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Abstract

Potato proteins are well known for their nutritional, emulsifying, foaming, gel forming or antioxidant properties that all make
from them valuable protein source for food industry. Antifungal, antimicrobial and also antiviral properties, described for potato
proteins in the review, enrich the possibilities of potato protein usage. Potato proteins were divided into patatin, protease
inhibitors and fraction of other proteins that also included, besides others, proteins involved in potato defence physiology. All
these proteins groups provide proteins and peptides with antifungal and/or antimicrobial actions. Patatins, obtained from cultivars
with resistance to Phytophthora infestans, were able to inhibit spore germination of this pathogen. Protease inhibitors represent
the structurally heterogeneous group with broad range of antifungal and antimicrobial activities. Potato protease inhibitors I and 11
reduced the growth of Phytophthora infestans, Rhizoctonia solani and Botrytis cinerea or of the fungi of Fusarium genus.
Members of Kunitz family (proteins Potide-G, AFP-J, Potamin-1 or PG-2) were able to inhibit serious pathogens such as
Staphylococcus aureus, Listeria monocytogenes, Escherichia coli or Candida albicans. Potato snakins, defensins and
pseudothionins are discussed for their ability to inhibit serious potato fungi as well as bacterial pathogens. Potato proteins with
the ability to inhibit growth of pathogens were used for developing of pathogen-resistant transgenic plants for crop improvement.
Incorporation of potato antifungal and antimicrobial proteins in feed and food products or food packages for elimination of
hygienically risk pathogens brings new possibility of potato protein usage.

Keywords Potato tubers - Solanum tuberosum - L., Bioactive proteins - Antifungal proteins - Patatin - Protease inhibitors - Potato
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Introduction and Franco 2014). Some AFPs, however, show antimicrobial

activities such as some AMPs can dispose of antifungal activ-

Plants represent a rich source of nutrients for many organisms
and the co-evolution of plants with their pathogens resulted in
the development of structural, chemical and protein-based de-
fences designed to detect invading organisms and to stop them
(Yan et al. 2015). A large number of proteins, peptides and
enzymes active on the fungal cell walls and on intracellular
targets have been characterised (Bartova et al. 2012;
Hefmanova et al. 2006). Here, we can distinguish antifungal
proteins (AFPs) and antimicrobial proteins (AMPs) (Parachin
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ities (Hegediis and Marx 2013).

The plant AFPs are organised into five major groups based
on serological and sequence analyses. Such proteins were first
detected in tobacco leaves reacting to tobacco mosaic virus
and were therefore named pathogenesis-related (PR) proteins
(van Loon and van Kammen 1970). The five groups are as
follows: PR-1 (cysteine-rich, small proteins of 15-17 kDa),
PR-2 (3-glucanases), PR-3 (chitinases), PR-4 (chitin-binding
proteins) and PR-5 (thaumatin-like proteins) (Hefmanova
et al. 2006; Theis and Stahl 2004). Following research has
revealed other types of AFPs comprising protease inhibitors,
ribosome inactivating proteins, ribonucleases, lectins,
defensins and defensin-like proteins, thionins, peroxidases,
cyclophilin-like proteins, lipid transfer proteins, deoxyribonu-
cleases, embryo-abundant proteins and storage 2S albumin
(Ng et al. 2013; Yan et al. 2015). The AMPs and AFPs can
be used as powerful tools for crop production as markers for
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the selection of plants with resistance against pathogens or for
the construction of genetically modified plants expressing
AMPs and AFPs in order to reduce crop losses by pathogen
infections (Parachin and Franco 2014; Yan et al. 2015).

In addition, the physiological role of plant AMPs and AFPs
in human and animal bodies includes endotoxin neutralisation
(Rosenfeld et al. 2010), immunomodulating activities
(Wiesner and Vilcinskas 2010), induction of wound repair
(Baroni et al. 2009), protection against cancer (Mulder et al.
2013; Parachin and Franco 2014) and protection against hu-
man and animal pathogens (Paik et al. 2014). The AMPs and
AFPs can be therefore used for the production of antimicrobial
drugs and conserving agents for their usage in medicine, cos-
metics, food and feed industries (Salas et al. 2015).

This review focuses on AMPs and AFPs isolated from
potato tubers, on their classification, structure and function
description and on search for their various ways of use.

Potato proteins and peptides with antifungal
potential

Potato has achieved a worldwide prominence as a foodstuff in
European and American diets and potato consumption goes
strongly increasing in Asia, Africa and Latin America.
Nowadays, it is the fourth largest crop in terms of area culti-
vation and is the third most consumed food crop in the world
(Makinen 2014). However, worldwide distribution of potatoes
contributed to the spread of numerous pathogens affecting
thus potato productivity and quality. In the USA, 50 fungal,
10 bacterial and 30 viral species have been identified to cause
economic losses in potato yield (Oerke et al., 2012). Chemical
based protection has maintained the amounts of potato pro-
duction, although continuous use has also lead to cost and
energy consumption, increased health risks or emerging path-
ogen resistance (Burra 2016). Proteins and peptides active in
potato defence with antifungal and antimicrobial activities
represent good alternative for disease protection and plant
durable resistance establishment.

Proteomic aspects of the plant defence and induce protec-
tion to Phytophthora infestans, a causal agent of late blight in
potatoes, have been often studied, because of economic im-
portance of the pathogen (Burra 2016; Feldman et al. 2000;
Fernandez et al. 2012; Valueva et al. 1998). The further potato
fungi and bacterial pathogens with a studied AFP and AMP
background are also Pectobacterium atrosepticum (Almasia
et al. 2008; Barzic and Com 2012), Rhizoctonia solani
(Almasia et al. 2008; Feng et al. 2003; Gvozdeva et al.
2006), Spongospora subterranea subsp. subterranea (Perla
et al. 2014), Alternaria solani (Feng et al. 2003) and
Ralstonia solanacearum (Feng et al. 2003; Park et al. 2016)
and a new bacterial disease of potato caused by Candidatus
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Liberibacter solanacearum (CLso, zebra chip) (Kumar et al.
2015).

Potato tuber proteins are commonly classified according to
their molecular mass and electrophoretic separation character-
istics into three groups, namely patatin, protease inhibitors and
other proteins (Barta et al. 2015; Pots 1999). Tuber proteins
and peptide that play a role in the defence against potato path-
ogens belong to (i) protease inhibitors with predominant role
of serine, cysteine and Kunitz-type potato protease inhibitors,
(ii) patatin proteins or specific isoforms of patatin proteins and
(iii) proteins and peptides of the low molecular mass including
potato defensins, thionins and snakins (Bartova et al. 2012;
Kim et al. 2009). Structural diversity of potato AMPs and
AFPs is presented in Fig. 1. Most of the tuber AFPs could
be marked as ‘multifunctional’, displaying various other inhi-
bition activities (antimicrobial, antiviral, insecticidal or
antiparasitic).

Besides antifungal and antimicrobial activities, many other
usable features were described for potato tuber proteins. They
are known for their high nutritional value (Bartova and Barta
2009; Bartova et al. 2015), gel forming (Delahaije et al. 2015);
foaming (Lekra et al. 2008; Lomolino et al. 2015; Schmidt
et al. 2018) and emulsifying properties (Romero et al. 2011;
Schmidt et al. 2018); antioxidant activities (Liu et al. 2003);
and anti-obesity and antidiabetic effects (Ku et al. 2016).
Potato tuber proteins can be used for the releasing of bioactive
peptides with multiple functions such as the antioxidant
(Udenigwe et al. 2016) or antihypertensive effects (Makinen
et al. 2008). The combination of nutritional, functional and
defence properties of potato tuber proteins creates unique
combination that confer them a new and broad level of interest
and usability.

Protease inhibitors of potato tubers

Potato tubers are very good sources of protease inhibitors
(PIs) which protect them against disease, pests and herbivores.
In the past, the potato PIs were considered primarily as
antinutritional factors. However, potato Pls have retained deep
interest in recent years for their already established biological
activities. Potato protease inhibitors (PPIs) have been exam-
ined as therapeutic agents, primarily to deal with various hu-
man cancers (Blanco-Aparicio et al. 1998; Huang et al. 1997;
Sitja-Arnau et al. 2005). In addition, potato PIs can be used to
reduce food intake in humans for their ability to increase the
level of cholecystokinin via trypsin inhibition (Komarnytsky
etal. 2011; Ku et al. 2016); they are known for their foaming
properties (Schmidt et al. 2018) and for the solubility within a
wide pH range (Wagley et al. 2014). Amongst these, PIs are
believed to play an important role in the potato plant physiol-
ogy. They are part of the wound-induced defence response of
potato plant against both microorganisms and herbivores
(Kim et al. 2006) and they are involved in the blocking UV
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irradiation (Huang et al. 1997; Liu et al. 2001). Potato PIs
serve as storage proteins and, perhaps, participate in the regu-
lation of endogenous proteases and in the stabilisation of other
storage proteins and starch hydrolysis during seed dormancy
(Munger et al. 2015).

The PPIs represent the heterogeneous group of potato tuber
proteins (Fischer et al. 2015). These type of proteins are pri-
marily classified based on the enzyme type they inhibit. The
classification is also performed based on sequence homology,
molecular mass, architecture, number of disulphide bridges,
isoelectric points and mechanism of action (Meenu Krishnan
and Murugan 2016). Potato Pls can be classified into seven
(Pouvreau et al. 2001) or into ten different families (Heibges
et al. 2003a). Diversity of potato Pls are presented in Table 1.

Antifungal potential of potato protease inhibitors

Phytopathogenic fungi produce extracellular proteinase
playing an active role in the development of plant diseases
(Jashni et al. 2015). As response to the attack, plants synthe-
size inhibitory polypeptides that can suppress the proteinase
activities (Kim et al. 2009). This phenomenon was firstly re-
corded in tomatoes infected by P. infestans (Woloshuk et al.
1991), in which increased levels of trypsin and chymotrypsin
inhibitors were found to correlate with the plants resistance to
the pathogen. Inhibition of fungi proteases create a plant-
pathogen interaction based on the anti-feedant effect
(Vernekar et al. 2001).

The most common potato inhibitors belong to serine pro-
teases of Kunitz-type inhibitors (PKPIs) and potato protease
inhibitors I and II (PPI-I and PPI-II). These groups seem to be
the most studied classes of PPIs associated with defence and
Table 2 shows antifungal or antimicrobial activities, which
have been described for these groups of protease inhibitors.

Potato inhibitor I was mentioned to be regulated by
wounding and development (Koiwa et al. 1997). Cleveland
et al. (1987) reported the presence of six PPI-I genes in potato
cv. Russet Burbank tubers. A minimum of 21 PKPI genes
have been found to be presented in the potato genome
(Heibges et al. 2003a). In addition, Bauw et al. (2006) report-
ed that PKPIs were an extraordinarily dominant protein com-
ponent in potato tubers of cv. Kuras. Electrophoretic separa-
tion revealed five distinct clades termed KPI A, KPI B, KPI C
(Heibges et al. 2003b), KPI K (specific for cv. Kuras) and KPI
M (miraculin-like sequence) (Bauw et al. 2006). Inhibitors of
groups A and B inhibited fungus Fusarium moniliforme
(Heibges et al. 2003b). In continuity, Valueva et al. (2012)
isolated from tubers of cv. Zukov’s Jubilee PKPI protein with
single polypeptide chain of 23 kDa belonging on the basis of
N-terminal sequence structure to the group B. The isolated
PKPI inhibited chymotrypsin and trypsin activity.

Two serine protease inhibitors with molecular mass 21 and
22 kDa, termed PSPI-21 and PSPI-22, were found to be

predominantly accumulated in potato tubers that were infected
with P. infestans zoospores. PSPI-21 molecule consists of two
disulphide-linked polypeptide chains (16.5 and 4.5 kDa) and
PSPI-22 has one polypeptide chain. Their terminal amino acid
residues have significant homology to members of the soy-
bean Kunitz inhibitor family (Valueva et al. 1998). In a sub-
sequent study, Revina et al. (2008) showed antifungal poten-
tial of PSPI-21 protein and they termed the isolated inhibitor
as potato Kunitz-type subtilisin inhibitor (PKSI). The PKSI
belonged to the group C of PKPI and was characterised as
protein of one polypeptide chain with Mr 21-kDa inhibiting
subtilisin Carlsberg (Revina et al. 2004; Revina et al. 2008).
Proteins PSPI-21 and PKSI differed in the ability to inhibit the
growth of P. infestans and F. culmorum. Both proteins
inhibited the growth of the P. infestans hyphae and induced
a complete destruction of P. infestans zoospores and a partial
destruction of F. culmorum macroconidia. The PSPI-21 was
the most potent in modification the growth of P. infestans
mycelium, whereas PKSI primarily affected the growth of
the F. culmorum mycelium (Revina et al. 2008).

The active mixture of potato (cv. Désirée) sprout proteins
showed strong inhibitory activity against Botrytis cinerea fun-
gal proteases. The mixture inhibited spore germination, hy-
phal elongation and the development of necrotic lesions.
Both PKPI and PPI-I have been identified in this protein mix-
ture as active components (Hermosa et al. 2006).

Kunitz protease inhibitors isolated from various plant
sources are most often active against serine protease (trypsin,
chymotrypsin, subtilisin). They also inhibit aspartic and cys-
teine proteases (cathepsin D, papain). Mode of antifungal
action is based on the competitive inhibition that is per-
formed through an arginine and lysine amino acid in position
P1, where a complex between inhibitor and enzyme is creat-
ed (de Souza Candido etal. 2011). Potato antifungal proteins
belonging to the family of PKPI were described by Kim e al.
(2005) and (2006) and Park et al. (2005). Protein termed
AFP-J was purified from potato tubers (cv. L. Jopung). The
protein of Mr 13.5 kDa with 83% homology with a serine
protease inhibitor belonging to Kunitz family inhibited chy-
motrypsin, pepsin and trypsin. The AFP-J inhibited micro-
organisms, including Candida albicans, Trichosporon
beigelii and Saccharomyces cerevisiae, whereas it exhibited
no activity against crop fungal pathogens (Park et al. 2005).
The protein named Potide-G isolated from potato tubers of
cv. Golden Valley was characterised as an antimicrobial pro-
tein of Mr 5578.9 Da. The protein suppressed proteolytic
activity of trypsin, chymotrypsin and papain. Potide-G
inhibited the growth of bacteria (Staphylococcus aureus,
Listeria monocytogenes, Escherichia coli and Clavibacter
michiganensis subsp. michiganense) and fungi (C. albicans
and R. solani) (Kim et al. 2006), and it also showed potent
antiviral activity against potato virus Y infection (Tripathi
et al. 2006). Potato tuber protein termed Potamin-1 (PT-1),
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Patatin-05 (Solanum tuberosum L.)
UniProtKB - Q3YJTS5; PATOS; Length: 387, Mass (Da): 42,528

MATTKSVLVLIFMILATTSSTFATLGEMVTVLSIDGGGIK
GIIPGIILEFLEGQLQKMDNNADARLADYFDVIGGTSTGG
LLTAMITTPNENNRPFAAAKDIVPFYFQHGPHIFNSSTGQ
FFGPKYDGKYLMQVLQEKLGETRVHQALTEVAISSFDIKT
NKPVIFTKSNLAKSPELDAKMSDICYSTAAAPTYFPPHYF
ATNTSNGDKYEFNLVDGAVATVADPALLSVSVATRRAEED
PAFASIRSLNYKQLLLLSLGTGTNSEFDKTHTAQETAKWG
ALQWMLVIQQMTEAASSYMTDYYLSTVFQDLHSQNNYLRV
QENALTGTTTKADDASEANMELLVQVGENLLKKPVSKDNP
ETYEEALKRFAKLLSDRKKFRANKASY

Source: https://www.uniprot.org/uniprot/Q3YJTS

Serine protease inhibitor 2 (Solanum tuberosum L.)
UniProtKB - P58515; SPI2; Length: 186, Mass (Da): 20,116

LPSDATPVLDVTGKELDSRLSYRIISTFWGALGGDVYLGK
SPNSDAPCANGIFRYNSDVGPSGTPVRFIGSSSHFGQGIF
ENELLNIQFAISTSKLCVSYTIWKVGDYDASLGTMLLETG
GTIGQADSSWFKIVKSSQLGYNLLYCPVTSSSDDQFCSKV
GVVHQONGKRRLALVNENPLDVLFQEV

Source: https://www.uniprot.org/uniprot/P58515

Potamin-1 (Solanum tuberosum L.)
UniProtKB - P84813; POTM1; Length: 47, Mass (Da): 4,833

DICTNCCAGTKGCNTTSANGAFICEGQSDPKKPKACPLNC

DPHIAYA

Source: https://www.uniprot.org/uniprot/P84813

Defensin-like protein P322 (Solanum tuberosum L.)
UniProtKB - P20346; DF322; Length: 74, Mass (Da): 8,414

MRFFATFFLLAMLVVATKMGPMRIAEARHCESLSHRFKGP
CTRDSNCASVCETERFSGGNCHGFRRRCFCTKPC

Source: https://www.uniprot.org/uniprot/P20346

Snakin-1 (Solanum tuberosum L.)
UniProtKB - Q948Z4; SNAK2; Length: 88, Mass (Da): 9,664

MKLFLLTLLLVTLVITPSLIQTTMAGSSFCDSKCKLRCSK
AGLADRCLKYCGICCEECKCVPSGTYGNKHECPCYRDKKN
SKGKSKCP

Source: https://www.uniprot.org/uniprot/Q94874

Snakin-2 (Solanum tuberosum L.)
UniProtKB - Q93X17; SNAK2; Length: 104, Mass (Da): 11,038

MAISKALFASLLLSLLLLEQVQSIQTDQVTSNAISEAAYS
YKKIDCGGACAARCRLSSRPRLCNRACGTCCARCNCVPPG
TSGNTETCPCYASLTTHGNKRKCP

Source: https://www.uniprot.org/uniprot/Q93X17
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Fig. 1 Tertiary structure of selected potato tuber proteins was created by a
fully automated protein structure modelling server SWISS-MODEL (the
Biozentrum of the University of Basel) using protein sequences available
in database Uniprot (https://www.uniprot.org/).

isolated from tubers of cv. Gogu Valley, has an N-terminal
sequence with 62% homology with serine protease inhibitor
belonging to Kunitz family. The protein of Mr 4833 Da pos-
sessed antimicrobial activity, but lacked haemolytic activity.
The protein forms a dimeric molecule joined by disulphide
bridges and it exhibited activities against chymotrypsin,
trypsin and papain. The PT-1 strongly inhibited pathogenic
strains including C. albicans, R. solani and C. michiganensis
subsp. michiganense (Kim et al. 2005). In a subsequent
study, the same authors isolated the low molecular protein
(Mr3228.5 Da) from potato tubers of cv. Gogu Valley named
PG-2. The best score (43%) of the N-terminal sequence ho-
mology of PG-2 was obtained for PPI-1. PG-2 exhibited an-
timicrobial activity against C. albicans (human pathogen
yeast strain), C. michiganensis subsp. michiganense and
S. aureus, but it did not lyse human red blood cells (Kim
etal. 2013).

Feldman et al. (2014) isolated and characterised the
serine protease inhibitor termed proteinase K inhibitor
(PLPKI) from potato leaves infected with P. infestans.
Sequencing of the residues at the NH, terminus demon-
strated that PLPKI is a novel member of the PPI-I family.
The PLPKI inhibited the activity of extracellular proteases
produced by P. infestans and R. solani. A positive corre-
lation between the levels of PLPKI and the degree of
horizontal resistance was showed and established the fact
that it could be used as a suitable biochemical marker to
help in selection and breeding approaches. The monomer
of PLPKI has Mr of 8.5-9.0 kDa and is highly active
against proteinase K but it poorly inhibits trypsin and
chymotrypsin.

Less information is available about antifungal activities of
other protease inhibitors presented in potato tubers. Amongst
them, potato protease inhibitors II (PPI-II) have a potential for
defence and antifungal activities. Pefia-Cortés et al. (1989)
showed increasing concentration of PPI-II in tubers after appli-
cation of abscisic acid indicating the role of these PPI-II in the
wounding and infection defence mechanism. The fungi of
Fusarium group (various strains of £ solani and F. oxysporum)
were strongly inhibited by protein samples isolated from potato
fruit juice at 80 °C. Isolated antifungal proteins of Mr 7-17 kDa
were identified, using MALDI-TOFF analysis, as a mixture of
PPI-I and PPI-II, with predominating of PPI-II (Bartova et al.
2018).

The potato carboxypeptidase inhibitor (PCI) provided re-
sistance to fungal pathogens when expressed in rice. It was
shown that rice plants constitutively expressing pci gene ex-
hibited resistance against pathogens Magnaporthe oryzae and

Fusarium verticillioides probably due to inhibition of fungal
carboxypeptidase B (Quilis et al. 2007).

Antifungal activity of potato defensins and other
potato tuber proteins

This variable group includes potato tuber proteins that could
not be classified within PIs or patatin family. A simplified
characteristic of the group is difficult. Generally, these types
of antimicrobial and antifungal agents are mostly
characterised as cysteine-rich proteins and peptides, including
thionins, defensins and lectins.

Thionins were the first plant peptides reported to have ac-
tivity against plant pathogens (Fernandez de Caleya et al.
1972). Thionins are antimicrobial peptides approximately of
Mr 5 kDa, with an abundance of arginine, lysine and cysteine
residues (Yan et al. 2015). The antimicrobial activity is based
on a charge-based interaction between the peptide and phos-
pholipids in pathogen membranes. Next, the positively
charged proteins and negatively charged membranes create
electrostatic interactions that can lead to the disruption of the
plasma membrane integrity, which is mentioned in Fig. 2
(Chang et al. 2008; Wimley 2010). Defensins that are phylo-
genetically separated but structurally similar to thionins ap-
pear not to cause substantial membrane permeabilisation but
act on certain membrane-bound receptors (Kim et al. 2009;
Yan et al. 2015).

Potato pseudothionin (Pth-St1) with Mr of 5 kDa was
found to be active against bacterial and fungal pathogens of
potato such as Clavibacter michiganensis subsp. sepedonicus,
Pseudomonas solanacearum and F. solani. The Pth-St1 does
not inhibit trypsin or insect x-amylase activities, and, in con-
trast with thionins, it does not affect cell-free protein synthesis
or 3-glucuronidase activity (Moreno et al. 1994).

There is limited information about potato tuber defensins
available. Potato defensin named PTH1 has 47 amino acid
residues and in combination with potato snakin-1, it was syn-
ergistic against bacteria C. michiganensis subsp. sepedonicus
and Pseudomonas syringae pv. syringae, and it was additive
against the fungi B. cinerea, F. solani and Bipolaris maydis
and bacterium Pseudomonas syringae pv. tabaci (Kovalskaya
and Hammond 2009; Segura et al. 1999). Moreover, PTH-1
peptide alone inhibited fungi Colletotrichum coccodes and
B. cinerea (Kovalskaya and Hammond 2009).

Potato defensins DL1 and DL2 families are antipathogenic
peptides, which may be phylogenetically related to each other
and share common features with snake-venom disintegrins
(Calvete et al. 2000). The DL1 and DL2 defensins have been
tested against phospholipid vesicles (liposomes) suggesting
their ability to interact with membranes. The DL2 induced
vesicle aggregation, but not leakage. Potato defensin DL1
failed to show any effect on liposomes (Caaveiro et al. 1997).
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Table 1 Classification and characterisation of potato protease inhibitors (Pouvreau 2004; Pouvreau et al. 2001; Bérta et al. 2015)
Protease inhibitor Molecular mass Isoelectric points (pI) Number of protein Enzyme
(kDa) subunits inhibition
Potato inhibitor I (PPII) 7.68-7.87 5.1-6.3-7.2-7.8 5 T, Ch, HLE
Potato inhibitor II (PP II) 20.02-20.68 5.5-5.8-5.9-6.0-6.1-6.5-6.9 2 T, Ch, HLE
Potato aspartate protease inhibitor (PAPI) 19.87-22.03 6.2-7.5-8.2-8.4-8.6-8.7 1 CaD, T, Ch, HLE
Potato cysteine protease inhibitor (PCPI) 20.1-22.7 5.8-6.6-6.7-7.1-8.0-8.3-8.6—> 1 Pap, T, Ch, HLE
9.0
Potato Kunitz-type protease inhibitor (PKPI) 20.19-20.24 8.0—>9.0 1 T, Ch
Other serine potato protease inhibitors 21.03-21.80 7.5-8.8 1-2 T, Ch, HLE,
(OSPD)
Potato carboxypeptidase inhibitor (PCI) 427 nd 1 CpA

nd not detected, 7 trypsin, Ch chymotrypsin, HLE human leucocyte elastase, CaD cathepsin D, Pap papain, CpA carboxypeptidase A

Snakins represent a specific group of basic cell wall-
associated antimicrobial proteins. Yan et al. (2015) classified
these proteins into ‘another antifungal plant proteins’ because
of their minimal similarity to any other antipathogenic pro-
teins isolated from plants. The mechanism of action has not
yet been explained. Snakin-1 (SN1) and snakin-2 (SN2) ami-
no acid sequence alignments show a similarity with members
of GAST family from tomato (gibberellic acid—stimulated
transcript) and GASA family from Arabidopsis (gibberellic
acid—stimulated transcript in Arabidopsis), and they have been
classified as members of a novel snakin/GASA family
(Berrocal-Lobo et al. 2002) and snakin proteins have been
reported to be involved in diverse biological processes, in-
cluding cell division, cell elongation, cell growth, transition
to flowering, signalling pathways and defence (Berrocal-Lobo
et al. 2002; Nahirfiak et al. 2012; Segura et al. 1999).

The potato SN1 gene is constitutively expressed in dif-
ferent tissues during their development and is not affected
by abiotic and biotic stress. Similarly, SN2 represents a
widely divergent snakin subfamily, but, in contrast with
SN1, expression of the SN2gene is affected by various
external treatments, including pathogen infection.
Although SN2 is only 38% homologous with SN1, they
have similar properties. They are basic and rich in cysteine
residues with similar antimicrobial activity against bacterial
and fungal pathogens while different from that of defensin
peptides from the same tissues as it can be seen in Table 3
adapted according results of Berrocal-Lobo et al. (2002).
Proteins SN1 and SN2 caused an aggregation of both
Gram-positive and Gram-negative bacteria (Segura et al.
1999; Berrocal-Lobo et al. 2002; Kovalskaya and
Hammond 2009) and inhibition of fungal pathogens of
B. cinerea, F. solani and F. culmorum, at a concentration
of < 10 uM. The mature peptide of SN2 is basic (pl =
9.16) with 66 amino acid residues, calculated at an Mr of
7025 Da with six cysteines (Berrocal-Lobo et al. 2002).
Similarly, SN1 has 63 amino acid residues (Mr 6922 Da)
with six cysteines (Segura et al. 1999).
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Lectins, carbohydrate-binding proteins that agglutinate
cells or precipitate polysaccharides and glycoconjugates,
are widely distributed in nature. Lectins probably interact
with the fungal membrane by binding to carbohydrates on
the surface of the cell wall with indirect impact on fungal
growth (Yan et al. 2015). Potatoes contain a number of
chitin-binding proteins which have possible functions in
their defence against pathogens. Millar et al. (1992) re-
ported an increased synthesis of the hydroxyproline-
containing glycoprotein of Mr 57 kDa, which binds to
chitin and shares common epitopes with lectin 24 h after
wounding. The 20-kDa chitin-binding lectin isolated from
potato tubers of cv. Deshi manifested antifungal activity
against Aspergillus niger, Penicillium spp. and Rhizopus
spp. and antibacterial activity against Gram-positive
(L. monocytogenes) and Gram-negative (E. coli,
Salmonella enteritidis and Shigella boydii) bacteria. The
isolated potato lectin was also able to prevent the biofilm
produced by Pseudomonas aeruginosa. It can thus have
possible applications in clinical microbiology and in bio-
medical science (Hasan et al. 2014). Shah et al. (2016)
isolated potato tuber lectin of 20 kDa and identified the
fact that it belonged to PKPI. Other biological activities of
this protein have, however, not yet been described.

Feng et al. (2003) isolated antimicrobial proteins, termed
AP, from potato leaves of cv. MS-42.3. The protein had
good inhibition activity against five different strains of
R. solanacearum from potato or other crops and against
two fungal pathogens, R. solani and A. solani from potato.
The N terminus exhibits 58% identity with the acid phos-
phatase from Mesorhizobium loti. The authors suggested that
AP belongs to a new group of proteins with antimicrobial
characteristics and functions in relation to energy metabo-
lism of plants.

Aspartic protease constitutes one of the four super-families
of proteolytic enzymes. Three potato aspartic proteases, one
from tubers (StAP;) (Guevara et al. 1999) and two from
leaves (StAP, and StAP;) (Guevara et al. 2004), were
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Table 2 Potato protease

Inhibited microorganism

Reference

inhibitors with described Protein/peptide

antifungal or antimicrobial

activities Serine protease inhibitors
Mixture of PPI-I and PKPI
PLPKI

Thermally stable PPI-II
Kunitz-type protease inhibitors

PKPI groups A and B

PKSI (PKPI group C)

PSPI-21

PSPI-22
AFP-J

Potide-G

PT-1

PG-2

Carboxypeptidase inhibitor
PCI

B. cinerea
P, infestans, R. solani

F solani, F. oxysporum

F. moniliforme
P, infestans

F culmorum
P. infestans

F culmorum
P, infestans

C. albicans,

T. beigelii

S. cerevisiae
S. aureus

L. monocytogenes

Hermosa et al. 2006
Feldman et al. 2014
Bartova et al. 2018

Heibges et al. 2003b
Revina et al. 2004
Revina et al. 2008
Valueva et al. 1998
Revina et al. 2008
Valueva et al. 1998
Park et al. 2005

Kim et al. 2006
Tripathi et al. 2006

E. coli

C. michiganensis subsp. michiganense
C. albicans

R. solani

antiviral activity against potato virus Y

C. albicans Kim et al. 2005

R. solani

C. michiganensis subsp. michiganense

C. albicans (human pathogen strain) Kim et al. 2013
C. michiganensis subsp. michiganense

S. aureus

M. oryzae Quilis et al. 2007

FE verticillioides

PPI-I potato protease inhibitor I, PPI-II potato protease inhibitor II, PKPI potato Kunitz-type protease inhibitor,
PLPKI potato serine protease inhibitor specific for proteinase K, PKPI potato Kunitz-type protease inhibitor,
PKSI potato subtilisin protease inhibitor from Kunitz-type family, PSPI-21 potato serine protease inhibitor of 21
kDa, PSPI-22 potato serine protease inhibitor of 22 kDa, AFP-J antifungal protein isolated from cv. L. Jopung,
PT-1 Potamin 1, PG-2 Potide G-2, PCI potato carboxypeptidase inhibitor

presented as bifunctional proteins with both proteolytic and
antimicrobial activities (Pagano et al. 2007). Similarly as oth-
er plant aspartic proteases, StAPs are glycosylated (Guevara
et al. 1999; Guevara et al. 2001). The StAPs are induced by
both abiotic and biotic stress and have extracellular
localisation (Guevara et al. 2002). The StAP glycosylation
was demonstrated as essential to StAP antifungal activity;
deglycosylated StAP fungicidal activity is lower than that of
the native StAPs at all concentrations. The StAP in vitro an-
tifungal activity was recorded with regard to P. infestans and
F. solani (Guevara et al. 2002; Guevara et al. 2004) via direct
interaction with microbial surfaces followed by membrane
permeabilisation (Mendieta et al. 2006).

Potato patatins and their antifungal potential

Unlike PPIs, patatin constitutes a more uniform group of ho-
mologous protein isoforms and represents a major tuber pro-
tein component with significant contribution to nutritional
(Bartova and Barta 2009; Bartova et al. 2015) and functional
(Barta et al. 2012; Schmidt et al. 2018) properties of potato
tuber proteins. Barta et al. (2012) found the patatin relative
abundance between 5.40 and 35.40% within a group of 20
potato cultivars. Patatins are glycoproteins with a molecular
weight of 39-43 kDa (existing as native 80-kDa dimers) with
different zero points of charge (pI) between 4.45 and 5.17 and
glycosylation patterns (1-3 glycosylation) (Barta et al. 2012,
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Fig. 2 Models of AMP mode of action with corresponding changes in
membranes (figure modification according to Chang et al. 2008; Wimley
2010). The contact of AMPs with the membrane and its adsorption to the
membrane (a); reorientation of the AMPs in the lipid bilayer and forma-
tion of transbilayer pores (b, ¢). A barrel-stave pore (b)}—AMPs interact
laterally with one another when hydrophobic regions of AMPs align with
the tails of the lipids and the hydrophilic regions form the inner surface of
the pore. The membrane thickness does not change. A toroidal pore (¢)—

Lattova et al. 2015). Patatin exists in various mass and charge
forms which differ amongst potato cultivars and Solanum spe-
cies. Differences of individual isoforms in molar mass are
predominantly caused by different numbers of glycosylation
in combination with mutations in the primary sequence of the
patatin protein chain (Barta et al. 2012; Pots 1999). Purified
samples of patatin obtained from 20 potato cultivars were
according to MALDI-TOFF MS analysis, of three mass levels
(~40.6, 41.8 and 42.9 kDa); 2D PAGE showed 17-23 detect-
ed patatin spots representing various patatin isoforms (Barta
et al. 2012). Such a high patatin variability in combination

@ Springer

AMP specific interactions are not present, but hydrophilic parts of the
lipids are electrostatically interacted by charged residues of AMPs. The
membrane thickness decreases. In the carpet model (d), AMPs are bound
to the membrane surface. AMP hydrophobic residues facing the mem-
brane and their hydrophilic surfaces facing the solvent. When a large
concentration of peptides is reached, peptide molecules disrupt the mem-
brane in the detergent-like model (e). The lipid bilayer is disrupted into a
set of separate micelles

with observed patatin enzymatic activities and partly induced
synthesis of patatin proteins supported the concept that patatin
is not only storage protein but could also be a part of defence
mechanisms. The real physiological role of patatin in potato
tubers has, however, not yet been completely established
(Bartova et al. 2012). Patatin has surprising enzymatic activ-
ities of nonspecific lipid acyl hydrolase (LAH) (Barta et al.
2012; Pots 1999; Racusen 1986), phospholipase A, (Jiménez-
Atiénzar et al. 2003; Senda et al. 1996), acyl transferase
(Jimenez et al. 2001), 5-1,3 glucanase (Tonon et al. 2001)
and 3-1,2 xylosidase (Peyer et al. 2004). LAH activity may
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play a role in the defence by means of releasing fatty acids
after the damaging of vacuoles. Fatty acids are then oxidised
with subsequent production of cytotoxic products and water-
insoluble waxes (La Camera et al. 2005; Racusen 1983).
Similarly, the activity of patatin phospholipase A, (PLA,)
participates in the production of bioactive lipid components
involved in defence mechanisms (Matos and Pham-Thi 2009).
The (-1,3 glucanases belong to pathogenesis-related proteins
with an evident relationship with (3-1,3-glucanes of hyphal
cell wall (Hefmanova et al. 2006). Clear information about
patatin antifungal, antimicrobial or other inhibition activities
has been limited.

The participation of patatin proteins in potato defence
against fungal pathogens is evident from the patatin-
increased secretion in resistant genotypes as response to path-
ogen attack. The infection with P. infestans induced accumu-
lation of patatins in the resistant cultivar while no changes in
patatin accumulation were observed in the susceptible cultivar
(Fernandez et al. 2012). Direct antifungal effects of patatin
were documented only in few cases. Tondn et al. (2002) iso-
lated acidic 3-1,3-glucanase of 39 kDa from potato cultivar
Huinkul with a high level of field resistance after 72 h of
infection with P, infestans when the [3-1,3-glucanase activity
increased. The enzyme produced a direct inhibitory effect on

Table 3  Inhibition of bacterial and fungal pathogens by snakins StSN2
and StSN1 and defensin StPTH1 from potato. Adapted from Berrocal-
Lobo et al. (2002)

Pathogen Protein (ECsg)*
StSN1 StSN2 StPTH1
uM

Bacteria
C. michiganensis 1 4 7
R. solanacearum NA NA 25
R. solanacearum (rfa) 30 15 25
E. chrysanthemi NA NA NA
R. meliloti 8 nt NA

Fungi
B. cinerea 2 0.8 1
F solani 3 2 0.2
E culmorum 2 2 NA
F oxysporum f. sp. conglutinans 10 13 nt
FE oxysporum f. sp. lycopersici 20 13 nt
P cucumerina 10 10 10
C. graminicola 10 20 2
C. lagenarium 10 10 nt
B. maydis 20 20 10
A. flavus 20 20 nt

2 ECsy effective concentration for 50% inhibition

NA not active at concentration < 20 pM, nt not tested

the germination of sporangia of P. infestans. Between two
potato cultivars of different degrees of field resistance to
P. infestans, there were different expressions of (3-1,3-
glucanase observed. The susceptible cultivar Bintje induced
a f-1,3-glucanase expression in lower levels than that ob-
served in the resistant cultivar. Additionally, Sharma et al.
(2004) prepared somatic hybrids (Wisconsin J series) with
durable resistance against P. infestans. The purified patatin
from the resistant genotype was able to inhibit P. infestans
spore germination by 70% at a 2.5-ug ml~' concentration.
The infection of resistant plants with spores of P. infestans
showed that patatin is expressed in stem tissues 72 h after
the plant was inoculated suggesting thus participation of
patatin proteins in potato defensive mechanisms.

Antifungal potential of potato protein hydrolysates

Protein hydrolysates have been defined as a mixture of poly-
peptides, oligopeptides and amino acids that are manufactured
from protein source using partial hydrolysis (McCarthy et al.
2013). In the human and animal body, the bioactive peptides
display hormone or drug-like activities and can be classified,
on the basic of their mode of action, as antimicrobial, anti-
thrombotic, antihypertensive, opioid, immunomodulatory,
mineral binding and antioxidative, based on the amino acid
composition and specific sequence (McCarthy et al. 2013;
Sanchez and Vazquez 2017). There is available information
about antihypertensive (Mdkinen 2014) and antioxidant
(Cheng et al. 2010; Udenigwe et al. 2016) activities of hydro-
lysed potato proteins, but a very limited information about
their antimicrobial or antifungal actions. In the study of Park
et al. (2005), an antifungal protein, AFP-J, with activity
against yeast strains, was described. The subsequent study
brings a description of functional peptide produced by a par-
tial acid digestion of AFP-J. The active peptide was named
Potide-J and was active (MIC 6.25 pg/ml) against C. albicans.
The amino acid sequence of Potide-J was established as Ala-
Val-Cys-Glu-Asn-Asp-Leu-Asn-Cys-Cys. Mass spectrometry
showed its Mr 1083.1 Da (Lee et al. 2012).

Application of potato tuber proteins
with antifungal activities

In the past few years, great efforts have been made to study the
activities of antifungal and antimicrobial plant proteins and
peptides which, for their part, can offer anti-infection applica-
tions. These compounds bring hopeful solutions in the fight
with pathogens in a number of branches where the pathogen
elimination is the key step for successful results. The AFPs
and AMPs can be used not only in food industry, agricultural
biotechnologies and breeding, feedstuffs and aquaculture, but
also in medicine and pharmacology (Meng et al. 2010).
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Application in phytopathogen control

Phytopathogens are responsible for most crop losses world-
wide and have caused devastating famines in the human his-
tory. Proteins active against plant pathogens or those involved
in signalling transduction have a natural potential to be used in
plant breeding or in the production of genetically modified
plants of enhanced pathogen resistance. Those can be also
used as biochemical markers for the selection of resistant
plants and in launching of new cultivars.

Rice plants expressing constitutively a pci gene for the
carboxypeptidase inhibitor (PCI), showed resistance against
pathogens M. oryzae and F. verticillioides (Quilis et al.
2007). Potato plants (cv. Kennebec) were transformed with a
construct encoding S. chacoense SN1 genes. Overexpression
of SN-1 genes in transgenic lines exhibited a significant symp-
tom reduction of R. solani infection and higher survival rates.
These lines showed also significant protection against Erwinia
carotovora (Almasia et al. 2008). Hybrid proteins SN1 and
PTHI1 expressed in potato and tobacco plants increased the
antimicrobial and antifungal potential of both the plants
(Kovalskaya et al. 2011). The SN1 genes introduced into
wheat plants enhanced resistance to Rhizoctonia cerealis and
Bipolaris sorokiniana (Wang et al. 2012).

Potato plant with the ability to accumulate the key defence
proteins with antifungal activities usually exhibited durable
field resistance against pathogens and should therefore be
used as hopeful biochemical markers in breeding. Protease
inhibitor named PLPKI (Feldman et al. 2014), inhibitors
PSPI-21 and PSPI-22 (Valueva et al. 2003) and inhibitors
PI-I and PI-II (Pefia-Cortés et al. 1989) and patatin isoforms
(Senda et al. 1998; Sharma et al. 2004; Tonon et al. 2002)
were described as potential biochemical markers in horizontal
resistance to P. infestans.

Application in food industry

People started to use chemicals as food preservatives in food
industry long time ago. Since these chemically synthesized pre-
servatives can negatively affect human health and food taste, the
demand for food preservatives from natural sources has been
increasing (Meng et al. 2010). More strategies can be used for
food preservation using AFPs and AMPs. The key request is,
however, not only a protein antifungal or antimicrobial efficien-
cy but also a functional stability under different thermal, acidity
or salinity conditions.

Rodriguez et al. (2015) described direct application of
aqueous extracts enriched in S. tuberosum tuber proteins on
the lemon surface to control fungi responsible for post-harvest
diseases. The PPI fraction IF25 (Mr 15-20 kDa) was able to
inhibit Penicillium digitatum and Geotrichum candidum. The
extract built-in to the wax is therefore suitable to create the
control coat and to efficiently protect the fruit.
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Biodegradable film with incorporated AFPs and AMPs to-
gether with antioxidant or with nutritionally improving sub-
stances seems to be the resulting tendency of functional food
packaging in future. This technique offers the advantage of
concentrating the antimicrobial agents on the surface of food
products, which is where potential pathogens grow (Shen et al.
2010). An active packaging offers better preservation of senso-
ry attributes, of safety and of product shelf-life. To the best of
our knowledge, there is no evidence about such application
potato tuber proteins although these seem to be the ideal candi-
date. The individual components of potato proteins and pep-
tides, how it was mentioned in the previous chapters, have
antimicrobial (Bartova et al. 2012) and antioxidant (Liu et al.
2003) activities. The potato tuber proteins are nutritional valu-
able (Bartova et al. 2015), some of them are thermostable up to
100 °C (e.g. CPI, PI-I and PI-II, hydrolyse protein fragments)
(Bartova et al. 2018) and the potato proteins are even able to
create bio-based polymer films (Schéfer et al. 2018). Potato
AMPs with ability to inhibit pathogenic Listeria and
Salmonella species are alternatively usable as food preserva-
tives. The group of potato proteins with perspective usage for
the food industry includes Potide-G, potato lectin or total pro-
tein extract obtained from tubers of cv. Gogu Valley.

Application in feedstuffs

The use of antibiotic compounds as animal feed additives has
been used to improve ruminal fermentation and the efficiency
of nutrient utilisation (Candanosa et al. 2012) and to avoid of
risks intestinal pathogens such as Salmonella spp. or Listeria
spp. However, the overuse of antibiotics can disrupt balance of
intestinal microbiota of the animals and also can raise animal
products safety risk. Therefore, the use of antibiotics as animal
feed additives has been restricted in the EU. The use of endog-
enous AFPs and AMPs as food additives has ability to inhibit
corresponding pathogens, while they cannot kill normal intes-
tinal flora and animal cells (Jin et al. 2009; Ohh et al. 2010).
Jin et al. (2009) reported that pigs fed by increasing levels
(0 to 600 ppm) of refined potato tuber protein from cv. Gogu
Valley demonstrated linear improvements in their perfor-
mance and a linear decrease in their faecal and intestinal bac-
teria, suggesting that the potato protein was effective at higher
levels. Since the potato tubers of Gogu Valley are known to
contain AMP potamin-1 (PT-1), the authors suggested the
AMP may have caused the decrease in microbe numbers,
contributing towards an increased performance. Protein iso-
lates included in pig diets inhibited the growth of S. aureus,
Salmonella choleraesuis, Salmonella gallinarum and E. coli
and could therefore serve as an alternative to antibiotics.
Similarly, potato proteins (again cv. Gogu Valley) were used
as alternative antibiotics in the diet of broilers. The birds fed
by potato protein diet had less coliforms in the caecal content
than those on the control diet. The potato proteins showed the
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potential to be used as alternative to antibiotics in the diet of
broilers (Ohh et al. 2010).

Application in medicine

The excessive use of antibiotics is not only the problem of
feedstuffs. The damage of human intestinal microflora, the
allergenicity of antibiotics, the resistance of bacteria to antibi-
otics and the environmental risk of these use of antibiotics are
the key inconveniences also in human medicine and pharma-
cology. In a study on healthy humans, the administration of
potato fruit juice from cv. Gogu Valley increased the growth
responses of Bifidobacterium and Lactobacillus and de-
creased the growth of Clostridium perfringens and E. coli
(Lee 2005). Potide-G, previously characterised, was able to
inhibit pathogenic strains of S. aureus, L. monocytogenes,
E. coli and C. albicans (Kim et al. 2006). C. albicans was
inhibited also by PT-1 (Kim et al. 2005) and PG-2 (Kim
et al. 2013). A 20-kDa chitin-binding lectin isolated from po-
tato tubers of cv. Deshi inhibited pathogenic strains of
L. monocytogenes, E. coli, S. enteritidis and Shigella boydii.
The isolated potato lectin was also able to prevent the forma-
tion of biofilm produced by P. aeruginosa and could thus have
possible applications in clinical microbiology and biomedical
science (Hasan et al. 2014). Data about on the real potential of
potato protein usage in human medicine have been limited.
Paik et al. (2014) declared the anti-Leishmania effect of the
fraction rich in serine protease inhibitors obtained from potato
tubers. The in vitro and ex vivo assays with Leishmania
donovani—infected macrophages showed a reduction in the par-
asite viability and in the intracellular parasite load and the serine
protease inhibitors from potatoes were evaluated as a perspective
drug against leishmaniasis.

Conclusions

Potato (Solanum tuberosum L.) has achieved a worldwide
prominence both as food and as industrial crop for starch
and protein production. Isolation of potato proteins from
starch production waste has opened a new directions of
research. Surprising possibilities of them, highly usable
in various branches, have gradually been described, such
as foaming, emulsifying and gelling abilities, high nutri-
tional value, regulation digestive enzymes, reduction of
food intake in humans or blocking UV irradiation. Last
but not least, the proteins are part of potato plant defence
system and they exhibit antifungal, antibacterial and anti-
viral activities. The AFPs and AMPs isolated from potato
tubers belong to various groups from the point of view of
their structure, molecular mass, enzyme activities, thermo-
stability, physiological roles or the intensity of antifungal
activity. Some of them could be termed as multifunctional,

having both antifungal and antimicrobial, or even antiviral,
abilities. The AFPs occurring in potato tubers include both
proteins with storage function presented constitutively in
the tubers and proteins synthesized as pathogenesis-related
components.

Potato protease inhibitors with their multifunctional ac-
tivities have the possibility for their use in various appli-
cations. Here, we can discuss their possible incorporating
as antimicrobial additive into feed or food products or use
in breeding programmes for the production of crops with
a higher pathogen resistance. Serine and cysteine protease
inhibitors and potato protease I and potato Kunitz-type
protease inhibitors amongst them seem to be the most
studied and perspective inhibitors. Potato Kunitz-type
protease inhibitors inhibits the growth of Phytophthora
infestans, Rhizoctonia solani and Botrytis cinerea or of
the fungi of Fusarium genus. Strong inhibitory activities
with predominant antibacterial activity were described for
the low molecular part of potato protease inhibitors in-
cluding heat-stable protein Potide-G with the ability to
inhibit bacterial pathogenic strains of Staphylococcus
aureus, Listeria monocytogenes, Escherichia coli,
Clavibacter michiganensis subsp. michiganense and
Candida albicans of fungus Rhizoctonia solani.
Connected antifungal and antibacterial activities were also
described for small (5 kDa maximum), cysteine-rich pro-
teins including potato pseudothionin, defensins and
lectins and a very specific group of proteins named potato
snakins. These proteins are active against a wide range of
pathogenic fungi and Gram-negative as well as Gram-
positive bacteria and they often work in synergic effect.

The combination of antifungal and antibacterial activi-
ties, the heat stability and other properties of potato tuber
proteins have given them the momentous potential for use
in various applications in situations where the fight with
pathogenic fungi and bacteria is of crucial importance.
The possible application of potato tuber proteins is prom-
ising in the launching of new crop cultivars of enhanced
resistance to pathogens, in food industry to replace chem-
ical preservatives or to create active food packaging and
finally in human and animal pharmacology to at least
partly replace antibiotics.
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