-rich portions were able to prohibit nuclear import.
Furthermore, R9-based CPPs (without NLS) affirmed the principal role of arginine in nuclear entry (6463l Both R9-
green fluorescent protein (GFP) and NLS-R9-GFP displayed nuclear targeting in mung bean roots 42, SR9 and
PR9 entered cells via multiple pathways and classical endocytosis, respectively 28 However, they all escaped
from the endosome-lysosome system and entered nuclei 62, Recent data studied by Kurnaeva et al.
demonstrated that arginine residues are much more critical than lysines in NLS actions 68l Therefore, NLS-tagged
CPPs or arginine-rich CPPs play an important role in the nucleus delivery of nucleic acids, and their nuclear

targeting abilities dramatically increase successful results in transgenic plants.

3.2. Chloroplasts (Plastids)

Chloroplasts (a.k.a., plastids in plants) contain their own genomes and are the core components for
photosynthesis. According to the membrane structure, plastids are divided into two groups: primary and secondary
plastids (7. Primary plastids are found in most algae and plants, while plankton typically belongs to the category of
secondary plastid organisms. Plastid genomes are essential, as genes in plastids regulate not only metabolism of
photosynthesis, but also energy transfer and storage (68l Plastids also influence the expression of nuclear genes
via plastid-to-nucleus signaling pathways, which regulate plastidic and extraplastidic processes to cope with

environmental changes [68],

In recent years, transgenic plastids are gaining more attraction in biotechnology for the following reasons: (1) the
genome in plastids is smaller than chromosomes in nuclei, only contains about 150 kb in molecular mass, and is
easily manufactured by humans [©2: (2) a mature chloroplast contains a high copy number of circular double-
stranded DNA, which is able to produce large amounts of recombinant proteins, which is very important for vaccine
or economic production Z9: and (3) plastids are the maternal inheritance in most plant species. Plastid genetic
engineering, such as in transplastomic plants, manipulates organellar DNA without changing the nuclear genes.
Extranuclear genetic engineering prevents genetic pollution from the nucleus and protects wild-type plants or

relative wild species 4],
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Macromolecules tagged with a specific signal are essential for organelle-targeted delivery. Chloroplast transit
peptides (CTPs, a.k.a. chloroplast-targeting peptides) are special peptides containing 33—35% hydrophobic, 22—
23% hydroxylated, and 14-15% positively charged amino acids 2. Shen et al. indicated that the most efficient
CTPs in rice is RC2, and its sequence also follows the similar percentage of hydrophobic, hydroxylated, and
cationic residues 8. Thagun et al. successfully combined plasmid DNA, CTP (KHg-AtOEP34) B8l and CPP
(BP100) 24! as a complex system to deliver DNAs into chloroplasts 8. Further, they used the above complexes as
nanocarriers, transfecting the plasmid DNA into chloroplasts after spraying on leaf surfaces [, The CTP/DNA
complexes were transported from the extracellular space to the chloroplast stroma in Arabidopsis leaves B, These
studies on the CPP(CTP)/DNA complex system dramatically enhanced the transgenesis without protoplast

preparations nor callus formations, and provided a useful tool for rapid and effective plastids engineering in plants.

3.3. Mitochondria

Mitochondrion is another valuable target in plant genetic modification. Mitochondria are the energy-producing
organelles that contain the plasma membrane-like double membranes, their own genome (i.e., mitochondrial DNA,;
mtDNA), and a transcription-translation system 4. mtDNA is a small and circular double-stranded DNA, similar to
a plasmid DNA. This characteristic challenges scientists studying mtDNA modifications 4. However, many factors,
such as low transgenic efficiency, poor cytosolic entry, complicated preparation protocols, high mobility of
mitochondria, and a limited number of cargo types, remain to be resolved before gene delivery into the

mitochondria of plant cells can be widely used [241(53],

Foreign DNAs or cargoes tagged with mitochondrial targeting sequence (MTS) have a higher chance to be
transported to mitochondria 24, MTS, like CTP, is a short peptide signal, which is recognized by mitochondrial
outer membrane receptor complex and interacts with components in mitochondrial protein import pathway 2. The
exciting mitochondrial transgenic results were first published by Chuah et al. B4 They fused MTS with cationic
lysine/histidine repeat residues ((KH)g), becoming the fused peptide MTPyy, and this MTPyxy formed complexes
with CPPs (BP100). CPP/plasmid DNA complexes penetrated plasma membrane through CPPs, while
MTPn/DNA complexes were found to be localized into mitochondria 24!, The Renilla luciferase gene expression in
mitochondria of A. thaliana illustrated that CPP-mediated gene delivery can be applied in mitochondrial transgenic
engineering 4. Recently, Xiao et al. developed two novel cell-penetrating mitochondrial-targeting Mito"-i9and
ligands (miniCPM3 and SeSe-TPP) that contain 2~3 hydrophobic aromatic amino acids and 3~4 arginine residues
(241 This ligand design included the MTS conserved sequence, a hydrophobic-, and a cationic-rich amphipathic
helix /3. They found that Mito-92"d_delivered cargoes were predominantly localized inside mitochondria after
cellular uptake and endosomal escape 24, Artificial peptide (LURL); was another novel cell-penetrating MTS that
demonstrates the importance of hydrophobicity and helicity for mitochondrial localization B2, Together, these
effective peptide-based methods provide a starting point for the development of more sophisticated plant

mitochondrial transfection strategies.
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