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Abstract

Plant defensins are antimicrobial host defense peptides expressed in all higher
plants. These peptides inhibit the growth of a broad range of fungi and bacteria. Crown
rot is a disease complex that reduces alfalfa (Medicago sativa) stand density and causes
substantial losses in productivity in all alfalfa-growing areas. Currently, there are no
effective methods of disease control. To evaluate plant defensins as a potential control for
alfalfa crown rot, defensins were screened for antimicrobial activity. MtDef?5, a defensin
from Medicago truncatula, displayed high activity against both bacterial and fungal
crown rot pathogens in vitro. Agrobacterium-mediated transformation was used to create
transgenic lines of alfalfa (genotype Regen SY27x) constitutively expressing MtDef5.
Disease bioassays demonstrated increased resistance against fungal crown rot pathogens
in the transgenic lines expressing MtDef5. The transgenic lines with greater levels of
MtDef5 expression corresponded to increased disease resistance. Transgenic expression
of defensins could be utilized to implement an eco-friendly, protein-based strategy that
could provide alfalfa with enhanced resistance against crown rot and corresponding gains
in alfalfa yield.

Defensin antibacterial mode of action (MOA) is well characterized in invertebrate
and vertebrate systems, but the MOA of most antibacterial plant defensins has not been
investigated. Mini-Tn5-/ux mutant strains of Pseudomonas aeruginosa with Tn insertions
disrupting outer membrane protective modifications were assessed for sensitivity against
plant defensin peptides. These transcriptional /ux reporter strains were also evaluated for
lux gene expression in response to sublethal plant defensin exposure. A defensin from M.

truncatula, MtDet4, induced dose-dependent gene expression of the aminoarabinose
iii



modification of LPS and surface polycation spermidine production operons. This
indicates that MtDef4 damages the outer membrane akin to polymyxin B, which
stimulates antimicrobial peptide resistance mechanisms similar to plant defensins. A
plant pathogen, Pseudomonas syringae pv. syringae was modified through transposon
mutagenesis to create mutants that are resistant to in vitro MtDef4 treatments. The
transposon insertion site on defensin resistant bacterial mutants was sequenced, and
modifications of ribosomal genes were identified to contribute to enhanced resistance to
defensin treatments. Therefore, the MtDef4 antibacterial mode of action may also involve
inhibition of translation.

Genetic modification of alfalfa for the introduction of novel traits requires
promoters for controlling gene expression. Constitutively active promoters impose a great
energy load on the plants and a strong selective pressure on the pathogens. M. truncatula
promoter regions of pathogenesis-related (PR) genes, PRS and PR 10, were identified as
being highly up-regulated during the initial stages of infection by root and foliar
pathogens. These promoters, along with the alfalfa homolog for PR10, were cloned into
plant transformation vectors ahead of the B-glucuronidase (gus) gene. Agrobacterium-
mediated transformation was used to create transgenic lines of alfalfa. Quantitative PCR
assays were utilized to evaluate pathogen-induced GUS expression. Consistently, the
MtPR 10 promoter had greater fold amplifications and greater activity than the MsPR10
and MtPRS5 promoters. The MtPR10 promoter is functional in alfalfa for expression of

transgenes and up-regulates genes after infection by a wide range of alfalfa pathogens.
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Chapter 1: Antibacterial activity of plant defensins”

Introduction. Plants produce a wide array of antimicrobial peptides (AMPs)
constitutively or in response to pathogen infection, abiotic stresses, and mechanical
injury, including damage from insects and herbivores. Plant AMPs are classified based on
their structure and presence of disulfide bonds into the main classes of cyclotides,
defensins, hevein-like proteins, lipid transfer proteins, snakins, thionins, and vicilin-like
proteins (Goyal and Mattoo 2014). The plant defensins are among the best characterized
of the AMPs with an abundance of representatives from diverse plant species (Tam et al.
2015). The term plant defensin was coined due to structural and functional homology of
the plant peptides to insect and human defensins (Broekaert et al. 1995). Plant defensins
are cationic, with a basic isoelectric point, and are identified by an invariant tetradisulfide
array. Although they share little amino acid sequence identity, these peptides share a
conserved 3-D structure consisting of one o-helix and three antiparallel B-strands that are
connected by four disulfide bonds, which forms a distinctive cysteine-stabilized o
(CSaf) motif. Defensins from plants, fungi, and invertebrates share the CSaf motif,
which defines the cis-defensin superfamily, distinct from the trans-defensin superfamily,
consisting of vertebrate a-, -, 0-, and invertebrate big defensins (Shafee et al. 2016).
Proteins in the two defensin superfamilies likely arose from extensive convergent
evolution (Shafee et al. 2016). Plant defensins possess an additional conserved sequence,

a y-core motif, defined as GXCX3.9C, which is required for their antifungal activity

"Sathoff, A. E., and Samac, D. A. 2019. Antibacterial activity of plant defensins. Mol.
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(Sagaram et al. 2011). Plant defensins have been shown to be promiscuous peptides,
meaning that a single defensin peptide can have multiple functions (van der Weerden and
Anderson 2013). For example, in addition to antimicrobial activity, defensins with
diverse functions, such as amylase activity, conferring zinc tolerance, and involvement in
pollen tube elongation have been identified (Carvalho and Gomes 2009; Franco 2011).
Though plant defensins share a common tertiary structure, there is extensive variation in
amino acid sequences and length of peptides. This sequence diversity corresponds to
variation in antimicrobial activity.

Numerous recent review papers have summarized the extensive antifungal
activity of plant defensins and their mode of action against fungi, but these reviews do
not acknowledge antibacterial activity, or only cite an example without going into detail
(Cools et al. 2017; De Coninck et al. 2013; Lacerda et al. 2014; Montesinos 2007; Parisi
et al. 2018; Rautenbach et al. 2016; Vriens et al. 2014). The lack of information on the
antibacterial activity of plant defensins is surprising because plant defensins were
originally classified as y-thionins, a subclass of thionins, which have long been known to
have antibacterial activity. Purothionins extracted from wheat (7riticum aestivum) display
extensive antibacterial activity against both Gram-positive and Gram-negative strains of
phytopathogenic bacteria (de Caleya et al. 1972). Additionally, human and invertebrate
defensins have potent antibacterial activity (Ageitos et al. 2017), and the mode of action
(MOA) of these defensins against bacterial pathogens is well characterized (Ageitos et al.
2017; Guilhelmelli et al. 2013). Vertebrate defensins rely on electrostatic interactions
with the anionic lipid components of bacterial membranes, which leads to rapid

membrane permeabilization through pore formation (Morgera et al. 2008), which is a



MOA for many other AMPs. For example, HNP-1, the most studied human o-defensin,
has an antibacterial MOA similar to several other vertebrate defensins which occurs via
HNP-1 dimerization, then electrostatic interaction of dimers with the bacterial membrane
in which B-sheet dimers span the membrane forming a pore, with higher order oligomers
of HNP-1 forming upon dimers when the defensin is in high concentration (Zhang et al.
2010). Another well-studied antibacterial human defensin, human -defensin-3 (HBD?3),
has been shown to inhibit bacterial cell wall biosynthesis by interacting with lipid II
components, which allows for HBD3 to have widespread activity against both Gram-
positive and Gram-negative bacteria (Sass et al. 2008).

Frequently, plant defensins display antifungal activity and lack antibacterial
activity. For example, Lc-Def from lentil (Lens culinaris), showed antifungal activity, but
failed to show activity against either Gram-positive (Clavibacter michiganensis) or
Gram-negative (Agrobacterium tumefaciens and Pseudomonas syringae) bacterial plant
pathogens (Shenkarev et al. 2014). However, it is likely that many defensins have not
been tested for antibacterial activity or the testing method used may have erroneously led
to the conclusion that the defensin lacked antibacterial activity. The focus on antifungal
activity may reflect the relative importance of fungal pathogens opposed to bacterial
pathogens in plant pathogenesis compared to human and animal disease. Because of their
potent antifungal activity, plant defensins are being exploited in agricultural
biotechnological applications to generate disease resistant crops (Gao et al. 2000; Gaspar
et al. 2014; Sharma et al. 2017).

Though fungal plant pathogens may be more prevalent, plant pathogenic bacteria

have great economic significance and influence over food security (Mansfield et al.



2012). Ralstonia solanacearum has a broad host range, infecting over 200 plant species,
including important food crops such as potato, banana, and tomato. From potato alone,
the yearly worldwide losses are estimated to be $1 billion US dollars (Elphinstone 2005).
During the monsoon season in India and Southeast Asia, outbreaks of bacterial leaf blight
caused by Xanthomonas oryzae pv. oryzae reduce the yield of rice, a staple crop, by up to
one half (Mew et al. 1993). There are a limited number of management strategies for
controlling bacterial diseases of plants. Although genetic resistance to bacterial diseases
can be found in many crops, it is often only effective against a single or small number of
pathotypes (races), which would require “stacking” of numerous resistance genes, and
this genetic resistance can be overcome through mutagenesis in the pathogen. Antibiotic
usage on crops is expensive and contributes to the generation of antibacterial-resistant
bacterial populations. Transgenic expression of antibacterial plant defensins would
reduce producer application of costly antibiotics and is an eco-friendly method of disease
control that may be difficult to overcome, depending on the specific MOA.

Plant defensin nomenclature. The inconsistent naming of plant peptides with a
defensin structure may have resulted in the loss of information on the defensins with
antibacterial activity. Until recently, the term thionin was used synonymously with plant
defensin in the small grains literature. For example, a cold acclimation-induced,
antibacterial plant peptide isolated from winter wheat (7riticum aestivum) crown tissue,
Tadl, was referred to as being both a thionin and a plant defensin throughout its
characterization (Koike et al. 2002). A thionin from potato (Solanum tuberosum) tubers,
Pth-St1, which was named before the term plant defensin was developed, was shown to
display broad-spectrum activity against fungi, Gram-positive, and Gram-negative bacteria
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(Moreno et al. 1994). Cp-thionin II from cowpea (Vigna unguiculata) displays
antibacterial activity against both Gram-positive and Gram-negative pathogens (Franco et
al. 2006). Thionins and defensins are currently considered to be two separate classes of
AMPs, but the naming conventions do not reflect this change of classification.

The following peptides have the structure of plant defensins but were given a
wide variety of names using no particular system of nomenclature. ZmESR-6, isolated
from kernels of Zea mays, shows antimicrobial activity against both fungi and bacteria
(Baladin et al. 2005), with greater efficacy against Gram-positive bacteria compared to
Gram-negative bacteria. Fabatin was isolated from broad bean (Vicia faba) seeds and
displays activity against Gram-positive and Gram-negative bacteria but not fungi (Zhang
and Lewis 1997). Fujimura et al. (2003; 2004) identified peptides from tulip (7Tulipa
gesneriana; Tu-AMP1 and Tu-AMP2) and buckwheat (Fagopyrum esculentum; Fa-
AMP1 and Fa-AMP?2) that have both antibacterial and antifungal activity. These cases
highlight the need for a consistent nomenclature system for plant defensins. Renaming
these previously discovered plant defensins would make them more accessible to the
research community. Following the current naming conventions, a two-letter
genus/species designation should be followed by a defensin indication (Def) and number.
Renaming of plant defensins has already been done in a few cases. For example, the plant
defensin alfAFP from alfalfa (Medicago sativa) was renamed, MsDef1 (Spelbrink et al.
2004). Suggested new names for previously characterized peptides are listed in Table 1.

Evaluating antibacterial activity. The antibacterial activity of a plant defensin
can be described by different parameters determined by several distinct methods of

testing. The selected experimental approach can obscure validation of plant defensin



antibacterial activity. Frequently, in vitro assays are designed to find the minimal
inhibitory concentration (MIC) of a defensin against the bacterium of interest. The MIC
is defined as the concentration of an antimicrobial agent at which no bacterial growth is
detected. MIC determination uses optical density to quantify bacterial growth and is often
achieved through serial microdilution of agents in microplates with a defined number of
bacterial cells (Wiegand et al. 2008). Slowing bacterial growth may result in a delayed
bacterial infection, and that can be a desirable trait in crop production. Plant defensins
may alter the kinetics of bacterial growth, which could be missed because MIC assays are
influenced by inoculum concentration and cannot distinguish between bacteriostatic and
bactericidal mechanisms. Additionally, MIC tests could lead to false negatives regarding
the activity of a plant defensin if insufficient peptide is used to completely inhibit growth.
To fully capture inhibitory activity of a defensin, including partial suppression of
bacterial growth, a more appropriate method of evaluating antibacterial activity would be
to measure the ICso value, the concentration of defensin peptide that reduces bacterial
growth by half. Colony-forming unit-based assays are frequently utilized to determine
ICso values. Throughout this review, the antibacterial inhibitory concentrations will be
carefully noted as an ICso or MIC parameter (Table 1).

Antibacterial plant defensins. Many of the first plant defensin peptides
characterized were isolated from crude seed extracts. The defensins from the seeds of
horticultural species, horse chestnut (4desculus hippocastanum; Ah-AMP1), butterfly pea
(Clitoria ternatea; Ct-AMP1), and Dahlia merckii (Dm-AMP1, Dm-AMP2), were
evaluated against four Gram-positive bacterial species and two Gram-negative bacterial

species causing diseases in humans. Ah-AMP1, Ct-AMP1, and Dm-AMP1 inhibit



Bacillus subtilis but not Escherichia coli, Micrococcus luteus, Proteus vulgaris,
Staphylococcus aureus, or Streptococcus faecalis. Additionally, the concentration of the
peptides needed for 50% growth inhibition (ICso) for inhibition of B. subtilis was
relatively high ranging from 15 to 150 pug/mL (Osborn et al. 1995). This limited
antibacterial activity in this initial, fundamental study may have dissuaded other
researchers from further antibacterial testing during the characterization of newly
discovered plant defensins.

Spinach defensin (So-D2) is the most commonly referenced plant defensin with
antibacterial activity. So-D2 and So-D7 were isolated from spinach (Spinacia oleracea)
leaves and display antibacterial activity against Clavibacter sepedonicus and Ralstonia
solanacearum, Gram-positive and Gram-negative plant pathogenic bacteria, respectively
(Segura et al. 1998). These defensins have potent activity against the bacterial isolates
tested with 1Cso values ranging from 0.1-2 uM. Also, So-D2 and So-D7 display activity
against the fungus, Fusarium solani, with ICso values of 9 and 11 uM, respectively. The
citrus industry has utilized these defensins to generate transgenic sweet orange and
grapefruit trees through Agrobacterium-mediated transformation in hopes of combatting
economically important bacterial diseases. Transgenic citrus trees constitutively
expressing So-D2 and So-D7 in combination were shown to be highly resistant to citrus
greening caused by the bacterial pathogens Candidatus Liberibacter spp. and to citrus
canker caused by Xanthomonas axonopodis pv. citri (Mirkov and Gonzalez-Ramos
2014). Simultaneously expressing both spinach defensins resulted in significantly greater
disease control than expression of an individual defensin. Disease resistance for citrus

greening was determined by both grafting and psyllid inoculation greenhouse trials, and



citrus canker resistance was assessed using a detached leaf assay. Additionally, Citrus
tristeza virus (CTV) has been modified into a remarkably stable, viral vector to transfect
citrus and provide long-term expression of spinach defensins (Kress 2015). In greenhouse
studies, inoculation of citrus plants with the CTV-based vector imparted resistance to
both citrus greening and citrus canker. The CTV vector can be utilized as a microbial
pesticide in the field, which is currently a disease control method approved by the United
States Environmental Protection Agency. Synthetic AMPs, with structures similar to
plant defensins, have also been utilized to control citrus greening and citrus canker (Hao
etal. 2017).

Antibacterial activity was identified in OsDef7 and OsDef8, defensins from rice
(Oryza sativa L. ssp. japonica) (Tantong et al. 2016). In contrast to the conventional
method of testing activity of crude protein extracts, these defensins were first identified
through an in silico co-expression network analysis of genes encoding defensin and
defensin-like peptides. Using RiceArrayNet (Lee et al. 2009) with data collected from
183 rice microarrays, the putative defensins were found to be co-expressed with
pathogen-responsive genes. Additionally, the analytical software Genevestigator (Hruz et
al. 2008) was used to analyze the expression levels of candidate rice defensins in
response to seven rice pathogens. OsDef7 and OsDef8 display potent antibacterial
activity in vitro against Xanthomonas oryzae pv. oryzae, X. oryzae pv. oryzicola, and
Erwinia carotovora subsp. atroseptica but do not show activity against Gram-positive
bacteria and are weakly active against phytopathogenic fungi (Tantong et al. 2016). With
ICso values as low as 0.6 pg/mL, OsDef8 demonstrates greater antibacterial activity than

OsDef7. When these defensins were transiently expressed in Nicotiana benthamiana



leaves, increased resistance was shown against Xanthomonas campestris pv. glycines
(Weerawanich et al. 2018).

MtDef5, a bi-domain defensin peptide containing two defensin domains, isolated
from the model legume Medicago truncatula displays antibacterial activity along with
previously characterized extensive antifungal activity (Islam et al. 2017; Velivelli et al.
2018). MtDef5 was able to inhibit the Gram-negative pathogen, Xanthomonas campestris
pv. campestris, at a MIC value of 6 uM, but MtDef5 failed to inhibit the Gram-positive
pathogen, Clavibacter nebraskensis. This lack of antibacterial activity against C.
nebraskensis was suggested to be a result of limited defensin binding to the thick, outer
layer of peptidoglycan present in the cell walls of Gram-positive bacteria (Velivelli et al.
2018).

Many more plant defensins have been discovered through genome analyses than
through protein isolation and characterization (Maroti et al. 2015). However, because the
specificity of antimicrobial activity is unique to each peptide, the activity of putative
defensins needs to be tested experimentally. But, there are some features that antibacterial
plant defensin appear to share, which may allow for the prediction of antibacterial
activity. J1-1, OsDef7, OsDef8, Tu-AMP2, and MtDef5 are among the few plant
defensins that can form oligomeric structures, most commonly dimers, and they also have
antibacterial activity (Fujimura et al. 2003; Guillen-Chable et al. 2017; Islam et al. 2017,
Tantong et al. 2016). For mammalian defensins, the ability to form dimers is related to
their antibacterial activity (Schibli et al. 2002). Even though all plant defensins that form
dimers are not antibacterial, the ability to form dimers may be an indicator of

antibacterial activity. Phylogenetic studies of plant defensins have demonstrated that the



highest sequence homologies are between plant defensins that share the same biological
activities (Zhu et al. 2005). Fabatin-2 and Cp-thionin II show structural and sequence
homology to the well-characterized human antibacterial defensin, HBD3 (Kraszewska et
al. 2016). This may allow for the identification of conserved residues necessary for
antibacterial activity. Also, buckwheat defensins, Fa-AMPs, are particularly rich in
glycine residues, which suggests a connection with the glycine-rich peptide family that is
known to display activity against Gram-negative bacteria (Fujimura et al. 2003).
Therefore, an abundance of glycine residues may be correlated with antibacterial activity.
Additionally, studies could be performed that explore plant defensin bacterial lipid
binding ability as an indicator of antibacterial activity. Lipid binding has been used to
predict the antibacterial activity of defensins from fungi, mollusks, and arthropods
(Schneider et al. 2010).

Defensin-like peptides. Plant genomes encode a large repertoire of defensin-like
(DEFL) peptides with a conserved pattern of cysteine residues but with a highly variable
mature peptide sequence (Mergaert et al. 2003; Silverstein et al. 2007). Based on
sequence diversity, over 100 subgroups of DEFLs have been identified (Silverstein et al.
2007). The functions of most members of this large gene family are largely unknown,
although roles in plant development and plant-microbe interactions have been identified
(Tesfaye et al. 2013). DEFLs that share secondary structural and functional homologies
with plant defensins are the nodule-specific cysteine-rich peptides (NCRs) (Maroti et al.
2015). Also, similar to plant defensins, cationic NCRs (p/ > 9) have antimicrobial activity
while neutral and anionic peptides are inactive (Mikulass et al. 2016). But, opposed to the

eight cysteines found in plant defensins, NCRs have a conserved motif of four to six
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cysteine residues (Stonoha-Arther and Wang 2018). In the inverted repeat-lacking clade
(IRLC) of legumes, NCRs are produced extensively in root nodules, and several NCRs
have been shown to regulate interactions with rhizobial microsymbionts. In M.
truncatula, NCR peptides are expressed exclusively in the nodules and are proposed to
trigger terminal bacteroid differentiation of Sinorhizobium meliloti. Bacteroids are
characterized by arrested cell division, cell elongation, DNA multiplication, and a
partially permeabilized cell membrane, which appears to improve the efficiency of
symbiosis (Van de Velde et al. 2010). Additionally, NCR peptides may eliminate
rhizobial strains that use host resources to accumulate carbon resources but do not
provide fixed nitrogen. Some NCR peptides have been shown to function in the
elimination of infecting but unadapted rhizobial strains and to determine compatibility
between the host and endosymbiont (Wang et al. 2017; Yang et al. 2017). In vitro,
synthetic NCRs display broad-spectrum activity against many bacteria, including
rhizobia, as well as fungi (Mergaert 2018). Two particularly well-studied M. truncatula
NCRs, NCR247 and NCR335, display extensive antibacterial activity against both Gram-
positive and Gram-negative bacteria although their spectra of activity were only partially
overlapping, with NCR335 inhibiting a greater number of bacteria (Tiricz et al. 2013).
Clavibacter michiganensis and Xanthomonas campestris were particularly sensitive to
both NCRs since bacterial growth was completely eliminated with peptide treatments of
50 ug/mL (Tiricz et al. 2013).

Antibacterial mode of action. In contrast to vertebrate defensins, the mode of
action of most antibacterial plant defensins has not been investigated. Recently, Velivelli

et al. (2018) examined the antibacterial activity of MtDef5 from M. truncatula. Through
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site-directed mutagenesis, the cationic amino acid residues found in the y-core motif of
MtDef5 were discovered to be essential for antibacterial activity. These residues were
previously shown to be critical for antifungal activity (Islam et al. 2017). In vitro
treatment of X. campestris pv. campestris with MtDef5 causes morphological changes
making the normally rod-shaped bacteria cells spherical or dumbbell-shaped, with
associated loss of cell viability. MtDef5 was shown to permeabilize the bacterial plasma
membrane and translocate into the cells of X. campestris pv. campestris (Velivelli et al.
2018). In vitro, MtDef5 binds to DNA, suggesting that the peptides may also inhibit
DNA replication or gene transcription. VaD1, an antibacterial defensin isolated from
azuki bean (Vigna angularis), was found to inhibit in vitro protein synthesis in a cell-free
system derived from wheat germ (Chen et al. 2005). Additional studies are needed for
understanding the modes of action of plant defensins against different species of bacteria.
Valuable insights into mechanisms of antibacterial activity can be gained from
investigations into the MOA of NCRs. Synthetic NCRs were shown to induce membrane
permeabilization and alter bacterial cell morphology causing death of S. meliloti cells
with MICs as low as 5 uM (Van de Velde et al. 2010). NCR247 and NCR335 cause cell
envelope damage to both the outer and inner bacterial membranes, resulting in the loss of
membrane potential, which is proposed to be the primary reason for their antibacterial
activity (Mikulass et al. 2016). However, the two NCRs interact differently with bacterial
membranes though both appear to target the lipid matrix (Nagy et al. 2015). The
transcriptome of S. meliloti cells treated with NCR247 and NCR335 was found to be
similar to that of Staphylococcus aureus treated with the membrane-depolarizing agent

carbonyl cyanide m-chlorophenyl-hydrazone (CCCP) (Tiricz et al. 2013). CCCP
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interferes with membrane potential and the proton gradient as well as inhibiting protein
transport (Park et al. 1997). NCR247 binds to several intracellular targets to facilitate
bacteroid formation. NCR247 binding to FtsZ, required for bacterial septum formation,
inhibits cell division, binding to GroEL, a chaperone, was found to amplify NCR247-
mediated processes, and binding to ribosomes was shown to inhibit translation (Farkas et
al. 2014). Additionally, NCR247 treatments were found to block bacterial cell division
through reducing the expression of the cell cycle regulator, ctr4 (Penterman et al. 2014).

NCRs can be viewed as specialized, antibacterial peptides and can provide
insights for understanding potential resistance mechanisms to antibacterial plant
defensins. In the NCR-rhizobial system, there is a co-evolutionary relationship and
molecular arms race that mimics the interaction between pathogen effectors and the plant
immune system. For example, responding to the antibacterial activity of NCRs, some S.
meliloti strains express a metallopeptidase, a host range restriction peptidase (HrrP) that
degrades NCRs (Price et al. 2015). Through endosymbiont modifications to protect
against host NCRs, we can infer potential host resistance mechanisms to antibacterial
plant defensins.

BacA, a peptide transporter in S. meliloti, is required for bacterial survival in the
presence of NCRs (Haag et al. 2011). The BacA knockout mutant is characterized by an
altered distribution of the fatty acids in the lipopolysaccharide membrane (Ferguson et al.
2002). BacA is proposed to promote the uptake of NCRs and redirect them away from the
bacterial membrane to limit membrane damage. This suggests that bacterial pathogens
with a BacA homolog may not be susceptible to the antibacterial activity of NCRs and

likely, some plant defensins. NCR treatment induces the 6>%-stress factor RpoH1, a heat-
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shock protein transcription factor, in S. meliloti, and rpoH mutant nodules phenocopy
the nodules from bacA mutants (Mitsui et al. 2004; Penterman et al. 2014). This suggests
that RpoH1-regulated stress response may be required for bacterial survival since S.
meliloti knockout mutants quickly die in the presence of NCRs (Penterman et al. 2014).
Plant defensins may elicit this same stress response in bacteria and defeating this
response may be necessary for antibacterial activity. Extracellular polysaccharides (EPS)
and lipopolysaccharide membrane coatings affect the affinity of NCRs to rhizobial
membranes (Mergaert 2018). Bacterial strains that have an EPS with few negatively
charged succinate groups display increased susceptibility to NCRs compared to strains
with greater amounts of succinate groups, which implies that this membrane modification
shields against the antibacterial activity of NCR peptides (Simsek et al. 2007; Wang et al.
2018). Therefore, plant defensins may display less antibacterial activity against bacteria
with membrane modifications that interfere with defensin binding. Similarly, bacterial
pathogens of vertebrates have been shown to produce capsular polysaccharides to shield
the membranes from defensins, inactivate or degrade the defensin peptide, and actively
expel defensins from cells (Koprivniak and Peschel 2011). Our current understanding of
the bacterial targets of defensins/NCRs and bacterial host responses to defensins/NCRs is
diagramed in Figure 1.

Plant defensins in human and animal health. With the rising rates of antibiotic
resistance in clinical bacterial strains, there is a renewed interest in alternative therapeutic
compounds. Plant defensins are attractive candidates for antibiotic development.
Pathogens are predicted to rarely develop resistant phenotypes because defensins

specifically target the bacterial plasma membrane, do not interact with specific receptors,
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and/or likely have multiple targets. Thus, plant defensins may be an untapped reservoir
for antibiotic and drug development for human and animal health.

When evaluated against human bacterial pathogens, several plant defensins had
potent antibacterial activity. PaDef, a defensin from avocado (Persea americana var.
drymifolia), displays antibacterial activity against E. coli and S. aureus but failed to show
antifungal activity against Candida albicans (Guzman-Rodriguez et al. 2013). Since the
synthesis of plant defensins can be difficult in prokaryotic expression systems due to
improper post-translational modifications, PaDef was expressed in the bovine endothelial
cell line BE-E6E7, and the bacteria were evaluated in conditioned media containing the
secreted PaDef at concentrations up to 100 pg/mL (Guzmén-Rodriguez et al. 2013). A
defensin isolated from bell pepper (Capsicum annuum), J1-1, exhibits antibacterial
activity against Pseudomonas aeruginosa with a MIC of 250 ug/mL (Guillen-Chable et
al. 2017). This interaction may be facilitated by the ability of J1-1 to bind to
phosphoinositides (PIs) and phosphatidic acid (PA) in vitro. Also, limenin, a defensin
from lima bean (Phaseolus limensis), displays broad antibacterial activity against
numerous human-associated bacterial species (Wong and Ng 2006).

Against mammalian cancer cells, plant defensins have demonstrated specificity
and cytotoxicity. PaDef is cytotoxic against K562 chronic myeloid leukemia cells with an
ICso value of 18.65 uM (Flores-Alvarez et al. 2018). Surprisingly, PaDef was shown not
to cause membrane permeation against K562 cells, which indicates that cytotoxicity is
not related to cell membrane damage. In the breast cancer cell line MCF-7, PaDef was
shown to induce apoptosis with an ICso value of 27.23 uM (Guzméan-Rodriguez et al.

2016). Also, NaD1 a defensin from sweet tobacco (Nicotiana alata) had an 1Cso value of
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10 uM against leukemia cells (Poon et al. 2014). The cytotoxic mechanism of NaD1
against mammalian melanoma and leukemia cells at subacute concentrations was shown
to be membranolytic rather than apoptotic, which implies that NaD1 and PaDef have
different modes of action against cancer cells (Baxter et al. 2017).

Conclusions and prospects. Plant defensins appear to be an untapped reservoir
for developing plants with greater resistance to bacterial diseases as well as for
combatting human and animal bacterial pathogens. Due to the possible misconception
that plant defensins are solely antifungal and rarely display antibacterial activity,
evaluation of defensins against bacterial pathogens may have been neglected in the past
and a reevaluation of previously characterized defensins for antibacterial activity is
warranted. Expression of antibacterial defensins in genetically modified plants could lead
to broad-spectrum disease resistance to provide a new tactic for combating economically
important plant pathogens. The resistance conferred is likely to be highly durable and
difficult to overcome because plant defensins presumably target integral, conserved
bacterial membrane components. Improving resistance to phytobacterial pathogens would
contribute to substantial gains in crop yields. Additionally, these peptides have potential
as applied plant protectants because the structure of defensins is compact and heat-stable,
which suggests high environmental stability.

Medicago defensin antifungal MOA. M. truncatula and M. sativa defensins are
among some of the best characterized plant defensins. Studies investigating the antifungal
MOA of MsDefl, MtDef4, and MtDef5 have been performed (Islam et al. 2017; Sagaram
et al. 2011; Spelbrink et al. 2004). MOA investigations frequently start by uncovering

defensin binding preferences for specific fungal membrane components. MsDef1 binds
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specifically to glucosylceramide (GlcCer) residues, which are sphingolipids found in
fungal cell walls (Spelbrink et al. 2004). MtDef4 is a phospholipid-binding defensin and
targets phosphatic acid (PA) in fungal cell membranes (Sagaram et al. 2013). A strain of
F. graminearum was modified to be defective in GlcCer production, and it acquired
resistance to MsDefl but not to MtDef4 (Ramamoorthy et al. 2007a). When the y-core
region of MsDefl was replaced with the y-core of MtDef4, the antifungal MOA and lipid
binding were altered making MsDef1 behave in the manner of MtDef4 (Sagaram et al.
2011). Also, in MtDef5, the y-core region is required for dimerization and lipid binding.
MtDef5 binds to a number of different phospholipids but displays a strong preference for
phosphatidylinositol 3-phosphates (P13P), PI4P, and PISP (Islam et al. 2017). Without
proper lipid binding, these defensins have reduced antifungal activity. These findings
support the existence of a “phospholipid code” that identifies target membranes for
defensin-mediated attack (Baxter et al. 2017b).

Despite numerous studies exploring plant defensin antifungal MOAs, their
complex behavior is still not yet fully understood. MOAs differ between plant defensins
interacting with the same fungal pathogen. MsDef1 induces prolific hyperbranching of
the hyphae in F. graminearum, and MtDef4 reduces F. graminearum growth without
causing significant morphological changes (Ramamoorthy et al. 2007b). Additionally,
MsDef1 remains on the outside of F. graminearum cells while MtDef4 is internalized and
accumulates in the cytoplasm (Sagaram et al. 2013). Interfering with calcium signaling
and increasing the calcium uptake appear to be crucial to the antifungal MOA of MsDef1.
MsDef1 blocks mammalian L-type Ca?" channels, and in Neurospora crassa, MsDef1

perturbs Ca?" homeostasis through binding to GlcCer (Munoz et al. 2014; Spelbrink et al.
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2004). Surprisingly, closely related fungal species interact with a particular defensin in
different ways. MtDef4 was found to have different MOAs against two ascomycete fungi,
N. crassa and F. graminearum; membrane permeabilization is required for antifungal
activity against F. graminearum, but it is not required against N. crassa (El-Mounadi et
al. 2016). The authors suggested that these findings were due to different molecular
compositions of cell wall and plasma membranes in these two fungi, which restricted
MtDef4 entry. MtDef5 was shown to be internalized and rapidly permeabilize
membranes of both N. crassa and F. graminearum, but MtDef5 uses spatially distinct
routes of entry into these fungi (Islam et al. 2017).

Transgenic expression of Medicago defensins. Numerous crop plants have been
engineered for resistance to fungal pathogens using Medicago defensins. In an influential,
early study, MsDefl was expressed in potato (Gao et al. 2000). The transgenic potatoes
demonstrated increased resistance to Verticillium dahliae in both greenhouse and field
trials. Also, MsDefl when expressed in tomato confers resistance to F. oxysporum f. sp.
lycopersici (Abdallah et al. 2010). Pleiotropic effects that reduced yield traits are
frequently observed with constitutive defensin expression. For example, tuber size was
reduced when MsDefl was constitutively expressed in potato (Gao et al. 2000).
Additionally, MsDefl seed treatments were demonstrated to inhibit root growth in
germinating Arabidopsis seeds but not on germinating M. truncatula seeds (Allen et al.
2008). Therefore, MtDef4 became a desirable plant defensin to constitutively express
because it has limited pleiotropic effects. In transgenic wheat, MtDef4 provided increased

resistance to Puccinia triticina without significantly reducing yield (Kaur et al. 2017).
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Both MsDef1 and MtDef4 provided Aspergillus flavus resistance and greatly reduce the

levels of aflatoxins in transgenic peanut (Sharma et al. 2017).
Introduction to Dissertation Research

Plant defensins have the capability of inhibiting bacterial, oomycete, and fungal
pathogen growth (Parisi et al. 2018). A single defensin peptide can have antimicrobial
activity against a diverse scope of pathogens (Franco 2011). But, plant defensin
antimicrobial activity has not been determined against alfalfa pathogens. Alfalfa crown
rot is a disease complex including numerous bacterial, oomycete, and fungal alfalfa
pathogens (Rhodes 2015). Currently, there are limited management strategies for this
complex alfalfa disease. Out of a suite of plant defensin peptides, I hypothesized that at
least one would demonstrate antimicrobial activity against multiple crown rot pathogens.
The first research objective of my dissertation was to evaluate the antimicrobial activity
of plant defensin peptides against alfalfa crown rot pathogens in vitro. Chapter two
contains my first objective and was published in Phytopathology (Sathoff et. al 2019).

In numerous crop plants, the transgenic expression of a plant defensin has led to
increased disease resistance, but notably, this has not been done not in alfalfa (Lacerda et
al. 2014). Innovative approaches are needed to manage alfalfa crown rot because there
are currently no chemical treatments or resistant cultivars marketed for crown rot control.
Considering that the in vitro testing demonstrated that M. truncatula plant defensins have
antimicrobial activity against crown rot pathogens, I hypothesized that MtDef5 would
display antimicrobial activity against crown rot pathogens in planta. My second research
objective was to transgenically express MtDef5 in alfalfa and evaluate resistance of the

plants to fungal and bacterial members of the crown rot complex.
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Little is known about the antibacterial MOA of plant defensins. Defensin
sequence data alone are not sufficient to predict antimicrobial activity, and the various
bacterial pathogens that have been identified as being sensitive to plant defensin
treatments do not form a pattern to aid in the prediction of antibacterial activity (Sathoff
and Samac 2019). Knowing the MOA will allow for the predication of plant defensin
activity against bacterial pathogens and will reduce the amount of laborious in vitro
testing. In concert with the extensive knowledge on the MOAs of antifungal defensins, I
hypothesized that certain bacterial membrane residues or modifications will determine
plant defensin antibacterial activity. My third research objective was to identify bacterial
membrane modifications and resistance mechanisms that influence the antibacterial
activity of plant defensin peptides.

When constitutively expressed, defense gene expression can lead to undesirable
pleiotropic effects that reduce yield. Transgenic potato that constitutive expressed
MsDefl had increased disease resistance but also had smaller tubers and reduced yields
compared to the non-transgenic control (Kaur et al. 2011). In order for transgene
expression to be optimized, expression needs to be spatially and temporally controlled.
Pathogen-inducible promoters will restrict transgene expression in the absence of disease
and therefore, will eliminate the deleterious effects of constitutive expression. |
hypothesized that M. truncatula PR genes shown to be upregulated during the infections
by root and foliar alfalfa pathogens will contain pathogen-induced promoters that can be
utilized for transgene expression in alfalfa. My fourth and final research objective was to
characterize gene promoters from M. sativa and M. truncatula for pathogen-induced
activity.
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TABLE 1 Comprehensive list of all known plant defensins with antibacterial activity*

Peptide Source Suggested Sensitive Bacteria 1C50Y MIC?
Defensin
Nomenclature
Ah-AMP1 Aesculus AhDef1 Bacillus subtilis 100 pg/mL
(Osborn et al. hippocastanum
1995)
Cp-thionin Il Vigna VuDef2 Pseudomonas 42
(Franco et al. unguiculata syringae ug/mL
2006) Staphylococcus 128
aureus ug/mL
Escherichia coli 64
ug/mL
Ct-AMP1 Clitoria CtDefl Bacillus subtilis 15 ug/mL
(Osborn et al. ternatea
1995)
Dm-AMP1 Dahlia merckii ~ DmDefl Bacillus subtilis 150 pug/mL
(Osborn et al.
1995)
Fa-AMP1 Fagopyrum FeDefl Erwinia carotovora 11 pg/mL
(Fujimura et al. esculentum subsp. carotovora
2004) Agrobacterium 24 ug/mL
tumefaciens
Clavibacter 14 pg/mL
michiganensis
Curtobacterium 13 pg/mL
flaccumfaciens pv.
oortii
Fa-AMP2 Fagopyrum FeDef2 Erwinia carotovora 15 pg/mL
(Fujimura et al. esculentum subsp. carotovora
2004) Agrobacterium 17 pg/mL
tumefaciens
Clavibacter 17 pg/mlL
michiganensis
Curtobacte{'lum 15 pg/mlL
flaccumfaciens pv.
oortii
Fabatin Vicia faba VfDefl Escherichia coli 14.53 ug/mL
(Zhang and Enterococcus hirae 28.75 ug/mL
Lewis 1997) Pseudomonas 0.8 ug/mL
aeruginosa
J1-1 Capsicum CaDefl Pseudomonas 250
(Guillen-Chable  annuum aeruginosa ug/mL
et al. 2017)
Limenin Phaseolus PIDef1 Mycobacterium 96 UM
(Wong and Ng limensis phlei
2006) Proteus vulgaris 81uM
Bacillus megaterium 102 um
Bacillus subtilis 112 pMm
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MtDef5
(Velivelli et al.
2018)

OsDef7
(Tantong et al.
2016)

OsDef8
(Tantong et al.
2016)

Pth-St1
(Moreno et al.
1994)

So-D2
(Segura et al.
1998)

So-D7
(Segura et al.
1998)

Tad1l
(Koike et al.
2002)
Tu-AMP1
(Fujimura et al.
2003)

Tu-AMP2
(Fujimura et al.
2003)

Medicago
truncatula

Oryza sativa

Oryza sativa

Solanum
tuberosum

Spinacia
oleracea

Spinacia
oleracea

Triticum
aestivum

Tulipa
gesneriana

Tulipa
gesneriana

StDefl

SoDef2

SoDef7

TaDefl

TgDefl

TgDef2

Xanthomonas
campestris pv.
campestris
Xanthomonas
oryzae pv. oryzae
X. oryzae pv.
oryzicola

Erwinia carotovora
subsp. atroseptica

Xanthomonas
oryzae pv. oryzae
X. oryzae pv.
oryzicola

Erwinia carotovora
subsp. atroseptica

Pseudomonas
solanacearum
Clavibacter
sepedonicus
Clavibacter
sepedonicus
Ralstonia
solanacearum

Clavibacter
sepedonicus
Ralstonia
solanacearum
Pseudomonas
cichorii

Erwinia carotovora
subsp. carotovora
Agrobacterium
tumefaciens
Clavibacter
michiganensis
Curtobacterium
flaccumfaciens pv.
oortii

Erwinia carotovora
subsp. carotovora
Agrobacterium
tumefaciens
Clavibacter
michiganensis
Curtobacterium
flaccumfaciens pv.
oortii

0.1 uM
1uM

25 pg/mL

11 pg/mL
15 pg/mL
14 pg/mL

13 pg/mL

15 pg/mL
17 pg/mL
17 pg/mL

15 pg/mL

6 UM

3.9

ug/mL
3.9

ug/mL
63

ug/mL

3.9

ug/mL
0.6

ug/mL
63

ug/mL
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VaD1 Vigna
(Chen et al. angularis
2005)

ZmESR-6 Zea mays
(Balandin et al.

2005)

VaDef1

ZmDef6

Staphylococcus
epidermis
Xanthomonas
campestris pv.
vesicatoria
Salmonella
typhimurium
Clavibacter
sepedonicus
Xanthomonas
campestris
Sinorhizobium
meliloti

36.6 ug/mL
40.8 pug/mL
143.4
ug/mL

0.2 uM

15 uM

5puM

*The ICso or MIC values are listed for each defensin depending on which assay was used

for the initial characterization.

YThe ICso is the concentration of defensin peptide that reduces bacterial growth by half.
“The MIC is the concentration of defensin peptide at which no bacterial growth is

detected.
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Fig. 1 Defensins and NCRs interfere with bacterial physiology. The membrane system
for a typical Gram-negative bacterium illustrates the bacterial targets of defensins/NCRs
A, and the bacterial host responses to defensins/NCRs B. The structure of a typical

defensin peptide is shown by the colored ribbon structures.
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Chapter 2: Plant defensin peptides have antifungal and

antibacterial activity against human and plant pathogens’

INTRODUCTION

Peptides and small proteins with antimicrobial activity have been identified in a
wide array of organisms (Dias and Franco 2015). Because they are found in vertebrates,
invertebrates, plants, and fungi, they may constitute an ancient, conserved line of defense
against pathogen invasion that predates the divergence in eukaryotes (Carvalho and
Gomes 2009). Plant defensins are cysteine-rich, cationic antimicrobial peptides of 45-54
amino acid residues. These peptides have a highly conserved three-dimensional structure
consisting of one a-helix and three antiparallel B-strands that are connected by four
disulfide bonds forming a cysteine-stabilized af (CSaf) motif (de Coninck et al. 2013;
Francisco and Georgina 2017; Lay and Anderson 2005; Vriens et al. 2014). The structure
of each plant defensin has a functionally important y-core motif GXCX3.9C which alone
can confer antimicrobial activity (Sagaram et al. 2011; Yount and Yeaman 2004). Despite
their structural uniformity, plant defensins exhibit very low sequence similarity outside
the eight distinctively conserved cysteines (Thomma et al. 2002; van der Weerden and
Anderson 2013). This divergence in primary sequences may account for different
biological functions attributed to plant defensins including antifungal and antibacterial
activity, pollen tube guidance, and roles in plant development (Carvalho and Gomes

2009).

*Sathoff, A. E., Velivelli, S., Shah, D. M., and Samac, D. A. 2019. Plant defensin
peptides have antifungal and antibacterial activity against human and plant pathogens.
Phytopathology. 109:402-408. https://doi.org/10.1094/PHYTO-09-18-0331-R.
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Many plant defensins exhibit potent activity in vitro inhibiting the growth of fungi
and oomycetes at micromolar concentrations. However, they differ considerably in the
spectrum of organisms inhibited and modes of action (MOA). The initial studies aimed at
revealing MOA of plant defensins identified interactions with fungal-specific membrane
components (Thevissen et al. 1997; 2000; 2004). Defensins were shown to permeabilize
fungal plasma membranes, induce Ca*" influx, and disrupt a Ca®" gradient essential for
polar growth of hyphal tips (Thevissen et al. 1996; 1997; 1999). Some defensins bind with
high affinity to specific sphingolipids present in the fungal cell wall and/or plasma
membrane of their target fungi (Aerts et al. 2008; Thevissen et al. 2005; 2007).

During the last few years, several antifungal plant defensins including Psd1 from
Pisum sativum, NaD1 from Nicotiana alata, TPP3 from Solanum Ilycopersicum, NsD7
from N. suaveolens, and MtDef4 and MtDef5 from Medicago truncatula have been shown
to gain entry into fungal cells and interact with bioactive plasma membrane resident
phospholipids, cause membrane permeabilization, and induce fungal cell death (Aerts et
al. 2008; Lobo et al. 2007; Parisi et al. 2018; Thevissen et al. 2004). It has been proposed
that these peptides have multiple targets in fungal cells. Thus, in addition to disrupting the
plasma membrane, these peptides likely bind to intracellular targets, induce production of
reactive oxygen species, and inhibit cell division.

Although several plant defensins have been extensively studied for their antifungal
activity, fewer defensins with antibacterial activity have been reported (van der Weerden
and Anderson 2013). For example, Cp-thionin II from cowpea (Franco et al. 2006),
DmAMP1 from Dahlia merckii, CCAMP1 from Clitoria ternatea, AhAMP1 from Aesculus
hippocastanum (Osborn et al. 1995), ZmESR-6 from maize (Balandin et al. 2005), fabatin
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from broad been (Zhang and Lewis 1997), and So-D2 and So-D7 from spinach (Segura et
al. 1998) have been reported to exhibit antibacterial activity against a range of Gram-
positive and Gram-negative bacterial pathogens. Among antibacterial defensins, So-D2
and So-D7 from spinach have been demonstrated to confer resistance to Asiatic citrus
canker and Huanglongbing caused by Xanthomonas citri spp. citri and Candidatus
Liberibacter sp., respectively, in transgenic citrus (Stover et al. 2013). The MOA of
antibacterial plant defensins have yet to be deciphered in detail.

Alfalfa (Medicago sativa), a perennial plant in the legume family, is among the
most valuable crops in the United States with a direct value of over $8 billion annually.
Alfalfa production is essential for sustaining the dairy industry which used an estimated 14
million tons of alfalfa in 2016. Plant pathogens and nematodes that infect alfalfa account
for an estimated $400 million in economic losses annually (Leath et al. 1988). Crown rot,
caused by a complex of soil microbes, is one of the most important alfalfa diseases across
the United States. The organisms causing crown rot can differ substantially by geographic
location. Some of the most common pathogenic fungal species are Phoma medicaginis,
Rhizoctonia solani, Fusarium oxysporum, F. roseum, and F. solani (Turner and Van Alfen
1983; Uddin and Knous 1991; Wilcoxson et al. 1977). Bacteria (Clavibacter insidiosus and
Pseudomonas species) and oomycetes (Pythium species) are also associated with the
disease complex. Another economically important alfalfa disease, Aphanomyces root rot
caused by Aphanomyces euteiches often accompanies crown rot in soil with poor drainage.
Crown rot occurs to some extent in every alfalfa stand that is over one year old and is the

major source of stand decline and yield loss.
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Breeding for resistance has been successfully employed to manage several alfalfa
diseases, but resistance has not been identified for developing crown rot resistant
cultivars. Fungicides with the required persistent root and crown activity are not
available. Lack of cultural and chemical management practices for this disease severely
limits alfalfa production. Thus, there is an immediate need for development of innovative
methods to manage crown rot for enhanced alfalfa persistence and yields.

We have recently reported the antibacterial activity of a bi-domain defensin,
MtDef5, from M. truncatula, a model plant species closely related to alfalfa, against the
Gram-negative bacterial pathogen Xanthomonas campestris. MtDef5 permeabilizes the
plasma membrane and translocates into the cells of this bacterial pathogen. n vitro, it
also binds to DNA (Velivelli et al. 2018). In this study, we identified plant defensin
peptides that inhibit the in vitro growth of alfalfa crown rot pathogens. We also
discovered that they inhibit the growth of several human bacterial pathogens. Synthetic y-
core motifs were used to initially screen for activity against numerous fungal and
bacterial pathogens. The y-core motifs from M. truncatula had the greatest antagonistic
biological activity against the evaluated pathogens. However, the corresponding full-
length defensins displayed enhanced activity compared to the y-core motifs. These results
not only indicate that transgenic expression of plant defensins in alfalfa has the potential
to provide improved resistance to crown rot disease in alfalfa, but also that plant
defensins and short peptides derived from them may be a valuable resource for the
development of therapeutic compounds with novel modes of action to combat human
pathogens.

MATERIALS AND METHODS
28



Pathogen cultures and growth media. All fungal pathogen strains were isolated
from infected alfalfa plants collected in Minnesota from commercial production fields
and deposited in the University of Minnesota Mycological Culture Collection. The fungal
strains, Fusarium oxysporum f. sp. medicaginis 7F-3, F. oxysporum f. sp. medicaginis
31F-3, F. solani, F. tricinctum, F. incarnatum, F. redolens, Colletotrichum trifolii WS-5,
C. trifolii FG-1, Phoma medicaginis STC, and P. medicaginis WS-2 were grown on
potato dextrose agar (Difco, Sparks, MD) at 25°C. After one to two weeks of culture
growth, conidia were harvested by washing the plates with sterile water. The spore
suspensions were filtered and spore densities were determined microscopically using a
hemocytometer.

Aphanomyces euteiches MF-1 (race 1) and A. euteiches MER4 (race 2) were
grown on corn meal agar (Difco, Sparks, MD) at 25°C for one week. Agar disks (7 mm
diameter) from the margin of the 4. euteiches colonized medium were cultured in liquid
peptone glucose (PG) medium containing 20 g peptone and 5 g glucose per liter at 20°C
for 24 h. To trigger zoospore production, PG medium was removed and agar disks were
washed with sterile spring water at 0, 1, 2, 4, and 6 hours after PG media removal by
resuspending in 100 mL of sterile spring water. The final resuspension had just enough
volume to immerse the disks in ~15 mL of sterile spring water. Zoospores were harvested
18 h after the final resuspension. Spore densities were determined microscopically using
a hemocytometer.

From glycerol stocks, the bacterial strains, Pseudomonas syringae pv. syringae
ALF3, Xanthomonas alfalfae subsp. alfalfae F3, E. coli DH5Q., Sinorhizobium meliloti

102F51, Clavibacter insidiosus R1-3, and C. insidiosus R1-1 were cultured on nutrient
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broth yeast extract (NBY) agar at 30°C. After two days of growth, the bacterial cells were
harvested by flooding the plates with sterile water. The ATCC reference strains of human
pathogenic bacteria, Pseudomonas aeruginosa PAO1, Serratia marcescens, Enterobacter
aerogenes, and Enterococcus casseliflavus were obtained from Dr. Foster-Hartnett at the
University of Minnesota and were cultured on LB agar (Difco, Sparks, MD) at 37°C.
After one day of growth, the bacterial cells were harvested by flooding the plates with
sterile water.

Defensin peptide synthesis. The y-core motif peptides derived from plant
defensins, MsDef1, MtDef4, MtDef5, RsAFP-2, and So-D2 (Gao et al., 2000; Islam et
al., 2017; Sagaram et al., 2011; Segura et al., 1998; Terras et al., 1992) (Table 2) were
chemically synthesized and purified by HPLC (LifeTein, Somerset, NJ).

Full-length clones encoding MtDef4 and MtDef5 were expressed in Pichia
pastoris, and the peptides were purified as previously described (Islam et al. 2017;
Spelbrink et al. 2004). Defensins were lyophilized and re-suspended in nuclease-free
water. The concentration of each defensin was determined by NanoDrop
spectrophotometry. Approximately 3 mg of purified protein was collected from one liter
of P. pastoris culture expressing the defensin.

In vitro defensin antifungal activity determination. A microplate reader assay
adapted from Broekaert et al. (1990) using absorption as a measure for fungal growth was
utilized to monitor growth inhibition by the y-core motif peptides and full-length
defensins. Flat clear bottom 96 well microplates (Corning, Corning, NY) were used with
each well containing half-strength potato dextrose broth (Difco, Sparks, MD),

approximately 2,000 spores, and a defensin peptide at concentrations of 0, 5, 10, 15, or
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30 ug/mL in a total volume of 100 pul. Samples were assayed in triplicate. The
microplates were shaken on an orbital shaker and spores were allowed to sediment for 30
minutes before absorbance was measured. The absorbance of the wells was measured at
595 nm on a Synergy H1 microplate reader (BioTek, Winooski, VT). Further absorbance
measurements were carried out after 24-h and 48-h incubation periods at 25 °C. To
quantify fungal growth, the initial absorbance measurement was subtracted from the final
absorbance measurement at 48 h. The changes in absorbance were averaged across the
three replications and a dose response curve was created by performing a regression
using Microsoft Excel 2016. The amount of defensin needed to inhibit growth of the
fungal pathogens strains by 50% (ICso) was calculated from dose response curves as
previously described (Terras et al. 1992). This assay was repeated three times for each
fungal pathogen. The ICso values are presented as mean * standard error from the three
experiments.

Antibacterial activity screen. Cell suspensions were diluted with sterile water to
an ODgoo of 0.1. Plates of NBY were spread with 100 uL of bacteria to create a bacterial
lawn. The plates were dried for 10 minutes before placing sterile filter paper disks
containing 30, 10, 5, or 0 pug defensin peptide onto plates. Each bacterial lawn had 12
filter paper disks, three disks of each defensin concentration, and this experiment was
repeated three times on separate NBY plates. The bacterial plates were incubated for one
or two days at 25 °C. If zones of bacterial growth inhibition were observed, the defensin
was considered to have antibacterial activity. The diameter of zones of inhibition was
measured, and the average area of the zones of inhibition was determined using the

formula, area = mr?.
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In vitro defensin antibacterial activity determination. To quantify antibacterial
activity, a spread-plate assay was used for both full-length defensins and y-core defensin
peptides and was repeated three times for each bacterial pathogen. As was done in our
initial antibacterial screen, bacterial lawns of P. syringae pv. syringae and X. alfalfae
subsp. alfalfae were grown on NBY plates for two days. The human pathogens, S.
marcescens, E. aerogenes, and P. aeruginosa, were grown on LB plates for one day. The
alfalfa bacterial wilt pathogen, C. insidiosus was grown on NBY for one week. The plates
were flooded with sterile water, and bacteria were harvested by rubbing with a sterile
rubber policeman. Cultures were diluted with sterile water to an ODgoo of 0.1. In
microcentrifuge tubes, 200 UL of bacteria were incubated at 30 °C with shaking for 3 h
with various concentrations of a defensin peptide (0, 2.5, 5, 10, 15, or 30 pug/mL). After
the peptide treatment, 10-fold serial dilutions were made, and 100 UL were plated in
triplicate onto NBY plates. Colony-forming units (CFUs) were counted for P. syringae
pv. syringae and X. alfalfae subsp. alfalfae after incubation for two days at 30 °C, for S.
marcescens, E. aerogenes, E. casseliflavus, and P. aeruginosa incubated one day at 37
°C, and for C. insidiosus incubated for seven days at 25 °C. Regression of the average
CFUs were across experimental replications versus the defensin concentration was used
to create a dose response curve using Microsoft Excel 2016. From these curves, the
amount of defensin needed to inhibit growth of bacterial strains by 50% (ICso) was
calculated. The ICso values are presented as mean * standard error from three

experiments.

RESULTS
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Antifungal activity. The y-core motif peptides derived from MsDefl, MtDef4,
MtDef5, RsAFP-2, and So-D2 (Table 2) demonstrated antifungal activity at micromolar
concentrations (Table 3). Overall, the y-core motif of MtDef4 exhibited a wider spectrum
of antifungal activity than the corresponding motif from other defensins tested. In
particular, MtDef4 inhibited the growth of P. medicaginis and F. solani with 1Cso values
of 5.3-7.3 and 6.0 UM, respectively. This peptide inhibited spore germination as well as
germ tube elongation and mycelial growth of both fungi but did not result in
morphological changes of spores or hyphae (Fig. 2). The y-core motif of MtDef5 also
inhibited the growth of P. medicaginis but had enhanced inhibition of F. solani, with an
ICso value of 4.1 uM, compared to the core motif of MtDef4. None of the y-core motif
peptides demonstrated activity against the oomycete pathogen Aphanomyces euteiches,
the fungal pathogen Colletotrichum trifolii, or surprisingly, against either Fusarium
redolens or Fusarium incarnatum.

Because the y-core motifs of MtDef4 and MtDef5 showed the greatest antifungal
activity against alfalfa crown rot fungal pathogens, the corresponding full-length defensin
peptides were evaluated for activity. Full-length MtDef4 and MtDef5 had greater
inhibitory activity than their corresponding y-core peptides against P. medicaginis and F.
oxysporum t. sp. medicaginis with 1Cso values as low as 300 and 700 nM, respectively.
The full-length defensins also caused inhibition of spore germination and mycelial
growth (Fig. 3). Like the y-core motifs, the full-length defensins also failed to inhibit the
growth of A. euteiches and C. trifolii (Table 3). These results indicate that the y-core

motif peptides may be used to predict the relative antifungal activity of the corresponding
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full-length defensins though additional comparisons need to be performed to see if this
trend holds for other defensins.

Antibacterial activity. Considering that plant defensins rarely display
antibacterial activity, a somewhat qualitative screen for biological activity was first
utilized. The y-core defensin peptides were initially screened for antibacterial activity on
a bacterial lawn by measuring zones of inhibition resulting from defensin peptides
spotted onto filter paper disks. The y-core defensin peptides inhibited the growth of E.
coli, Pseudomonas syringae pv. syringae, Sinorhizobium meliloti, or Xanthomonas
alfalfae subsp. alfalfae to varying degrees (Fig. 4). The y-core peptide from MtDef4
displayed the greatest antibacterial activity of the y-core motif peptides tested. However,
neither MtDef4 nor MtDef5 y-core motifs inhibited the growth of the beneficial, nitrogen-
fixing microsymbiont S. meliloti. Overall, the y-core peptides displayed the greatest
growth inhibition against E. coli using the filter paper disk assay.

Using a more quantitative spread-plate assay, the antibacterial activity of the y-
core motifs from MsDef1, MtDef4, MtDef5, and So-D2 against the bacterial plant
pathogens were evaluated and found to exhibit antibacterial activity at micromolar
concentrations. The MtDef4 and MtDef5 y-core motifs inhibited the growth of P.
syringae pv. syringae with ICso values of 3.4 and 4.5 uM, respectively (Table 4).
Notably, the MtDef4 y-core motif peptide but not the MtDef5 y-core peptide displayed
antibacterial activity against X. alfalfae subsp. alfalfae.

The full-length defensins, MtDef4 and MtDef5, were also characterized for

antibacterial activity using the spread-plate method. In addition to the previously tested
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Gram-negative bacteria, antibacterial activity against a Gram-positive alfalfa bacterial
wilt bacterium, Clavibacter insidiosus, was evaluated. The antibacterial activity of full-
length MtDef4 and MtDef5 was enhanced as compared to their corresponding y-core
motifs. MtDef4 and MtDef5 had ICso values at nanomolar concentrations. In accordance
with the y-core motif results, MtDef4 and MtDef5 exhibited high activity against P.
syringae pv. syringae with ICso values of 400 and 100 nM, respectively (Table 4).
MtDef4 was most active against C. insidiosus with an ICs¢ value of 100 nM. Again,
MtDef5 displayed no antibacterial activity against X. alfalfae subsp. alfalfae, which
further supports the predictive capacity of the y-core motif peptides. The broad
antibacterial activity of MtDef4 and MtDef5 against plant bacterial pathogens led us to
conduct antibacterial tests against human pathogens using the spread-plate assay. MtDef4
and MtDef5 y-core peptides displayed low I1Cso values against the majority of human
bacterial pathogens tested, with Enterobacter aerogenes being the most sensitive to both
MtDef4 and MtDef5 (Table 5). No antibacterial activity was seen against the Gram-
positive bacterium Enterococcus casseliflavus.
DISCUSSION

Plant defensins are well known to have activity against plant fungal pathogens,
inhibiting in vitro growth as well as reducing damage from fungal diseases when expressed
in heterologous plant hosts. We tested plant defensin peptides against diverse pathogens
and found that they displayed broad inhibitory activity against plant fungal pathogens
causing alfalfa crown rot disease along with, remarkably, both human and plant bacterial
pathogens. In addition to displaying extensive antifungal activity, MtDef4 had strong and

broad-spectrum antibacterial activity with nanomolar ICso values against both gram-
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positive and gram-negative bacteria (Table 4). There are few reports that cite antibacterial
activity of plant defensins because traditionally they have been regarded to possess solely
antifungal activity (Fujimura et al. 2003; Guillen-Chable et al. 2017; Segura et al. 1998;
Velivelli et al. 2018). Spinach defensin (So-D2) displayed high activity against both
Clavibacter michiganensis subsp. sepedonicus and Ralstonia solanacearum, which
corresponds to gram-positive and gram-negative bacteria, but So-D2 displayed limited
activity against fungal pathogens (Segura et al. 1998). MtDef4, MtDef5, and MsDefl are
noteworthy defensins because they exhibit potency against gram-positive, gram-negative,
and fungal pathogens. Our report demonstrates that extensively studied plant defensins can
have high antibacterial activity against human and plant pathogens, which was previously
overlooked. This suggests that other well-characterized plant defensins should be retested
for antibacterial activity.

Of the fungi tested, none of the plant defensins inhibited C. trifolii, F. redolens, or
F. incarnatum (Table 3). Defensin antimicrobial specificity is commonly observed. For
example, RsAFP2 demonstrated extensive antifungal activity but displayed no activity
against either Sclerotinia sclerotiorum or Rhizoctonia solani (Terras et al. 1992). This
pathogen specificity could occur due to diverse modes of action, resulting from the rich
diversity of the primary amino acid sequences of plant defensins. RsAFP-1 and RsAFP-2
differ from each other by only two amino acids in the primary structure but exhibit a
striking difference in their antimicrobial activity (Terras et al. 1992). The antifungal modes
of action of MsDefl, MtDef4, MtDef5, and RSAFP-2 all differ, but their molecular modes

of action all involve interactions with fungal membrane components (Cools et al. 2017,
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Islam et al. 2017, Parisi et al. 2018). These resistant fungal pathogens could have structural
differences in their membranes that inhibit defensin recognition.

The M. truncatula defensins that we tested against alfalfa crown rot pathogens
and human bacterial pathogens are among the well-characterized plant defensins and
have potent activity against other plant pathogens (Mufioz et al. 2014; Sagaram et al.
2011; 2013). When expressed in Arabidopsis and tomato, they give strong protection
against virulent fungal pathogens and protect the plants from disease (Abdallah et al.
2010; Kaur et al. 2012; Sharma et al. 2017). But, the broad antibacterial activity of these
defensins had not been previously characterized. In contrast to the antifungal modes of
action, there is no proposed antibacterial mode of action for any plant defensin. Both the
full-length MtDef5 and its y-core motif failed to inhibit the growth of X. alfalfae subsp.
alfalfae (Table 4), which was surprising because MtDef5 was previously shown to be
active against X. campestris (Velivelli et al. 2018). The resistance of X. alfalfae subsp.
alfalfae to MtDef5 may be due to the presence of a homolog of MtDef5 in alfalfa
(Scc4a34 1890, 78.8% sequence identity). X. alfalfae subsp. alfalfae, a common alfalfa
pathogen, could have become resistant to the MtDef5 homolog in alfalfa. Therefore, X.
alfalfae subsp. alfalfae would be considered an adapted pathogen that has overcome the
antibacterial activity of MtDef5. Plant defensins may be an excellent source for antibiotic
development because human bacterial pathogens would be considered non-adapted to
plant derived defensins.

Currently, there are limited control and management strategies for the alfalfa
crown rot disease complex. Alfalfa crown rot is ubiquitous and leads to stand decline,

which brings on financial losses to the growers. This disease complex poses a complex
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problem. Pathogens gain entry into the crown through cut stems and mechanical damage
to the root and crown that occur during the multiple foliage harvests throughout the year.
Chemical control does not have the necessary persistence because pathogens decay the
crowns during a period of months or years, predisposing it to winterkill and eventually
killing the plant. Breeding efforts to increase quantitative resistance have made only
minor progress (Miller-Garvin and Viands 1994). This report establishes plant defensins
as potential agents for enhancing resistance to alfalfa crown rot, and possibly other
diseases, through genetic modification.

Obtaining functional defensin peptides through heterologous expression can be a
fastidious process. Amino acid substitutions, improper folding, and incorrect disulfide
bridge formation all inhibit the biological activity of plant defensins (Vriens et al. 2014).
Eukaryotic expression systems, like the often-utilized Pichia pastoris expression system,
can create constructs with the proper structure, disulfide bonds, and post-translational
modifications, but the experimental setup can be difficult. Specialized E. coli based
bacterial expression systems can generate copious amounts of defensin peptides, but
these peptides have low biological activity due to problematic structural integrity
(Lacerda et al. 2014). We have shown that truncated defensin peptides containing the y-
core motif can be chemically synthesized and may mimic the relative antimicrobial
activity of the full-length defensins (Table 3 and 4). This warrants the further
investigation of the predictive capabilities of y-core motif defensin peptides from species
other than M. truncatula. In combination with the described microplate and spread-plate
methods, y-core motif peptides could be used to quickly screen defensins for

antimicrobial activity, which would greatly simplify and expedite defensin bioassays.
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In this report, we characterized the in vitro antifungal and antibacterial activity of
plant defensins against alfalfa crown rot pathogens and human bacterial pathogens. Full-
length defensins were shown to have antimicrobial activity against both fungal and
bacterial pathogens at nanomolar concentrations. These experiments show the previously
overlooked high biological activity of plant defensins against bacterial pathogens.
Additionally, these results indicate that the y-core motif peptide may be used to predict
the relative biological activity of the full-length defensin. Specifically, MtDef4 and
MtDef5 were identified as ideal candidates for transgenic expression in alfalfa due to
their broad-spectrum and strong antimicrobial activity. Transgenic expression of these
defensins could be utilized to implement an eco-friendly, protein-based strategy that
could provide alfalfa with enhanced resistance against crown rot and growers with the

corresponding gains in yield.
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TABLE 2 Amino acid sequences of y-core motif (bold) and C-terminal region (italics) of

plant defensins tested in vitro

Defensin Amino Acid Sequence
MsDef1 GRCRDDFRCWCTKRC
MtDef4 GRCRGFRRRCFCTTHC
MtDef5 GACHRQGFGFACFCYKKC
RsAFP-2 GSCNYVFPAHKCICYFP
So-D2 GDCKGIRRRCMCSKPL
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TABLE 3 Activity of the y-core motif defensin peptide constructs and full-length defensin peptides against fungal and oomycete

alfalfa crown rot pathogens”

Defensin  Fusarium Phoma Colletotrichum  Aphanomyces  Fusarium Fusarium Fusarium  Fusarium
oxysporum f. sp. medicaginis trifolii euteiches solani tricinctum  redolens incarnatum
medicaginis
7F-3 31F-3 STC WS-2 FG-1 WS-5  Race Race

1 2

Core NA NA 127+1.1 14810 NA NA NA NA NA NA NA NA

MsDefl

Core 7.1£08 69+x08 73+07 53%0.7 NA NA NA NA  6.0+10 14713 NA NA

MtDef4

Core NA NA 19.5+ 85+1.0 NA NA NA NA 414205 NA NA NA

MtDef5 1.2

Core NA NA NA NA NA NA NA NA NA 53%0.5 NA NA

RsAFP2

Core 33119 NA 64106 6.110.6 NA NA NA NA 13.8+ NA NA NA

So-D2 0.9

MtDef4 0.7+0.1 19+0.1 03x0.1 26%x0.1 NA NA NA NA ND ND ND ND

MtDefS 08+0.1 1.3£0.1 15+£0.1 1.6%0.1 NA NA NA NA ND ND ND ND

“The mean ICso (uM) values are reported + SE of three independent experiments (n=3). NA indicates that the defensins at a

concentration of 30 pg/mL showed no biological activity against the pathogens. ND indicates no data.
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TABLE 4 Activity of the y-core motif defensin peptides and full-length defensin peptides

against bacterial alfalfa crown rot pathogens”

Defensin Xanthomonas  Pseudomonas Clavibacter
alfalfae subsp. syringae pv. insidiosus
alfalfae syringae

Core MtDef4 114402 34+04 ND

Core MtDef5 NA 45+0.5 ND

Core So-D2 193+22 259+1.2 ND

Core MsDefl 7.9+0.7 8.8+1.1 ND

MtDef4 0.6 +0.04 0.4 £0.05 0.1 £0.01

MtDef5 NA 0.1+£0.01 NA

?The mean ICso (uM) values are reported + SE of three independent experiments (n=3).
NA indicates that the defensins at a concentration of 30 pg/mL showed no biological

activity against the pathogens. ND indicates no data.
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TABLE 5 Activity of the y-core motif defensin peptides against human bacterial

pathogens”
Defensin Serratia Enterobacter Enterococcus Pseudomonas
marcescens aerogenes casseliflavus  aeruginosa
Core 84x1.0 23%0.3 NA 2.7£0.1
MtDef4
Core 6.0+0.7 28103 NA 11.8+1.4
MtDef5

“The mean ICso (WM) values are reported + SE of three independent experiments (n=3).

NA indicates that the defensins at a concentration of 30 pg/mL showed no biological

activity against the pathogens.
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Fig. 2 The y-core motif peptide from MtDef4 inhibited growth of alfalfa fungal crown rot
pathogens in vitro. Spores of Phoma medicaginis were grown for 24 h at 25°C in potato
dextrose broth (PDB) culture medium in A, the absence or B, presence of 30 ug/mL of -
core MtDef4. Spores of Fusarium oxysporum f. sp. medicaginis were grown for 24 h at
25°C in PDB culture medium in C, the absence or D, presence of 30 ug/mL of y-core

MtDef4.
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Fig. 3 Full-length MtDef4 inhibited growth of alfalfa fungal crown rot pathogens in vitro.
Spores of Phoma medicaginis were grown for 48 h at 25°C in potato dextrose broth
(PDB) culture medium in A, the absence or B, presence of 30 pg/mL of full-length
MtDef4. Spores of Fusarium oxysporum f. sp. medicaginis were grown for 48 h at 25°C
in PDB culture medium in C, the absence or D, presence of 30 pg/mL of full-length

MtDef4.
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Fig. 4 Antibacterial activity of plant defensin y-core motif peptides. On bacterial lawns of

E. coli, P. syringae pv. syringae, S. meliloti, or X. alfalfae subsp. alfalfae, the area of the

zone of inhibition was measured around blank filter paper disks spotted with varying

concentrations of the y-core defensin peptides. The y-core defensin peptides tested were

A, MtDef4, B, MtDef5, C, MsDefl, and D, RsAFP2. Bars represent means and error bars

indicate standard error (n=9).
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Chapter 3: Transgenic expression of a plant defensin in alfalfa
(Medicago sativa) confers increased resistance to alfalfa crown rot

pathogens.

INTRODUCTION
Alfalfa (Medicago sativa) is the third most valuable field crop in the United States
with a value of $9.9 billion per year estimated by the USDA

(https://quickstats.nass.usda.gov). Crown rot is an economically important, chronic

alfalfa disease found wherever alfalfa is grown. The disease is characterized by a dark,
dry-rot of crown and root tissues, the loss of crown buds, and asymmetric plant growth
accompanied by the formation of secondary crowns. Infections initially develop from
pathogen entrance into freshly cut stems damaged from harvest, and the lesions expand
into the crown tissue (Gossen 1994). Through wounds from insect feeding, grazing
animals, machinery, or winter injury, root tissue may also be colonized by crown rotting
pathogens (Richard et al. 1980; Wilcoxson et al. 1977). Crown rot reduces alfalfa stand
density and persistence with increases in both disease incidence and severity as the stand
ages. Profitable alfalfa production depends on maintaining adequate forage harvests for at
least 3 years before incurring the cost of stand reestablishment (Kalb et al. 1994).
Additionally, decreases in stand density may not be recognized until the following
growing season because infected alfalfa stands experience increases in winterkill due to
the deteriorated taproot and crown tissues, which store nutrients required for winter

survival.
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The versatility of crown rot, demonstrated through worldwide distribution and
persistence across multiple growing seasons, may result from the diversity of organisms
involved in the disease etiology (Rodriguez and Leath 1992). Crown rot is caused by a
complex of microbes that varies based on geographic location. The most commonly
isolated pathogenic fungal species include Fusarium oxysporum, F. solani, F.
acuminatum, F. avenaceum, F. tricinctum, Phoma medicaginis, Rhizoctonia solani, and
Colletotrichum trifolii (Richard et al. 1980; Turner and Van Alfen 1983; Uddin and
Knous 1991; Wilcoxson et al. 1977). The bacterial component of the disease includes
Pseudomonas syringae pv. syringae, P. viridiflava, and P. marginalis pv. alfalfae
(Heydari et al. 2014; Lukezic et al. 1983; Turner and Van Alfen 1983).

The pathogens in the crown rot disease complex may only cause crown rots under
specific, stress-induced conditions. Damages incurred from feeding of the three-cornered
alfalfa leathopper (Spissistilus festinus), potato leathopper (Empoasca fabae), and clover
root curculio (Sitona hispidula) larvae increase the severity of crown rot (Ariss et al.
2007; Kalb et al. 1994; Moellenbeck et al. 1992). For example, F. oxysporum extensively
colonizes alfalfa root and crown tissues with relatively minor effects until an additional
stress, such as potato leathopper damage, triggers the disease (Ariss et al. 2007).
Currently, crown rot management is concentrated on preventative measures that reduce
plant stresses caused by low soil pH, grazing animals or wheel traffic that damages the
crowns, and other diseases. Also, frequent harvesting and harvesting too late in the
season were shown to increase crown rot severity (Koch and Knox-Davies 1989).

Crown rot damage can be reduced by choosing and planting alfalfa varieties that

have resistance to multiple diseases. But, little progress has been made in breeding for
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crown rot resistance over the past 45 years with the last reported attempt made in 1994
(Barnes et al. 1990; Miller-Garvin and Viands 1994; Richard et al. 1980; Salter et al.
1994; Wilcoxson et al. 1977). There are currently no cultivars available with documented
crown rot resistance. Long-lasting, broad spectrum fungicides with enduring root and
crown activity are not available. Incorporation of green manure treatments failed to
reduce crown rot (Samac et al. 2013). Therefore, innovative approaches are needed for
alfalfa crown rot management.

Plant defensins are small, cysteine-rich pathogenesis-related (PR) proteins found
throughout a wide array of plant species (Lacerda et al. 2014; van Loon et al. 2006).
Though plant defensins have a highly conserved three-dimensional structure, they are
diverse in their amino acid sequences (Lay and Anderson 2005). This sequence diversity
likely leads to divergent biological functions and pathogen specificity (Carvalho and
Gomes 2009). Several cationic plant defensins inhibit fungal, oomycete, and bacterial
growth at micromolar concentrations, and this antimicrobial activity corresponds to
disease resistance in transgenic plants (Kaur et al. 2011).

Defensins from Medicago species have been transgenically expressed in
numerous crop plants leading to enhanced disease resistance. An alfalfa defensin,
MsDef1, when expressed in potato generates increased resistance to Verticillium dahliae,
and in tomato, MsDef1 expression confers resistance to Fusarium oxysporum f. sp.
lycopersici (Abdallah et al. 2011; Gao et al. 2000). MtDef4, a defensin from Medicago
truncatula, was recently shown to provide Aspergillus flavus resistance in transgenic
peanut (Sharma et al. 2018). Also, when transgenically expressed in wheat, MtDef4
provides substantial resistance to Puccinia triticina (Kaur et al. 2017).
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MtDef5 is a unique defensin from M. truncatula because it has two defensin
domains (MtDef5A and MtDef5B) linked by a 7-amino acid peptide and is the first
characterized antimicrobial bi-domain defensin (Islam et al. 2017). We previously
demonstrated that MtDef5 inhibits the growth of several bacterial and fungal alfalfa
crown rot pathogens in vitro (Sathoff et al. 2019). The objective of this current
investigation was to determine if MtDef5 provides resistance to crown rot when
expressed in alfalfa. Transgenic alfalfa lines expressing MtDef5SA were evaluated for
resistance to several fungal and bacterial crown rot pathogens. The results indicate that
this protein reduces the overall disease symptoms resulting from multiple crown rot
pathogens, which indicates that overexpression of a single plant defensin can lead to
broad-spectrum disease resistance.

MATERIALS AND METHODS

Construction of plant transformation vector for MtDefS expression. A
previous search of the M. truncatula Genelndex (MtGI 4.0) revealed a bi-domain plant
defensin gene identified as Tentative Consensus 87273 (TC87273) at the genomic locus
(MTRS8g012775) (Hanks et al. 2005). The signal peptide and the first defensin domain of
TC87273 (MtDef5A) were PCR amplified from pDsRed:MtDef5 using the primers listed
in Table 6 (Islam et al. 2017). The PCR product was ligated into pGEM-T Easy
(Promega, Madison, WI) and transformed into E. coli strain DH5a. Plasmids were
purified using a QIAprep spin miniprep kit (Qiagen, Valencia, CA) and digested with
EcoRI and Xbal to remove the MtDef5 gene insert. The insert was isolated via
electrophoresis and extracted from the gel using a QIAquick gel extraction kit (Qiagen).

The binary plant transformation vector pILTAB381 (Verdaguer et al. 1996) was digested
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with EcoRI and Xbal to remove the GUS gene, the products separated on a 1% agarose
gel, and the digested pILTAB381 vector was extracted from the gel using a QIAquick gel
extraction kit (Qiagen). To create the plant transformation vector pILTAB::MtDef5,
MtDef5A was ligated into the binary vector behind the Cassava vein mosaic virus
(CsVMYV) promoter (Fig. 5). Ligation reactions contained Promega 2X Rapid Ligation
Buffer and T4 DNA Ligase. The plant transformation vector was used to transform E.
coli strain DH50. Plasmids were purified using a QIAprep spin miniprep kit (Qiagen),
and positive clones were verified by Sanger DNA sequencing. Plasmids from verified
clones were used to transform Agrobacterium tumefaciens LBA4404 by electroporation.
Transformants were selected on Luria-Bertani (LB) agar (Difco, Sparks, MD) plates with
50 mg/L kanamycin and 25 mg/L rifampicin.

Plant transformation. Alfalfa (genotype Regen SY27x) was transformed using
Agrobacterium-mediated transformation as described previously (Samac and Austin-
Phillips 2006). Briefly, alfalfa leaflets were surface sterilized with 70% ethanol and 10%
household bleach, rinsed in sterile water, leaf margins were removed, and leaflets cut into
0.5 cm pieces. Explants were inoculated with 4. tumefaciens LBA4404 containing the
plant transformation vector pILTAB::MtDef5 and co-cultured for 7 days. Bacteria were
removed by rinsing explants in sterile distilled water and by culturing on regeneration
medium containing the antibiotic ticarcillin (500 mg/L). Transformed callus was selected
using kanamycin (25 mg/L), and somatic embryogenesis was induced by culture of callus
on medium lacking plant growth regulators. As mature embryos arose, they were

transferred to a fresh medium for shoot development and finally to a medium lacking
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kanamycin to promote further shoot and root development. The transgenic plants were
confirmed by genomic DNA extraction and PCR for the npt/l and MtDef5 genes.

Molecular analysis of transgenic plants. A Western blot was performed to
identify plants expressing MtDef5. Total protein extracts were prepared by homogenizing
500 mg of fully expanded leaf tissue of an empty vector line lacking the transgene and
transgenic alfalfa lines into 1 mL of chilled protein extraction buffer (100 mM 2-[N-
morpholino]-ethane sulfonic acid (MES), 100 mM sucrose, 5% 2-mercaptoethanol, and
15% ethylene glycol at pH 6.8). The extract was centrifuged at 10,000 g for 15 min, and
the supernatant was used to determine the protein concentration using the Bradford assay
kit (Bio-Rad, Hercules, CA). Equal amounts (10 pg) of protein samples were separated
on 8-16% Criterion TGX Stain-Free™ precast SDS-PAGE gels (Bio-Rad) and
electroblotted onto a 0.45 wm nitrocellulose membrane (Bio-Rad). Membranes were
blocked in 30 mL of 5% nonfat dry milk in PBS with 0.05% Tween 20 for 1 h at room
temperature with gentle agitation. The membranes were incubated for 1 h with the Rabbit
anti-MtDef5 derived primary antibody (1 pg/ml) (GenScript, Piscataway, NJ), followed
by incubation for 1 h with the Goat anti-Rabbit IgG horseradish peroxidase conjugate
secondary antibody (Bio-Rad). SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fischer, Carlsbad, CA) was used for the development of the blot, and
images were taken using a ChemiDoc Imaging System (Bio-Rad). Purified MtDef5
protein (100 ng) was used as a positive control.

Reverse-transcriptase quantitative PCR (RT-qPCR) was performed to measure
MtDef5 transcript accumulation in transgenic plants. RNA was isolated from detached

leaves using the RNeasy Plant Mini kit (Qiagen). Concentration and purity of the samples
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were examined with a NanoDrop spectrophotometer (Thermo Fischer). The first strand of
cDNA for each sample was made from 1 pg total RNA using an iScript cDNA Synthesis
Kit (Bio-Rad). qPCR primers were designed with Primer3 (Untergasser et al. 2012)
(Table 6). gPCR was performed using the iTaq Universal SYBR Green Supermix (Bio-
Rad) in 25 pL reactions containing 4 pmol of each MtDef5 forward and reverse primer
and 5 puL of template cDNA. Samples from three biological repetitions were run in
triplicate on an Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fischer)
following the manufacturer’s recommendations. The PCR conditions were as follows: 2
min of denaturation at 95 °C, 40 cycles of 15 s at 95 °C and 1 min at 58 °C, followed by
steps for melting curve generation (15 s at 95 °C, 1 min at 60 °C, 30 s at 95 °C, 15 s at 60
°C). The 7500 Fast Real-Time PCR software (Thermo Fischer) was used for data
collection. Melting curves showed that only one transcript was amplified demonstrating
that the primers were specific. Relative transcript accumulation for each sample was
obtained using the 22 method (Schmittgen and Livak 2008) using the C;value of the
alfalfa f-actin gene (JQ028730.1) for sample normalization.

Pathogen cultures and growth media. All fungal pathogen strains were isolated
from infected alfalfa plants collected in Minnesota from commercial production fields
and deposited in the University of Minnesota Mycological Culture Collection. The fungal
strains, Colletotrichum trifolii WS-5, C. trifolii 2SP2, C. trifolii SM, and Phoma
medicaginis STC were grown on potato dextrose agar (Difco) at 25 °C. After two weeks
of culture growth, conidia were harvested by washing the plates with sterile water. The

spore suspensions were filtered and spore densities were determined microscopically
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using a hemocytometer. From a glycerol stock, the bacterial strain, Pseudomonas
syringae pv. syringae ALF3 was cultured on nutrient broth yeast extract (NBY) agar at
30 °C. After two days of growth, cells were harvested in sterile distilled water, and
cultures were diluted with sterile water to an ODsoo of 0.1.

Plant Material. Selected primary transformants were propagated clonally by
stem cuttings and grown in the greenhouse. Primary transformants were used due to
severe inbreeding depression in alfalfa when self-pollinated. Plants were grown in a
soil:sand mixture (1:1, v/v), one plant per cone-tainer (Stuewe & Sons, Tangent OR; 7
cm width, 35 cm depth). Plant material from each replicate was combined, frozen in
liquid nitrogen, and stored at -80 °C until assayed.

Disease resistance analysis. A detached leaf assay was used to evaluate plants
for resistance to crown rot pathogens. Fully expanded trifoliates from the top two to three
nodes of transgenic alfalfa plants, pooled from multiple plants in each line, were removed
and placed in 100 x 15 mm Petri plates lined with moist filter paper. Each leaflet was
inoculated with 5 pL drops of a conidial suspension of either P. medicaginis PSTC, C.
trifolii 2SP2, or C. trifolii WSS5 at a concentration of 10° spores/mL with 50 ppm Tween
20. Mock-inoculated leaves received 5 pL drops of sterile water with 50 ppm Tween 20.
Each plant line was evaluated in triplicate plates that contained five trifoliates. Leaflets
were scored 7 days after inoculation with P. medicaginis and 10 days after inoculation
with C. trifolii. The disease scale from Garcia et al. (2014) was utilized: 1:Healthy leaflet,
2:Countable injuries, 3:Uncountable injuries, 4:Chlorosis, 5:Completely damaged.

Transgenic alfalfa plants, three replicates for each line, were placed in a mist

chamber and sprayed with fungal inoculum, either P. medicaginis PSTC or C. trifolii SM
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adjusted to a concentration of 10° spores/mL with 50 ppm Tween 20 until run-off. Mock-
inoculated plants were sprayed with sterile water with 50 ppm Tween 20. After 48 hours
in a dark mist chamber with 100% humidity, the plants were returned to the greenhouse
for 8-10 days. Then, disease severity was scored visually using the rating scales from the

standardized tests to characterize alfalfa cultivars (https://www.naaic.org/stdtests). On the

rating scale for P. medicaginis, classes 1 and 2 are considered resistant; 1:Healthy,
symptom-free top growth, 2:Small (<2 mm), brown or black lesions with no defoliation,
3:Larger (2 to 3 mm), discrete lesions with no chlorosis or defoliation, 4:Large (>3 mm)
lesions with no defoliation, 5:Lesions >3 mm with pycnidia and dead leaves or
defoliation. On the rating scale for C. trifolii, 1:Healthy, symptom-free top growth,
2:Minor wilting with no formation of shepherd’s crooks (wilting and death of upper
portion of stems), 3:Single shepherd’s crook with no foliar damage or chlorosis,
4:Multiple shepherd’s crooks with chlorosis and defoliation. This experiment was
repeated three times for each of the fungal pathogens evaluated. On disease score data,
statistical analyses including ANOVA Tukey HSD test (P < 0.05) and multiple pairwise
T tests with a Bonferroni correction (P < 0.05) were performed in R (https://www.r-
project.org).

A stem injection assay was used to evaluate plants for resistance to P. syringae
pv. syringae. Transgenic plants were inoculated after 14 days of regrowth. The stem was
wounded at a single site using a 22-gauge needle and swabbed with bacterial inoculum
adjusted to an ODsoo = 0.1. Control plants were inoculated with water. Five replicate
plants were assayed for each line, and this experiment was repeated three times. At 10

days after inoculation symptoms were scored using the following scale for stems; 1:Stem
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with no visible damage; 2:Hypersensitive response; 3:Lesion at site of inoculation;
4:Lesion extending from site of inoculation; 5:Stem collapse. Foliar symptoms were
scored as 1:No symptoms; 2:Marginal leaf necrosis; 3:Yellowing of leaf at inoculated
node; 4:Systemic yellowing and/or necrosis; 5:Dead plant. After scoring symptoms, the
inoculated internode was removed, cut into 1 mm sections, and placed in 1 mL sterile
water. Serial dilutions were made and plated on King’s B medium to determine colony
forming units per internode. On disease score data, statistical analyses including ANOVA
Tukey HSD test (P < 0.05) and multiple pairwise T tests with a Bonferroni correction (P

< 0.05) were performed in R (https://www.r-project.org).

RESULTS

Generation of transgenic alfalfa. Agrobacterium-mediated transformation of
alfalfa was performed using the pILTAB::MtDef5 vector (Fig. 5). For constitutive
expression, MtDef5 was placed under the control of the CsVMYV promoter, which was
previously shown to drive high-level transgene expression in alfalfa (Samac et al. 2004).
Integration of MtDef5 into the genome was confirmed through PCR using MtDef5 and
nptll gene specific primers (Table 6). Overall, 21 different alfalfa lines were verified to
contain MtDef5. Transgenic alfalfa plants with constitutive M¢Def5 expression formed
root nodules and displayed no toxic effects or obvious phenotypic changes when
compared with untransformed plants.

Expression analysis of MtDef5 in transgenic alfalfa. RT-qPCR was used to
confirm transcription of MtDef5 in the transgenic alfalfa lines. Transgenic lines Def5-9,
Def5-10, Def5-11, and Def5-12 displayed 102-, 83-, 76-, and 31-fold expression of
MtDef5 mRNA in leaves relative to the untransformed control (Fig. 6). Leaves of
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transgenic alfalfa lines were analyzed by Western blot using an anti-MtDef5 antibody to
detect the presence of MtDef5. Transformed plants show expression of MtDef5 protein,
which was not detectable in the empty vector control line (Fig. 7). MtDef5A formed
dimers with the major band forming at ~ 11 kDa. Oligomer formation was previously
observed in a MtDef5 Western blot analysis (Islam et al. 2017).

Antifungal bioassays for transgenic alfalfa. As a first step to investigate the
antifungal activity of the MtDef5-expressing transgenic alfalfa, a detached leaf assay was
performed. Detached leaflets of transgenic alfalfa were inoculated with a spore solution
of P. medicaginis or C. trifolii and incubated in moist chambers for either 7 or 10 days,
respectively. An empty vector line of alfalfa lacking the transgene was also inoculated as
a control. Disease severity was estimated by visually scoring disease symptoms using the
scale developed by Garcia et al. (2014). While the degree of fungal resistance varied
among transgenic lines, generally, the lines with higher levels of MtDef5 protein
expression displayed enhanced resistance. Against both C. trifolii 2SP2 and P.
medicaginis, Def5-12 showed a highly resistant phenotype having disease scores of
leaflets significantly lower compared to leaflets from the empty vector line, which were
completely damaged (Fig. 8 and 9). Lines Def5-5, Def5-11 and Def-12 exhibited the
highest levels of resistance to P. medicaginis, which were significantly more resistant
than the empty vector line (Fig. 8). The lines of transgenic alfalfa were assessed against
two different strains of C. trifolii, and strain specificity was observed. Line Def5-12
displayed the highest level of resistance against C. trifolii 2SP2, a race 1 isolate, and lines
Def5-46, Def5-9, and Def5-23 all displayed significant levels of resistance against C.
trifolii WS-5, a newly described race 5 isolate that is highly aggressive (Fig. 9). This
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observed strain specificity could be caused by pathogens of the same species having
different membrane compositions, effectors, or transporters that function as intrinsic
resistance mechanisms.

Whole transgenic alfalfa plants were spray inoculated with either P. medicaginis
PSTC or C. trifolii SM spores at a concentration of 1x10° spores/mL until runoff. P.
medicaginis rating was performed in accordance with the standard tests utilized to
characterize alfalfa cultivars. Generally, transgenic lines with higher levels of MtDef5
protein expression (Def5-9, Def5-10, and Def5-23) demonstrated significantly increased
resistance against P. medicaginis compared to the empty vector line that lacks MtDef5
expression (Fig. 10). Significant levels of C. trifolii resistance were observed in lines
Def5-5 and Def5-12 (Fig. 11). Plants with increased resistance were easily identified
because their stems did not form the distinctive shepherd’s crook symptom, which is
where the upper portion of the stem wilts and dies, and the susceptible plants possessed
numerous shepherd’s crooks.

Antibacterial bioassay for transgenic alfalfa. Transgenic lines of alfalfa were
inoculated with P. syringae pv. syringae using a stem injection. Resistant plants
displayed a necrotic response at the injection site without the systemic water soaking and
collapse at the injection site observed in the susceptible plants. Though lines Def5-2 and
Def5-12 displayed the greatest level of stem resistance, they did not display statistically
significant levels of resistance compared to the empty vector line (Fig. 12). Also, in all
transgenic lines evaluated, levels of leaf resistance failed to differ from the empty vector
line. Additionally, CFUs in the inoculated internode were not significantly reduced in any

of the transgenic lines.
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DISCUSSION

The plant defensin MtDef5 provides strong in vitro antimicrobial activity against
both bacterial and fungal alfalfa crown rot pathogens (Sathoff et al. 2019). In this study,
we show that expression of MtDef5 in transgenic alfalfa increases broad-spectrum
resistance to crown rot pathogens. Crown pathogens were tested individually against the
transgenic lines of alfalfa because synergism among crown rot pathogens has been shown
not to lead to enhanced disease (Miller-Garvin and Viands 1994; Turner and Van Alfen
1983). In particular, transgenic alfalfa lines Def5-12 and Def5-9 in some cases displayed
enhanced resistance compared to the empty vector line lacking the transgene (Fig. 8 and
9). Greenhouse assays are conducted under highly conducive conditions for infection to
occur, thus resistance under field conditions, where less conducive conditions occur, may
be expected to be higher than that observed in greenhouse assays. Though a range of
MtDef5 expression levels were observed, which may be due to transgene copy number or
position effects, we did discover an imperfect correlation between the level of MtDef5
RNA transcription and disease resistance. Alfalfa lines showing higher degrees of
resistance, such as Def5-9 and Def5-12, have increased levels of MtDef5 mRNA
transcription (Fig. 6). MtDef5 protein expression in the transgenic lines may be a better
indicator of disease resistance. Line Def5-23 had high levels of protein expression
observed on the Western blot analysis, increased in planta resistance to C. trifolii, but had
low relative transcription levels of MtDef5 (Fig. 6, 7, and 11). Overexpression of MtDef5
likely reduces the lag phase for the activation of disease resistance mechanisms and

protects alfalfa from sudden pathogen attacks (Kaur et al. 2011). We believe that this is
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the first report of alfalfa being engineered to transgenically express a plant defensin and
the first time that the MtDef5 defensin has been expressed in a transgenic plant.

Detached leaf and whole plant assays in transgenic alfalfa revealed enhanced
resistance to P. medicaginis (Fig. 8 and 10). P. medicaginis may be one of the most
destructive pathogens in the alfalfa crown rot disease complex because it was previously
identified as the crown rot pathogen responsible for the greatest disease severity (Perez
1983). Additionally, limited genetic resistance to P. medicaginis is found in the USDA
core alfalfa collection, and resistant varieties are not available commercially (Castell-
Miller et al. 2007). When alfalfa harvests were delayed until the flowering stage, foliar
alfalfa diseases, including P. medicaginis, caused moderate to severe (32 to 64%) leaf
loss in both conventional and reduced lignin alfalfa varieties (Samac et al. 2018). This
defoliation may be due to the strong induction of the tricarboxylic acid cycle pathways by
P. medicaginis in the later stages of infection (Fan et al. 2018). In addition to reducing
forage quality, this defoliation of infected leaves serves as a source of inoculum for
crown rot infections. We have demonstrated that M¢Def5 expression can reduce foliar
disease, which will likely reduce crown rot.

Previously completed in vitro tests of MtDef5, indicated that the full-length and
y-core defensin peptides were not active against C. trifolii (Sathoff et al. 2019). But in
this study, both the detached leaf assays and whole-plant assays demonstrated that
transgenic alfalfa expressing MtDef5 have significantly increased resistance to C. trifolii
(Fig. 9 and 11). This same phenomenon was previously seen during the in vitro testing of
So-D2, a defensin from spinach (Spinacia oleracea). When So-D2 was evaluated against

the citrus canker pathogen, Xanthomonas axonopodis pv. citri, no antibacterial activity
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was observed at concentrations up to 30 uM (Stover et al. 2013). But, transgenically
expressed So-D2 displays potent activity against X. axonopodis pv. citri and ‘Candidatus
Liberibacter spp.’ in both greenhouse and field trials of the transgenic citrus (Mirkov and
Gonzalez-Ramos 2014). Therefore, in vitro testing of plant defensins can provide some
guidance on transgene selection, but the test results should be considered with caution
because good candidates can be missed due to false negatives.

In addition to crown rot, the anthracnose disease of alfalfa caused by C. trifolii
can lead to seedling mortality, foliar disease, and stem death. The management of
anthracnose through the deployment of resistant cultivars has recently become more
challenging due to arrival of new pathotypes of C. trifolii (Mackie et al. 2003). Along
with the newly discovered race 5, three other physiological races have been described,
and most modern alfalfa cultivars only have resistance to race 1 (O’Neill 1996; Samac et
al. 2014). Race 5 causes latent infections and late symptom development compared to
other races of anthracnose, which allows it to escape the standard anthracnose resistance
screening assays (Rodgers et al. 2019). Several MtDef5 expressing transgenic lines
displayed increased resistance against C. trifolii WS-5, a race 5 isolate, in detached leaf
assays (Fig. 9). Glyphosate treatments in glyphosate-tolerant alfalfa cultivars were
previously shown to control alfalfa rust (Uromyces striatus), another alfalfa foliar
disease, but limited protection was observed against both C. trifolii and P. medicaginis
(Samac and Foster-Hartnett 2012). Fungicides are available for controlling foliar disease
in alfalfa, but they must be applied before symptoms occur and do not consistently have a

positive economic return based on increased yield or quality (Samac et al. 2013).
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Transgenic alfalfa expressing MtDef5 has the potential to provide a generic resistance
against various pathogens and is likely to reduce the usage of chemical pesticides.

Under the greenhouse conditions used, we observed no morphological differences
in foliar, stem, and root tissues between transgenic and non-transgenic alfalfa lines. But,
it is possible that overexpression of MtDef5 over a certain threshold confers yield loss,
which was observed when potato constitutively expressed MsDef1 (Gao et al. 2000).
Therefore, for commercial utilization of this technology, using a pathogen-induced or
tissue-specific promoter to limit defensin expression would be beneficial. Recently, root-
specific expression of a pepper defensin, J1-1, enhanced resistance in tobacco to
Phytophthora parasitic var. nicotianae (Lee et al. 2018). Numerous Medicago promoters
are well characterized and could potentially be used for pathogen-induced or tissue-
specific expression of plant defensins.

The crown rot disease complex is a product of interactions among environmental
and biological factors. Changing environmental conditions may distort the balance in a
disease complex, which would lead to new disease outbreaks. Increased atmospheric CO>
levels have recently been determined to drive increased susceptibility towards biotrophic
foliar diseases, increased resistance against necrotrophic foliar disease, and similar
susceptibility towards root pathogens in Arabidopsis (Zhou et al. 2019). Therefore,
biotrophic and hemibiotrophic foliar pathogens such as P. syringae pv. syringae and C.
trifolii may become relatively more important in the alfalfa crown rot disease complex.
Also, climate change causes more extreme weather events and alters freeze-thaw cycles
(Urakawa et al. 2014). Crown rot resistance is typically positively correlated with

increased winter hardiness since alfalfa plants with rotten crowns and roots are less able
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to harden and accumulate soluble sugars needed to survive the winter (Castonguay et al.
1995; Richard et al. 1982). Low-set, broad crowns of winter-hardy alfalfa cultivars
consistently have the least crown rot and winter injury (Wilcoxson et al. 1977). Previous
breeding programs directed at improving winter hardiness may have indirectly selected
cultivars for increased crown rot resistance. Therefore, the MtDef5 expressing transgenic
alfalfa (Regen SY27x genotype) should be crossed with a winter hardy elite line of alfalfa
before being evaluated for crown rot resistance in field trials.

Increasing broad-spectrum horizontal resistance through conventional breeding
has previously been a strategy proposed to combat alfalfa crown rot (Richard et al. 1980).
But, little progress has been made, and there are currently no commercial cultivars
available with noted crown rot resistance. Expression in alfalfa of a single transgene,
MtDef5, was shown to provide increased resistance to a group of crown rot pathogens,
but field testing with transgenic alfalfa derived from seed is needed for further crown rot
analysis since there has not been a greenhouse assay developed for crown rot screening.
Potentially, plant defensin transgenes could be stacked in alfalfa, which could increase
disease resistance above the level achieved with a single transgene. This enhanced
resistance due to plant defensin stacking was previously observed when So-D2 and So-
D7 were expressed in tandem in citrus (Mirkov and Gonzalez-Ramos 2014). A new
strategy for plant disease resistance breeding may be screening plant defensins for in
vitro activity against economically important pathogens and transgenically incorporating

several defensins into the crop of interest.
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TABLE 6 Primers used in MtDef5 cloning and quantitative RT-PCR assay.

Annotation Forward primer Reverse primer
MtDef5 cloning GCATCGGAATTCTTAGCACTTCTTATAGC GGTAGCTCTAGAATGACCAGTTCAG
AAAAAC CATCTAAG

MtDef5 qPCR ACATCAGAGGTGGAGGCAAA
f-actin qPCR CCACATGCCATCCTTCGTTT

CAGGGTTTTGGTTTTGCTTGT
TGTCACGAACAATTTCCCG
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Fig. 5 The plant vector pILTAB::MtDef5 used for alfalfa transformation. The binary
plant transformation vector pILTAB381 (Verdaguer et al. 1996) was modified to express
MtDef5 under the control of the constitutive Cassava vein mosaic virus (CsVMV)

promoter.
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Fig. 6 Quantitative RT-PCR of M¢Def5 in the leaf tissue of transgenic alfalfa lines. The
relative transcription levels of MtDef5 were normalized to the transcription of alfalfa f-
actin gene (JQ028730.1). Error bars represent the SE from three different biological

replications.
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Fig. 7 Western blot analysis of protein extracts from transgenic alfalfa. Representative
Western blot using proteins extracted from transgenic lines of alfalfa and the empty
vector line. The affinity purified MtDef5-derived polyclonal antibody recognizes MtDef5
protein extracted from transgenic lines of alfalfa. Bands are present at ~11 kDa, which

indicates MtDef5A dimer formation.
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Fig. 8 In vitro antifungal activity of MtDef5 expressing transgenic alfalfa against P.
medicaginis. (A) Disease phenotype scores of transgenic alfalfa lines infected with P.

medicaginis. Scored on a 1-5 scale where 1:Healthy leaflet, 2:Countable injuries,
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3:Uncountable injuries, 4:Chlorosis, 5:Completely damaged per Garcia et al. (2014). *
indicates significant difference in disease scores compared to the empty vector line
(ANOVA Tukey HSD test; P < 0.05). (B) Representative P. medicaginis detached leaf
assay with empty vector line lacking the transgene and transgenic alfalfa (line Def5-12)

inoculated leaflets.
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Empty vector line Def5-12

Fig. 9 In vitro antifungal activity of MtDef5 expressing transgenic alfalfa against two
different strains of C. trifolii. Disease phenotype scores of transgenic alfalfa lines infected
with C. trifolii (A) 2SP2 or (B) WS-5. Scored on a 1-5 scale where 1:Healthy leaflet,
2:Countable injuries, 3:Uncountable injuries, 4:Chlorosis, 5:Completely damaged per
Garcia et al. (2014). * indicates significant difference in disease scores compared to the
empty vector line (ANOVA Tukey HSD test; P < 0.05). (C) Representative C. trifolii
2SP2 detached leaf assay with empty vector line lacking the transgene and transgenic

alfalfa (line Def5-12) inoculated leaflets.
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Fig. 10 In planta antifungal activity of MtDef5 expressing transgenic alfalfa against

Phoma medicaginis. (A) Disease phenotype scores of transgenic alfalfa lines infected
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with P. medicaginis. Scored on a 1-5 scale where 1:Healthy, symptom-free top growth,
2:Small (<2 mm), brown or black lesions with no defoliation, 3:Larger (2 to 3 mm),
discrete lesions with no chlorosis or defoliation, 4:Large (>3 mm) lesions with no
defoliation, 5:Lesions >3 mm with fruiting and dead leaves or defoliation. * indicates
significant difference in disease scores compared to the empty vector line (ANOVA
Tukey HSD test; P < 0.05). (B) Line Def5-10 displays increased resistance to P.

medicaginis compared to the empty vector line lacking the transgene (C)
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Colletotrichum trifolii. (A) Disease phenotype scores of transgenic alfalfa lines infected
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with C. trifolii. Scored on a 1-4 scale where 1:Healthy, symptom-free top growth,
2:Minor wilting with no formation of shepherd’s crooks, 3:Single shepherd’s crook with
no foliar damage or chlorosis, 4:Multiple shepherd’s crooks with chlorosis and
defoliation. * indicates significant difference in disease scores compared to the empty
vector line (ANOVA Tukey HSD test; P < 0.05) (B) Line Def5-5 displays increased

resistance to C. trifolii compared to the empty vector line lacking the transgene (C)
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Fig. 12 In planta antibacterial activity of MtDef5 expressing transgenic alfalfa against P.
syringae pv. syringae. (A) Disease phenotype scores of transgenic alfalfa lines infected
with P. syringae pv. syringae. Scored on a 1-5 scale. Stem symptoms were scored as;
1:Stem with no visible damage; 2:Hypersensitive response; 3:Lesion at site of
inoculation; 4:Lesion extending from site of inoculation; 5:Stem collapse. Foliar
symptoms were scored as 1:No symptoms; 2:Marginal leaf necrosis; 3:Yellowing of leaf
at inoculated node; 4:Systemic yellowing and/or necrosis; 5:Dead plant. (B) Sections of
the P. syringae pv. syringae inoculated internode were placed in 1 mL of sterile water,
and serial dilutions were made and plated on King’s B medium to determine colony-
forming units per internode of each inoculated transgenic line. * indicates significant
difference in disease scores compared to the empty vector line (ANOVA Tukey HSD

test; P <0.05).
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Chapter 4: Plant defensin antibacterial mode of action against

Pseudomonas species

INTRODUCTION

Plants produce a suite of antimicrobial peptides (AMPs) to defend against the
extensive array of potential pathogens encountered in their environment. Plant AMPs are
classified based on their structure and presence of disulfide bonds (Goyal and Mattoo
2014). With an abundance of representatives from diverse plant species, plant defensins
are among the most widespread and best characterized plant AMPs (Tam et al. 2015).
Plant defensins are cationic, cysteine-rich antimicrobial peptides that usually contain four
disulfide bonds. They have a conserved three-dimensional structure, a cysteine-stabilized
af (CSaf) motif, with a concentration of positively charged amino acid residues on the
p2- 3 loop, which is classified as the y-core motif (GXCX3.9C). The y-core motif alone
has been shown to impart antimicrobial activity and mimic the activity of the
corresponding full-length defensin (Sathoff et al. 2019). Plant defensins are promiscuous
peptides, which means that a single peptide can have multiple distinct functions (Franco
2011). Along with having antimicrobial activity, plant defensins are controls for plant
development, contribute to zinc tolerance, and act as inhibitors of digestive enzymes (van
der Weerden and Anderson 2013). In crop plants, the transgenic expression of plant
defensins has been used to engineer fungal and oomycete disease resistant plants. When
MsDef1, a defensin from alfalfa (Medicago sativa), was expressed in potato, field-grown
potatoes displayed resistance to Verticillium dahliae (Gao et al. 2000). NaD1, a defensin

from sweet tobacco (Nicotiana alata), provided transgenic cotton with resistance to
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Fusarium oxysporum f. sp. vasinfectum and V. dahliae throughout three years of field
trials (Gaspar et al. 2014).

Though considered to be primarily antifungal, plant defensins have been shown to
demonstrate antibacterial activity against both plant and vertebrate bacterial pathogens
(reviewed by Sathoff and Samac 2019). Spinach defensin (So-D2) is the most frequently
cited plant defensin with antibacterial activity, and transgenic sweet orange and grapefruit
trees expressing So-D2 exhibited increased resistance to the bacterial diseases, citrus
greening and citrus canker, caused by Candidatus Liberibacter spp. and Xanthomonas
axonopodis pv. citri, respectively (Mirkov and Gonzalez-Ramos 2014). Plant defensins
also display in vitro antibacterial activity against human pathogens. For instance, J1-1, a
defensin from bell pepper (Capsicum annum) has a minimum inhibitory concentration
(MIC) value of 250 pg/mL against Pseudomonas aeruginosa (Guillén-Chable et al.
2017). Also, PaDef, a defensin from avocado (Persea americana var. drymifolia),
displays antibacterial activity against Staphylococcus aureus (Guzméan-Rodriguez et al.
2013). Therefore, plant defensins not only appear to be a resource for improving plant
immunity to bacterial diseases but also for combatting human and animal bacterial
pathogens.

A major obstacle blocking the widespread usage of plant defensins as
antibacterial compounds is that their antibacterial mode of action (MOA) is poorly
characterized (Sathoff and Samac 2019) although their MOA against fungal pathogens is
well-described (Cools et al. 2017; Lacerda et al. 2014; Parisi et al. 2019). Recently, the
antibacterial activity of a defensin from Medicago truncatula, MtDef5, was characterized
(Velivelli et al. 2018). MtDef5 is a bi-domain defensin with two defensin domains
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(MtDef5A and MtDef5B) connected by a 7-amino acid linker peptide. The cationic
amino acid residues found in both y-core motifs of MtDef5 were mutated and discovered
to be essential for antibacterial activity, which were the same residues previously found
to be essential for antifungal activity (Islam et al. 2017). Additionally, MtDef5 was
shown to permeabilize the plasma membrane of Xanthomonas campestris pv. campestris,
a gram-negative bacterial plant pathogen, but not the gram-positive plant pathogen
Clavibacter michiganensis subsp. nebraskensis (Velivelli et al. 2018). The MtDef5
peptide binds to DNA indicating that it may kill bacterial cells by inhibiting DNA
synthesis or transcription.

The MOA of human and invertebrate defensins against bacterial pathogens is well
characterized (Ageitos et al. 2017; Guilhelmelli et al. 2013). Vertebrate defensins interact
with the negatively charged lipopolysaccharide (LPS) in the bacterial outer membrane,
which leads to rapid membrane permeabilization through pore formation (Morgera et al.
2008). For example, HNP-1, the most studied human a-defensin, has an antibacterial
MOA typical of many AMPs. HNP-1 dimerization occurs, and the electrostatic
interaction of dimers with the bacterial membrane causes 3-sheet dimers to span the
membrane forming a pore, with higher order oligomers of HNP-1 forming upon dimers
when the defensin is in high concentration (Zhang et al. 2010). Another well-studied
antibacterial human defensin, human B-defensin-3 (HBD3), has been shown to inhibit
bacterial cell wall biosynthesis by interacting with lipid II components, which allows for
HBD3 to have widespread activity against both gram-positive and gram-negative bacteria

(Sass et al. 2008).
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In response to the electrostatic interactions between cationic AMPs and negatively
charged bacterial membranes, gram-positive and gram-negative bacteria have
demonstrated the ability to modify their membrane surfaces (Anaya-Lopez et al. 2013).
In P. aeruginosa and many other gram-negative bacteria, the PhoPQ/PmrAB systems
control various genes required for resistance to AMPs (McPhee et al. 2003). The pmr
operon (PA3552-PA3559) is controlled by both PhoPQ and PmrAB and is required for
the addition of aminoarabinose to mask the phosphates of lipid A in P. aeruginosa
(Mulcahy et al. 2008). Upstream of PmrAB, the spermidine synthesis genes PA4773
(speD) and PA4774 (speE) in P. aeruginosa are required for production of this polycation
on the outer surface of the bacterial membrane (Johnson et al. 2012). These surface
modifications protect bacteria from cationic AMPs through masking of the negative
surface charges, which limits AMP binding to bacterial membranes (Johnson et al. 2012;
Mulcahy et al. 2008). The mini-Tn5-/uxCDABE mutant library in P. aeruginosa has been
used extensively to identify antimicrobial peptide MOAs and bacterial resistance
mechanisms (Lewenza et al. 2005).

Pseudomonas syringae pv. syringae is a bacterial plant pathogen that causes
bacterial stem blight of alfalfa, which is an economically important disease with
widespread distribution in the Western United States (Nemchinov et al. 2017). Currently,
there are no effective means to control bacterial stem blight of alfalfa. P. syringae pv.
syringae strain ALF3 has a draft genome sequence (Harrison et al. 2016) and was shown
to be sensitive to M. truncatula defensins, MtDef5 and MtDef4, with ICso values of 0.1
and 0.4 uM, respectively (Sathoff et al. 2019). Additionally, MtDef4 displays activity
against Xanthomonas alfalfae subsp. alfalfae and the gram-positive bacterium
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Clavibacter insidiosus, while MtDef5 displays no activity against these pathogens
(Sathoff et al. 2019). There is insufficient knowledge to explain this observed specificity
of plant defensin antibacterial activity. Generating tools to explore plant defensin MOA
against bacterial plant pathogens is necessary for evaluating the risk of bacterial evolution
towards defensin resistance and for the development of plant defensins into a spray-on
peptide-based biological pesticide or transgenic expression of defensins for plant
protection. Furthermore, knowing the antibacterial MOA of plant defensins allows for
prediction of antibacterial activity without extensive in vitro testing.

In this study, we investigated plant defensin MOA against plant and vertebrate
bacterial pathogens belonging to the genus Pseudomonas. Characterized P. aeruginosa
lux-reporter strains with mutations in genes involved with cationic antimicrobial peptide
resistance mechanisms were screened for sensitivity to y-core motif plant defensin
peptides. We discovered that plant defensin y-core motif peptides exhibit potent activity
against P. aeruginosa with the membrane modification mutants displaying increased
sensitivity compared to the wild type. Exploiting the transcriptional /ux reporter feature
of these mutant strains (PA3553::lux and PA4774::lux), we found that MtDef4 induces
the expression of both resistance determinants, indicating that MtDef4 likely acts on the
P. aeruginosa outer membrane. Transposon insertion libraries of P. syringae pv. syringae
were generated and screened for plant defensin resistance. Slow-growing resistant
bacterial mutants were identified, transposon insertion sites were sequenced, and
interrupted genes annotated as 16S and 23S ribosomal rRNA genes were found to be
involved with plant defensin resistance. This suggests that MtDef4 may also function as a

protein synthesis inhibitor.
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MATERIALS AND METHODS

Bacterial strains and growth media. All bacterial strains utilized in this study
are listed in Table 7. Pseudomonas aeruginosa strains were obtained from Dr. Lewenza
at the University of Calgary. The P. aeruginosa lux-reporter strains have inactivated
lipopolysaccharide (LPS) modification genes, which are bacterial genes involved in the
resistance to cationic antimicrobial peptides. PA4774::lux has an interrupted outer
membrane surface spermidine synthesis gene. PA3553::/ux has an interrupted lipid A
modification gene, which is responsible for the addition of aminoarabinose to lipid A.
When the /ux-reporter bacteria produce bioluminescence, they act as a real-time reporter
for the induction of the inactivated gene (Lewenza et al. 2005). PAO1 was used as the
wild type strain of P. aeruginosa. The P. aeruginosa strains were cultured on Luria-
Bertani (LB) agar (Difco, Sparks, MD) at 37 °C. From a glycerol stock, the sequenced
bacterial strain, Pseudomonas syringae pv. syringae ALF3, originally isolated from an
infected alfalfa plant near Cheyenne, WY, was cultured on nutrient broth yeast extract
(NBY) agar at 30 °C (Harrison et al. 2016). ALF3 was used as the wild type strain of P.
syringae pv. syringae.

Plant defensin peptide synthesis. The y-core motif peptides derived from plant
defensins, MtDef4, MtDef5A, and So-D2 (Islam et al. 2017; Sagaram et al. 2011; Segura
et al. 1998) (Table 8) were chemically synthesized and purified by HPLC (LifeTein,
Somerset, NJ). Lyophilized defensin peptides were rehydrated in sterile water prior to
each assay.

Determination of plant defensin antibacterial activity against Pseudomonas

aeruginosa. To quantify defensin antibacterial activity, a spread-plate assay was used as
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previously described (Sathoff et al. 2019). This assay was repeated three times for each
strain of P. aeruginosa. Lawns of P. aeruginosa were grown on acidic LB (pH adjusted
to 5.5 with HCI) plates for 15 h at 37 °C, conditions which induce antimicrobial peptide
resistance mechanisms (Wilton et al. 2016). The plates were flooded with sterile water to
harvest the bacteria. Cultures were diluted with sterile water to an ODgoo of 0.1. In
microcentrifuge tubes, 200 UL of bacteria were incubated at 37 °C with shaking for 3 h
with various concentrations of a y-core motif defensin peptide (0, 2.5, 5, 10, 20, or 30
png/mL). After the defensin peptide treatment, 10-fold serial dilutions were made, and 100
uL were plated in triplicate onto LB plates. Colony forming units (CFUs) were counted
for P. aeruginosa after incubation for 24 h at 37 °C. Regression of the average CFUs
across experimental replications versus the defensin peptide concentration was used to
create a dose response curve using Microsoft Excel 2016. From these dose response
curves, the ICso value, the amount of y-core motif defensin peptide needed to inhibit the
growth of bacterial strains by 50%, was calculated. The ICso values are presented as mean
+ standard error from the three repeated experiments.

Lux-reporter gene expression assay. Lux-reporter gene expression assays,
adapted from Mulcahy et al. (2008), were performed in a high-throughput manner using
96-well microplates. Bacterial cultures were grown overnight in acidic LB broth adjusted
to a pH of 5.5. Overnight cultures were diluted by 1000 into LB broth, and 150 pL of
culture medium with y-core motif defensin peptide added at a sublethal concentration (0,
5, 15, or 30 ug/mL) was added to flat clear bottom 96-well microplates (Corning,

Corning, NY) and overlaid with 50 uL of mineral oil to prevent evaporation. As a
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positive control, the antibiotic, polymyxin B, which is known to cause high gene
induction of the /ux-reporter strains, was added at a sublethal concentration of 0.5 pg/mL.
Samples were assayed in triplicate. Microplate cultures were incubated at 37 °C for 18 h
in a Synergy H1 microplate reader (BioTek, Winooski, VT) with optical density (600
nm) and luminescence (counts per second [CPS]) readings taken every 20 min throughout
the incubation period. Gene expression values were normalized to growth (CPS/ODsoo).
Pseudomonas syringae pv. syringae transposon mutagenesis. An EZ-Tn5
<R6Kyori/KAN-2> Tnp Transposome Kit (Lucigen, Middleton, WI) was used to
generate mutants of Pseudomonas syringae pv. syringae strain ALF3 through random
transposon insertions. The transposome was transformed into the ALF3 strain using the
P. syringae pv. syringae electroporation protocol previously described by Scholz-
Schroeder (2001). The transformed bacteria were plated onto NBY agar plates with 50
mg/L kanamycin and incubated at 25 °C for 48 h. Colonies were pooled by flooding the
plates with sterile water. Bacterial cultures were diluted with sterile water to an ODgoo of
0.1. In microcentrifuge tubes, the MtDef4 y-core motif peptide at 80 ug/mL,
approximately 10 times the ICso concentration, was added to 200 uL of the transformed
bacteria, and the cultures were incubated at 25 °C with shaking for 3 h. After the defensin
treatment, 10-fold serial dilutions were made and 100 uL were plated in triplicate onto
NBY plus kanamycin plates. Plates were grown at 25 °C overnight. Single colonies were
selected, restreaked on NBY plus kanamycin plates, grown overnight at 25 °C, and the
defensin treatment was repeated. From the recovered P. syringae pv. syringae mutants

resistant to the MtDef4 y-core motif peptide, genomic DNA was extracted and digested
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with EcoRIl (NEB, Ipswich, MA). The DNA was self-ligated using T4 DNA ligase
(NEB). Electrocompetent TransforMax EC100D pir-116 E. coli (Lucigen) were
electroporated with 2 uL of the ligation mix. The transformed E. coli were plated on LB
agar plus 50 mg/L kanamycin and grown overnight at 37 °C. Plasmid DNA was extracted
using a QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA). The plasmid DNA was
Sanger sequenced on both sides of the transposon insertion at the University of
Minnesota Genomics Center using the supplied primers from the Tnp Transposome Kkit,
KAN-2 FP-1 (5’-ACCTACAACAAAGCTCTCATCAACC -3’) and R6KAN-2 RP-1 (5°-
CTACCCTGTGGAACACCTACATCT-3’). The resulting DNA sequences near the
transposon insertion were validated using Sequencer (Gene Codes Corporation, Ann
Arbor, MI). Nucleotide BLAST searches using the Pseudomonas Genome Database
(Winsor et al. 2016) were performed on the DNA sequences near the transposon insertion
site to identify the locations in the ALF3 genome of the insertions and the corresponding
interrupted genes with annotations.
RESULTS

Plant defensin derived inhibition of P. aeruginosa growth. The antibacterial
activity of y-core motif peptides from MtDef4, MtDef5A, and So-D2 were evaluated
against wild-type and antimicrobial peptide sensitive mutants of P. aeruginosa. The P.
aeruginosa lux-reporter strains had inactivated LPS modification genes, either an
interrupted outer membrane surface spermidine synthesis gene (PA4774) or an
interrupted lipid A aminoarabinose modification gene (P43553). These mutants are
incapable of producing outer membrane surface modifications used for protection against

cationic antimicrobial peptide treatments (Lewenza 2013; Lewenza et al. 2005; Wilton et
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al. 2016). Using a spread-plate assay, the y-core motif peptides exhibited antibacterial
activity at micromolar concentrations. Against P. aeruginosa PAOI1, the y-core peptides
inhibited bacterial growth with MtDef4 displaying the greatest activity corresponding to
an ICso value of 4.2 uM (Table 9). The /ux-reporter P. aeruginosa strains had the
expected increase in sensitivity towards both MtDef4 and So-D2 peptides compared to
the wild type strain (Table 9). Overall, MtDef5 displayed the least antibacterial activity of
the evaluated y-core motif defensin peptides with the highest recorded ICso value of 14.6
uM against PA4774::lux. In contrast, MtDef4 was the most potent against PA4774::lux
with an ICso value of 1.7 uM.

Lux gene expression assay. Expression of the /ux gene in the modified P.
aeruginosa reporter strains has been previously shown to be induced by a Mg?" limiting
environment, acidic pH, the presence of extracellular DNA, or the presence of
antimicrobial peptides at a sublethal concentration (Lewenza 2013; McPhee et al. 2003;
Wilton et al. 2016). Expression of /ux in the reporter strains was confirmed to be induced
by an acidic pH of 5.5 in a LB broth medium (data not shown). The lux-reporter strains of
P. aeruginosa were grown overnight in acidic LB broth, diluted with LB broth, treated
with plant defensin y-core motif peptides, and monitored for bioluminescence in a
microplate reader, where bioluminescence would indicate the induction of the inactivated
bacterial membrane modification genes. Therefore, if the y-core peptides cause bacterial
membrane stress, the /ux-reporter will be induced and bioluminescence will be recorded.
In response to MtDef4 treatment at sublethal concentrations, /ux expression was greatly
induced in a concentration dependent manner in PA4774.:lux (Fig. 13). The level of

induction from a treatment of 30 ng/mL of MtDef4 was greater than the induction caused
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by the antibiotic positive control, polymyxin B. Additionally, PA3553::lux expression
was induced by MtDef4 at levels near those achieved by polymyxin B. MtDef5 and So-
D2 failed to induce /ux expression at levels near or greater than the antibiotic control in
all mutant strains evaluated (Fig. 14). But, during the first 3 hours after defensin
treatment, the level of induced /ux expression caused by all plant defensin treatments is
greater than the antibiotic control, which indicates different kinetics and possibly MOAs
between plant defensins and polymyxin B (Fig. 13 and 14).

P. syringae pv. syringae transposon mutagenesis. The prior application of the
mini-Tn5-/uxCDABE mutant library in P. aeruginosa lead us to develop transposon-
insertion mutant screen of a bacterial plant pathogen, P. syringae pv. syringae strain
ALF3. The y-core motif peptide of MtDef4 was previously shown to have an ICso value
of 3.4 uM against P. syringae pv. syringae (Sathoff et al. 2019), so the transposon-
insertion mutants were screened for resistance at 40 uM MtDef4 (10 x ICso). Three slow-
growing, MtDef4 resistant P. syringae pv. syringae mutants were recovered following
two repetitions of the y-core defensin peptide treatment. Genomic DNA was extracted,
digested with EcoRI, and self-ligated with T4 DNA ligase to generate plasmids that were
transformed into E. coli. Plasmid DNA surrounding the transposon insertion sites was
sequenced for two mutants. Although sequencing was attempted from several clones of
the third mutant, no sequence was obtained suggesting that the mutation was not due to a
transposon insertion. The resulting sequence data from the two MtDef4 insensitive
mutants (ALF3::Tn5-1 and ALF3.:Tn5-2) were characterized using BLAST analyses. The
transposon insertion sites for both ALF3::Tn5-1 and ALF3::Tn5-2 were found to be

located on scaffold 32544 1.1 of the ALF3 genome assembly and are 3,824 base pairs
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apart. The mutated gene (RS24240) in ALF3::Tn5-1 is annotated as a 16S ribosomal
RNA gene, and the mutated gene (RS24220) in ALF3::Tn5-2 is annotated as a 23S
ribosomal RNA gene (Table 10).

DISCUSSION

Plant defensins are able to kill a broad spectrum of gram-positive and gram-
negative bacteria, and therefore, they are valuable candidates for generating a new class
of antibiotics to treat multidrug-resistant bacteria. Full-length defensin peptides have 1Cso
values approximately ten-fold lower than those from the corresponding y-core motif
peptides (Sathoff et al. 2019), which indicates that full-length defensins may have a more
nuanced MOA where another undiscovered motif may be acting in synergy with the y-
core. A major drawback of peptide-based antibiotics is that they are much more
expensive to produce than conventional antibiotics, so to reduce cost, the size of the
peptide should be minimized (Hilpert et al. 2005). Truncated plant defensins (y-core
motif peptides) were assessed to evaluate a more realistic peptide-based antibacterial
treatment. The plant defensin y-core motif peptides demonstrated potent activity against
P. aeruginosa (Table 9).

Gram-negative bacteria contain an outer membrane composed of LPS in the outer
leaflet. Divalent inorganic cations (Mg?" and Ca*") stabilize the outer leaflet by binding
neighboring LPS molecules, and the displacement of these cations results in membrane
destabilization and bacterial cell death (Hancock 1984). Polycation spermidine
production and aminoarabinose-modification of lipid A contribute to reduce outer
membrane permeability and therefore, the entrance of cationic AMPs (Johnson et al.

2012; Moskowitz et al. 2004). Random mini-TnJ transposon mutagenesis has been
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performed on P. aeruginosa PAO1, and the sites flanking the insertion have been
sequenced and mapped, which has allowed for the characterization of outer membrane
modification mutants (Lewenza et al. 2005). These P. aeruginosa membrane
modification mutants have increased sensitivity to MtDef4 and So-D2 y-core motif
peptides with ICso values reduced by 2-4 fold compared to PAO1 (Table 9). This
suggests that these plant defensins may have a MOA that involves pore creation in which
the displacement of divalent metal cations causes destabilization of the LPS and
disruption of membrane integrity. When evaluated against the MtDef5A y-core motif
peptide, PA3553::lux shows a limited increase in susceptibility and PA4774::lux has
increased resistance. This lack of greatly enhanced susceptibility implies that MtDef5
does not directly act on the bacterial outer membrane and may have an intracellular target
considering that MtDef5 does not induce gene expression of the reporters. MtDef5 was
previously shown to be internalized in X. campestris pv. campestris (Velivelli et al.
2018). Also, MtDef5 demonstrates no activity towards gram-positive pathogens, C.
insidiosus and C. michiganensis subsp. nebraskensis, while MtDef4 had high
antibacterial activity against C. insidiosus (Sathoff et al. 2019; Velivelli et al. 2018). This
could be due to the inability of MtDef5 to enter the bacterial cell through the thick outer
layer of peptidoglycan present in the cell wall of gram-positive cells and interact with its
intracellular target. These results suggest differing MOAs between MtDef5 and the other
plant defensins evaluated.

The P. aeruginosa mini-Tn5-luxCDABE mutants contain a promoterless
luciferase gene cassette, which serves as a sensitive, real-time reporter of gene expression

for the inactivated gene (Lewenza et al. 2005). Highly induced expression of the /ux gene
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following plant defensin treatments at sublethal concentrations signals that the defensin
peptide acts on the bacterial membrane, similar to other known antimicrobial peptides
(McPhee et al. 2003). MtDef4 y-core motif peptide treatments cause a strong
concentration-dependent induction of /ux in the P. aeruginosa mutant, PA4774::lux (Fig.
13). The PA4774::lux mutant is deficient in production of outer membrane spermidine, a
polyamine, which serves as a substitute for inorganic cations that bind to and stabilize
LPS in the outer membrane (Hancock and Wong 1984). Antimicrobial peptides compete
with cations for binding to LPS, but spermidine protects the outer membrane by ensuring
that the negative surface charges are masked (Johnson et al. 2012). High concentrations
of exogenous spermidine (20mM) have been demonstrated to increase the resistance of P.
aeruginosa to cationic peptides (Kwon and Lu 2006). Therefore, bacteria with high
production levels of spermidine or other polyamines may be more resistant to plant
defensin treatments.

The emergence of multidrug-resistant (MDR) gram-negative bacterial isolates has
led to the renewed usage of both polymyxin B and colistin (polymyxin E) as therapeutic
agents (Nation and Li 2009). Polymyxins have a polycationic ring that binds to the LPS
on the outer bacterial membrane and competitively displaces Ca’" and Mg?" leading to
membrane destabilization and increased permeability (Zavascki et al. 2007). With the
increased prevalence of polymyxin treatments, polymyxin-resistant P. aeruginosa
isolates have been reported worldwide (Lee et al. 2011; Wang et al. 2006). Throughout
our study, a polymyxin B treatment was used as positive control against P. aeruginosa. In
all lux-reporter assays, the plant defensin treatments displayed rapid levels of /ux

induction, and /ux-expression was induced faster with plant defensin treatments
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compared to polymyxin B treatments (Fig. 13). These different induction dynamics in the
lux-reporter assays suggest that plant defensins and polymyxin B have different MOAs
on the outer membrane. Therapeutic compounds with novel MOAs are needed to treat
MDR bacterial isolates, and plant defensins may be an untapped reservoir.

The transposon insertion mutants of P. syringae pv. syringae, ALF3::Tn5-1 and
ALF3::Tn5-2, had increased resistance to MtDef4 y-core motif peptide treatments, which
may be due to changes in ribosome structure (Table 10). The ribosome is a common
target for antibacterial compounds because binding to bacterial ribosomes causes
disruption of translation (Tenson and Mankin 2006). For example, aminoglycoside
antibiotics target 16S rRNA in the small ribosomal subunit and tylosin targets 23S rRNA
(Hansen et al. 2002; Ogle et al. 2001). Target site mutations are a frequently utilized
bacterial resistance mechanism. To gain resistance to several antibiotics, Mycobacterium
tuberculosis acquired mutations in multiple regions of the r7s gene, which encodes 16S
rRNA (Nguyen et al. 2018). But, the multiplicity of rRNA genes in most bacterial species
slows the development of this type of resistance (Cundliffe 1990). Also, the antifungal
MOAs of MtDef4 against Fusarium graminearum and Neurospora crassa requires y-
core motif mediated entry into fungal cells, which implies that MtDef4 has an
intracellular target (Sagaram et al. 2013).

Our results suggest that the antibacterial MOA of the MtDef4 y-core motif
peptide involves ribosomal targeting, and the transposon insertions in P. syringae pv.
syringae TRNA encoding genes were target site mutations leading to increased MtDet4
resistance. Furthermore, spermidine interacts closely with RNA because in E. coli cells

spermidine exists predominantly as a polyamine-RNA complex (Igarashi and Kashiwagi
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2010). Polyamines play crucial roles as modulators of RNA structure and can induce
changes in RNA structure in context-dependent manner (Lightfoot and Hall 2014).
Polyamine binding to 23S rRNA on the central loop region of domain V, a site where
several antibiotics are known to bind, caused structural alterations, which is suggested to
restrict spiramycin binding to the ribosome (Petropoulos et al. 2004). In addition to
having decreased outer membrane spermidine content, PA4774::lux may also have a
reduction of intracellular spermidine. Both spermidine and MtDef4 may normally interact
with 23 and 16S rRNA, but in PA4774::lux, this intracellular spermidine-based
protection does not occur, which leads to increased susceptibility to MtDef4. The P.
syringae pv. syringae transposon insertion mutants may also disrupt the interaction
between MtDef4 and rRNA, which would explain the observed resistance to MtDef4.
Additionally, the antibacterial MOA of MtDef4 against different Pseudomonas species
may not be conserved or multiple MOAs could be utilized. The AMP melittin, the main
component of European honeybee (4pis mellifera) venom, killed bacterial cells of the
plant pathogen Xanthomonas oryzae pv. oryzae using multiple MOAs including
membrane permeabilization, inhibition of protein synthesis, and DNA/RNA binding (Shi
et al. 2016). Also, the antifungal MOA of MtDef4 is not conserved between ascomycete
fungi, N. crassa and F. graminearum (El-Mounadi et al. 2016).

In this report, we gain insights into the antibacterial MOA of plant defensins
against two pseudomonads, P. aeruginosa and P. syringae pv. syringae. In P.
aeruginosa, we propose that MtDef4 and So-D2 interact with the bacterial outer
membrane and possibly create pores leading to bacterial cell death. MtDef5 appears to

have a different antibacterial MOA where outer membrane binding is not as vital and,
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therefore, may have an intracellular target. This hypothesis is consistent with the reported
antibacterial MOA of MtDef5 against X. campestris pv. campestris in which DNA
binding by MtDef5 likely interferes with DNA synthesis and transcription (Vellivelli et
al. 2018). Additionally, plant defensins seem to have a different MOA than polymyxin B.
The P. syringae pv. syringae mutational analysis suggests that MtDef4 may also target
the ribosome and interfere with bacterial translation. Resistance mechanisms that bacteria
use to combat MtDef4 and other plant defensins may include increased cell membrane
thickness through outer membrane spermidine synthesis or target site mutations. Plant
defensin y-core motif peptides can be utilized for the development of treatments against
both plant and human bacterial pathogens and for furthering knowledge of mechanisms

of antimicrobial resistance.
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TABLE 7 Bacterial strains used in this study

Strain or Description Reference
Mutant
PAO1 Wild-type Pseudomonas aeruginosa Stover et al. 2000
PA3553::lux Transposon mutants and Lewenza et al. 2005
transcriptional fusion, homolog to
pmr gene (pmrF) responsible for the
addition of aminoarabinose to lipid
A
PA4774::lux Transposon mutant and Lewenza et al. 2005
transcriptional fusion, homolog to
speE gene responsible for
spermidine synthesis
ALF3 Wild-type Pseudomonas syringae Harrison et al. 2016
pv. syringae
ALF3::Tn5-1 ALF3 with random transposon This paper
insertion conferring MtDet4
insensitivity, Mu_4-1
ALF3::Tn5-2 ALF3 with random transposon This paper

insertion conferring MtDet4
insensitivity, Mu 5-1
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TABLE 8 Amino acid sequences of y-core motif (bold) and C-terminal region (italics) of

plant defensins tested in vitro

Plant Species Defensin Amino Acid Sequence

Medicago truncatula  MtDef4 GRCRGFRRRCFCTTHC

M. truncatula MtDef5A GACHRQGFGFACFCY
KKC

Spinacia oleracea So-D2 GDCKGIRRRCMCSKPL
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TABLE 9 Activity of the y-core motif defensin peptides against Pseudomonas

aeruginosa strains”

Pseudomonas MtDef4 MtDefSA So-D2
aeruginosa core core core
strains

PAO1 42+04 11.8+1.4 11.6+0.6
PA3553:lux 2.7+£0.3 85+0.8 3.0+£0.3
PA4774:lux 1.7+ 0.2 14.6+1.0 52+0.5

“The mean ICso (uM) values are reported + SE of three independent experiments (n=3).
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TABLE 10 BLASTn results from the Pseudomonas Genome Database identifying the

transposon insertion site in the Pseudomonas syringae pv. syringae ALF3 Tn5 mutant

strains.

Pseudomonas syringae
pv. syringae ALF3
mutant strain

Transposon
insertion site

Interrupted Gene

ALF3::Tn5-1

ALF3::Tn5-2

1346 in
scaffold
32544 1.1

5170 in
scaffold
32544 1.1

16S ribosomal RNA gene
(RS24240)

23S ribosomal RNA gene
(RS24220)
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Fig. 13 MtDef4 y-core motif peptide induces PA4774 and early PA3553 gene expression.
Effects of MtDef4 y-core peptide at sub-MIC concentrations of 0, 5, 15, or 30 pg/mL or
polymyxin B at 0.5 pug/mL on the expression of the PA4774.:lux (A) and PA3553::lux

(B) transcriptional fusion in planktonic cultures in LB broth. Gene expression was
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normalized for growth and CPS/OD600 values for the average of the triplicates are
presented. Each growth experiment was performed three times and representative curves

are shown.
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Fig. 14 So-D2 and MtDef5 y-core motif peptides fail to induce PA4774 gene expression.
Effects of So-D2 y-core peptide (A) and MtDef5 y-core peptide (B) at sub-MIC

concentrations of 0, 5, 15, or 30 pg/mL or polymyxin B at 0.5 pg/mL on the expression
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of the PA4774.:lux transcriptional fusion in planktonic cultures in LB broth. Gene
expression was normalized for growth and CPS/OD600 values for the average of the
triplicates are presented. Each growth experiment was performed three times and

representative curves are shown.
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Chapter 5: Functional analysis of Medicago-derived pathogen-

induced gene promoters

INTRODUCTION

Genetic modification of crop plants to introduce novel traits requires promoters
for initiating and regulating gene expression. These promoters need to be well-
characterized in order to achieve predictable and desirable transgene expression.
Characterizing promoters requires analyzing both their temporal and spatial expression
patterns. Currently, there is a need for tissue-specific expression systems to deliver
transgene products more efficiently in plant cells under attack by plant pathogens to
achieve enhanced disease control. The ideal promoter for expression of genes to protect
plant cells would be responsive to multiple types of pathogens. The cauliflower mosaic
virus (CaMV) 35S promoter is the most widely used promoter for improving disease
resistance and leads to constitutive expression of the transgene of interest (Odell et al.
1985). The CaMV 35S promoter generates strong gene expression in most plant cells
with transcripts accumulating to high levels, which in some instances has been observed
to lead to poor quality plants with reduced size or altered morphology (Chen et al. 2003).
This may be due in part to defense reactions being activated by the over expression of the
transgene in uninfected plant cells. Furthermore, constitutive transgene expression places
a strong selective pressure on the pathogens for mutations that can overcome the
engineered resistance. Also, the use of the CaMV 35S promoter for expression of
multiple genes may increase the chances of transcriptional inactivation due to homology-

dependent gene silencing (Matzke and Matzke 1995). The characterization of promoters
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that are induced upon pathogen invasion is needed for engineering plants with efficient
and effective disease resistance.

Medicago species are a source for novel promoters regulating gene expression in
a tissue-specific manner or in response to environmental stimuli, and many of these
promoters have been described through spatial and temporal gene expression studies. In
the model legume, Medicago truncatula, a sieve element occlusion gene promoter,
MtSEO-F1, generates tissue-specific gene expression in the immature sieve elements in
developing phloem tissue (Bucsenez et al. 2012). Additionally, a nodulin-induced
promoter, MtEBNOD12, from M. truncatula was characterized, and symbiosis-specific
gene expression was induced in root tissue after the addition of Sinorhizobium meliloti
nodulation factors (Chabaud et al. 1996). The MtHP promoter from M. truncatula was
fused to a S-glucuronidase (GUS) gene and was transformed into white clover (7rifolium
repens) where it displayed strong constitutive expression in leaf, petiole, root, and flower
tissues (Xiao et al. 2005). Higher transgene expression was observed using the MtHP
promoter compared to the CaMV 35S promoter, and fragments of the MtHP promoter, as
small as 107 bp, could still lead to a moderate level of expression (Xiao et al. 2005). In
alfalfa (Medicago sativa), the promoter from hi7 displays harvest-induced and abscisic
acid-induced activity in both leaf vascular and mesophyll tissues (Zhang et al. 2011). An
alfalfa zinc finger protein promoter, MsZPP, was characterized, and transcription levels
in the roots, stem vascular tissues, floral reproductive organs, and leaves were found to be
stimulated by darkness, indoleacetic acid, and methyl jasmonate (MeJA) (Li et al. 2012).
The promoter from the alfalfa gene encoding the plastid form of aspartate

aminotransferase (AAT2) exhibits high levels of expression in Sinorhizobium-infected
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cells of root nodules in alfalfa (Yoshioka et al. 1999). In contrast to other types of
environmental stimuli, there is very little data available regarding Medicago promoter
activity in response to pathogen infection.

Pathogenesis-related (PR) proteins were discovered to primarily accumulate in
plants in response to pathogen infection (van Loon and van Strien 1999). PR proteins are
currently separated into 17 distinct classes (van Loon et al. 2006). PRS and PR10 genes
are often among the most highly upregulated PR protein genes in response to infection by
a wide range of pathogens, and the promoters from a number of these genes have been
characterized. PRS5 proteins, also called thaumatin-like proteins, are typically expressed
constitutively in roots with upregulation in leaves occurring after pathogen infection,
treatment with salicylic acid, jasmonic acid, or ethylene, and after wounding or cold
stress (Velazhahan et al. 1999). In peach, PRS gene expression was shown to be induced
by MeJA and Xanthomonas campestris pv. pruni (Sherif et al. 2012). Pathogen-induced
PR10 gene expression by a wide variety of pathogens including fungi, oomycetes,
bacteria, and viruses has been established in numerous plant species. For example,
Magnaporthe grisea on rice (McGee et al. 2001), Phytophthora infestans on potato
(Matton and Brisson 1989), Pseudomonas syringae pv. pisi and Xanthomonas campestris
pv. alfalfae on alfalfa (Borsics and Lados 2002), and Tobacco mosaic virus on Capsicum
annuum (Park et al. 2004) have all led to the induction of PR10 gene expression. PR10
genes are often detected in multi-gene families. In western white pine (Pinus monticola),
multiple members of the PR10 gene family are differentially expressed upon pathogen

infection (Liu et al. 2003). In alfalfa, individual PR10 genes have been shown to have
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significantly different patterns of expression dependent on a structural difference, the
number of -bulges, found in each protein structure (Bahramnejad et al. 2010).

M. truncatula PR genes, PR5 and PR 10, were previously identified as being
highly up-regulated during the initial stages of infection by root and foliar pathogens
(Samac et al. 2011). In this work, we describe the isolation of the promoter sequences
from three different Medicago PR genes and the design of plant transformation vectors
linking these promoter sequences with the GUS reporter gene. The vectors were used for
alfalfa transformation, and transgene expression was evaluated qualitatively through GUS
histochemical assays and quantitatively through RT-qPCR. These analyses indicated
strong transgene expression in response to pathogen attack and limited expression under
disease-free conditions. Additionally, putative transcription regulator elements (REs)
responsible for the pathogen-induced promoter activity were identified in the Medicago
promoters. These promoters provide a means to engineer localized and pathogen-
regulated disease resistance in transgenic alfalfa and other transgenic crops.

MATERIALS AND METHODS

Isolation of promoter regions, binary vector construction, and plant
transformation. The Medicago truncatula EST TC113538 encoding a thaumatin-like
protein (TLP) in the PRS class of pathogenesis-related proteins was used in a BLAST
search to identify the corresponding genome sequence Medtr1 g062590.1 in Mt4.0

(http://jevi.org/medicago/index.php), and the putative promoter region from 1 kbp

upstream of the transcription start site and the 162 bp of leader sequence to the initiating
ATG were retrieved. Similarly, M. truncatula EST TC192586 encoding a PR10 gene was

used to identify Medtr2g035150.1, and the putative promoter region sequence (1201 bp)
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was retrieved. The Medicago sativa genome was searched for a MtPR10 promoter
homolog, and the putative promoter from MsPR10-1 (AJ311049.1) a gene previously
characterized by Breda et al. (1996) was identified. The promoter sequence of PR10 from
alfalfa was named MsPR10, the M. truncatula PR10 promoter was named MtPR10, and
the PR5 promoter from M. truncatula was named MtPRS. For each promoter sequence,
PCR primers were designed with a Bg/II site immediately preceding the initiating ATG
and a HindIII site at -1,000 bp (Table 11). PCR amplification was conducted using 250
ug M. truncatula A17 or M. sativa Regen SY27x genomic DNA, 50 pmol forward and
reverse primers, and 2X GoTaq Master Mix (Promega, Madison, WI) in a 25 pl reaction
for 30 cycles consisting of 94 °C for 30 sec, 55 °C for 1 min, and 72 °C for 1 min.
Reactions were gel purified using the QIAquick Gel Extraction Kit (Qiagen, Valencia,
CA), ligated into pPGEM-T Easy (Promega), and used to transform E. coli strain JM109
following the manufacturer’s instructions. Plasmids were purified using QIAprep Spin
Miniprep Kit (Qiagen), and 0.5 pg DNA was digested with HindIIl and Bg/Il. The
MtPRS and MtPR 10 promoter fragments were gel purified and ligated into the binary
transformation vector pBI101.2 (Jefferson et al. 1987) digested with HindIl and BamH]1
to create plant transformation vectors pBI:MtPRS and pBI:MtPR10 with the promoters in
transcriptional fusion with the f-glucuronidase gene, gusA. The MsPR10 promoter
fragment was gel purified and ligated into the binary plant transformation vector
pILTAB381 (Verdaguer et al. 1996) digested with Xbal and HindllI to created plant
transformation vector pILTAB:MsPR 10 with the promoter upstream of gusA. Ligation
reactions contained Promega 2X Rapid Ligation Buffer and T4 DNA ligase. The vector

was used to transform E. coli strain JM109. The promoter sequences were verified in
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each vector by DNA sequencing. Verified clones were used to transform Agrobacterium
tumefaciens LBA4404 by electroporation. Transformants were selected on Luria-Bertani
(LB) agar (Difco, Sparks, MD) plates with 50 mg/L kanamycin and 25 mg/L rifampicin.

The alfalfa genotype (Regen SY27x) was transformed by co-cultivating leaf
explants with 4. tumefaciens LBA4404 containing the transformation vectors as
described previously (Samac and Austin-Phillips 2006). Transformed callus cells and
somatic embryos were selected using kanamycin (25 mg/L). Transgenic plants were
identified by PCR amplification of genomic DNA using primers targeting the npt/l gene
and gusA with the MtPRS, MtPR 10, or MsPR10 promoter, as described previously
(Saruul et al. 2002).

Plant Material. Selected primary transformants were propagated clonally by
stem cuttings and grown in the greenhouse. Primary transformants were used due to
severe inbreeding depression in alfalfa when plants are self-pollinated. Plants were grown
in a soil:sand mixture (1:1, v/v), one plant per cone-tainer (Stuewe & Sons, Tangent OR;
7 cm width, 35 cm depth). For RNA extraction, plant material from each replicate was
combined, frozen in liquid nitrogen, and stored at -80 °C until assayed.

Pathogen cultures and growth media. Fungal pathogen strains were isolated
from infected alfalfa plants obtained in Minnesota from commercial production fields and
are deposited in the University of Minnesota Mycological Culture Collection. The fungal
strains, Colletotrichum trifolii WS-5, C. trifolii FG-1, Phoma medicaginis STC, and P.
medicaginis WS-2 were grown on potato dextrose agar (Difco) at 25 °C. After two weeks

of culture growth, conidia were harvested by washing the plates with sterile water. The
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spore suspensions were filtered, and spore densities were determined microscopically
using a hemocytometer.

From a glycerol stock, the bacterial strain, Pseudomonas syringae pv. syringae
ALF3, was cultured on nutrient broth yeast extract (NBY) agar at 30 °C. After one day of
growth, the bacterial cells were harvested by flooding the plates with sterile water.
Cultures were diluted with sterile water to an ODggo of 0.1.

Histochemical localization of GUS expression. Samples of transgenic alfalfa
stems, leaves, petioles, and roots with nodules were cut into large pieces and placed in
24-well microplates. A GUS staining solution containing 1 mg/mL 5-bromo-4-chloro-3-
indoyl S-D-glucuronic acid sodium salt (X-GIcA; Research Products International, Mt.
Prospect, IL) (Jefferson et al. 1987) was added (25 mL per plate), which was enough to
cover the samples, and vacuum infiltration was used to increase stain penetration into
plant tissues. Plates were sealed with Parafilm and placed at 37 °C for 24 hours. The stain
was removed, the samples were washed twice with distilled water, and 70% ethanol was
added to remove pigments in order to better visualize the staining.

GUS staining was also performed on infected detached leaves from each
transgenic line and a non-transformed Regen SY27x control line. Young leaves were
removed from top three nodes of alfalfa plants, and five trifoliates from the same
transgenic line were placed in 100 x 15 mm Petri plates lined with moist filter paper, then
inoculated. For fungal pathogens, Colletotrichum trifolii or Phoma medicaginis, each
leaflet was inoculated with a 5 ul spore suspension at a concentration of 1x10°
conidia/mL with 50 ppm Tween 20. For inoculations with a bacterial pathogen,

Pseudomonas syringae pv. syringae, each leaflet received 5 pl droplet of a bacterial
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suspension at an ODgoo of 0.1 with 50 ppm Tween 20. Droplets were placed on wounds
created by pressing a pipette tip on the leaf tissue. Control leaves were mock-inoculated
with water. Plates were incubated at 25 °C for 24 h, 48 h, 72 h, or 120 h. Leaves were
then cut and stained with GUS staining solution as previously described.

Expression analysis using reverse-transcriptase quantitative PCR (RT-
qPCR). Detached leaves of transgenic alfalfa were inoculated as previously described
with C. trifolii, P. medicaginis, or P. syringae pv. syringae and harvested 48 h after
inoculation. Control leaves were mock-inoculated with water. RNA was isolated from
detached leaves using the RNeasy Plant Mini kit (Qiagen). Concentration and purity of
the RNA samples were tested with a NanoDrop spectrophotometer (Thermo Fischer,
Carlsbad, CA). The first strand of cDNA for each sample was made from 1 ug total RNA
using an iScript cDNA Synthesis Kit (BioRad, Hercules, CA). GUS and promoter-
specific qPCR primers were designed using Primer Express (Thermo Fischer) (Table 11).
qPCR was performed using the iTaq Universal SYBR Green Supermix (BioRad) in 25
UL reactions containing 4 pmol of each forward and reverse primer and 5 puL of template
cDNA. Samples from three biological repetitions from each line were run in triplicate on
a 7500 Fast Real-Time PCR System (Thermo Fischer) following the manufacturer’s
recommendations. The PCR conditions were as follows: 2 min of denaturation at 95 °C,
40 cycles of 15 s at 95 °C and 1 min at 58 °C, followed by steps for melting curve
generation (15 s at 95 °C, 1 min at 60 °C, 30 s at 95 °C, 15 s at 60 °C). The 7500 Fast
Real-Time software (Thermo Fischer) was used for data collection. Melting curves
showed that only one transcript was measured demonstrating that the primers were

specific for transcripts of each isoform. Relative transcript accumulation for each sample
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was obtained using the comparative C; method (Schmittgen and Livak 2008) using the C;
value of the alfalfa f-actin gene (JQ028730.1) for sample normalization.

In silico sequence analysis. Nsite (Shahmuradov and Solovyev 2015) was used to
identify regulatory elements (REs), which facilitate transcription factor binding on
promoters, on the MtPRS5, MtPR10, and MsPR10 promoter DNA sequences. The Nsite
analysis performed searches for statistically non-random motifs of known REs using the
RegSite dataset, a plant-specific RE dataset. Both single and composite REs were
identified with the statistical significance of each hit being reported. Also, EMBOSS
Needle pairwise sequence alignments (Li et al. 2015) were used to compare MtPR10 and
MsPR 10 DNA sequence similarity for both promoter and coding sequences.

RESULTS

Genetic transformation of alfalfa. The predicted promoter regions from M.
sativa PR10 and M. truncatula PR10 and PRS were PCR amplified to generate
approximately 1,000 bp segments of each putative promoter. The fragments were cloned
and sequenced before creating promoter::GUS constructs. Promoter sequences were
submitted to GenBank under the accession numbers MK618665, MK618666, and
MK618667 for the MsPR10, MtPR10, and MtPRS promoters, respectively. Plant
transformation vectors (pBI:MtPR10, pBI:MtPRS, and pILTAB:MsPR10) were
confirmed to contain the anticipated promoter sequences and were used to transform
alfalfa (cultivar Regen SY27x) through Agrobacterium-mediated transformation. A total
of 20 lines containing MtPR10::GUS, 14 lines containing MtPR5::GUS, and 41 lines
containing MsPR10::GUS were confirmed to be transgenic by PCR amplification of both
the GUS gene and nptll selectable marker gene.
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GUS expression patterns. GUS expression varied among the transgenic lines,
which is commonly seen and attributed to positional effects of the inserted transgene
(Peach and Velton 1991). Of the 34 transgenic lines with M. truncatula promoters, GUS
expression was visualized in 11 different lines of uninoculated plants, and 25 out of 41
transgenic lines with the MsPR10 promoter had detected GUS expression in uninoculated
plants. In uninoculated plants, GUS staining was primarily observed in the root vascular
tissues in the transgenic lines containing the MtPR10, MtPRS, and MsPR10 promoters
(Fig. 15). Staining appeared to be intensified near regions of developing nodules (Fig.
15G). Limited GUS expression was detected in the leaf tissue compared to the petiole
and root tissues. The MsPR10 lines had the greatest intensity of staining with several
lines displaying staining in the petiole, root cortex and vascular tissues, root tip, and stem
vascular tissue. Pathogen inoculation of detached leaves was shown to induce GUS
expression near the sites of infection in transgenic plants (Fig. 16). Following P.
medicaginis inoculation, GUS expression was greatly enhanced throughout the leaf
vascular tissue in the MtPR10::GUS, MtPR5::GUS, and MsPR10::GUS transgenic lines
(Fig. 16). C. trifolii inoculations also induced foliar GUS expression in lines containing
the MtPRS5 and MtPR 10 promoters (data not shown). Following inoculation with a
bacterial pathogen, P. syringae pv. syringae, GUS staining was concentrated near centers
of infection in leaves from the MtPR5::GUS and MtPR10::GUS transgenic lines (Fig.
16). There appeared to be more diffuse staining in transgenic alfalfa following
inoculation with fungal pathogens compared to bacterial pathogens. Also, foliar GUS
staining first emerged 48 hours after inoculation and increased in intensity over time.

GUS expression was not observed in plant tissues of the non-transformed control line,
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although staining of P. medicaginis mycelium was seen at 120 h post-inoculation (Fig.
16).

Relative gene expression in response to pathogen infection. Transgenic alfalfa
plants with observed GUS expression after pathogen inoculation were further
investigated through RT-qPCR analyses to measure GUS transcript accumulation after
inoculation with either P. medicaginis strain PSTC or P. syringae pv. syringae ALF3.
The expression of the GUS gene was normalized by the alfalfa reference gene, f-actin,
and compared relative to the GUS transcript accumulation in mock-inoculated leaves.
The MtPR10 promoter resulted in greater levels of fungal pathogen-induced GUS
transcription than either the MtPRS and MsPR10 promoters at 48 hours post-inoculation
(Fig. 17). Relative GUS expression in plants with the MtPR10::GUS construct ranged
from a low of 1.4-fold to 359-fold up-regulation in line MtPR10-12 when infected with
P. medicaginis (Fig. 17). Whereas, for the MsPR10::GUS transgenic lines, the highest
up-regulation in GUS gene transcripts was 78-fold in line MsPR10-7 when infected with
P. medicaginis. GUS expression in plants with the MtPRS promoter inoculated with P.
medicaginis ranged from 1.2-fold to 22-fold up-regulation. In response to bacterial
pathogen infection, transcript up-regulation was limited, which agrees with the results
from the GUS histochemical staining. The MtPR5-45 line demonstrated the greatest level
of GUS transcript up-regulation with an increase of 8-fold upon P. syringae pv. syringae
infection (Fig. 18).

Since the M. truncatula promoters displayed substantial pathogen-induced
expression in response to a fungal pathogen, they were further evaluated using another
strain of P. medicaginis and two highly aggressive race 5 strains of Colletotrichum
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trifolii. In response to inoculation with C. trifolii FG-1, a race 5 isolate, MtPRS promoters
had high levels of induced GUS expression with relative increases in expression of 100-
fold in line MtPR5-44 (Fig. 19). MtPR10-12 again displayed high levels of induction
against P. medicaginis WS-2 with an increase in GUS expression of 189-fold (Fig. 19).
But, strain specificity was identified in both the P. medicaginis and C. trifolii inoculation
trials. Line MtPR10-33 had a 6-fold increase in GUS expression when inoculated with P.
medicaginis strain PSTC and a 423-fold increase in GUS expression when inoculated
with P. medicaginis strain WS-2 (Fig. 17 and 19).

Expression of the MsPR10 and MsPRS5 genes were also measured in response to
pathogen infection and compared to mock-inoculated plants. In response to infection with
P. medicaginis WS-2, PR10 expression ranged from 2-fold to 316-fold up-regulation, and
PRS5 expression was increased by 3-fold to 60-fold (Fig. 20). When inoculated with P.
syringae pv. syringae, expression averaged around a 120-fold increase although line
MtPR10-52 had a large increase in PR10 expression of 5,288-fold (Fig. 21). PRS gene
expression had relatively small increases of 9-fold in line MtPR5-13 after P. syringae pv.
syringae inoculation and an increase of 5-fold in line MtPR5-13 inoculated with C.
trifolii WS-5 (Fig. 21).

In silico sequence analysis. To identify potential transcription regulatory
elements (REs), the promoter DNA sequences were analyzed utilizing the program Nsite
(Shahmuradov and Solovyev 2015). Nsite predicts both single and composite REs in
query sequences using a large plant-specific RE database and estimates the statistical
significance of each identified RE. Nonrandom motifs (a level of homology between
known RE and motif of >90%; the statistical significance of 95%) of 15 known REs were
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predicted for MtPR 10, 14 REs were predicted for MtPRS, and 28 REs were predicted for
MsPR10. Selected statistically significant, nonrandom REs identified in the Medicago
promoters are given in Tables 12, 13, and 14. Several pathogen responsive REs were
present throughout the regulatory sequence. The binding sites for WRKY (SA signaling)
and ERF (JA/ET signaling) transcription factors were found in both plus and minus
DNA-strands of the promoters. In the MsPR10 promoter, a RE from an Arabidopsis PR1
gene was identified. Additionally, a putative TATA box was present in both the MtPR10
and MsPR10 promoters. Diagrams of the pathogen-inducible elements in the MtPRS,
MtPR10, and MsPR10 promoters are shown in Figure 22.

Given that the MtPR10 and MsPR 10 promoters come from similar species, M.
truncatula and M. sativa, and both promote PR10 gene expression, a pairwise sequence
alignment was performed. An EMBOSS Needle alignment (Li et al 2015) was used to
compare the promoter and coding DNA sequences for MtPR10 and MsPR10. The
nucleotide sequences of MtPR10 and MsPR10 promoters revealed 45.6% identity, and
the PR10 coding sequences had 47.5% identity. In a previous phylogenetic analysis, the
M. truncatula and M. sativa PR10 proteins were closely clustered together and grouped
in the same subfamily based on amino acid similarity (Liu and Ekramoddoullah 2004).

DISCUSSION

Alfalfa is the most widely grown forage legume throughout the world and is the

third most valuable row crop in the United States with a production value of $9.9 billion

for 2018 as estimated by the USDA (https://quickstats.nass.usda.gov). Through genetic

engineering, transgenic alfalfa has been developed and commercialized for glyphosate
herbicide tolerance and for reduced lignin, which increases forage digestibility.
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Constitutive expression of transgenes in alfalfa can be achieved using the viral promoters
CaMYV 358, cassava vein mosaic virus promoter, or sugarcane bacilliform badnavirus
promoter (Samac et al. 2004). When engineering plants for disease resistance, localized
pathogen-induced gene expression is preferable due to limiting both the energy load on
the plant and the selective pressure on the pathogen. Additionally, public disapproval
towards the usage of genes from unrelated species encourages the isolation and
characterization of genetic elements from the species of interest (Lassen et al. 2002).
Discovery of pathogen-induced promoters lags behind identification of the genes for
disease resistance (Gurr and Rushton 2005). Therefore, the development of Medicago
genetic elements for tissue-specific, pathogen-induced expression to efficiently deliver
the transgene product to plant cells under attack is essential.

Alfalfa diseases reduce forage quality and yields causing financial losses for the
growers. The pathogens utilized in this study are a diverse group of economically
important alfalfa fungal and bacterial pathogens. P. medicaginis is the most destructive
foliar alfalfa pathogen causing spring black stem and leaf spot disease. During cooler
weather, P. medicaginis greatly reduces forage quality, especially from the first spring
harvest (Castell-Miller 2015). Losses from the first cutting are particularly economically
damaging because the first harvest typically contains the best forage quality and is the
highest yielding. P. syringae pv. syringae is a bacterial pathogen that causes bacterial
stem blight of alfalfa in which diseased plants are stunted with spindly stems that can be
easily broken (Gray and Hollingsworth 2015). The bacterium typically penetrates host
stems at sites of frost injury, so with global climate change, the geographic range and
economic impact of bacterial stem blight may increase (Nemchinov et al. 2017). Though
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most alfalfa has resistance to race 1 of C. trifolii, we used a newly identified race 5
isolated (WS-5) that is very aggressive against most alfalfa cultivars. C. trifolii can infect
alfalfa root and crown tissues contributing to crown rot. Crown rot reduces alfalfa stand
persistence and density, which often requires growers to incur the cost of replanting the
stand (Kalb et al. 1994). Also, these alfalfa pathogens have different lifestyles. P.
medicaginis is a necrotroph, C. trifolii is a hemibiotroph, and P. syringae pv. syringae is
a biotroph. The Medicago promoters analyzed in this experiment were all responsive to
this varied suite of significant alfalfa pathogens.

In this study, promoters from three Medicago PR genes were isolated and used to
drive GUS expression. Transgenic alfalfa plants expressing the GUS reporter gene using
the promoters MsPR10, MtPR10, or MtPRS5 were qualitatively and quantitatively assayed
for GUS transcriptional activity. The MtPRS, MtPR10, and MsPR10 promoters were
functional in alfalfa and reflected the expression patterns seen for the respective genes. In
some instances, promoters from one species may not be expressed similarly when
transgenically expressed in another species (Mithra et al. 2017). For example, the
Arabidopsis class 111 chitinase promoter leads to enhanced expression in root tissue in
Arabidopsis, but when the promoter::GUS construct is expressed in alfalfa, GUS activity
is limited to vascular tissue (Samac and Temple 2004). In a previous study, the relative
expression of PR5 and PR10 genes in M. truncatula was analyzed by RT-qPCR, and
foliage-enhanced expression was observed for PRS5, while root-enhanced expression was
observed for PR10 (Samac et al. 2011). This same spatial pattern of expression was
observed during the GUS staining of uninoculated transgenic alfalfa. The MtPR10 and
MsPR10 promoters primarily led to expression in root tissue (Fig. 15). The transgenic
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lines of alfalfa displayed pathogen-induced expression visualized through greatly
enhanced GUS staining of the leaf vascular tissue, especially after inoculation with a
fungal pathogen (Fig. 16). This characteristic pathogen-induced expression pattern was
previously seen with MsPR10-1, the alfalfa gene used for isolation of the MsPR10
promoter, after inoculation with Pseudomonas syringae pv. pisi, an incompatible
pathogen (Breda et al. 1996). A characterized M. truncatula PR10 promoter, MtHP,
displayed different patterns of expression than MtPR10 with constitutive GUS
histochemical staining without pathogen induction or tissue specificity (Xiao et al. 2005),
which could be due to the genetic background of the alfalfa lines used.

The MtPR10 promoter exhibited greater pathogen-induced activity than the
MsPR10 promoter in RT-qPCR assays (Fig. 17). But, when inoculated with P. syringae
pv. syringae, the MtPRS promoter had higher levels of activation than MtPR10 promoter
(Fig. 18). The differential expression of highly similar PR genes provides an opportunity
for plants to produce protein isoforms that are most selected evolutionarily in response to
environmental stresses (Liu et al. 2005). Although smaller relative increases in GUS
expression throughout the leaf were observed in response to inoculation with the bacterial
pathogen compared to fungal pathogens (Fig. 18), the level of induction near the bacterial
infection site may be relatively high based on GUS staining (Fig. 16). Similarly, after
inoculation with Xanthomonas campestris pv. alfalfae, MsPR10.1A and MsPR10.1B
showed a moderate increase in GUS expression of 1.1 and 1.6-fold, respectively
(Bahramnejad et al. 2010). GUS expression varied for MtPR10::GUS and MtPR5::GUS
lines after inoculation (Fig. 17 and 19). Variability from plant to plant in GUS expression
from tissue specific promoters has been observed previously in alfalfa (Pathirana et al.
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1997; Trepp et al. 1999).

The analysis of REs in the studied promoter sequences identified motifs
responsible for precise transcription initiation, such as the TATA box (Butler and
Kadonaga 2002). Several defense response REs were present throughout the Medicago
promoters. W-boxes, cis-acting elements that are recognized by WRKY transcription
factors, were identified in each of the Medicago promoters (Fig. 22). Clustering of W-
boxes within pathogen-controlled promoters is frequently observed, but a single W-box
can be sufficient for pathogen inducibility (Eulgem et al. 2000). For example, PR10a, a
pathogen-responsive promoter from rice, has a single W-box that was essential for
induction (Hwang et al. 2008). Furthermore, a single type of cis-acting element can
confer pathogen-induced expression, which was demonstrated with synthetic plant
promoters (Rushton et al. 2002). MYB motifs involved in the defense response were
identified in the MtPR10 and MtPRS5 promoters. In the parsley PAL1 promoter, the MYB
binding sites were discovered to be the sites of fungal elicitor-inducible DNA-protein
interactions (Lois et al. 1989). Also, two MYB binding sites were found to be essential
for Phytophthora sojae-induced expression in the soybean promoter GmaPPO12 (Chai et
al. 2013). Additionally, the MtPRS5 promoter contains a GBF3 binding site thought to
confer drought and other abiotic stress tolerance (Ramegowda et al. 2017).

Promoters with a full spectrum of activities need to be available for the research
community, so expression systems can be finely modulated. Localized pathogen
inducibility of promoters would allow for the expression of proteins that may be
detrimental when expressed ubiquitously in the entire plant. Promoters that are weakly

induced upon pathogen infection could be advantageous because defensive signaling
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molecules are potent and expensive for the plant to produce. Having a larger toolbox of
characterized promoters will make transgenic plants more efficient and effective. The
MtPR10, MtPRS, and MsPR10 promoters are functional in alfalfa for expression of
transgenes and up-regulate gene expression after infection by a range of different alfalfa
pathogens. These promoters potentially could be used for the transgenic expression of

antimicrobial peptides or other avirulence factors.
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TABLE 11 Primers used in Medicago promoter cloning and real-time PCR assays'

Annotation Forward primer Reverse primer

Cloning MtPR10 GGGagatctGATGGTATAATGTATTAA GGGaagcttCTTAGAACACTTGTTAAT
Cloning MtPRS  GGGagatct ATTCTTGTTATTGTTTTA GGGaagcttTGTATAAGTGAAGGAGAG
Cloning MsPR10 GCTCAGtctagaGATGATATAATACTAATGTGTG GTGACCaagcttGGACGGATCTACAGTCAC
qPCR f-actin CCACATGCCATCCTTCGTTT TGTCACGAACAATTTCCCG

qPCR GUS CAGTTCGCCGATGACGATATTCG GCCCTGATGCTCCATCACTTCC

qPCR MsPR10 GCCGGAACCATCAAGAAACT AAGCCAACACCTCCAACAA

qPCR MsPRS5 GGACCTGGAGCAACGAACTC GCAACTTGACCAGATGCACAA

"Primers are in the 5’ to 3’ direction and restriction sites are in lower case letters
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TABLE 12 Motifs of known REs predicted by the Nsite program in the [-1201:-1] region

upstream of the translation start of the PR10 gene (Medtr2g035150.1) in Medicago

truncatula.

Name, Accession Organism Positions of Sequence of identified RE
Number! and and Gene identified  motifs®
Binding Factor of RE motifs?
known RE
CE1 (RSP00058); Hordeum -770:-762 TtCCACCGG
Unknown nuclear vulgare:
factor HVA22
NIT2 BS III Chlorella -666:-659 CCAAAGGT
(RSP01202), NIT2 vulgaris: NR
EMI1 (CArG box 1) Lepidium -124:-115 CTTTTTTGG
(RSP01209), MADS  africanum:
box proteins LaCRC
TATA box Triticum -91:-82 CTATAAATAC
(RSP01301), TBF aestivum:

Amy2/54
E6.3 (RSP01974), Oryza sativa: ~ -700:-693 CTTGACCA
Unknown nuclear SAG39
factor
Fp30/VI (RSP02187), Glycine max:  -288:-268 aAAGaAGAAAAAAAAAat
Unknown nuclear CHS8 AGT
factor
WRKY28 BS (m2.8)  Arabidopsis -702:-691 CgCTTGACCaAT
(RSP02309), thaliana:
WRKY28 ICS1
DOF2 domain 2 Arabidopsis -767:-757 gTGGAAAGGAG
(RSP02710), DOF2 thaliana:

AmidP

(At4g34880)
MYB46 BS2 (PAL1) Arabidopsis -671:-664 CACCAACC
(RSP02752), MYB46  thaliana:

PALI1

'In Regsite Plant Database. *Positions are given relative to the ATG start codon. *Lower-

case letters indicate mismatches.
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TABLE 13 Motifs of known REs predicted by the Nsife program in the [-1162:-1] region

upstream of the translation start of the PRS gene (Medtr1g062590.1) in Medicago

truncatula.
Name, Accession Organism Positions of Sequence of identified RE
Number! and Binding  and Gene identified motifs3
Factor of known RE RE motifs?
56/59 box (RSP00039);  Lycopersicon  -648:-638 TGAATTGTGA
GT-1 related esculentum:
transcription factors LATS6;
LATS9
C-rich R (RSP00601), Lycopersicon  -393:-385 tCCCACCAA
Unknown nuclear factor  esculentum:
rbeS2
CT-LB (RSP00653), Spinacia -1150:-1140 TTCTCTCTCCT
Unknown nuclear factor oleracea:
petH
AtSIRKp (WRKY11) Arabidopsis -127:-115 TTATTGACTgAAT
BS1 (RSP01739), thaliana:
WRKY11 SIRK/FRK1
(At2g19190)
Aux28B2 (RSP00969),  Glycine max:  -900:-891 TTGACGACAA
STGAI GmAux28
-190 half G-box (core)  Arabidopsis -1085:-1076  GCaAAGTGGA
(RSP00683), GBF3 thaliana: Adh
Box-L3 (RSP01081), Daucus -94:-83 TtCAACCcTCCA
DcMYBI carota:
DcPALI
RY (RSP02234), LEC2  Arabidopsis -819:-811 TGCATGATG
thaliana:
Oleosin
GA-6 (RSP00865), Arabidopsis -1149:-1141 GGAGAGAGA

BPC1

thaliana: STK

'In Regsite Plant Database.

2Positions are given relative to the ATG start codon. *Lower-

case letters indicate mismatches.
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TABLE 14 Motifs of known REs predicted by the Nsife program in the [-1524:-1] region

upstream of the translation start of the MsPR10 gene (AJ311049.1) in Medicago sativa.

Name, Accession  Organism and  Positions  Sequence of identified RE
Number! and Gene of motifs?
Binding Factor of identified
known RE RE motifs?
ERRE Nicotiana -716:-710  AGCCGCC
(RSP00030); sylvestris: OLP
EREBP
B3 (RSP00915), Zea mays: b-32  -160:-151  GATGATGTGT
Opaque-2
Box VI Pisum sativum:  -84:-64 AAATtGATAAATAAAAtatTT
(RSP00037), 3AF1 rbcS-3A
GCC box Arabidopsis -716:-710  AGCCGCC
(RSP02365), ERF1  thaliana: GSTF7
GbWRKY1 BSI Gossypium -823:-812  TAAcGTCAAAGA
(RSP02874), hirsutum:
GbWRKY1 GhJAZ1
LS10 (RSP02162), Arabidopsis -887:-872  TTCTTCAGGtCaTTTg
DOF factors thaliana: PR-1
TATA box Triticum -94:-85 CTATAAATAC
(RSP01301), TBF  aestivum:

Amy2/54
GCC box Solanum -716:-710 AGCCGCC
(RSP01523), tuberosum:
StEREBP1 Synthetic

oligonucleotides
Motif III Oryza sativa: -1510:- GCCGCGTGaC
(RSP00063), rabl6B 1501

unknown nuclear
factor

'In Regsite Plant Database. 2 Positions are given relative to the ATG start codon. *Lower-

case letters indicate mismatches.
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Fig. 15 Expression of GUS gene fusions in the roots of transgenic alfalfa plants.

Expression pattern in root sections of the GUS gene regulated by the MtPR10 promoter
(line 12, A-C; line 19, D and E; line 25, F), the MtPRS promoter (line 44, G), and the

MsPR10 promoter (line 12, H; line 35, I).
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Fig. 16 Histochemical localization of GUS activity after pathogé inoculation of

transgenic alfalfa. Leaves of transgenic alfalfa with the MsPR10::GUS construct (line 14)
were infected with Phoma medicaginis PSTC and staining was done at 48 A and 72 B, C
hours after inoculation. Leaves of transgenic alfalfa with the MtPR10::GUS construct
(line 19) were infected with Pseudomonas syringae pv. syringae ALF3 and staining was
done at 72 D, E, F hours after inoculation. Leaves from a non-transformed line were
stained 72 hours after inoculation with P. syringae pv. syringae ALF3 G and P.
medicaginis H. 120 hours after inoculation with P. medicaginis, pathogen staining was

observed on the non-transformed line 1.
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Fig. 17 Quantitative RT-PCR analysis indicates fungal pathogen-induced GUS gene
constructs A or the MsPR10::GUS construct B. Total RNA was extracted from leaves



infected with Phoma medicaginis (PSTC). The relative transcription level of GUS was
normalized to the transcription of alfalfa f-actin gene (JQ028730.1) and to transcription
level of GUS in mock-inoculated leaves. Bars represent means and error bars indicate the

standard error (n =9).
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Fig. 18 Quantitative RT-PCR analysis indicates bacterial pathogen-induced GUS gene
expression in transgenic alfalfa plants containing the MtPR10::GUS or MtPR5::GUS
constructs A or the MsPR10::GUS construct B. Total RNA was extracted from leaves
infected with Pseudomonas syringae pv. syringae (ALF3). The relative transcription

level of GUS was normalized to the transcription of alfalfa f-actin gene (JQ028730.1) and
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to transcription level of GUS in mock-inoculated leaves. Bars represent means and error

bars indicate the standard error (n = 9).
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Fig. 19 Quantitative RT-PCR analysis indicates fungal pathogen-induced GUS gene

expression in transgenic alfalfa plants containing the MtPR10::GUS or MtPR5::GUS
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constructs. Total RNA was extracted from leaves infected with two strains of
Colletotrichum trifolii (FG-1, WS-5) A and Phoma medicaginis (WS-2) B. The relative
transcription level of GUS was normalized to the transcription of alfalfa f-actin gene
(JQ028730.1) and to transcription level of GUS in mock-inoculated leaves. Bars

represent means and error bars indicate the standard error (n =9).
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Fig. 20 Quantitative RT-PCR analysis indicates Phoma medicaginis-induced PR5 and
PR10 gene expression in transgenic alfalfa plants containing the MtPR10::GUS or



MtPRS5::GUS constructs. Total RNA was extracted from MtPR10::GUS and
MtPRS5::GUS lines infected with two strains of Phoma medicaginis (PSTC, WS-2). The
relative transcription levels of PR5 A and PRI0 B were normalized to the transcription of
alfalfa f-actin gene (JQ028730.1) and to transcription levels of PR5 and PR1() in mock-

inoculated leaves. Bars represent means and error bars indicate the standard error (n = 9).
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Fig. 21 Quantitative RT-PCR analysis indicates Colletotrichum trifolii and Pseudomonas
syringae pv. syringae-induced PR5 and PR10 gene expression in transgenic alfalfa plants
containing the MtPR10::GUS or MtPR5::GUS constructs. Total RNA was extracted from

leaves infected with two strains of Colletotrichum trifolii (FG-1, WS-5) A and
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Pseudomonas syringae pv. syringae (ALF3) B. The relative transcription levels of PRS
and PR10 were normalized to the transcription of alfalfa f-actin gene (JQ028730.1) and
to transcription levels of PR5 and PR10 in mock-inoculated leaves. Bars represent means

and error bars indicate the standard error (n =9).
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Fig. 22 Promoters from MtPRS5, MtPR10, and MsPR10 are diagramed with pathogen
inducible transcription regulator elements (REs) predicted by the Nsite program. REs

positions are given relative to the ATG start codon.

137



Bibliography

Abdallah, N. A., Shah, D., Abbas, D., and Madkour, M. 2010. Stable integration and
expression of a plant defensin in tomato confers resistance to Fusarium wilt. GM
Crops 1:344-350.

Aerts, A. M., Frangois, I. E. J. A., Cammue, B. P. A., and Thevissen, K. 2008. The mode
of antifungal action of plant, insect and human defensins. Cell. Mol. Life Sci.
65:2069-2079.

Ageitos, J. M., Sadnchez-Pérez, A., Calo-Mata, P., and Villa, T. G. 2017. Antimicrobial
peptides (AMPs): ancient compounds that represent novel weapons in the fight
against bacteria. Biochem. Pharmacol. 133:117-138.

Allen, A., Snyder, A. K., Preuss, M., Nielsen, E. E., Shah, D. M., and Smith, T. J. 2008.
Plant defensins and virally encoded fungal toxin KP4 inhibit plant root growth.
Planta 227:331-339.

Anaya-Lopez, J. L., Loépez-Meza, J. E., and Ochoa-Zarzosa, A. 2013. Bacterial resistance
to cationic antimicrobial peptides. Crit. Rev. Microbiol. 39:180-195.

Ariss, J. J., Rhodes, L. H., Sulc, R. M., and Hammond, R. B. 2007. Potato leathopper
injury and Fusarium crown rot effects on three alfalfa populations. Crop Sci.
47:1661-1671.

Bahramnejad B., Goodwin, P. H., Zhang, J., Atnaseo, C., and Erickson, L.R. 2010. A
comparison of two class 10 pathogenesis-related genes from alfalfa and their
activation by multiple stresses and stress-related signaling molecules. Plant Cell
Rep. 29:1235-1250.

Balandin, M., Royo, J., Gomez, E., Muniz, L. M., Molina, A., and Hueros, G. 2005. A
protective role for the embryo surrounding region of the maize endosperm, as
evidenced by the characterization of ZmESR-6, a defensin gene specifically
expressed in this region. Plant Mol. Biol. 58:269-282.

Barnes, D. K., Smith, D. M., Frosheiser, F. 1., and Wilcoxson, R. D. 1990. Registration of
MNHCRR-3,SAA, a winterhardy alfalfa germplasm with crown rot resistance.
Crop Sci. 30:752.

Baxter, A. A., Poon, 1. K., and Hulett, M. D. 2017a. The plant defensin NaD1 induces
tumor cell death via a non-apoptotic, membranolytic process. Cell Death Discov.
3:16102.

Baxter, A. A., Poon, 1. K. H., and Hulett, M. D. 2017b. The lure of the lipids: How
defensins exploit membrane phospholipids to induce cytolysis in target cells. Cell
Death Dis. 8:e2712-2.

Borsics, T., and Lados, M. 2002. Dodder infection induces the expression of a
pathogenesis-related gene of the family PR-10 in alfalfa. J. Exp. Bot. 53:1831—
1832.

Breda, C., Sallaud, C., El-Turk, J., Buffard, D., de Kozak, I., Esnault, R., and Kondorosi,
A. 1996. Defense reaction in Medicago sativa: a gene encoding a class 10 PR
protein is expressed in vascular bundles. Mol. Plant-Microbe Interact. 9:713-719.

Broekaert, W. F., Terras, F. R., Cammue, B. P., and Osborn, R. W. 1995. Plant defensins:
novel antimicrobial peptides as components of the host defense system. Plant
Physiol. 108:1353-1358.

138



Broekaert, W. F., Terras, F. R. G., Cammue, B., and Vanderleyden, J. 1990. An
automated quantitative assay for fungal growth inhibition. FEMS Microbiol. Lett.
69:55-59.

Bucsenez, M., Riiping, B., Behrens, S., Twyman, R. M., Noll, G. A., and Priifer, D. 2012.
Multiple cis-regulatory elements are involved in the complex regulation of the
sieve element-specific MtSEO-F1 promoter from Medicago truncatula. Plant
Biol. 14:714-724.

Butler, J. E. F., and Kadonaga, J. T. 2002. The RNA polymerase II core promoter: A key
component in the regulation of gene expression. Genes Dev. 16:2583-2592.

Carvalho, A. de O., and Gomes, V. M. 2009. Plant defensins-prospects for the biological
functions and biotechnological properties. Peptides 30:1007—1020.

Castell-Miller, C. V. 2015. Spring black stem and leaf spot. In: Compendium of alfalfa
diseases and pests. Third Ed. Samac, D. A., Rhodes, L. H., and Lamp, W. O., eds.
p. 19-20. APS Press. St. Paul, MN.

Castell-Miller, C. V., Zeyen, R. J., and Samac, D. A. 2007. Infection and development of
Phoma medicaginis on moderately resistant and susceptible alfalfa genotypes.
Can. J. Plant Pathol. 29:290-298.

Castonguay, Y., Nadeau, P., Lechasseur, P., and Chouinard, L. 1995. Differential
accumulation of carbohydrates in alfalfa cultivars of contrasting winterhardiness.
Crop Sci. 35:509-516.

Chabaud, M., Larsonneau, C., Marmouget, C., and Huget, T. 1996. Transformation of
barrel medic (Medicago truncatula Gaertn.) by Agrobacterium tumefaciens and
regeneration via somatic embryogenesis of transgenic plants with the MtENOD12
nodulin promoter fused to the gus reporter gene. Plant Cell Rep. 15:305-310.

Chai, C., Lin, Y., Shen, D., Wu, Y., Li, H., and Dou, D. 2013. Identification and
functional characterization of the soybean GmaPPQO12 promoter conferring
Phytophthora sojae induced expression. PLOS One 8:¢67670.

Chen, G., Hsu, M., Tan, C., Sung, H., Kuo, C., Fan, M., Chen, H., Chen, S., and Chen, C.
2005. Cloning and characterization of a plant defensin VaD1 from azuki bean. J.
Agric. Food Chem. 53:982-988.

Chen, K., Du, L., and Chen, Z. 2003. Sensitization of defense responses and activation of
programmed cell death by a pathogen-induced receptor-like protein kinase in
Arabidopsis. Plant Mol. Biol. 53:61-74.

Cools, T., Struyfs, C., Cammue, B., and Thevissen, K. 2017. Antifungal plant defensins:
increased insight in their mode of action as a basis for their use to combat fungal
infections. Future Microbiol. 12:441-454.

Cundliffe, E. 1990. Recognition sites for antibiotics within rRNA. In: The ribosome:
structure, function and evolution. Hill, W. E., Dalberg, A., Garrett, R. A., Moore,
P. B., Schlessinger, D., and Warner, J. R. eds., p. 479—490. American Society for
Microbiology. Washington, DC.

De Coninck, B., Cammue, B. P. A., and Thevissen, K. 2013. Modes of antifungal action
and in planta functions of plant defensins and defensin-like peptides. Fungal Biol.
Rev. 26:109-120.

Dias, R. D. O., and Franco, O. L. 2015. Cysteine-stabilized af defensins: from a common
fold to antibacterial activity. Peptides 72:64-72.

139



El-Mounadi, K., Islam, K. T., Hernandez-Ortiz, P., Read, N. D., and Shah, D. M. 2016.
Antifungal mechanisms of a plant defensin MtDef4 are not conserved between the
ascomycete fungi Neurospora crassa and Fusarium graminearum. Mol.
Microbiol. 100:542-559.

Elphinstone, J.G. 2005. The current bacterial wilt situation: a global overview. Pages 9-
28 in: Bacterial Wilt Disease and the Ralstonia solanacearum Species Complex
C. Allen, P. Prior, and A. C. Hayward, eds. APS Press, St Paul, MN.

Eulgem, T., Rushton, P. J., Robatzek, S., and Somssich, I. E. 2000. The WRKY
superfamily of plant transcription factors. Trends Plant Sci. 5:199-206.

Fan, Q., Creamer, R., and Li, Y. 2018. Time-course metabolic profiling in alfalfa leaves
under Phoma medicaginis infection. PLoS One 13:1-14.

Farkas, A., Maroti, G., Durg, H., Gyorgypal, Z., Lima, R. M., Medzihradszky, K. F.,
Kereszt, A., Mergaert, P., and Kondorosi, E. 2014. Medicago truncatula
symbiotic peptide NCR247 contributes to bacteroid differentiation through
multiple mechanisms. Proc. Natl. Acad. Sci. U.S.A. 111:5183-5188.

Ferguson, G. P., Datta, A., Carlson, R. W., and Walker, G. C. 2005. Importance of
unusually modified lipid A in Sinorhizobium stress resistance and legume
symbiosis. Mol. Microbiol. 56:68—80.

Fernandez de Caleya, R., Gonzalez-Pascual, B., Garcia-Olmedo, F., and Carbonero, P.
1972. Susceptibility of phytopathogenic bacteria to wheat purothionins in vitro.
Appl. Microbiol. 23:998—1000.

Flores-Alvarez, L. J., Guzman-Rodriguez, J. J., Lopez-Gomez, R., Salgado-Garciglia, R.,
Ochoa-Zarzosa, A., and Lopez-Meza, J. E. 2018. PaDef defensin from avocado
(Persea americana var. drymifolia) is cytotoxic to K562 chronic myeloid
leukemia cells through extrinsic apoptosis. Int. J. Biochem. Cell Biol. 99:10-18.

Francisco A, G. C., and Georgina, E. 2017. Structural motifs in class I and class II plant
defensins for phospholipid interactions: intriguing role of ligand binding and
modes of action. J. Plant Physiol. Pathol. 5:1.

Franco, O. L. 2011. Peptide promiscuity: An evolutionary concept for plant defense.
FEBS Lett. 585:995-1000.

Franco, O. L., Murad, A. M., Leite, J. R., Mendes, P. A. M., Prates, M. V., and Bloch, C.
2006. Identification of a cowpea y-thionin with bactericidal activity. FEBS J.
273:3489-3497.

Fujimura, M., Ideguchi, M., Minami, Y., Watanabe, K., and Tadera, K. 2004.
Purification, characterization, and sequencing of novel antimicrobial peptides, Tu-
AMP 1 and Tu-AMP 2, from bulbs of tulip (Tulipa gesneriana L.). Biosci.
Biotechnol. Biochem. 68:571-577.

Fujimura, M., Minami, Y., Watanabe, K., and Tadera, K. 2003. Purification,
characterization, and sequencing of a novel type of antimicrobial peptides, Fa -
AMP1 and Fa -AMP2, from seeds of buckwheat (Fagopyrum esculentum
Moench.). Biosci. Biotechnol. Biochem. 67:1636—1642.

Gao, A. G., Hakimi, S. M., Mittanck, C. A., Wu, Y., Woerner, B. M., Stark, D. M., Shah,
D. M,, Liang, J., and Rommens, C. M. T. 2000. Fungal pathogen protection in
potato by expression of a plant defensin peptide. Nat. Biotechnol. 18:1307-1310.

140



Garcia, A. N., Ayub, N. D., Fox, A. R., Gémez, M. C., Diéguez, M .J., Pagano, E. M.,
Berini, C. A., Muscheietti, J. P., and Soto, G. 2014. Alfalfa snakin-1 prevents
fungal colonization and probably coevolved with rhizobia. BMC Plant Biol. 14:1-
13.

Gaspar, Y. M., McKenna, J. A., McGinness, B. S., Hinch, J., Poon, S., Connelly, A. A.,
Anderson, M. A., and Heath, R. L. 2014. Field resistance to Fusarium oxysporum
and Verticillium dahliae in transgenic cotton expressing the plant defensin NaD1.
J. Exp. Bot. 65:1541-1550.

Gossen, B. D. 1994. Field response of alfalfa to harvest frequency, cultivar, crown
pathogens, and soil fertility: II. Crown rot. Agron. J. 86:88-93.

Goyal, R. K., and Mattoo, A. K. 2014. Multitasking antimicrobial peptides in plant
development and host defense against biotic/abiotic stress. Plant Sci. 228:135—
149.

Gray, F. A., and Hollingsworth, C. R. 2015. Bacterial stem blight. In: Compendium of
alfalfa diseases and pests. Third Ed. Samac, D. A., Rhodes, L. H., and Lamp, W.
0., eds. p. 61-62. APS Press. St. Paul, MN.

Guilhelmelli, F., Vilela, N., Albuquerque, P., Derengowski, L. da S., Silva-Pereira, 1., and
Kyaw, C. M. 2013. Antibiotic development challenges: The various mechanisms
of action of antimicrobial peptides and of bacterial resistance. Front. Microbiol.
4:353.

Guillén-Chable, F., Arenas-Sosa, 1., Islas-Flores, 1., Corzo, G., Martinez-Liu, C., and
Estrada, G. 2017. Antibacterial activity and phospholipid recognition of the
recombinant defensin J1-1 from Capsicum genus. Protein Expr. Purif. 136:45-51.

Gurr, S. J., and Rushton, P. J. 2005. Engineering plants with increased disease resistance:
What are we going to express? Trends Biotechnol. 23:275-282.

Guzman-Rodriguez, J. J., Lopez-Gomez, R., Salgado-Garciglia, R., Ochoa-Zarzosa, A.,
and Lopez-Meza, J. E. 2016. The defensin from avocado (Persea americana var.
drymifolia) PaDef induces apoptosis in the human breast cancer cell line MCF-7.
Biomed. Pharmacother. 82:620-627.

Guzman-Rodriguez, J. J., Lopez-Gomez, R., Sudrez-Rodriguez, L. M., Salgado-
Garciglia, R., Rodriguez-Zapata, L. C., Ochoa-Zarzosa, A., and Loépez-Meza, J. E.
2013. Antibacterial activity of defensin PaDef from avocado fruit (Persea
americana var. drymifolia) expressed in endothelial cells against Escherichia coli
and Staphylococcus aureus. Biomed Res. Int. 2013:986273.

Haag, A. F., Baloban, M., Sani, M., Kerscher, B., Pierre, O., Farkas, A., Longhi, R.,
Boncompagni, E., Hérouart, D., Dall’ Angelo, S., Kondorosi, E., Zanda, M.,
Mergaert, P., and Ferguson, G. P. 2011. Protection of Sinorhizobium against host
cysteine-rich antimicrobial peptides is critical for symbiosis. PLoS Biol. 9:10.

Hancock, R. E. W. 1984. Alterations in structure of the cell envelope. Ann. Rev.
Microbiol. 38:237-264.

Hancock, R. E. W., and Wong, P. G. W. 1984. Compounds which increase the
permeability of the Pseudomonas aeruginosa outer membrane. Antimicrob.
Agents Chemother. 26:48-52.

Hanks, J. N., Snyder, A. K., Graham, M. A., Shah, R. K., Blaylock, L. A., Harrison, M.
J., and Shah, D. M. 2005. Defensin gene family in Medicago truncatula:

141



structure, expression and induction by signal molecules. Plant Mol. Biol. 58:385—
399.

Hansen, J. L., Ippolito, J. A., Ban, N., Nissen, P., Moore, P. B., and Steitz, T. A. 2002.
The structures of four macrolide antibiotics bound to the large ribosomal subunit.
Mol. Cell 10:117-128.

Hao, G., Zhang, S., and Stover, E. 2017. Transgenic expression of antimicrobial peptide
D2A21 confers resistance to diseases incited by Pseudomonas syringae pv. tabaci
and Xanthomonas citri, but not Candidatus Liberibacter asiaticus. PLoS One
12:10.

Harrison, J., Dornbusch, M. R., Samac, D., and Studholme, D. J. 2016. Draft genome
sequence of Pseudomonas syringae pv. syringae ALF3 isolated from alfalfa.
Genome Announc. 4(1):e01722-15.

Heydari, A., Khodakaramian, G., and Zafari, D. 2014. Occurrence, genetic diversity and
pathogenicity characteristics of Pseudomonas viridiflava inducing alfalfa bacterial
wilt and crown root rot disease in Iran. Eur. J. Plant Pathol. 139:293-301.

Hilpert, K., Volkmer-Engert, R., Walter, T., and Hancock, R. E. W. 2005. High-
throughput generation of small antibacterial peptides with improved activity. Nat.
Biotechnol. 23:1008-1012.

Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S., Oertle, L., Widmayer, P.,
Gruissem, W., and Zimmermann, P. 2008. Genevestigator v3: a reference
expression database for the meta-analysis of transcriptomes. Adv. Bioinformatics
2008:1-5.

Hwang, S. H., Lee, I. A., Yie, S. W., and Hwang, D. J. 2008. Identification of an
OsPR10a promoter region responsive to salicylic acid. Planta 227:1141-1150.

Igarashi, K., and Kashiwagi, K. 2010. Modulation of cellular function by polyamines. Int.
J. Biochem. Cell Biol. 42:39-51.

Islam, K. T., Velivelli, S. L. S., Berg, R. H., Oakley, B., and Shah, D. M. 2017. A novel
bi-domain plant defensin MtDef5 with potent broad-spectrum antifungal activity
binds to multiple phospholipids and forms oligomers. Sci. Rep. 7:1-13.

Jefferson, R. A., Kavanagh, T. A., and Bevan, M. W. 1987. GUS fusions: beta-
glucuronidase as a sensitive and versatile gene fusion marker in higher plants.
EMBO J. 6:3901-3907.

Johnson, L., Mulcahy, H., Kanevets, U., Shi, Y., and Lewenza, S. 2012. Surface-
localized spermidine protects the Pseudomonas aeruginosa: Outer membrane
from antibiotic treatment and oxidative stress. J. Bacteriol. 194:813-826.

Kalb, D. W., Bergstrom, G. C., and Shields, E. J. 1994. Prevalence, severity, and
association of fungal crown and root rots with injury by the clover root curculio in
New York alfalfa. Plant Dis. 78:491-495.

Kaur, J., Fellers, J., Adholeya, A., Velivelli, S. L. S., El-Mounadi, K., Nersesian, N.,
Clemente, T., and Shah, D. 2017. Expression of apoplast-targeted plant defensin
MtDef4.2 confers resistance to leaf rust pathogen Puccinia triticina but does not
affect mycorrhizal symbiosis in transgenic wheat. Transgenic Res. 26:37—49.

Kaur, J., Sagaram, U. S., and Shah, D. 2011. Can plant defensins be used to engineer
durable commercially useful fungal resistance in crop plants? Fungal Biol. Rev.
25:128-135.

142



Kaur, J., Thokala, M., Robert-Seilaniantz, A., Zhao, P., Peyret, H., Berg, H., Pandey, S.,
Jones, J., and Shah, D. 2012. Subcellular targeting of an evolutionarily conserved
plant defensin MtDef4.2 determines the outcome of plant-pathogen interaction in
transgenic Arabidopsis. Mol. Plant Pathol. 13:1032—1046.

Koch, S. H., and Knox-Davies, P. S. 1989. Field reactions of lucerne genotypes to
anthracnose and crown rot caused by Colletotrichum trifolii. S. Aftr. J. Plant Soil
6:32-35.

Koike, M., Okamoto, T., Tsuda, S., and Imai, R. 2002. A novel plant defensin-like gene
of winter wheat is specifically induced during cold acclimation. Biochem.
Biophys. Res. Commun. 298:46-53.

Koprivnjak, T., and Peschel, A. 2011. Bacterial resistance mechanisms against host
defense peptides. Cell. Mol. Life Sci. 68:2243-2254.

Kraszewska, J., Beckett, M. C., James, T. C., and Bond, U. 2016. Comparative analysis
of the antimicrobial activities of plant defensin-like and ultrashort peptides against
food-spoiling bacteria. Appl. Environ. Microbiol. 82:4288-4298.

Kress, R. 2015. Citrus plants resistant to citrus huanglongbing (ex greening) caused by
Candidatus Liberibacter asiaticus (LAS) and bacterial canker caused by
(Xanthomonas axonopodis pv. citri) (XAC). U.S. Patent application
No.14/468,998.

Kwon, D. H., and Lu, C. 2006. Polyamines induce resistance to cationic peptide,
aminoglycoside, and quinolone antibiotics in Pseudomonas aeruginosa PAO1.
Antimicrob. Agents Chemother. 50:1615-1622.

Lacerda, A. F., Vasconcelos, E. A. R., Pelegrini, P. B., and Grossi de Sa, M. F. 2014.
Antifungal defensins and their role in plant defense. Front. Microbiol. 5:1-10.

Lassen, J., Madsen, K. H., and Sandee, P. 2002. Ethics and genetic engineering - lessons
to be learned from GM foods. Bioprocess Biosyst. Eng. 24:263-271.

Lay, F., and Anderson, M. 2005. Defensins - components of the innate immune system in
plants. Curr. Protein Pept. Sci. 6:85-101.

Leath, K. T., Erwin, D. C., and Griffin, G. D. 1988. Diseases and nematodes. Pages 621-
670 in: Alfalfa and Alfalfa Improvement A. A. Hanson, D. K. Barnes, and R. R.
Hill, Jr., eds. American Society of Agronomy, Crop Science Society of America,
and Soil Science Society of America, Madison, WI.

Lee, H. H., Kim, J. S., Hoang, Q. T. N., Kim, J., and Kim, Y. S. 2018. Root-specific
expression of defensin in transgenic tobacco results in enhanced resistance against
Phytophthora parasitica var. nicotianae. Eur. J. Plant Pathol. 151:811-823.

Lee,J. Y., Song, J. H., and Ko, K. S. 2011. Identification of nonclonal Pseudomonas
aeruginosa isolates with reduced colistin susceptibility in Korea. Microb. Drug
Resist. 17:299-304.

Lee, T. H., Kim, Y. K., Pham, T. T. M., Song, S. L., Kim, J. K., Kang, K. Y., An, G.,
Jung, K. H., Galbraith, D. W., Kim, M., Yoon, U. H., and Nahm, B. H. 2009.
RiceArrayNet: a database for correlating gene expression from transcriptome
profiling, and its application to the analysis of coexpressed genes in rice. Plant
Physiol. 151:16-33.

Lewenza, S. 2013. Extracellular DNA-induced antimicrobial peptide resistance
mechanisms in Pseudomonas aeruginosa. Front. Microbiol. 4:1-6.

143



Lewenza, S., Falsafi, R. K., Winsor, G., Gooderham, W. J., Mcphee, J. B., Brinkman, F.
S. L., and Hancock, R. E. W. 2005. Construction of a mini-Tn5-/uxCDABE
mutant library in Pseudomonas aeruginosa PAO1: A tool for identifying
differentially regulated genes. Genome Res. 15:583—-589.

Li, W., Cowley, A., Uludag, M., Gur, T., McWilliam, H., Squizzato, S., Park, Y. M.,
Buso, N., and Lopez, R. 2015. The EMBL-EBI bioinformatics web and
programmatic tools framework. Nucleic Acids Res. 43:W580-W584.

Li, Y., Sun, Y., Yang, Q., Kang, J., Zhang, T., Gruber, M. Y., and Fang, F. 2012. Cloning
and function analysis of an alfalfa (Medicago sativa L.) zinc finger protein
promoter MsZPP. Mol. Biol. Rep. 39:8559-8569.

Lightfoot, H. L., and Hall, J. 2014. Endogenous polyamine function - the RNA
perspective. Nucleic Acids Res. 42:11275-11290.

Liu, J. J., and Ekramoddoullah, A. K. M. 2004. Characterization, expression and
evolution of two novel subfamilies of Pinus monticola cDNAs encoding
pathogenesis-related (PR)-10 proteins. Tree Physiol. 24:1377-1385.

Liu, J. J., Ekramoddoullah, A. K. M., Piggott, N., and Zamani, A. 2005. Molecular
cloning of a pathogen/wound-inducible PR10 promoter from Pinus monticola and
characterization in transgenic Arabidopsis plants. Planta 221:159-169.

Liu, J. J., Ekramoddoullah, A. K. M., and Yu, X. 2003. Differential expression of
multiple PR10 proteins in western white pine following wounding, fungal
infection and cold-hardening. Physiol. Plant 119:544-553.

Lobo, D. S., Pereira, 1. B., Fragel-Madeira, L., Medeiros, L. N., Cabral, L. M., Faria, J.,
Bellio, M., Campos, R. C., Linden, R., and Kurtenbach, E. 2007. Antifungal
Pisum sativum defensin 1 interacts with Neurospora crassa cyclin F related to the
cell cycle. Biochemistry 46:987-996.

Lois, R., Dietrich, A., Hahlbrock, K., and Schulz, W. 1989. A phenylalanine ammonia-
lyase gene from parsley: structure, regulation and identification of elicitor and
light responsive cis-acting elements. EMBO J. 8:1641-1648.

Lukezic, F. L., Leath, K. T., and Levine, R. G. 1983. Pseudomonas viridiflava associated
with root and crown rot of alfalfa and wilt of birdsfoot trefoil. Plant Dis. 67:808-
811.

Mackie, J. M., Musial, J. M., O’Neill, N. R., and Irwin, J. A. G. 2003. Pathogenic
specialization within Colletotrichum trifolii in Australia, and lucerne cultivar
reactions to all known Australian pathotypes. Aust. J. Agric. Res. 54:829-836.

Mansfield, J., Genin, S., Magori, S., Citovsky, V., Sriariyanum, M., Ronald, P., Dow, M.,
Verdier, V., Beer, S. V., Machado, M. A., Toth, 1., Salmond, G., and Foster, G. D.
2012. Top 10 plant pathogenic bacteria in molecular plant pathology. Mol. Plant
Pathol. 13:614-629.

Maréti, G., Downie, J. A., and Kondorosi, E. 2015. Plant cysteine-rich peptides that
inhibit pathogen growth and control rhizobial differentiation in legume nodules.
Curr. Opin. Plant Biol. 26:57-63.

Matton, D. P., and Brisson, N. 1989. Cloning, expression, and sequence conservation of
pathogenesis-related gene transcripts of potato. Mol. Plant-Microbe Interact.
2:325-331.

144



Matzke, M. A., and Matzke, A. 1995. How and why do plants inactivate homologous
(trans)genes? Plant Physiol. 107:679—-685.

McGee, J. D., Hamer, J. E., and Hodges, T. K. 2001. Characterization of a PR-10
pathogenesis-related gene family induced in rice during infection with
Magnaporthe grisea. Mol. Plant-Microbe Interact. 14:877-886.

McPhee, J. B., Lewenza, S., and Hancock, R. E. W. 2003. Cationic antimicrobial
peptides activate a two-component regulatory system, PmrA-PmrB, that regulates
resistance to polymyxin B and cationic antimicrobial peptides in Pseudomonas
aeruginosa. Mol. Microbiol. 50:205-217.

Mergaert, P. 2018. Role of antimicrobial peptides in controlling symbiotic bacterial
populations. Nat. Prod. Rep. 35:336-356.

Mergaert, P., Nikovics, K., Kelemen, Z., Manoury, N., Vaubert, D., Kondorosi, A., and
Kondorosi, E. 2003. A novel family in Medicago truncatula consisting of more
than 300 nodule-specific genes coding for small, secreted polypeptides with
conserved cysteine motifs. Plant Physiol. 132:161-173.

Mew, T., Alvarez, A., Leach, J. and Swings, J. 1993. Focus on bacterial blight of rice.
Plant Dis. 77:5-12.

Mikulass, K. R., Nagy, K., Bogos, B., Szegletes, Z., Kovacs, E., Farkas, A., Varo, G.,
Kondorosi, E., and Kereszt, A. 2016. Antimicrobial nodule-specific cysteine-rich
peptides disturb the integrity of bacterial outer and inner membranes and cause
loss of membrane potential. Ann. Clin. Microbiol. Antimicrob. 15:43.

Miller-Garvin, J. E., and Viands, D. R. 1994. Selection for resistance to Fusarium root
rot, and associations among resistance to six diseases of alfalfa. Crop Sci.
34:1461-1465.

Mirkov, T. E. and Gonzalez-Ramos J. April 2014. Pathogen resistant citrus compositions,
organisms, systems, and methods. U.S. Patent application No.14/139,791.
Mithra, S. V. A., Kulkarni, K., and Srinivasan, R. 2017. Plant promoters: characterization
and applications in transgenic technology. In: Plant biotechnology: principles and

applications. Abdin, M. Z., Kiran, U., Kamaluddin, M., and Ali, A., eds. p. 117-
172. Springer Singapore.

Mitsui, H., Sato, T., Sato, Y., Ito, N., and Minamisawa, K. 2004. Sinorhizobium meliloti
RpoH]1is required for effective nitrogen-fixing symbiosis with alfalfa. Mol. Genet.
Genomics 271:416-425.

Moellenbeck, D. J., Quisenberry, S. S., and Colyer, P. D. 1992. Fusarium crown-rot
development in alfalfa stressed by threecornered alfalfa hopper (Homoptera:
Membracidae) feeding. J. of Econ. Entom. 85:1442-1449.

Montesinos, E. 2007. Antimicrobial peptides and plant disease control. FEMS Microbiol.
Lett. 270:1-11.

Moreno, M., Segura, A., and Garcia-Olmedo, F. 1994. Pseudothionin-St1, a potato
peptide active against potato pathogens. Eur. J. Biochem. 223:135-139.

Morgera, F., Antcheva, N., Pacor, S., Quaroni, L., Berti, F., Vaccari, L., and Tossi, A.
2008. Structuring and interactions of human B-defensins 2 and 3 with model
membranes. J. Pept. Sci. 14:518-523.

Moskowitz, S. M., Ernst, R. K., and Miller, S. I. 2004. PmrAB, a two-component
regulatory system of Pseudomonas aeruginosa that modulates resistance to

145



cationic antimicrobial peptides and addition of aminoarabinose to lipid A. J.
Bacteriol. 186:575-579.

Mulcahy, H., Charron-Mazenod, L., and Lewenza, S. 2008. Extracellular DNA chelates
cations and induces antibiotic resistance in Pseudomonas aeruginosa biofilms.
PLoS Pathog. 4(11): €e1000213.

Muioz, A., Chu, M., Marris, P. 1., Sagaram, U. S., Kaur, J., Shah, D. M., and Read, N. D.
2014. Specific domains of plant defensins differentially disrupt colony initiation,
cell fusion and calcium homeostasis in Neurospora crassa. Mol. Microbiol.
92:1357-1374.

Nation, R. L., and Li, J. 2009. Colistin in the 21% century. Curr. Opin. Infect. Dis. 22:535-
543.

Nagy, K., Mikulass, K. R., Vegh, A. G., Kereszt, A., Kondorosi, E., Varo, G., and
Szegletes, Z. 2015. Interaction of cysteine-rich cationic antimicrobial peptides
with intact bacteria and model membranes. Gen Physiol. Biophys. 34:135-144.

Nemchinov, L. G., Shao, J., Lee, M. N., Postnikova, O. A., and Samac, D. A. 2017.
Resistant and susceptible responses in alfalfa (Medicago sativa) to bacterial stem
blight caused by Pseudomonas syringae pv. syringae. PLoS One 12:1-20.

Nguyen, Q. H., Contamin, L., Nguyen, T. V. A., and Baiiuls, A. L. 2018. Insights into the
processes that drive the evolution of drug resistance in Mycobacterium
tuberculosis. Evol. Appl. 11:1498-1511.

Odell, J. T., Nagy, F., and Nam-Hai, C. 1985. Identification of DNA sequences required
for activity of the cauliflower mosaic virus 35S promoter. Nature 313:810-812.

Ogle, J. M., Brodersen, D. E., Clemons, W. M., Jr., Tarry, M. J., Carter, A. P., and
Ramakrishnan, V. 2001. Recognition of cognate transfer RNA by the 30S
ribosomal subunit. Science 292:897-902.

O’Neill, N. R. 1996. Pathogenic variability and host resistance in the Colletotrichum

trifolii/Medicago sativa pathosystem. Plant Dis. 80:450-457.

Osborn, R. W., De Samblanx, G. W., Thevissen, K., Goderis, 1., Torrekens, S., Van
Leuven, F., Attenborough, S., Rees, S. B., and Broekaert, W. F. 1995. Isolation
and characterization of plant defensins from seeds of Asteraceae, Fabaceae,
Hippocastanaceae and Saxifragaceae. FEBS Lett. 368:257-262.

Park, C. J., Kim, K. J., Shin, R., Park, J. M., Shin, Y. C., and Paek, K. H. 2004.
Pathogenesis-related protein 10 isolated from hot pepper functions as a
ribonuclease in an antiviral pathway. Plant J. 37:186—198.

Park, J. W., Lee, S. Y., Yang, J. Y., Rho, H. W, Park, B. H., Lim, S. N., Kim, J. S., and
Kim, H. R. 1997. Effect of carbonyl cyanide m-chlorophenylhydrazone (CCCP)
on the dimerization of lipoprotein lipase. Biochim. Biophys. Acta. 1344:132—138.

Parisi, K., Shafee, T. M. A., Quimbar, P., van der Weerden, N. L., Bleackley, M. R., and
Anderson, M. A. 2018. The evolution, function and mechanisms of action for
plant defensins. Semin. Cell Dev. Biol. 88:107-118.

Pathirana, S., Samac, D. A., Roeven, R., Vance, C. P., and Gantt, S. J. 1997. Analyses of
phosphoenolpyruvate carboxylase gene structure and expression in alfalfa. Plant
J. 12:293-304.

146



Peach, C., and Velten, J. 1991. Transgene expression variability (position effect) of CAT
and GUS reporter genes driven by linked divergent T-DNA promoters. Plant Mol.
Biol. 17:49-60.

Penterman, J., Abo, R. P., De Nisco, N. J., Arnold, M. F. F., Longhi, R., Zanda, M., and
Walker, G. C. 2014. Host plant peptides elicit a transcriptional response to control
the Sinorhizobium meliloti cell cycle during symbiosis. Proc. Natl. Acad. Sci.
U.S.A. 111:3561-3566.

Perez, F. J. 1983. Developing methods for screening alfalfa for resistance to crown rot
complex. M.S. thesis. University of Minnesota, St. Paul.

Petropoulos, A. D., Xaplanteri, M. A., Dinos, G. P., Wilson, D. N., and Kalpaxis, D. L.
2004. Polyamines affect diversely the antibiotic potency: insight gained from
kinetic studies of the blasticidin S and spiramycin interactions with functional
ribosomes. J. Biol. Chem. 279:26518-26525.

Poon, I. K. H., Baxter, A. A., Lay, F. T., Mills, G. D., Adda, C. G., Payne, J. A. E., Phan,
T. K., Ryan, G. F., White, J. A., Veneer, P. K., van der Weerden, N. L., Anderson,
M. A., Kvansakul, M., and Hulett, M. D. 2014. Phosphoinositide-mediated
oligomerization of a defensin induces cell lysis. eLife 3:¢01808.

Price, P. A., Tanner, H. R., Dillon, B. A., Shabab, M., Walker, G. C., and Griffitts, J. S.
2015. Rhizobial peptidase HrrP cleaves host-encoded signaling peptides and
mediates symbiotic compatibility. Proc. Natl. Acad. Sci. U.S.A. 112:15244-
15249.

Ramamoorthy, V., Cahoon, E. B., Li, J., Thokala, M., Minto, R. E., and Shah, D. M.
2007a. Glucosylceramide synthase is essential for alfalfa defensin-mediated
growth inhibition but not for pathogenicity of Fusarium graminearum. Mol.
Microbiol. 66:771-786.

Ramamoorthy, V., Zhao, X., Snyder, A. K., Xu, J. R., and Shah, D. M. 2007b. Two
mitogen-activated protein kinase signalling cascades mediate basal resistance to
antifungal plant defensins in Fusarium graminearum. Cell. Microbiol. 9:1491—
1506.

Ramegowda, V., Gill, U. S., Sivalingam, P. N., Gupta, A., Gupta C., Govind, G.,
Nataraja, K. N., Pereira, A., Udayakumar, M., Mysore, K. S., and Senthil-Kumar,
M. 2017. GBF3 transcription factor imparts drought tolerance in Arabidopsis
thaliana. Sci. Rep. 7:1-13.

Rautenbach, M., Troskie, A. M., and Vosloo, J. A. 2016. Antifungal peptides: to be or not
to be membrane active. Biochimie 130:132—145.

Rhodes, L. H. 2015. Crown and root rot complexes. In: Compendium of alfalfa diseases
and pests. Third Ed. Samac, D. A., Rhodes, L. H., and Lamp, W. O., eds. p. 54-
56. APS Press. St. Paul, MN.

Richard, C., Michaud, R., Fréve, A., and Gagnon, C. 1980. Selection for root and crown
rot resistance in alfalfa. Crop Sci. 20:691-695.

Richard, C., Willemot, C., Michaud, R., and Gagnon, C. 1982. Low-temperature
interactions in fusarium wilt and root rot of alfalfa. Phytopathology 72:293-297.

Rodgers, C. A., McCaslin, M. H., Witte, D. D., Chiu-Lee Ho, J., and Cameron, J. N.
(February 2019). Anthracnose resistant alfalfa plants. U.S. Patent application
No.16/035,133.

147



Rodriguez, R., and Leath, K. T. 1992 Pathogenicity of Phoma medicaginis var.
medicaginis to crowns of alfalfa. Plant Dis. 76:1237-1240.

Rushton, P. J., Reinstadler, A., Lipka, V., Lippok, B., and Somssich, I. E. 2002. Synthetic
plant promoters containing defined regulatory elements provide novel insights
into pathogen- and wound-induced signaling. Plant Cell 14:749-762.

Sagaram, U. S., ElI-Mounadi, K., Buchko, G. W., Berg, H. R., Kaur, J., Pandurangi, R. S.,
Smith, T. J., and Shah, D. M. 2013. Structural and functional studies of a
phosphatidic acid-binding antifungal plant defensin MtDef4: identification of an
RGFRRR motif governing fungal cell entry. PLoS One 8:1-22.

Sagaram, U. S., Pandurangi, R., Kaur, J., Smith, T.J., and Shah, D. M. 2011. Structure-
activity determinants in antifungal plant defensins MsDef1 and MtDef4 with
different modes of action against Fusarium graminearum. PLoS One 6:¢18550.

Salter, R., Miller-Garvin, J. E., and Viands, D. R. 1994. Breeding for resistance to alfalfa
root rot caused by Fusarium species. Crop Sci. 34:1213-1217.

Samac, D. A., Allen, S., Witte, D., Miller, D., and Peterson, J. 2014. First report of race 2
of Colletotrichum trifolii causing anthracnose on alfalfa (Medicago sativa) in
Wisconsin. Plant Dis. 98:843.

Samac, D. A., Ao, S., Dornbusch, M. R., Grev, A. M., Wells, M., Martinson, K.,
Sheaffer, C. C. 2018. Lignin reduction in alfalfa (Medicago sativa) does not affect
foliar disease resistance. “In Proceedings from ICPP 2018.” Poster abstract 1160-
P. Available at:
https://apsnet.confex.com/apsnet/ICPP2018/meetingapp.cgi/Paper/8578.

Samac, D. A., and Austin-Phillips, S. 2006. Alfalfa (Medicago sativa L.). In: Methods in
Molecular Biology, vol. 343 Agrobacterium Protocols, 2" Edition. K. Wang, ed.
p. 301-311. Humana Press, Inc., Totowa, NJ.

Samac, D. A., and Foster-Hartnett, D. 2012. Effect of glyphosate application on foliar
diseases in glyphosate-tolerant alfalfa. Plant Dis. 96:1104—-1110.

Samac, D. A., Halfman, B., Jensen, B., Brietenbach, F., Behnken, L., Willbur, J.,
Undersander, D., Blonde, G., and Lamb, J. F. S. 2013. Evaluating Headline
fungicide on alfalfa production and sensitivity of pathogens to pyraclostrobin.
Plant Health Prog. doi:10.1094/PHP-2013-0917-01-RS.

Samac, D. A., Lamb, J. F. S., Kinkel, L. L., and Hanson, L. 2013. Effect of wheel traffic
and green manure treatments on forage yield and crown rot in alfalfa (Medicago
sativa). Plant Soil 372:349-359.

Samac, D. A., Peniuela S., Schnurr, J.A., Hunt, E. N., Foster-Hartnett, D., Vandenbosch,
K. A., and Gantt, J. S. 2011. Expression of coordinately regulated defence
response genes and analysis of their role in disease resistance in Medicago
truncatula. Mol. Plant Pathol. 12:786-798.

Samac, D. A., and Temple, S. J. 2004. Development and utilization of transformation in
Medicago species. In: Genetic transformation in crops. Skinner, D. Z., and Liang,
G., eds. p. 165-202. The Haworth Press, Binghamton, NY.

Samac, D. A., Tesfaye, M., Dornbusch, M., Saruul, P., and Temple, S. J. 2004. A
comparison of constitutive promoters for expression of transgenes in alfalfa
(Medicago sativa). Transgenic Res. 13:349-361.

148



Saruul, P., Sreinc, F., Somers, D. A., and Samac, D. A. 2002. Production of a
biodegradable plastic polymer, poly-B-hydroxybutyrate, in transgenic alfalfa
(Medicago sativa L.). Crop Sci. 42:919-927.

Sass, V., Pag, U., Tossi, A., Bierbaum, G., and Sahl, H. G. 2008. Mode of action of
human B-defensin 3 against Staphylococcus aureus and transcriptional analysis of
responses to defensin challenge. Int. J. Med. Microbiol. 298:619-633.

Sathoff, A. E., and Samac, D. A. 2019. Antibacterial activity of plant defensins. Mol.
Plant-Microbe Interact. 32:507-514.

Sathoff, A. E., Velivelli, S., Shah, D. M., and Samac, D. A. 2019. Plant defensin peptides
have antifungal and antibacterial activity against human and plant pathogens.
Phytopathology. 109:402-408.

Schibli, D. J., Hunter, H. N., Aseyev, V., Starner, T. D., Wiencek, J. M., McCray, P. B.,
Tack, B. F., and Vogel, H. J. 2002. The solution structures of the human f-
defensins lead to a better understanding of the potent bactericidal activity of
HBD3 against Staphylococcus aureus. J. Biol. Chem. 277:8279-8289.

Schmittgen, T. D., and Livak, K. J. 2008. Analyzing real-time PCR data by the
comparative CT method. Nat. Protoc. 3:1101-1108.

Schneider, T., Kruse, T., Wimmer, R., Wiedemann, 1., Sass, V., Pag, U., Jansen, A.,
Nielsen, A. K., Mygind, P. H., Raventos, D. S., Neve, S., Ravn, B., Bonvin, A. M.
J.J., De Maria, L., Andersen, A. S., Gammelgaard, L. K., Sahl, H., and
Kristensen, H. 2010. Plectasin, a fungal defensin, targets the bacterial cell wall
precursor lipid II. Science 328:1168-1172.

Scholz-Schroeder, B.K. 2001. Electroporation and marker exchange mutagenesis of
Pseudomonas syringae pv. syringae. The Plant Health Instructor.

Segura, A., Moreno, M., Molina, A., and Garcia-Olmedo, F. 1998. Novel defensin
subfamily from spinach (Spinacia oleracea). FEBS Lett. 435:159-162.

Shafee, T. M. A., Lay, F. T., Hulett, M. D., and Anderson, M. A. 2016. The defensins
consist of two independent, convergent protein superfamilies. Mol. Biol. Evol.
33:2345-2356.

Shahmuradov, I. A., and Solovyev, V. V. 2015. Nsite, NsiteH and NsiteM computer tools
for studying transcription regulatory elements. Bioinformatics 31:3544-3545.

Sharma, K. K., Pothana, A., Prasad, K., Shah, D., Kaur, J., Bhatnagar, D., Chen, Z.-Y.,
Raruang, Y., Cary, J. W., Rajasekaran, K., Sudini, H. K., and Bhatnagar-Mathur,
P. 2017. Peanuts that keep aflatoxin at bay: a threshold that matters. Plant
Biotechnol. J. 16:1024-1033.

Shenkarev, Z. O., Gizatullina, A. K., Finkina, E. 1., Alekseeva, E. A., Balandin, S. V.,
Mineev, K. S., Arseniev, A. S., and Ovchinnikova, T. V. 2014. Heterologous
expression and solution structure of defensin from lentil Lens culinaris. Biochem.
Biophys. Res. Commun. 451:252-257.

Sherif, S., Paliyath, G., and Jayasankar, S. 2012. Molecular characterization of peach PR
genes and their induction kinetics in response to bacterial infection and signaling
molecules. Plant Cell Rep. 31:697-711.

Shi, W., Li, C., Li, M., Zong, X., Han, D., and Chen, Y. 2016. Antimicrobial peptide
melittin against Xanthomonas oryzae pv. oryzae, the bacterial leaf blight pathogen
in rice. Appl. Microbiol. Biotechnol. 100:5059-5067.

149



Silverstein, K. A. T., Moskal, W. A., Wu, H. C., Underwood, B. A., Graham, M. A.,
Town, C. D., and Vandenbosch, K.A. 2007. Small cysteine-rich peptides
resembling antimicrobial peptides have been under-predicted in plants. Plant J.
51:262-280.

Simsek, S., Ojanen-Reuhs, T., Stephens, S. B., and Reuhs, B. L. 2007. Strain-ecotype
specificity in Sinorhizobium meliloti-Medicago truncatula symbiosis is correlated
to succinoglycan oligosaccharide structure. J. Bacteriol. 189:7733-7740.

Spelbrink, R. G., Dilmac, N., Allen, A., Smith, T. J., Shah, D. M., and Hockerman, G. H.
2004. Differential antifungal and calcium channel-blocking activity among
structurally related plant defensins. Plant Physiol. 135:2055-2067.

Stonoha-Arther, C., and Wang, D. 2018. Tough love: accommodating intracellular
bacteria through directed secretion of antimicrobial peptides during the nitrogen-
fixing symbiosis. Curr. Opin. Plant Biol. 44:155-163.

Stover, C. K., Pham, X. Q., Erwin, A. L., Mizoguchi, S. D., Warrener, P., Hickey, M. J.,
Brinkman, F. S., Hufnagle, W. O., Kowalik, D. J., Lagrou, M., Garber, R. L.,
Goltry, L., Tolentino, E., Westbrock-Wadman, S., Yuan, Y., Brody, L. L.,
Coulter, S. N., Folger, K. R., Kas, A., Larbig, K., Lim, R., Smith, K., Spencer, D.,
Wong, G. K., Wu, Z., Paulsen, 1. T., Reizer, J., Saier, M. H., Hancock, R. E.,
Lory, S., and Olson, M. V. 2000. Complete genome sequence of Pseudomonas
aeruginosa PAO1, an opportunistic pathogen. Nature 406:959-64.

Stover, E. D., Stange, R. R., McCollum, T. G., Jaynes, J., Irey, M., and Mirkov, E. 2013.
Screening antimicrobial peptides in vitro for use in developing transgenic citrus
resistant to Huanglongbing and Citrus canker. J. Am. Soc. Hortic. Sci. 138:142—

148.

Tam, J. P., Wang, S., Wong, K. H., and Tan, W. L. 2015. Antimicrobial peptides from
plants. Pharmaceuticals 8:711-757.

Tantong, S., Pringsulaka, O., Weerawanich, K., Meeprasert, A., Rungrotmongkol, T.,
Sarnthima, R., Roytrakul, S., and Sirikantaramas, S. 2016. Two novel
antimicrobial defensins from rice identified by gene coexpression network
analyses. Peptides 84:7—16.

Tenson, T., and Mankin, A. 2006. Antibiotics and the ribosome. Mol. Microbiol.
59:1664-16717.

Terras, F., Schoofs, H., De Bolle, M., Van Leuven, F., Rees, S., Vanderleyden, J.,
Cammue, B. P., and Broekaert, W. F. 1992. Analysis of two novel classes of plant
antifungal proteins from radish (Raphanus sativus L.). J. Biol. Chem. 267:15301—
15309.

Tesfaye, M., Silverstein, K. A. T., Nallu, S., Wang, L., Botanga, C. J., Gomez, S. K.,
Costa, L. M., Harrison, M. J., Samac, D. A., Glazebrook, J., Katagiri, F.,
Gutierrez-Marcos, J. F., and VandenBosch, K. A. 2013. Spatio-temporal
expression patterns of Arabidopsis thaliana and Medicago truncatula defensin-
like genes. PLoS ONE 8(3):58992.

Thevissen, K., Cammue, B. P. A., Lemaire, K., Winderickx, J., Dickson, R. C., Lester, R.
L., Ferket, K. K., Van Even, F., Parret, A. H., and Broekaert, W. F. 2000. A gene
encoding a sphingolipid biosynthesis enzyme determines the sensitivity of

150



Saccharomyces cerevisiae to an antifungal plant defensin from dahlia (Dahlia
merckii). Proc. Natl. Acad. Sci. USA 97:9531-9536.

Thevissen, K., Francois, I. E. J. A., Aerts, A. M., and Cammue, B. P. A. 2005. Fungal
sphingolipids as targets for the development of selective antifungal therapeutics.
Curr. Drug Targets 6:923-928.

Thevissen, K., Ghazi, A., Samblanx, W. De, Brownlee, C., Osborn, R. W., and Broekaert,
W. F. 1996. Fungal membrane responses induced by fungal membrane responses
induced by plant defensins and thionins. J. Biol. Chem. 271:15018-15025.

Thevissen, K., Kristensen, H. H., Thomma, B. P. H. J., Cammue, B. P. A., and Frangois,
I. E. J. A. 2007. Therapeutic potential of antifungal plant and insect defensins.
Drug Discov. Today 12:966-971.

Thevissen, K., Osborn, R. W., Acland, D. P., and Broekaert, W. F. 1997. Specific, high
affinity binding sites for an antifungal plant defensin on Neurospora crassa
hyphae and microsomal membranes. J. Biol. Chem. 272:32176-3218]1.

Thevissen, K., Terras, F. R. G., and Broekaert, W. F. 1999. Permeabilization of fungal
membranes by plant defensins inhibits fungal growth. Appl. Environ. Microbiol.
65:5451-5458.

Thevissen, K., Warnecke, D. C., Francois, 1. E. J. A., Leipelt, M., Heinz, E., Ott, C.,
Zahringer, U., Ferket, K. K., and Cammue, B. P. 2004. Defensins from insects
and plants interact with fungal glucosylceramides. J. Biol. Chem. 279:3900-3905.

Thomma, B. P. H. J., Cammue, B. P. A., and Thevissen, K. 2002. Plant defensins. Planta
216:193-202.

Tiricz, H., Sziics, A., Farkas, A., Pap, B., Lima, R. M., Maréti, G., Kondorosi, E., and
Kereszt, A. 2013. Antimicrobial nodule-specific cysteine-rich peptides induce
membrane depolarization-associated changes in the transcriptome of
Sinorhizobium meliloti. Appl. Environ. Microbiol. 79:6737-6746.

Trepp, G. B., van de Mortel, M., Yoshioka, H., Miller, S. S., Samac, D. A., Gantt, J. S.,
and Vance, C. P. 1999. NADH-glutamate synthase (GOGAT) in alfalfa root
nodules: genetic regulation and cellular expression. Plant Physiol. 119:817-828.

Turner, V., and Van Alfen, N. K. 1983. Crown rot of alfalfa in Utah. Phytopathology.
73:1333-1337.

Uddin, W., and Knous, T. R. 1991. Fusarium species associated with crown rot of alfalfa
in Nevada. Plant Dis. 75:51-56.

Untergasser, A., Cutcutache, 1., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., and
Rozen, S. G. 2012. Primer3-new capabilities and interfaces. Nucleic Acids Res.,
40: 1-12.

Urakawa, R., Shibata, H., Kuroiwa, M., Inagaki, Y., Tateno, R., Hishi, T., Fukuzawa, K.,
Hirai, K., Toda, H., Oyanagi, N., Nakata, M., Nakanishi, A., Fukushima, K.,
Enoki, T., and Suwa, Y. 2014. Effects of freeze-thaw cycles resulting from winter
climate change on soil nitrogen cycling in ten temperate forest ecosystems
throughout the Japanese archipelago. Soil Biol. Biochem. 74:82-94.

van der Weerden, N. L., and Anderson, M. A. 2013. Plant defensins: common fold,
multiple functions. Fungal Biol. Rev. 26:121-131.

Van de Velde, W., Zehirov, G., Szatmari, A., Debreczeny, M., Ishihara, H., Kevei, Z.,
Farkas, A., Mikulass, K., Nagy, A., Tiricz, H., Satiat-Jeunemaitre, B., Alunni, B.,

151



Bourge, M., Kucho, K., Abe, M., Kereszt, A., Maroti, G., Uchiumi, T.,
Kondorosi, E., and Mergaert, P. 2010. Plant peptides govern terminal
differentiation of bacteria in symbiosis. Science 327:1122-1126.

van Loon, L. C., Rep, M., and Pieterse, C. M. J. 2006. Significance of inducible defense-
related proteins in infected plants. Annu. Rev. Phytopathol. 44:135-162.

van Loon, L. C., and van Strien, E. A. 1999. The families of pathogenesis-related protein,
their activities, and comparative analysis of PR-1 type proteins. Physiol. Mol.
Plant Pathol. 55:85-97.

Velazhahan, R., Datta, S. K., and Muthukrishnan, S. 1999. The PR-5 family: thaumatin-
like proteins. In: Datta, S. K., and Muthukrishnan, S. (eds) Pathogenesis-related
proteins in plants. CRC Press, Boca Raton, 107-129.

Velivelli, S. L. S., Islam, K. T., Hobson, E., and Shah, D. M. 2018. Modes of action of a
bi-domain plant defensin MtDef5 against a bacterial pathogen Xanthomonas
campestris. Front. Microbiol. 9:934.

Verdaguer, B., de Kochko, A., Beachy, R. N., and Fauquet, C. 1996. Isolation and
expression in transgenic tobacco and rice plants, of the cassava vein mosaic virus
(CVMYV) promoter. Plant Mol. Biol. 31:1129-1139.

Vriens, K., Cammue, B. P. A., and Thevissen, K. 2014. Antifungal plant defensins:
Mechanisms of action and production. Molecules 19:12280-12303.

Wang, C. Y., Jerng, J. S., Cheng, K. Y., Lee, L. N., Yu, C. J., Hsueh, P. R, and Yang, P.
C. 2006. Pandrug-resistant Pseudomonas aeruginosa among hospitalized patients:
Clinical features, risk-factors and outcomes. Clin. Microbiol. Infect. 12:63—68.

Wang, Q., Liu, J., Li, H., Yang, S., Kérmoczi, P., Kereszt, A., and Zhu, H. 2018. Nodule-
specific cysteine-rich peptides negatively regulate nitrogen-fixing symbiosis in a
strain-specific manner in Medicago truncatula. Mol. Plant Microbe Interact.
31:240-248.

Wang, Q., Yang, S., Liu, J., Terecskei, K., Abraham, E., Gombar, A., Domonkos, A.,
Sziics, A., Kérmoczi, P., Wang, T., Fodor, L., Mao, L., Fei, Z., Kondorosi, E.,
Kalo, P., Kereszt, A., and Zhu, H. 2017. Host-secreted antimicrobial peptide
enforces symbiotic selectivity in Medicago truncatula. Proc. Natl. Acad. Sci.
U.S.A. 114:6854-6859.

Weerawanich, K., Webster, G., Ma, J. K. C., Phoolcharoen, W., and Sirikantaramas, S.
2018. Gene expression analysis, subcellular localization, and in planta
antimicrobial activity of rice (Oryza sativa L.) defensin 7 and 8. Plant Physiol.
Biochem. 124:160-166.

Wiegand, 1., Hilpert, K., and Hancock, R. E. W. 2008. Agar and broth dilution methods
to determine the minimal inhibitory concentration (MIC) of antimicrobial
substances. Nat. Protoc. 3:163-75.

Wilcoxson, R. D., Barnes, D. K., Frosheiser, F. I., and Smith, D. M. 1977. Evaluating and
selecting alfalfa for reaction to crown rot. Crop Sci. 17:93-96.

Wilton, M., Charron-Mazenod, L., Moore, R., and Lewenza, S. 2016. Extracellular DNA
acidifies biofilms and induces aminoglycoside resistance in Pseudomonas
aeruginosa. Antimicrob. Agents and Chemother. 60:544-553.

Winsor, G. L., Griffiths, E. J., Lo, R., Dhillon, B. K., Shay, J. A., and Brinkman, F. S. L.
2016. Enhanced annotations and features for comparing thousands of

152



Pseudomonas genomes in the Pseudomonas genome database. Nucleic Acids Res.
44:D646-D653.

Wong, J. H., and Ng, T. B. 2006. Limenin, a defensin-like peptide with multiple
exploitable activities from shelf beans. J. Pept. Sci. 12:341-346.

Xiao, K., Zhang, C., Harrison, M., and Wang, Z. Y. 2005. Isolation and characterization
of a novel plant promoter that directs strong constitutive expression of transgenes
in plants. Mol. Breed. 15:221-231.

Yang, S., Wang, Q., Fedorova, E., Liu, J., Qin, Q., Zheng, Q., Price, P. A., Pan, H.,
Wang, D., Griffitts, J. S., Bisseling, T., and Zhu, H. 2017. Microsymbiont
discrimination mediated by a host-secreted peptide in Medicago truncatula. Proc.
Natl. Acad. Sci. U.S.A. 114:6848-6853.

Yoshioka, H., Gregerson, R. G., Samac, D. A., Hoevens, K. C. M., Trepp, G., Gantt, J. S.,
and Vance, C. P. 1999. Aspartate aminotransferase in alfalfa nodules: localization
of mRNA during effective and ineffective nodule development and promoter
analysis. Mol. Plant-Microbe Interact. 12:263-274.

Yount, N. Y., and Yeaman, M. R. 2004. Multidimensional signatures in antimicrobial
peptides. Proc. Natl. Acad. Sci. USA 101:7363-7368.

Zavascki, A. P., Goldani, L. Z., Li, J., and Nation, R. L. 2007. Polymyxin B for the
treatment of multidrug-resistant pathogens: a critical review. J. Antimicrob.
Chemother. 60:1206—-1215.

Zhang, J., Yu, W. J., Xiong, A. S., Bahramnejad, B., and Erickson, L. R. 2011. Isolation
and characterization of a harvest-induced promoter of an alfalfa gene, /i7. Plant
Growth Regul. 64:119-128.

Zhang, Y., and Lewis, K. 1997. Fabatins: new antimicrobial plant peptides. FEMS
Microbiol. Lett. 149:59-64.

Zhang, Y., Lu, W., and Hong, M. 2010. The membrane-bound structure and topology of
a human a-defensin indicate a dimer pore mechanism for membrane disruption.
Biochemistry 49:9770-9782.

Zhou, Y., Van Leeuwen, S. K., Pieterse, C. M. J., Bakker, P. A. H. M., and Van Wees, S.
C. M. 2019. Effect of atmospheric CO> on plant defense against leaf and root
pathogens of Arabidopsis. Eur. J. Plant Pathol., https://doi.org/10.1007/s10658-
019-01706-1.

Zhu, S., Gao, B., and Tytgat, J. 2005. Review phylogenetic distribution, functional
epitopes and evolution of the CSaf superfamily. Cell. Mol. Life Sci. 6205:2257—
2269.

153



