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Abstract  Agricultural crops are susceptible to 
many diseases caused by various pathogens, such as 
viruses, bacteria and fungi. This paper reviews the 
general principles of plant protection against patho-
gens, as well as the role of iron and antimicrobial pep-
tide metabolism in plant immunity. The article high-
lights the principles of antibacterial, fungicidal and 
antiviral action of lactoferrin, a mammalian secre-
tory glycoprotein, and lactoferrin peptides, and their 
role in protecting plants from phytopathogens. This 
review offers a comprehensive analysis and shows 
potential prospects of using the lactoferrin gene to 
enhance plant resistance to various phytopathogens, 
as well as the advantages of this biotechnological 
approach over existing methods of protecting plants 
against various diseases.
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Introduction

Growth of the global population triggers a significant 
rise in demand for agricultural products and cultiva-
tion of crops. However, since prehistoric times until 
nowadays, mankind has been suffering from large-
scale yield losses (Cerda et  al. 2017; Savary et  al. 
2012; Teng et  al. 1984; Chaloner et  al. 2021; Peng 
et al. 2021). Plant crops are susceptible to numerous 
diseases caused by various pathogens from viruses 
and viroids to bacteria, fungi and protozoa. Plant dis-
eases can cause both mild symptoms and large-scale 
yield losses; furthermore, due to the accumulation of 
toxins, phytopathogenic microorganisms shorten the 
shelf life of food products and deteriorate their nutri-
tional value (Shuping et al. 2017). The spread of phy-
topathogens is difficult to control due to their ability 
to rapidly mutate and the emergence of new highly 
virulent strains. The emergence of highly variable 
genotypes of phytopathogens is facilitated by a high 
planting density and genetic homogeneity of crops 
grown in large areas. Low selective pressure pro-
motes the growth of genetic variability of the path-
ogen, which can lead to infecting of the same plant 
with different genotypes of a certain pathogen and 
increase the virulence of microorganisms competing 
for a limited source. In addition, the globalization of 
the world economy and climate change are contrib-
uting to the spread of pathogens to new territories 
(McDonald et al. 2016).
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To counteract the challenge, classical methods of 
crop protection, such as crop rotation or chemical 
protection with pesticides could be applied. Besides, 
plant breeding methods allow to create the plant cul-
tivars resistant to several diseases, as well as the post-
harvest protection could also be applied. However, 
the classical methods of plant protection are usually 
inefficient due to the high genetic variability of patho-
gens (McDonald et  al. 2016; Garfinkel et  al. 2019). 
The intensive development of biotechnology over the 
last three decades opens up promising opportunities 
for increasing the resistance of agricultural plants to 
phytopathogens. Plant biotechnology offers a pow-
erful strategy which may ensure the availability and 
high quality of food for the whole twenty-first cen-
tury. Genetic engineering of plants, including gene 
editing as an alternative to breeding and the use of 
pesticides, could provide a comprehensive long term 
protection of crops against bacterial, fungal and viral 
phytopathogens. The transfer of genes encoding anti-
microbial proteins into plant genomes is a promising 
means of protecting plants from various diseases. 
Such genetic engineering approach is considered 
potentially safe for the environment and human health 
(Bruce et  al. 2012; Ceasar and Ignacimuthu 2012; 
Grant et  al. 2013; Owen et  al. 2010; Razzaq et  al. 
2021; Varshney et al. 2021).

Lactoferrin is a well-studied mammalian iron-
binding protein with strong antimicrobial and immu-
nomodulatory activity and low allergenicity. Due to 
the diverse beneficial properties of this protein, the 
expression and production of recombinant lactofer-
rin in the genomes of agricultural plants can be useful 
for various pharmaceutical applications, biological 
enrichment of products (Adleranova et al. 2008; Lak-
shman et al. 2013; Stefanova et al. 2008; Tanasienko 
et  al. 2011; Yemets et  al. 2014), as well as for pro-
tection of plants from various pathogens (Buziashvili 
et  al. 2020a, 2020b; Chahardoli et  al. 2018; Fukuta 
et al. 2012; Han et al. 2012; Lee et al. 2002; Malnoy 
et  al. 2003; Mitra and Zhang 1994; Nguyen et  al. 
2011; Stefanova et  al. 2013a, b; Takase et  al. 2005; 
Zhang et al. 1998). This article discusses the general 
principles of plant protection strategies against path-
ogens, as well as the role of iron and antimicrobial 
peptide (AMP) metabolism in plant immunity. Exam-
ples of successful application of the lactoferrin gene 
to transform different plant species and increase their 
resistance to diseases, as well as the challenges and 

opportunities associated with the use of lactoferrin 
for crop protection, are also discussed.

The plant immune response and plant defense 
mechanisms against diseases

Most plants require solid (soil) and gaseous (atmos-
phere) environments simultaneously, in which they 
are exposed to various biotic and abiotic factors. The 
average density of bacterial cells in the soil is 108/g−1, 
apart from fungi, nematodes and other pathogens. 
Thus, a strong immune system is required to pro-
tect plants against various biotic and abiotic stresses 
(Raynaud et  al. 2014). Unlike animals, plants lack 
mobile immune cells and adaptive immunity. Instead, 
they rely on the innate immune system (Han 2019; 
Jones and Dangl 2006; Zhang et al. 2020).

In general, the plant immune response can be 
characterized by an accurate ‘zig-zag’ scheme pro-
posed by Jones and Dangl (2006). According to this 
scheme, the first stage of an immune response begins 
with the recognition of conserved macromolecular 
complexes named Pathogen-Associated Molecular 
Patterns (PAMPs) by transmembrane Pattern Rec-
ognition Receptors (PRRs), which also recognize 
the molecules emanating from the sites of damage 
(Damage-Associated Molecular Patterns (DAMPs)) 
(Andersen et al. 2018; Henry et al. 2013; Zhang et al. 
2020). Receptors transmit the signal through molecu-
lar cascades leading to the expression of Pathogene-
sis-Related (PR) genes. This reaction, called PAMP-
Triggered Immunity (PTI), may be sufficient to stop 
the colonization of plant cells by pathogens. In stage 
2, called Effector-Triggered Susceptibility (ETS), the 
pathogen produces effectors that interfere with the PR 
genes and can spread around the site of infection and 
feed on its tissues making the plant susceptible to a 
disease. In stage 3, the effector molecules of the path-
ogen are recognized by internal receptors of the host, 
such as receptors with Nucleotide-Binding domains 
and Leucine-Rich Repeats (NB-LRR), which leads 
to Effector-Triggered Immunity (ETI). Receptors 
that recognize pathogen effectors are encoded by 
R(resistance)-genes. The Effector-Triggered Immu-
nity is an enhanced version of the PTI response that 
often results in a hypersensitivity response and a pro-
grammed cell death in infected tissues. As in stage 1, 
this reaction may be sufficient to provide resistance. 
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In stage 4, the pathogen avoids ETI, surpassing the 
receptors for pathogen recognition or acquiring addi-
tional effectors, which leads to the emergence of new 
R-alleles (Jones and Dangl 2006).

The mechanisms of Effector-Triggered Immunity 
can be more meticulously explained by the gene-for-
gene model which describes the interaction between 
the single dominant avirulence genes of the pathogen 
(Avr) and plant R-genes (Rao et  al. 2021). Recogni-
tion of pathogen effectors by R-proteins leads to an 
incompatible interaction and disease resistance. If 
such recognition doesn’t occur (e.g., due to the lack 
of appropriate R-genes), the interaction becomes 
compatible, the pathogen is virulent, and the plant is 
called susceptible. R-gene expression as a result of 
ETI often leads to a Hypersensitive Response (HR) 
(Rao et al. 2021).

The plant protection mechanisms may vary 
depending on the pathogen infection strategy. 
According to the infection strategy, plant pathogens 
can be identified as biotrophs, hemibiotrophs and 
necrotrophs. Pathogens of the first group (biotrophs) 
feed and reproduce themselves on living tissues; 
necrotrophs kill the host and consume organic matter; 
in the early stages of infection, hemibiotrophs feed 
on living tissues, but later the host dies. It is impor-
tant to note that most bacterial plant pathogens such 
as Ralstonia solanacearum, Clavibacter michiganen-
sis, Pseudomonas syringae, Erwinia amylovora, are 
commonly referred to as biotrophs or hemibiotrophs 
(Jacobs et  al. 2013; Mas Muniroh 2018; Kraepiel 
and Barny 2016; Emeriewen et  al. 2019), whereas 
fungal pathogens, e.g. Fusarium sp., Rhizoctonia 
solani, Botrytis cinerea, Phytophthora infestans, etc. 
are known as necrotrophs or hemibiotrophs (Abdel-
ghany et al. 2022; Boddy 2016; Rauwane et al. 2020; 
Nowicki et al. 2011). Plant immune responses differ 
for each of these groups (Glazebrook et  al. 2005). 
Plants infected by biotrophs or hemibiotrophs develop 
a Hypersensitive Response (HR) which leads to the 
production of Reactive Oxygen Species (ROS), oxi-
dative burst and apoptosis. These reactions usually 
inhibit the reproduction of biotrophic and hemibio-
trophic pathogens and lead to Systemic Acquired 
Resistance (SAR). The hypersensitive response is 
mediated by salicylic acid (SA) (Conrath 2006; Dur-
rant et  al. 2004; Vlot et  al. 2020). In contrast, the 
protective strategies against necrotrophs include cell 
wall modification, wax synthesis, and production of 

antimicrobial compounds such as chitinases, pro-
tease inhibitors, phytoalexins and various antimicro-
bial peptides (AMPs). These reactions are regulated 
by jasmonate (JA) and ethylene (ET) (Glazebrook 
et  al. 2005). Moreover, an alternative mechanism of 
protection against necrotrophs, the Induced Systemic 
Resistance (ISR), is also activated by JA and ET (de 
Vleesschauwer et  al. 2009; Vallad et  al. 2004; Vlot 
et  al. 2020). This reaction is driven by mutualistic 
species of Plant Growth-Promoting Rhizobacteria 
(PGPR), such as Pseudomonas, Serratia and Bacillus 
genera, or by Plant Growth-Promoting Fungi (PGPF) 
(e.g., non-pathogenic strains of Fusarium sp.). These 
microorganisms produce siderophores, iron-binding 
molecules, that promote competition between sym-
biotic and pathogenic microorganisms for iron ions 
in conditions of iron-deficiency, and as a result, ISR 
enhances the systemic resistance of plants to a wide 
range of phytopathogens (Vallad et  al. 2004; van 
Loon et  al. 2005; Choudhary et  al. 2007; Pieterse 
et al. 2014; Romera et al. 2019). Thus, iron metabo-
lism is essential for plant immunity.

Another method of disease defense is mediated by 
antimicrobial peptides (AMPs). AMPs, usually small 
molecules of 12–50 amino acids, are widely present 
in all living organisms (Jung et  al. 2014; López-
García et  al. 2012). The first antimicrobial pep-
tide, gramicidin from a soil Bacillus sp. strain, was 
described by Hotchkiss and Dubos in 1940. Among 
the first animal antimicrobial peptides described were 
defensin and bombinin from the rabbit leucocytes 
and epithelial cells, as well as lactoferrin from cow’s 
milk (see review Jung et  al. 2014). In plants, they 
are termed PR proteins. Plant PR proteins are small 
peptides of about 5–75  kDa, but can also include 
enzymes or larger proteins. They are grouped into 17 
families depending on their activities. Some examples 
of the PR peptides and proteins are chitinases, glu-
canases, Thaumatin-Like Proteins (TLPs), proteinase 
inhibitors, peroxidases, Ribonuclease-Like Proteins 
(RLPs), defensins, thionins, Lipid Transfer Proteins 
(LTPs) and Oxalate Oxidases (OXOs) (López-García 
et al. 2012; Moosa et al. 2017).

All AMPs expressed in different organisms have 
common features such as basic, amphipathic and 
cysteine-rich peptides with rigid tertiary conforma-
tion stabilized by disulfide bonds. Depending on their 
structure, the AMPs could be classified into 4 groups: 
(1) α- helical peptides, (2) ß-sheet peptides with two 
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or more disulfide bonds, (3) Peptide molecules with a 
single hairpin or loop containing disulfide bonds and 
(4) Long peptides (Jung et al. 2014; Li et  al. 2021). 
All AMPs specifically target bacterial membranes 
which differ from the eukaryotic ones by negatively 
charged extracellular phospholipids (Jung et al. 2014; 
López-García et al. 2012). The mechanism of action 
of AMPs depends on their structure. Most α-helix 
peptides disrupt bacterial cells forming carpet-
like clusters or bundles of barrel-shaped pores. The 
β-sheet peptides usually insert into the lipid bilayer 
and form toroidal pores (Jung et  al. 2014; Li et  al. 
2021). Some of the AMPs, such as plant defensins, 
just like antibiotics, inhibit enzyme activity and pro-
tein synthesis in pathogen cells (Jung et al. 2014; Li 
et al. 2021).

Since some phytopathogens can evade the gene-
for-gene protection mechanisms, an effective strategy 
to enhance the resistance of plants to diseases is to 
transform plants with genes encoding AMPs or non-
plant proteins with antimicrobial activity against a 
wide range of pathogens (Marcos et  al. 2008; Rom-
mens and Kishore 2000; Sinha and Shukla 2019). The 
transformation of plants with AMPs or antimicrobial 
proteins of various origin can enhance the ETI of 
plants not only to necrotrophic and hemibiotrophic, 
but also to biotrophic phytopathogens through the ISR 
mechanism. Examples of AMPs used for the genetic 
transformation of plants are α-helix cecropin from 
giant silk moths, magainin from tropical amphibians, 
β-sheet defensin or protegrin, linear melittin from 
bee venom, and more. However, some AMPs and 
antimicrobial proteins can be toxic to potential con-
sumers, such as cecropin, which has hemolytic activ-
ity (Osusky et al. 2000; Marcos et al. 2008). In addi-
tion, antimicrobial proteins of various origins, such 
as chitinase, glucanase, defensin, thionine, lysozyme 
(Patil et  al. 2012; Jung and Kang 2014; Ceasar and 
Ignacimuthu 2012; Moosa et al. 2017) can be used to 
transform plants to protect against certain diseases. 
Another promising category of genes for strength-
ening resistance of agricultural plants are the genes 
of lactoferrin and lactoferrin-derived peptides (Ali 
et  al. 2018; Yemets et  al. 2014). Many useful prop-
erties of lactoferrin and lactoferrin-derived AMPs 
are described in detail in the next section. A sche-
matic representation of plant protection strategies and 
the putative role of lactoferrin in the plant immune 
response is shown in Fig. 1.

Structure and antimicrobial activity of lactoferrin 
and lactoferrin peptides

Over the last 20 years, many beneficial properties of 
milk proteins and protein hydrolysates have been dis-
covered, such as antimicrobial, antifungal, antithrom-
botic, immunomodulatory, antiviral and anti-inflam-
matory activities (Adleranova et  al. 2008; Giansanti 
et al. 2016; Kell et al. 2020; Wang et al. 2020a; Oda 
et al. 2021; Zhang et al. 2021). Physical and chemical 
properties and bioactivities of milk proteins and pep-
tides, such as lactalbumin, lactoglobulin and lactofer-
rin, are listed in the MilkAMP database (Bruni et al. 
2016).

Lactoferrin is a mammalian iron-binding glyco-
protein with a strong antimicrobial activity which 
plays a significant role in innate immunity. It is a 
basic protein with an isoelectric point at pI = 8.7. The 
polypeptide chain of lactoferrin consists of approxi-
mately 700 amino acid residues (711 for human 
lactoferrin and 689 for bovine lactoferrin) folded 
into two homologous subunits connected with a flex-
ible α-helix, each subunit containing 2 domains (N1, 
C1, N2, C2) (Adleranova et al. 2008; Giansanti et al. 
2016). There is one iron-binding site in each subunit 
where Fe 3+ and Fe 2+ ions are bound in the presence 
of two carbonate (CO3

2−) ions. The protonation of 
the interdomain H-bonds leads to dissociation of the 
Fe-lactoferrin complex. Unlike transferrin, lactofer-
rin is able to keep the ferric ions bound at pH below 
4.5, and the affinity of lactoferrin to Fe at low pH is 
300 times stronger than that of transferrin (Abdallah 
et al. 2000; Mantel et al. 1994). This feature is impor-
tant in case of inflammation sites where lactoferrin 
firmly binds iron and thus prevents its absorption 
by the pathogenic bacteria (Adleranova et  al. 2008). 
The molecular weight of lactoferrin varies from 76 to 
80 kDa. This difference in molecular weight depends 
on the state of glycosylation of the protein. Lactofer-
rin has three glycosylation sites at Asn138, Asn479 
and Asn624, respectively. The two first sites of N-gly-
cosylation usually carry complex N-glycans, while 
the third one (Asn624) is mostly non-glycosylated 
(Spik et  al. 1982). Lactoferrin is capable of binding 
not only Fe3+ but also other metal ions, such as Ca2+, 
Mg2+, Cu2+, Mn3+, Zn2+, etc. (Adleranova et al. 2008; 
Giansanti et al. 2016), although its affinity to ions of 
other metals is much lower than for Fe3+. Interaction 
with other ions impacts the structure, function and 
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conformation of lactoferrin. For example, the affin-
ity of lactoferrin to Fe3+ increases in the presence of 
Zn2+ and Cu2+ (Hakkansson et al. 1995); in the pres-
ence of 10 mM of CaCl2 lactoferrin may form tetram-
ers (Bennett et  al. 1981). Besides the metal ions, 
lactoferrin can bind to various organic molecules such 
as lipopolysaccharides, heparin and glycosaminogly-
cans (Adleranova et al. 2008; Giansanti et al. 2016).

Nowadays, much work is devoted to investigation 
of antimicrobial activity of lactoferrin and lactofer-
rin peptides. Since not only the whole lactoferrin 
molecule but also its short fragments reveal anti-
microbial activity, the conclusion can be made that 
the antimicrobial properties of lactoferrin depend 
both on its iron-binding ability and on the structure 

of peptides derived from lactoferrin. Within a wide 
range of peptides isolated from lactoferrin, the anti-
microbial activity has been confirmed only for three 
of them: Lf (1–11), lactoferricin and lactoferrampin. 
All these peptides are located at the N-terminus of the 
Lf molecule and reveal a stronger antimicrobial effect 
than intact Lf (Bruni et al. 2016; Bielecka et al. 2022; 
Giansanti et al. 2016; Gruden et al. 2021; Sinha et al 
2013).

Lf (1–11) is a basic peptide which contains the 
sequence from the first to the eleventh N-termi-
nal amino acids of lactoferrin. Human Lf (1–11) 
(GRRRSVQWCAV) contains a highly variable loop 
and a short β-sheet and is rich in arginine so it can 
be classified as AMP of the 3rd Group. Antimicrobial 

Fig. 1   Schematic representation of the key events in plant 
immune response (indicated as PTI, ETS, ETI, SAR, ISR), 
gene groups involved in defense strategies (green boxes), the 
cellular outcomes (blue boxes) and the functions of lactoferrin 
(red box) which enhance plant’s resistance to phytopathogens 
(underlined). PAMPs—Pathogen-Associated Molecular Pat-
terns; PRR—Pattern Recognition Receptors; PTI—PAMP-
Triggered Immunity; ETS—Effector-Triggered Susceptibility; 

R-genes—Resistance genes; NB-LRR receprots—receptors 
with nucleotide-binding domains and leucine-rich repeats; PR-
genes—Pathogenesis-Related genes; SA—salicylic acid; JA—
jasmonate; ET—ethylene; HR—Hypersensitive Response; 
ROS—reactive oxygen species; SAR—Systemic Acquired 
Resistance; ETI—Effector-Triggered Immunity; ISR—Induced 
Systemic Resistance; PGPB—Plant Growth-Promoting Bacte-
ria
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activity of Lf (1–11) is due to the strong cationic 
effect of the peptide and the presence of hydropho-
bic valine- (V6) and tryptophan- (W8) residues in its 
structure. These features ensure the disruption of the 
cellular and mitochondrial membranes of bacterial 
or fungal pathogens by Lf (1–11). (Bruni et al. 2016; 
Bielecka et  al. 2022; Giansanti et  al. 2016; Gruden 
et al. 2021; Sinha et al. 2013).

Lactoferrampine (Lfampin) is another Lf peptide 
consisting of 16 amino acid residues (268–284) of the 
N1 domain of lactoferrin. Similarly to Lf (1–11), it 
has a hydrophobic domain and is positively charged. 
Lfampin belongs to the AMPs of the 1st Group as it 
has an α-helical motif which plays a key role in the 
membrane-associated activities of Lf (Bruni et  al. 
2016; Bielecka et  al. 2022; Giansanti et  al. 2016; 
Gruden et al. 2021; Sinha et al 2013).

Human lactoferricin (Lfcin) is the longest biologi-
cally active Lf peptide consisting of 47 amino acids 
(1–47). It is formed by pepsin-mediated cleavage 
of lactoferrin. Both Lfcin and Lfampin are closely 
located in the tertiary structure of the Lf molecule. 
Bovine Lfcin is shorter and located more distally 
(17–41) but has stronger bactericidal properties com-
pared to human Lfcin. Both Lfcins belong to the 3rd 
Group of AMPs as they are positively charged; also, 
both Lfcins contain a loop of 18 amino acid residues 
as well as a stack of hydrophobic residues. The mech-
anism of antibacterial activity of Lfcin is similar to 
that of Lfampin and is associated with the disruption 
of cellular membranes of the microorganisms (Bruni 
et al. 2016; Bielecka et al. 2022; Giansanti et al. 2016; 
Gruden et al. 2021; Sinha et al. 2013).

Antibacterial activity of lactoferrin and lactofer-
rin peptides has been confirmed against a wide range 
of bacterial pathogens in humans, animals and plants 
(Bruni et al. 2016; Bielecka et al. 2022; Gruden et al. 
2021; Jahani et al. 2015; Lakshman et al. 2013; Ste-
fanova et al. 2008; Yemets et al. 2014; Kell et al. 2020; 
Zhang et al. 2021). Moreover, the fungicidal activity 
of Lf and Lf peptides against phytopathogenic fungi 
has been carefully investigated. According to Munoz 
et al. (2006), the fungistatic and bactericidal activities 
of bovine Lfcins (17–31 and 20–25) both in vitro and 
in vivo have been established against a wide range of 
plant fungal pathogens, such as Fusarium oxysporum 
which causes tomato fusarium wilt; Botrytis cinerea, 
the causative agent of grey mold; rice fungus Mag-
naporthe grisea; post-harvest pathogens Penicillium 

italicum and P. digitatum known to infect citrus fruits, 
and apple pathogen Penicillium expansum; Alternaria 
sp. as a fungus resistant to commonly used fungi-
cides, and the model filamentous fungus Aspergillus 
nidulans. The antifungal effects of lactoferricins var-
ied from inhibition of the mycelium growth to perme-
ation of cell walls and plasma membranes of hyphae 
but not conidia. In another study (Lahoz et al. 2008), 
the fungistatic activity of iron-free bovine lactoferrin 
(bLf) was studied against 11 phytopathogenic fun-
gal species: Aspergillus niger, Alternaria alternata, 
Colletotrichum lindemuthianum, Fusarium solani, 
Gliocladium roseum, Penicillium expansum, Phoma 
exigua, Rhizoctonia solani, Sclerotinia sclerotio-
rum, Sclerotium rolfsii and Trichoderma viride. As a 
result, inhibition of the mycelium growth in vitro was 
detected for most of the studied species, except for 
A. alternata, G. roseum, F. solani and C. lindemuthi-
anum. The authors presumed that these four fungal 
species were insensitive to lactoferrin either because 
their siderophores might have stronger affinity to Fe 
than those of bLf, or because the concentration of Fe 
in the medium was sufficient for their growth. In addi-
tion, the antiviral activity of lactoferrin was shown 
against a wide range of human viral infections (Ber-
lutti et al. 2011; Wakabayashi et al. 2014), including 
COVID-19 (see reviews Wang et al. 2020b; Kell et al. 
2020), and against some plant viruses such as Tomato 
Yellow Leaf Curl Virus (TYLCV) (Abdelbacki et al. 
2010). In summary, the antiviral effect of lactoferrin 
is carried out by binding either to heparin sulphate 
glycosaminoglycan viral receptors or to the viral par-
ticles, which prevents the latter from penetration into 
the host cells. The mechanism of antibacterial and 
fungistatic activity of Lf and its peptide derivatives 
is primarily to destabilize cell membranes, with iron 
sequestration playing a secondary role (Fernandes 
et al. 2017).

Transformation of different plant species 
with the full‑length human lactoferrin gene

The biotechnological transfer of a lactoferrin gene 
into plant genomes and its expression can enhance the 
natural immune protection of plants by sequestering 
iron and directly destroying pathogen cells. There-
fore, here we highlight and review the available data 
on the genetic transformation of plants with different 
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lactoferrin genes and the production of plant lines 
with increased resistance to certain phytopathogens 
(Table 1). The resistance of plants to phytopathogens 
has been thoroughly studied in (Mitra and Zhang 
1994; Zhang et  al. 1998; Lee et  al. 2002; Malnoy 
et  al. 2003; Takase et  al. 2005; Nguyen et  al. 2011; 
Fukuta et al. 2012; Han et al. 2012; Stefanova et al. 
2013a, b; Chahardoli et  al. 2018; Buziashvili et  al. 
2020a,b) and is comprehensively discussed in this 
paper. We also focus our attention on the advantages 
and disadvantages of using either full-length lactofer-
rin genes or the genes of lactoferrin peptides, on the 
type of the promoter controlled gene expression as 
well as the origin (human or bovine) of the lactoferrin 
gene to increase plant resistance to various pathogens.

The first report on transformation of tobacco with 
a human lactoferrin gene was published by Mitra and 
Zhang (1994). In this work, tobacco callus was trans-
formed with the hLf gene, which was expressed under 
control of the CaMV35S promoter. The antibacterial 
activity of total protein extracts from transgenic cal-
lus was confirmed against 4 different phytopathogenic 
bacteria: Xanthomonas campestris pv. phaseoli, Pseu-
domonas syringae pv. phaseoli, Pseudomonas syrin-
gae pv. phaseolicola and Ralstonia solanacearum. In 
1998, Zhang et al. published another study on obtain-
ing whole tobacco plants expressing hLf. This study 
demonstrated for the first time the ability of lactofer-
rin to enhance the resistance of transgenic plants to 
phytopathogenic bacteria (Ralstonia solanacearum). 
As a result, the transgenic lines delayed the develop-
ment of withering symptoms by 6–32 days while the 
control lines totally wilted by the 11th–12th day post-
inoculation. The estimated content of full-length and 
truncated hLf in transgenic lines was 0.1 to 0.9% of 
the total soluble protein (TSP). Therefore, such fluc-
tuations in the delay of bacterial wilting symptoms 
between the transgenic lines could be due to the dif-
ferences in lactoferrin content.

Transgenic plants of alfalfa (Medicago sativa) 
expressing human lactoferrin were obtained by Ste-
fanova et  al. (2013a). For this purpose, the highly 
embryogenic Bulgarian cultivar Obnova-10 was 
transformed with the hLf gene controlled by the 
CaMV35S promoter. The content of human lacto-
ferrin ranged from 0.0035 to 0.0047% of TSP. The 
authors explained that the low level of lactoferrin 
expression, as well as the variations in morphol-
ogy and growth intensity, were caused by stressful 

conditions during the cultivation which affected 
plant growth, development, and protein synthesis. 
The transgenic plants were tested for resistance to 
Pseudomonas syringae pv. syringae, that causes 
bacterial canker, and Clavibacter michiganensis, 
that causes wilting. The transgenic plants revealed a 
higher resistance and barely pronounced symptoms 
compared to controls (Stefanova et al. 2013a), which 
could be attributed to the expression of hLf. In fur-
ther studies, the authors investigated the effect of hLf 
expression on leaf cell morphology (Stefanova et al. 
2013b). In particular, the hLf-expressing plants had 
enlarged pavement cells and a lower stomatal den-
sity than control plants. Besides that, the transgenic 
plants had smaller leaves and lower chlorophyll con-
tent. The authors supposed that the observed morpho-
logical changes resulted from the iron chelation and 
inhibition of the cell activity by recombinant lacto-
ferrin. The authors also supposed that the reduction 
of the number of stomata led to a lower number of 
infection sites for the pathogens, which could be one 
of the mechanisms of strengthening the resistance to 
diseases in transgenic plants (Stefanova et al. 2013b).

One of the most economically detrimental bacte-
rial pathogens with a wide range of hosts is Ralsto-
nia solanacearum causing bacterial wilt of tomatoes. 
To improve the resistance to R. solanacearum, Lee 
et al (2002) carried out the Agrobacterium-mediated 
transformation of tomato line F7926-96, suscep-
tible to bacterial wilt, with the hLf gene driven by 
the CaMV35S promoter. The results indicated that 
within 56  days of the experiment, 44–55% of trans-
genic plants did not show any symptoms of bacterial 
wilt until the ripening of the fruits, while the control 
plants completely withered by the 26th day post-
inoculation (dpi). However, the delay in wilting var-
ied between individual transgenic tomato plants and 
lines, as in the similar work on tobacco by (Zhang 
et  al. 1998), but the level of lactoferrin expression 
in transgenic tomato lines was not indicated in this 
study. Nevertheless, this work shows the potential of 
using the hLf gene to increase the resistance of trans-
genic tomato lines to such a highly virulent bacterial 
pathogen as R. solanacearum (Lee et al. 2002).

Recently, Buziashvili et al. (2020a, b) studied the 
transformation of tomato and potato lines with the 
hLf gene driven by the CaMV35S promoter in order 
to enhance their resistance to highly virulent bacterial 
and fungal phytopathogens. In the first study, tomato 
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cultivars Money Maker and Lahidny were used, 
which are susceptible to bacterial and fungal dis-
eases (Buziashvili et al. 2020b). The content of hLf in 
transgenic plants was estimated at approximately 0.02 
and 0.04% of TSP (4.8 and 8.3 µg/g of fresh weight) 
for cvs. Money Maker and Lahidny, respectively. In 
another work, Buziashvili et  al. (2020a) reported a 
transfer of the hLf gene into four Ukrainian potato 
cultivars, Vernisage, Svitanok Kyivskyi, Levada and 
Zarevo. It was found that the content of lactoferrin 
in transgenic potato lines was higher than in tomato 
lines (about 0.05% of TSP). It was shown that the 
samples prepared from the stems and leaves of trans-
genic tomato and potato lines inhibited the growth 
of bacterial pathogens R. solanacearum, as well as 
Clavibacter michiganensis subsp. michiganensis 
causing bacterial canker of tomato, and C. michigan-
ensis subsp. sepedonicus causing brown rot of potato. 
Moreover, the results of the in vitro inoculation assays 
showed the enhancement of the resistance of trans-
genic tomato and potato lines to P. infestans on aver-
age from 1 to 7 points of the 9-point scale compared 
to control (Buziashvili et al. 2020a, b). The results of 
these studies (Buziashvili et al. 2020a, b) indicate that 
the expression of human lactoferrin in both transgenic 
tomato and potato plants could increase their resist-
ance not only to bacterial pathogens such as R. sola-
nacearum and C. michiganensis, but also to highly 
aggressive fungal pathogens such as P. infestans.

Takase et  al. (2005) investigated the resistance 
to bacterial, fungal and viral pathogens of the rice 
plants cv. Nipponbare transformed with the genes of 
N-lobe (hLfN) and full-length hLf under the control 
of the CaMV35S promoter. The content of lactofer-
rin in leaves was estimated at 0.1 mg/g, and the hLf 
expression reduced the growth of transgenic plants 
by 10–20% compared to the control. In addition, the 
authors examined the resistance of transgenic plants 
expressing both truncated and full-length lactoferrin 
to bacterial (Pseudomonas plantarii), fungal (Pyricu-
laria orysae) and viral (Rice dwarf virus) pathogens. 
Infection with P. plantarii did not affect plants at the 
germination stage, but after germination, the trans-
genic plants expressing either hLf or hLfN showed 
higher resistance to bacterial seedling blast than non-
transgenic plants. Test on resistance to a Rice dwarf 
virus showed that in 20 days both transgenic and con-
trol plants developed symptoms of virus infection. 
However, the transgenic lines expressing hLf, but not 

an hLfN gene, developed symptoms 2–3  days later 
than the control ones. The study of the resistance to 
fungal pathogen P. oryzae showed no difference in 
susceptibility to the fungus: both transgenic and con-
trol plants developed severe lesions. Nevertheless, 
the transgenic rice lines expressing hLf were char-
acterized by an increased resistance to bacterial and 
viral pathogens. These results show a positive aspect 
of hLf expression in rice making it resistant to dis-
ease and non-carrying phytopathogenic toxins, which 
means a better quality of rice grains containing Lf 
(Takase et al. 2005).

This suggests that transformation of plants with 
the full-length hLf gene and its expression in the plant 
genome could change the morphology of transgenic 
plants, as it was indicated in the works of Stefanova 
et al. (2013a) and Takase et al. (2005). Moreover, the 
studies of Zhang et  al. (1998) and Lee et  al. (2002) 
reported variability in the resistance of transgenic 
tobacco and tomato plants to R. solanacearum, 
and the work of Takase et  al. (2005), demonstrated 
the absence of resistance to the fungus Pyricu-
laria orysae. However, in the works of Zhang et  al. 
(1998), Lee et  al. (2002), Buziashvili et  al. (2020a, 
b), Stefanova et al. (2013a) and Takase et al. (2005), 
the plants, transformed with the hLf gene, showed 
enhanced resistance to highly virulent bacterial (R. 
solanacearum; C. michiganensis; P. syringae; P. 
plantarii), fungal (P. infestans) and viral (Rice dwarf 
virus) pathogens (Table 1).

Transformation of plants with human 
lactoferrin‑derived genes

The effect of the hLfN gene expression in Nicotiana 
bentamiana plants on their post-infection resistance 
to viral pathogens was studied by (Li et  al. 2004). 
In this study, agroinfiltration of transgenic tobacco 
plants carrying the sequence of the N-lobe of the 
hLf gene with Potato virus X (PVX) was carried out. 
The results showed that both control and transgenic 
tobacco plants expressing the hLfN gene, agroin-
filtrated with PVX, developed symptoms of Potato 
virus X disease. This means that the N lobe of the 
hLf gene did not ensure post-infection resistance to 
plant viruses. By the way, the content of produced 
hLfN was 0.6% of TSP, which was higher compared 
to the previous studies (Salmon et  al. 1998; Mitra 
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and  Zhang 1994). Total protein extracts obtained 
from the plants with the hLfN were almost 2 times 
more effective in inhibiting the growth of E. coli, than 
S. aureus and S. typhimurium, while no bacteriostatic 
effects were observed for the plant extracts agroinfil-
trated with PVX.

In 2017, Chahardoli et al. demonstrated the expres-
sion of a chimeric hLf peptide in tobacco Hairy Roots 
(HR) and investigated the antibacterial activity of this 
peptide. The nucleotide sequence encoding the Lfchi-
mera gene consisted of the sequences of lactoferricin 
and lactoferrampin peptides and endoplasmic reticu-
lum (ER) retention signal peptide; the Lfchimera 
gene was placed under the control of the CaMV35S 
promoter. Later, Chahardoli et  al. (2018) reported 
A. tumefaciens-mediated transformation of tobacco 
plants with the same Lfchimera gene as in Chahardoli 
et  al. (2017). Antibacterial activity of total protein 
extracts and purified Lfchimera was demonstrated 
against two species of clinical bacteria (E. coli and S. 
aureus) and two phytopathogenic bacteria (E. amylo-
vora and R. solanacearum). Therefore, this work 
showed that the expression of a functionally active 
chimeric peptide derived from Lf in tobacco plants 
did not affect the growth and morphology of trans-
genic plants (Chahardoli et al. 2018).

The works by (Takase et al. 2005; Li et al. 2004; 
Chahardoli et  al. 2018) showed that the transforma-
tion of O. sativa, N. tabacum and N. benthamiana 
plants with fragments of the human lactoferrin gene 
did not alter the morphology of transgenic plants, in 
contrast to studies in which rice and alfalfa plants 
were transformed with the full-length hLf gene (Ste-
fanova et  al. 2013a, b; Takase et  al. 2005). At the 
same time, Takase et  al. (2005) showed that the 
expression of neither hLf nor hLfN gene changed the 
resistance of rice plants to the fungal pathogen (P. 
oryzae). Moreover, Li et  al. (2004) showed that the 
expression of hLfN did not alter the post-inoculation 
resistance of N. benthamiana to PVX. Nevertheless, 
Takase et  al. (2005) and Chahardoli et  al. (2018) 
showed that the expression of the Lfchimera and hLfN 
could enhance the resistance of transgenic plants to 
bacterial pathogens (P. plantarii, E. amylovora and R. 
solanacearum) (Table 1). Thus, we can conclude that 
transformation with the full-length human lactofer-
rin gene (Zhang et  al. 1998; Stefanova et  al. 2013a, 
b; Lee et al. 2002; Buziashvili et al. 2020a, b; Takase 
et al. 2005; Malnoy et al. 2003; Nguyen et al. 2011; 

Han et  al. 2012) more effectively increases plant 
resistance to phytopathogens than transformation 
with the fragments of the lactoferrin gene (Takase 
et al. 2005; Li et al. 2004).

It should be noted that the influence of lactoferrin 
expression on plant physiology was thoroughly stud-
ied by Kumar et al. (2013). The effect of hLf expres-
sion on iron homeostasis was assessed by measuring 
the content of iron, chlorophyll, phenols, flavonoids, 
proanthocyanidins and anthocyanins, and by assess-
ing the levels of expression of the genes involved in 
iron homeostasis. Overall, the results of this study 
indicate iron deficiency in transgenic tobacco plants 
expressing hLf. Such effects are minor compared to 
enhanced plant immunity as a positive outcome of Lf 
expression, which can generally increase the produc-
tivity of transgenic plants.

Transformation of plants with the full‑length 
bovine lactoferrin gene

To investigate the ability of bovine lactoferrin to 
increase the resistance of transgenic plants to the fun-
gal phytopathogen Rhizoctonia solani, the causative 
agent of root rot and seedling damping-off diseases, 
Nguyen et al. (2011) performed Agrobacterium-medi-
ated transformation of N. tabacum and A. thaliana 
using the bLf gene driven by the CaMV35S promoter. 
In general, the results of all biotests indicate that the 
expression of bLf in the transgenic A. thaliana and 
N. tabacum plants enhances their resistance to R. 
solani. The authors suppose that such effect might 
be the result of Lf-induced senescence of the leaves 
from transgenic plants. Thus, as the authors (Nguyen 
et  al. 2011) concluded, the heterologous expression 
of bovine lactoferrin could be applied to protect eco-
nomically valuable plants from diseases caused by R. 
solani.

In order to enhance the resistance of wheat culti-
var Bobwhite susceptible to fusarium head blight, 
Han et al. (2012) performed a transformation with the 
bovine lactoferrin gene under the control of Adenine 
Methyltransferase Promoter (AMTP). BLf content 
differed in leaves (0.52% of TSP) and glumes (0.11% 
of TSP). The resistance of transgenic plants to Fusar-
ium graminearum was confirmed in both in vitro and 
in vivo assays. The infection rates were estimated at 
14–46% for transgenic lines, 82% for untransformed 
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Bobwhite line (negative control) and 27% for resist-
ant cultivar ND 2710 (positive control). The results 
show an increased resistance of plants expressing bLf 
to FHB. The authors note that the level of resistance 
was stable within the line and correlated with the lev-
els of bLf expression. The expression of lactoferrin 
did not alter the morphology of transgenic plants. The 
results suggest that the bLf gene is a promising means 
for increasing the resistance of cereals to phytopatho-
genic fungi (Han et al. 2012).

Transformation of pear (Pyrus communis L.) 
with the bovine lactoferrin gene (bLf) to increase 
the resistance to fire blight disease was carried out 
in 2003 by Malnoy et al. It was carried out with the 
bLf gene under the control of CaMV35S promoter. 
All transgenic lines had growth retardation which was 
less significant in greenhouse conditions. The authors 
suggest that this effect could be either due to the 
influence of lactoferrin expression and its iron-chelat-
ing properties or to the somaclonal variability of 
transgenic lines. The enhancement of the resistance 
of transgenic plants to Erwinia amylovora, a sidero-
phore-carrying bacteria causing fire blight disease, 
and to several other economically important pear 
pathogens, namely, Pseudomonas syringae pv. syrin-
gae causing bacterial pear blast and A.tumefaciens, 
the causative agent of crown gall disease, was con-
firmed with the use of in  vitro and in  vivo biotests. 
The results of in  vitro assay also showed that the 
bacteriostatic effect of lactoferrin on E. amylovora 
is exerted mainly through its ferrum-chelating activ-
ity. The results of this study show that despite some 
minor effects such as growth retardation, the expres-
sion of bLf causes considerable pathogen-protecting 
effects on transgenic pear (Malnoy et al. 2003). Later, 
in 2011, similar research was carried out by Djennane 
et al. (2011) Transformation of pear cv. Passe Cras-
sane with the gene of another ferrum-binding protein, 
the ferritin gene of pea, was performed to enhance 
pear resistance to E. amylovora. Biotests showed that 
the transgenic pear plants expressing the ferritin gene 
had no resistance to E. amylovora. Thus, among the 
two ferrum-chelating proteins, lactoferrin reveals a 
stronger antibacterial activity than ferritin.

Thus, growth retardation due to transformation 
with the bLf gene was detected only in transgenic 
pear plants (Malnoy et al. 2003), while the morphol-
ogy of transgenic tobacco, Arabidopsis and wheat 
plants was similar to control (Nguyen et al. 2011; Han 

et al. 2012). According to Han et al. (2012), the bLf 
gene was expressed under the control of the AMTP 
promoter, and the lactoferrin content was at a simi-
lar level (0.11–0.52% of TSP) as in the work in which 
lactoferrin genes were driven by the CaMV35S pro-
moter (Table  1). It can be concluded therefore, that 
no significant differences in the levels of lactofer-
rin expression were observed in transgenic plants 
expressing the full-length bovine lactoferrin gene 
under the control of different types of promoters 
(Table 1). However, the correlation between the con-
tent of the lactoferrin proteins or lactoferrin-derived 
peptides produced in transgenic plants and the levels 
of their resistance to phytopathogens needs further 
studies.

Transformation of plants with the bovine 
lactoferrin‑derived gene

There is evidence of transformation of N. tabacum by 
the gene of lactoferricin B (bLfcin), an antimicrobial 
N-terminal peptide obtained by acidic pepsin hydrol-
ysis of bovine lactoferrin (Fukuta et  al. 2012). This 
gene was fused to the nucleotide sequence of a sig-
nal peptide from a tobacco pathogenesis-related pro-
tein (PR-1) to target its secretion into the intercellular 
apoplast region and enhance the pathogen-induced 
immune response and is controlled by CaMV35S pro-
moter. It was established that the obtained transgenic 
plants were more resistant to the bacterial pathogen 
Pseudomonas syringae pv. tabaci (the causative 
agent of wildfire disease of tobacco) and the fungal 
pathogen Botrytis cinerea (the causal agent of grey 
mold in many plant species) than the control plants. 
Thus, the results of Fukuta et  al. (2012) show that 
transformation of N. tabacum with the bLfcin gene 
enhances resistance of transgenic plants to bacterial 
(P. syringae) and fungal (B. cinerea) pathogens and 
does not alter the morphology of the transgenic plants 
(Table 1).

Conclusions

In general, plant protection strategies against phy-
topathogens are based on the expression of cer-
tain genes, which leads to various responses, such 
as HR (in the case of SAR), cell wall modification, 
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synthesis of antimicrobial compounds, e.g. AMP, or 
iron sequestration (in the case of ISR). The transfer 
of genes encoding antimicrobial peptides or proteins 
into plant genomes is a promising means of protect-
ing plants against various diseases. One such protein 
is lactoferrin, a well-studied mammalian iron-binding 
protein with strong antimicrobial and immunomodu-
latory activity, and low allergenicity. Due to the vari-
ous beneficial properties of lactoferrin, its expression 
in the plant genome could reinforce the resistance of 
transgenic plants to a wide range of different bacte-
rial (X. campestris, P. syringae, R. solanacearum, C. 
michiganensis, E. amylovora, P. plantarii, A. tume-
faciens), fungal (R. solani, B. cinerea, P. infestans, 
F. graminearum), and some viral pathogens such as 
Rice Dwarf Virus. This approach has been success-
fully applied to different species of agricultural and 
model plants, namely A. thaliana, N. benthamiana, 
N. tabacum, S. lycopersicum, M. sativa, O. sativa, 
S. tuberosum and T. aestivum. Given all the benefits 
of transforming plants with lactoferrin genes, we can 
conclude that this biotechnological approach is a very 
promising way to achieve effective protection of crops 
from various diseases.
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