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1. Introduction 

1.1. Nitrogen is a key element in the ecosystem 

Nitrogen is the most abundant element in Earth’s atmosphere making up, approximately 78% 

of it. It is also an essential element for life, as it is required for the synthesis of amino acids, 

nucleic acids and other vital biomolecules. However, atmospheric nitrogen exists primarily as 

dinitrogen gas (N2), a form largely inaccessible to most organisms. Only certain bacteria and 

archaea possess the ability to fix atmospheric nitrogen into biologically usable forms, making 

nitrogen a relatively scarce resource that often limits primary productivity in many ecosystems. 

Only after nitrogen is converted from dinitrogen gas into ammonia (NH3) it becomes available 

to primary producers, such as plants. Animals and humans obtain nitrogen indirectly by 

consuming plants or other organisms in the food chain. Nitrogen continuously undergoes 

various transformations in the environment as part of the nitrogen cycle, shifting between 

different chemical forms as organisms utilize it for growth and metabolism. The major 

transformations of nitrogen are nitrogen fixation, nitrification, denitrification, anammox, and 

ammonification (Gruber & Galloway, 2008; Canfield et al., 2010; Schlesinger & Bernhardt, 

2013; Kuypers et al., 2018). 

1.2. The nitrogen cycle converts nitrogen into various usable forms 

Plants primarily obtain nitrogen from the soil in the form of inorganic compounds, mainly 

nitrate ions (NO₃⁻) and ammonium ions (NH₄⁺). Nitrate is the most accessible form, as it is 

highly soluble in water and readily absorbed by plant roots, whereas ammonium tends to bind 

to soil particles and is less mobile (Taiz et al., 2015). The nitrogen available in soil originates 

from multiple sources (Fig. 1.). One major source is the decomposition of nitrogen-containing 

compounds in organic matter, where microorganisms like Azospirillum, Klebsiella, 

Enterobacter, Bacillus, Clostridium break down dead plants and animals (de Bertoldi et 

al.,1983). This process releases ammonia (NH₃), which is subsequently converted to ammonium 

ions (NH₄⁺) through ammonification, or nitrate (NO₃⁻) via microbial processes such as 

nitrification (Sylvia et al., 2005). Ammonification and nitrification are essential natural 

processes within the nitrogen cycle, but on their own, they are not sufficient to supply nitrogen 

to crops on a large scale. These processes are relatively slow and inconsistent, as several 

environmental factors such as soil temperature, moisture, pH, and organic matter availability. 

Small amounts of nitrogen are also naturally fixed by lightning and volcanic activity, but these 
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sources are negligible compared to agricultural demands. A major contributor to the natural 

nitrogen cycle is biological nitrogen fixation, carried out by specific bacteria and archaea 

collectively referred to as diazotrophs. In recent times, human activities have also had a major 

impact on the nitrogen cycle (indicated by red arrows in Fig. 1.), through industrial nitrogen 

fixation, the products of which are used for agricultural purposes. 

 
Figure 1. The nitrogen cycle (Shalom Education Ltd., n.d.) 

 

1.2.1. The importance of industrial nitrogen fixation and its consequences  

Synthetic fertilizers play a crucial role in enhancing soil nitrogen levels, primarily through the 

Haber-Bosch process, developed in the early 20th century by Fritz Haber and Carl Bosch. This 

industrial process synthesizes ammonia by combining atmospheric nitrogen with hydrogen 

(usually derived from natural gas) under high pressure (150–350 atm) and temperatures ranging 

from 400 to 500 °C, using an iron-based catalyst. The ammonia produced can be further 

processed into nitrate and ammonium fertilizers, providing plants with a direct and readily 

available nitrogen source. This innovation revolutionized global agriculture by dramatically 

increasing crop yields and supporting food security (Smil, 2001). 

However, the Haber-Bosch process has significant environmental drawbacks. It is highly 

energy-intensive, relying heavily on fossil fuels, which contributes to carbon dioxide (CO₂) 

emissions and exacerbates climate change (Erisman et al., 2008). Moreover, the excessive use 

of synthetic fertilizers and low efficiency of their utilization by plants often leads to nitrogen 

runoff into surface- and groundwater, causing nutrient imbalances. This can trigger 
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eutrophication, the rapid growth of algae, which, as the algae decompose, depletes oxygen 

levels and disrupts aquatic ecosystems. The long-term accumulation of excess nitrogen not only 

threatens biodiversity but also impacts water quality and public health (Vitousek et al., 1997, 

Galloway et al., 2004). 

1.2.2. Biological nitrogen fixation  

1.2.2.1. Nitrogen fixation in diazotrophs 

Diazotrophs are microorganisms capable of converting atmospheric nitrogen into bioavailable 

forms of nitrogen such as ammonia. This process is catalyzed by the nitrogenase enzyme 

complex (Hardy et al. 1968; Fay et al., 1992) that is able to fix nitrogen at normal temperature 

and under ambient temperature atmospheric pressure in contrast to the extreme conditions 

needed for the industrial process. The first isolation of the enzyme in its active form was done 

by Bulen and LeComte (1966). Subsequent structural and mechanistic studies in the 1970s and 

1980s revealed that nitrogenase consists of two components and is highly oxygen-sensitive. 

Only microorganisms possessing the nitrogenase enzyme complex are capable of fixing 

nitrogen, and they have evolved diverse strategies to create suitable conditions for this process 

and to benefit from the utilization of the fixed nitrogen produced even through different 

associative lifestyles. 

 

1.2.2.2. Diversity of nitrogen-fixing plant-microbe associations 

Diazotrophs can be classified into four different types based on their lifestyles and associations 

with other organisms. Free-living diazotrophs can fix nitrogen independently, and are often 

found in soil, water, or sediments (Azotobacter, Clostridium, Klebsiella and Cyanobacteria like 

Anabaena and Nostoc (Burris & Roberts, 1993)). Associative diazotrophs live in the 

rhizosphere (the root zone) of plants but do not form any structural relationship with the plant 

(Azospirillum and Herbaspirillum). The endophytic diazotrophs that live inside plant tissues 

without causing harm, these bacteria fix nitrogen directly within their plant hosts like 

Gluconacetobacter diazotrophicus found in sugarcane and other tropical plants (Reinhold-

Hurek & Hurek, 2011). Finally, symbiotic diazotrophs that form mutualistic relationships with 

plants, providing fixed nitrogen in exchange for carbon (Rhizobium and Bradyrhizobium, 

Frankia and Cyanobacteria like Nostoc in lichens (Dixon & Kahn, 2004; Mus et al., 2016).  

 

https://en.wikipedia.org/wiki/Ammonia
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1.3. Symbiotic nitrogen fixation in legumes 

The symbiotic relationship between legumes and rhizobia bacteria can add anywhere from 20 

to 200 kg of nitrogen per hectare annually, representing a crucial input for sustainable 

agriculture (Pearson & Stewart, 1993). This process is considered the most efficient form of 

biological nitrogen fixation. In these interactions, specific soil bacteria known as rhizobia infect 

the roots of leguminous plants and induce the formation of specialized organs called root 

nodules, where nitrogen fixation takes place. Within nodules, rhizobia differentiate into 

bacteroids, which are metabolically active forms capable of expressing nitrogenase and 

reducing atmospheric nitrogen to ammonia. The plant, in turn, provides the bacteroids with a 

protective, low-oxygen environment and carbon sources derived from photosynthesis, ensuring 

optimal nitrogenase activity (Sprent, 2009; Oldroyd et al., 2011). Inside the nodule, the plant 

also tightly regulates oxygen levels through the production of leghemoglobin, a heme-

containing protein, that gives the nodules its pink color, and buffers oxygen to protect 

nitrogenase while allowing sufficient respiration for energy production. The resulting symbiotic 

system allows legumes to thrive in nitrogen-poor soils and contributes substantially to global 

nitrogen input, highlighting the ecological and agricultural importance of these associations 

(Bergersen, 1997; Mus et al., 2016). 

As it was mentioned above, the most efficient biological nitrogen fixation occurs within 

legume–rhizobium symbioses. Consequently, the formation and development of nitrogen-

fixing symbiotic root nodules, along with the genes regulating these processes, have been 

intensively studied (Roy et al., 2020). Medicago truncatula, a Mediterranean relative of alfalfa, 

has emerged as a principal model species for such studies.  

 

1.3.1. Medicago truncatula as a model plant for molecular biology studies 

Medicago truncatula is widely recognized as an excellent model for investigating legume–

rhizobium symbiosis (Fig. 2.). The species possesses diverse ecotypes that respond differently 

to various rhizobial strains, making it well-suited for studying host specificity in symbiotic 

associations. In addition, it combines short generation time with high seed yield, which, 

together with efficient genetic manipulation techniques, enables systematic analysis of gene 

function. Its compact genome (~500 Mbp, 2n = 16) and the availability of rich genomic 

resources, including a high-quality reference sequence (Young et al., 2011), offer strong support 

for genome sequencing projects of further legume relatives and for diverse functional genomics 

research. These features establish M. truncatula as a versatile model organism for investigating 

the molecular and genetic mechanisms governing symbiosis in legumes. 
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Figure 2. The model plant M. truncatula. Symbiotic root nodules are on the upper left picture. 

 

1.3.2. Initiation of symbiotic root nodule formation in leguminous plants 

The establishment of a legume–rhizobium symbiosis is a highly orchestrated process involving 

molecular signaling between the host and microbe (Fig. 3.). Plant roots secrete flavonoids, 

which are recognized by rhizobial NodD proteins, that act as transcription factors to induce the 

expression of bacterial nodulation (nod) genes (Kondorosi et al., 1984). These genes encode 

enzymes responsible for the synthesis of lipochitooligosaccharide signaling molecules called 

Nod factors (NF) (Lerouge et al., 1990). The recognition of NFs by host roots triggers calcium 

spiking in root hair cells, which induces cytoskeletal rearrangements and curling of the hairs. 

This curling traps rhizobia in an infection pocket, while NFs simultaneously stimulate cortical 

cell divisions that give rise to the nodule primordium (Ehrhardt et al., 1996; Catoira et al., 2000; 

Oldroyd & Downie, 2008).  

The host root hair cell invaginates its plasma membrane at the site of bacterial accumulation. 

Instead of breaking through the wall, the plant cell generates a new inward-growing tube called 

the infection thread (IT), which guides rhizobia across cell layers toward the primordium 

(Fournier et al. 2008). As the primordium develops a meristem, the IT branches within it and 

delivers bacteria into newly divided host cells, ensuring effective colonization (Mylona et al., 

1995; Gage, 2004; Limpens & Bisseling, 2003). Once inside host cells, rhizobia are released 

from the IT and surrounded by a plant derived membrane known as peribacteroid membrane, 

which both prevents pathogenic interactions and mediates nutrient exchange (Udvardi & Day, 
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1997; Kereszt et al., 2011). This compartmentalization creates the symbiosomes, where bacteria 

divide and differentiate into nitrogen-fixing bacteroids (Vasse et al., 1990; Roth & Stacey, 

1989; Oke & Long, 1999). The coordinated infection and differentiation processes ultimately 

create the root-derived new organ called the nodules specialized for symbiotic nitrogen fixation 

(Brewin, 2004; Murray, 2011). 

 
Figure 3. Consecutive steps of the cellular processes leading to the formation of 

symbiotic root nodule (Wang et al., 2018). 

 

1.3.3. Nodule organogenesis and structures  

Mature legume nodules can be divided into two main morphological categories: determinate 

and indeterminate ones (Fig. 4.). Determinate nodules, typical of tropical legumes such as 

Glycine max and Lotus japonicus, are generally spherical and lack a persistent meristem (Fig. 

4.a). After the initial cortical divisions that establish the primordium, meristematic activity 

stops, and further growth occurs through cell enlargement (Franssen et al., 1992; Downie, 

2014). As a result, these nodules contain a relatively uniform population of nitrogen-fixing 

bacteroids that maintain a morphology similar to free-living rhizobia (undifferentiated U-type) 

and can revert to this state when released from the tissue (Oke & Long, 1999). In contrast, 

indeterminate nodules (Fig. 4.b), found in temperate legumes such as Medicago sativa (alfalfa), 

Pisum leguminosarum (pea), Vicia sativa (vetch) and other members of the so-called Inverted 

Repeat Lacking Clade (IRLC), are elongated or cylindrical in form and sustain a permanent 

apical meristem. Continuous cell proliferation produces distinct developmental zones: the 

meristematic zone (ZI), infection zone (ZII), interzone (IZ), nitrogen fixation zone (ZIII), and 

senescence zone (ZIV) (Xiao et al., 2014; Łotocka et al., 2012).  
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Figure 4. Structure of determinate and indeterminate root nodules. (a) Determinate 

nodules are spherical, with a central region (ZIII) that harbor nitrogen-fixing bacteria. A 

magnified view of the symbiotic cells reveals the endosymbionts residing within the host cell 

cytoplasm. (b) Indeterminate nodules possess an active apical meristem (ZI), followed by an 

infection zone (ZII), an interzone (IZ), a nitrogen fixation zone (ZIII), and, in old nodules, a 

senescence zone (ZIV). Symbiotic cells differentiate along ZII and IZ, reaching their mature 

form in ZIII. The nucleus and cell volume of the infected plant cells increase through 

successive endoreduplication cycles, and the fully developed nitrogen-fixing cells become 

densely filled with the endosymbionts (Kondorosi et al., 2013). 

 

Our model legume M. truncatula forms indeterminate nodules, in which rhizobia are released 

from infection threads into the plant cells in ZII. The host cells in this infection zone become 

larger, their cell division is stopped, and inside they enclose rhizobia in a so-called peribacteroid 

membrane, generating symbiosomes (Fig. 5a.) (Kereszt et al., 2011). As cells transition through 

the interzone, bacteroids undergo endoreduplication, elongation, and terminal differentiation 

(Fig. 5b.). Infected host cells also undergo substantial enlargement that drives the nodule 

growth. These cells exhibit high levels of endopolyploidy, with DNA contents reaching 64C to 

128C (Cebolla et al., 1999; Kondorosi et al., 2005). This increase arises from a modified cell 

cycle known as endoreduplication, in which repeated rounds of DNA replication occur without 

mitosis or cytokinesis. The extent of endoreduplication is closely correlated with bacteroid 

elongation (Mergaert et al., 2006). Symbiotic cells in zone III (ZIII) are also rich in 

leghemoglobin, which regulates oxygen levels to maintain optimal conditions for nitrogenase 

activity (Ott et al., 2005; Mergaert et al., 2006; Van de Velde et al., 2010; Montiel et al., 2017.). 
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By contrast, the senescence zone (ZIV) at the proximal part of the nodule harbors degraded 

cells and non-functional bacteroids, often visible as yellow-green tissue due to heme breakdown 

(Puppo et al., 2005). 

 
Figure 5. Symbiotic cells in a M. truncatula nodule. Cells in ZII (a) contain the 

differentiating endosymbionts while cells in ZIII (b) are fully packed with the long fully 

differentiated nitrogen-fixing bacteroids. Active endosymbionts stained with Syto9 green 

fluorescent dye (Maróti & Kondorosi, 2014) 

 

1.4. Plant factors that induce bacteroid differentiation in indeterminate nodules 

Bacteroid differentiation is not an autonomous process of the bacteria but is tightly regulated 

by the host plant (Mergaert et al., 2006). In legumes belonging to the Inverted Repeat-Lacking 

Clade (IRLC), such as M. truncatula, the host controls rhizobial development through the 

production of nodule-specific peptides or small proteins. Two main families were discovered 

to have a direct role in symbiosis: the NCR (nodule-specific cysteine-rich) peptides (Mergaert 

et al., 2003) and the nodGRP (nodule-specific glycine-rich) proteins (Kevei et al., 2002; Alunni 

et al., 2007). These peptides are produced in the symbiotic cells (Guefrachi et al., 2014) and 

reach the symbiosomes via the secretory pathway after the signal peptide (SP) is cleaved from 

the peptides by the signal peptidase complex (SPC) in the endoplasmic reticulum (ER), and the 

mature peptides arrive in trans-Golgi vesicles via the Golgi apparatus to the symbiosome (Fig. 

6.) (Wang et al., 2010; Van de Velde et al., 2010). Mature NCR peptides typically range from 

20 to 50 amino acids in length and contain either four or six conserved cysteine residues 

arranged in characteristic motifs. These cysteines form two or three disulfide bridges that 

influence peptide folding, thereby stabilizing the structure and likely playing a crucial role in 

their biological activity. Interestingly, this structural organization closely resembles that of 

small cysteine-rich antimicrobial defensins, which share a similar overall fold. However, 

defensins generally possess longer mature peptides containing eight cysteines that form four 
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disulfide bonds (Kereszt et al., 2011; Kondorosi et al., 2013; Maróti et al., 2015; Farkas et al., 

2018). 

 
Figure 6. Production of NCRs in nodule cells and their effect on bacteroid 

transformation of rhizobia. NCR peptides play a crucial role in the differentiation 

of the bacteria into elongated, polyploid bacteroids specialized for nitrogen fixation. 

 

In the M. truncatula genome there are over 700 NCR genes that are widely distributed, often 

occurring in clusters that likely arose from recent duplication events (Alunni et al., 2007; Pecrix 

et al., 2018, Downie & Kondorosi, 2021). Their gene structure typically consists of two coding 

exons (one for SP, the other for the mature peptide), and some NCR genes may also contain a 

third exon. NCR genes are expressed after the invasion of bacteria into nodule cells (around 4 

days post inoculation) and usually reach the highest levels of expression at differentiation and 

elongation stage of bacteroids at 10 dpi or 14 dpi in M. truncatula. The expression of these 

NCRs in other plant organs are not inducible with any biotic or abiotic stress indicating the strict 

nodule specific expression of NCR genes (Guefrachi et al. 2014). 

RNA-seq data of two weeks old M. truncatula laser-dissected nodules confirmed that NCR 

transcripts are not detected in the meristem, but was restricted to infected nodule cells (Roux et 

al., 2014). Furthermore, a staged expression pattern was observed, with about 15% of the genes 

expressed early, mainly in the distal and proximal infection zones (ZII), whereas the majority 

(around 56%) were predominantly expressed in the interzone (IZ) and nitrogen fixation zones 

(ZIII). This close association between the spatial and temporal expression of NCR genes during 

nodule development has led to their classification into early and late NCRs, based on the timing 

and location of their activation within the nodule (Van de Velde et al., 2010; Nallu et al., 2013). 
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1.4.1. Symbiotic functions of NCR peptides. 

Despite the extensive research on NCR peptides, their precise roles and mechanisms of action 

during symbiosis for that many members remain poorly understood. Given their structural similarity 

to defensins (key effector molecules in innate immunity), their potential antimicrobial function has 

been explored and several cationic NCRs were found to display broad-spectrum antimicrobial 

activity (see below in more details). Some even kill the free-living S. meliloti cells, however, these 

rhizobia are able to survive in the nodules. This may be explained by differences in NCR peptide 

concentrations between nodules and in vitro conditions (Maróti et al., 2015; Kereszt et al., 

2018), or by the concurrent presence of multiple NCR peptides within nodule cells. It remains 

unclear how the antibacterial properties of some cationic NCRs contribute to bacteroid 

differentiation. 

Nonetheless, the bacterial peptide transporter BacA has been identified as a crucial factor for 

bacteroid formation in NCR-producing legumes (Karunakaran et al., 2010). The BacA protein 

plays an essential role in supporting bacterial survival and differentiation during symbiosis. 

Mutant bacA strains are unable to survive upon exposure to NCRs following their release from 

the infection thread into the host cytosol, thereby halting nodule development (Haag et al., 

2011). These findings suggest that there is delicate balance in nodule environment between 

death and terminal differentiation imposed by the host. Experimental evidence strongly 

supports the crucial role of NCR peptides in driving bacteroid differentiation. Ectopic 

expression of NCR035 gene in L. japonicas and NCR169 in soybean, legumes that does not 

naturally produce NCR peptides, resulted in creating enlarged bacteroids (Van de Velde et al., 

2010; Zhang et al., 2023). Similarly, in vitro treatment of S. meliloti with NCR035 peptide 

promoted endoreduplication, leading to an increased DNA content (4C), a hallmark of bacteroid 

differentiation (Van de Velde et al., 2010). Increased bacteroid DNA content was also detected 

in soybean nodules expressing NCR169 (Zhang et al., 2023). Consequently, NCR peptides are 

not limited to acting on the bacteroid surface; they can also penetrate the bacterial cytosol, 

where they exert regulatory functions from within. Several NCRs, including NCR001, 

NCR035, NCR169, and NCR247, have been shown to localize within bacteroids inside the 

symbiosome, confirming their intracellular localization and activity (Van de Velde et al., 2010; 

Farkas et al., 2014; Horváth et al., 2015; Kim et al., 2015). 

NCR247, one of the best-characterized and smallest NCR peptides secreted by M. truncatula, 

exhibits zone-specific expression in the late infection zone (ZII) and interzone (IZ), as shown 

by a GUS promoter-reporter fusion (Fig. 7A). FITC-labeled NCR247 penetrates bacterial 

membranes and accumulate in the cytosol of free-living rhizobia (Fig. 7B, C) and bacteroids 
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(Fig. 7D, E), where it triggers endoreduplication and extensive transcriptional reprogramming 

in S. meliloti, including downregulation of basic cellular function genes and upregulation of 

stress response genes (Farkas et al., 2014; Tiricz et al., 2013; Lima et al., 2020). NCR247 binds 

multiple rhizobial proteins, including FtsZ, a conserved cell division protein, disrupting Z-ring 

formation and suppressing cell division, thereby promoting endoreduplication and bacteroid 

differentiation (Farkas et al., 2014; Penterman et al., 2014). GroEL has also been identified as 

an interacting partner, though its functional significance remains unclear; it may assist in the 

proper folding of NCR peptides or, conversely, NCR247 might influence GroEL-dependent 

processes critical for infection and terminal differentiation (Farkas et al., 2014). 

 
Figure 7. NCR247 expression and localization in planta and proposed function in 

symbiosis. (A) Blue staining in the cells of late infection zone II and in the interzone (II-III) 

corresponds to pNCR247 promoter activity visualized by GUS reporter gene in transgenic 

M. truncatula nodules. (B) S. meliloti culture stained with FITC-labeled NCR247 and PI. (C) 

S. meliloti culture stained with FITC-labeled NCR247 and membrane-dye FM 4-64. (D and 

E) S. meliloti bacteroids stained with FITC-labeled NCR247 and FM 4-64. (E) Enlarged 

image of the boxed bacteroid from D. Scale bars: 5 μm. (Farkas et al., 2014). 

 

Another role for NCR247 was uncovered in controlling iron homeostasis during the M. 

truncatula and S. meliloti symbiosis. NCR247 plays a unique role in sequestering heme and 

keep bacterial iron homeostasis fine-tuned to ensure iron availability for nitrogenase enzyme 

(Sankari et al., 2022). 

 

1.4.2. Mutations in single NCR genes cause impaired symbiotic phenotype 

Recent research has shown that despite the >700 members of the NCR family, the loss of certain 

individual NCR genes can lead to an inefficient nitrogen-fixing symbiosis (Fig. 8.). In dnf7-2 

mutant and in a CRISPR mutant lacking of NCR169 function, the plant–rhizobia symbiosis fails 
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to fix nitrogen properly. These mutants show early nodule senescence and defective 

differentiation of bacteroids (Horváth et al., 2015, Güngör et al. 2023). Similarly, the loss of 

NCR211 is responsible for the nitrogen-starvation phenotype observed in the dnf4-1 mutant 

(Kim et al., 2015). Mutants Mtsym19, Mtsym20, and NF-FN9363 exhibit similar symbiotic 

defects and further genetic characterization disclosed that Mtsym19 and Mtsym20 share defects 

in the same NCR peptide, NCR-new35, while the ineffective symbiosis observed in NF-

FN9363 results from the loss of NCR343 (Horváth et al., 2023). Therefore, NCR169, NCR211, 

NCR343 and NCR-new35, respectively, play critical roles as positive regulators in bacteroid 

differentiation and maintenance within mature nodules.  

 
Figure 8. The phenotype of M. truncatula symbiotic mutants with ineffective nodulation, 

Mtdnf7-2 (deletion of NCR169), Mtdnf4-1 (deletion of NCR211), NF-FN9363 (deletion of 

NCR343) Mtsym20 and Mtsym19 (both defective in the same gene, NCR-new35) (a) 

Ineffective nitrogen-fixing (Fix-) symbiotic mutants showed the symptoms of the nitrogen 

starvation compared with wild-type (wt) plant (2 wpi) with S. medicae WSM419 carrying 

the lacZ reporter gene. (b) Slightly elongated white/pinkish nodules were formed on the roots 

of the Fix- plants compared to pink pink elongated nodules on wt roots. Nodule sections 

stained with β-galactosidase show the ZIII of Fix- nodules are devoid of rhizobia infected 

cells. Magenta brackets label the IZ. Scale bars, (a) 2 cm; (b) 200 μm (Horváth et al., 2023). 

 

 

1.4.3. Glycine-rich proteins in plants 

Plant glycine-rich proteins (GRPs) belong to heterogeneous families that are characterized by 

a high glycine content (up to 70%) and the presence of repetitive glycine-rich motifs, which 

provide structural flexibility and the potential to interact with various macromolecules 

(Sachetto-Martins et al., 2000; Czolpinska & Rurek, 2018). Based on domain organization, 

GRPs are broadly divided into two main groups and different classes (Fig. 9.): structural GRPs 

(Classes I, II, and III), which are typically secreted to the cell wall and contribute to its 

assembly, strengthening, and remodeling; and RNA-binding GRPs (Class IV with different 

sub-classes), which localize to the cytoplasm or nucleus and regulate post-transcriptional 

processes such as mRNA splicing, stability, and transport (Czolpinska & Rurek, 2018; Zhu et 

https://nph.onlinelibrary.wiley.com/authored-by/Horv%C3%A1th/Beatrix
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al., 2021). The eucalyptus GRPs are characterized by high glycine content and irregular repeat 

patterns and proposed a novel GRP class, Class V. (Mangeon et al., 2010). Czolpinska & Rurek 

(2018) advised a classification of GRPs based on the arrangement of glycine repeats and the 

presence of conserved motifs (Fig. 9.). 

 

 
Figure 9. Classification of plant glycine-rich proteins. (a) Domain organization of GRPs 

belonging to the different classes and sub-classes. CSD, cold-shock domain; RRM, RNA-

recognition motif; oleosin, oleosin-conserved domain; CR, cysteine-rich domain; CCHC, 

zinc-finger; GR, glycine-rich domain; GGX, GGXXXGG, GXGX, GGX/GXGX, glycine-rich 

repeats (G-Gly, X-any amino acid); SP, signal peptide. (b) Description of the characteristic 

features of the GRP classes (Czolpinska & Rurek, 2018). 

 

Plant GRPs were proposed to play structural roles in cell walls, by acting as scaffolds for wall 

component deposition (Keller et al. 1988), and this was later proven by experimental results. 

For example, a bean GRP (PvGRP1.8) localizes to primary cell walls and contributes to 

protoxylem development, likely strengthening the walls by linking lignin rings (Ringli et al. 

2001; Rayser et al. 2004). In Arabidopsis taliana, reverse genetics identified a GRP involved 

in protoxylem maintenance (Yokoyama et al. 2006). Another GRP called AtGRP9 found to be 

interacting with AtCAD5 in A. taliana (an enzyme from the lignin biosynthesis pathway), 

suggesting a role in lignin biosynthesis (Chen et al. 2007). A GRP from Nicotiana tabacum, 

NtCIG1, enhances callose deposition in vascular tissue, with its activity promoted by the 

interacting protein GrIP (Ueki & Citovsky, 2002). 

Functional studies have further linked GRPs to roles in signaling pathways, such as the WAK1 

receptor kinase cascade regulated by Arabidopsis AtGRP3 (Park et al., 2001). GRPs in 

b 

a 
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Arabidopsis also play important roles in plant defense. The bacterial effector HopU1 from 

Pseudomonas syringae specifically mono-ADP-ribosylates AtGRP7 (also called AtRBG7 at 

arginine residues within its RRM domain (Fu et al., 2007). This modification inhibits its RNA-

binding ability, compromising immune-related RNA regulation. AtRBG7 mutants show 

enhanced susceptibility to P. syringae, demonstrating that it contributes to innate immunity by 

maintaining proper defense gene expression.  

Therefore, GRPs are not just structural proteins with lots of glycine, many of them have 

regulatory and signaling functions. Their expression is developmentally regulated and strongly 

influenced by environmental cues, being induced by abiotic stresses such as cold, dehydration, 

salinity, and wounding, as well as by biotic challenges including pathogen and nematode 

infection (Mangeon et al., 2010; Carpenter et al., 1994). 

1.4.4. Nodule-specific glycine-rich proteins (nodGRPs) in legumes 

Like other plant species, legumes also contain canonical GRPs that are broadly expressed in 

various tissues. They play diverse roles in cell wall organization and remodeling, responses to 

abiotic stresses (such as drought, salinity, and cold), as well as RNA-binding and post-

transcriptional regulation. What is particularly remarkable, that IRLC legumes have evolved a 

distinct, GRP gene family specific to symbiotic cells in nitrogen fixing root nodules. These 

genes were first identified through screening of nodule-specific cDNA libraries constructed 

from mRNA isolated from developing root nodules. In Vicia faba, for instance, five GRP-

encoding genes were described that are exclusively expressed in nodules (Perlick et al., 1996; 

Küster et al., 1995) (Fig. 10.a), suggesting a specialized role in legume–rhizobium symbiosis 

and nodule development, potentially through structural remodeling or regulation of symbiosis-

specific gene expression (Küster et al., 1995; Schröder et al., 1997). 
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Figure 10. Nodule-specific GRPs identified in several IRLC legume plants. (a) Organ-

specific expression of Vicia faba (broad bean) VfNOD-GRP1, 2, 4, and 5 genes in different 

organs (mature nodules, uninfected roots, leaves, seeds, epicotyls, stems, flowers) exhibited 

by Northern blot analysis. (b) Expression of MsnodGRP1, 2a, 2b and 3 genes is nodule 

specific and depends on Sinorhizobium meliloti infection shown by Northern analysis. 

Loaded alfalfa RNA samples: flowers (F), spontaneous nodules (SN), young nodules at 7 dpi 

(YN), mature nodules at 21 dpi (MN), roots (R), hypocotyls (H), leaves (L), and stems (S). 

Msc27 was used as an internal control, and the corresponding RNA samples were visualized 

on an ethidium bromide–stained gel to visualize RNA loading. (c) Expression profiles of 

selected nodGRP and NCR genes (listed on the right) in M. truncatula tissues determined by 

RT-PCR. Reactions were carried out on cDNA from roots (R), nodules (N), leaves (L), stems 

(S), and flowers (F). The amplification of the constitutive marker MtC27 served as a positive 

control (Alunni et al., 2007). 

 

Similar nodule-specific GRPs have also been described in Medicago spp., including 

homologues of VfENOD-GRP5 (Jiménez-Zurdo et al., 2000; Györgyey et al., 2000). The 

nodGRP gene family in M. sativa was first characterized through nodule-specific cDNA library 

screenings, which revealed four genes (nodGRP1-4) encoding small GRPs characterized by an 

N-terminal hydrophobic signal peptide and a glycine-rich C-terminal region (Jiménez-Zurdo et 

al., 2000) (Fig. 10.b). While glycine-rich repeats represented the major structural feature, not 

all proteins contained distinct repetitive blocks, and many lacked the canonical glycine-rich 

motifs typical of non-nodule-specific GRPs (Kevei et al. 2002). Expression analyses revealed 

that all these genes were strictly nodule-specific, being activated only upon infection by 

b 

a c 
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rhizobia, though the onset and intensity of expression varied across different stages of nodule 

development (Kevei et al., 2002). 

The discovery of nodGRP genes in the model legume M. truncatula was achieved through 

BLAST searches to identify homologous genes, by mainly focusing on the highly conserved 

signal peptide regions of the nodGRPs. They uncovered multiple related genes distributed 

across six regions of the M. truncatula genome. This comprehensive analysis led to the 

identification of several new members of the nodGRP gene family, including nodGRP1D–L, 

nodGRP2C–D, and nodGRP3A–C, thereby expanding the known diversity and genomic 

organization of this nodule-specific gene family (Fig. 10.c and Fig. 11.). Interestingly, the 

nodGRPs share a key feature with NCRs - the presence of a signal peptide – indicating that they 

are secreted proteins. On the other hand, they resemble less to canonical GRPs, containing only 

20–30 % glycine residues and lacking recognizable glycine-rich motifs. Moreover, their signal 

peptide sequences display unique characteristics not shared with those of GRPs from other plant 

species, further supporting their functional specialization within IRLC legumes (Kereszt et al. 

2018). 

 

 
Figure 11. Phylogenetic relationship between nodGRPs in M. truncatula based on the 

amino acid sequence of the proteins (Alunni et al., 2007) 

 

1.4.5. The nodGRP1 family in M. truncatula  

Alunni et al. (2007) mapped 23 nodGRPs belonging to six subgroups in M. truncatula at that 

time. The phylogenetic comparison of the 23 MtnodGRP proteins divided them into two major 

groups separating most nodGRP1 proteins (nodGRP1A, nodGRP1C, nodGRP1D, nodGRP1E, 



25 

 

nodGRP1F, nodGRP1G, nodGRP1L) from the others (Figure 6). The nodGRP1 genes are found 

in one contig that contains 11 genes scattered in a 270-kb region of the chromosome 5, but eight 

of them are within a 70-kb distance (Alunni et al., 2007) (Figure 7a). They are composed of 2-

3 exons, where most of the first exon (approximately 80 bp) codes for the signal peptide and 

the second exon (between 200 and 700 bp) for the glycine rich domain (Figure 7b). 

The nodGRP1A, nodGRP1D, nodGRP1E, nodGRP1F, and nodGRP1G genes are closely 

clustered, while the six other genes in the nodGRP1 contig, namely nodGRP1C, nodGRP1H, 

nodGRP1I, nodGRP1J, nodGRP1K, and nodGRP1L, are distributed more widely along the 

contig. While the gene products of the latter genes share similar signal peptide sequences, their 

glycine-rich domains exhibit considerable divergence. This pattern suggests that the duplication 

events giving rise to nodGRP1C, H, I, J, K and L occurred earlier than those leading to the 

formation of the more recently duplicated subgroup comprising nodGRP1A, D, E, F and G. 

This evolutionary scenario is further supported by the presence of numerous intervening genes 

and the greater genomic distances separating the presumably older nodGRP1 members. Among 

these nodule-specific GRPs we conducted functional studies of several members that have 

specific expression patterns in the nodule development zones. My PhD thesis work focused on 

nodGRP1L. 

 

 

 
Figure 12. (a) Genomic organization of the nodGRP1 contig in M. truncatula. The Mtnod 

GRP1 contig contains 11 GRP1 genes (called GRP1A to GRP1L). The location and 

orientation of genes are indicated by arrows. Genes and intergenic regions are not drawn on 

a scale. Black arrows represent the GRP genes. (b) Genomic organization of GRP clusters. 

(Modified from Alunni et al., 2007) 

 

1.4.6. Selection of nodule-specific GRP1L  

The nodGRP1L gene encodes a short protein of 113 amino acids, consisting of a 21-amino-acid 

N-terminal signal peptide and a 92-amino-acid mature domain. The signal peptide targets the 

nascent protein to the secretory pathway, facilitating its translocation. The mature region is 

notably glycine-rich, containing 17 glycine residues, which make up approximately 18% of its 

total amino acid composition. The nodGRP1L peptide exhibits an anionic nature, with an 

isoelectric point (pI) of (5.032), and a negative net charge of (-3.874) at physiological pH (7.4). 
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This charge property may play a key role in mediating its interactions with other proteins or 

cell wall components within the nodule environment. Expression analyses reveal that 

nodGRP1L is induced in the proximal infection zone, reaches its maximum expression in the 

interzone, and remains weakly expressed in the nitrogen fixation zone. Moreover, nodGRP1L 

exhibits a markedly higher expression level than other nodGRP genes (Roux et al., 2014), 

suggesting its potential significance in nodule development and function. 

1.5. Antimicrobial peptides 

Both NCRs and nodGRPs are related to antimicrobial peptides (AMPs), which are small 

naturally occurring molecules that act as natural antibiotics and form a fundamental component 

of the innate immune defense in nearly all living organisms. Typically, AMPs are short, about 

10 to 50 amino acids in length, amphipathic peptides and mostly positively charged (cationic); 

and these properties allow them to bind electrostatically to negatively charged microbial 

membranes (Maroti et al., 2011). This interaction is often followed by membrane 

permeabilisation or disruption, and/or may also involve targeting essential intracellular 

components. AMPs can be produced through both ribosomal and non-ribosomal biosynthetic 

pathways, or by enzymatic cleavage of larger precursor proteins (Wang, 2022). To date, over 

5600 naturally occurring AMPs have been identified across diverse species (Antimicrobial 

Peptide Database; https://aps.unmc.edu), yet only 270 of them are of plant origin, despite plants 

representing an exceptionally rich and diverse source of such molecules (Tang et al., 2018). 

From an evolutionary perspective, AMPs represent one of the most ancient and conserved 

defense mechanisms, providing critical protection that contributed to the successful evolution 

of complex multicellular life forms (Ageitos et al., 2017). They act as host defense peptides, 

capable not only of direct antimicrobial action but also of modulating immune responses, 

making them promising candidates for developing new drugs and therapies. A defining feature 

of AMPs that distinguishes them from classical antibiotics is their ability to act on multiple 

targets, such as microbial membranes, thereby reducing the likelihood of resistance 

development (Spohn et al., 2019). Furthermore, their relatively simple structure and 

responsiveness to mutagenesis or peptide engineering have enabled the design of numerous 

synthetic derivatives with enhanced antimicrobial activity and reduced cytotoxicity (Mazu et 

al., 2016). 

1.5.1. Antimicrobial peptides classification  

Based on their biological source, AMPs are broadly categorized into five main groups: viral, 

bacterial, fungal, plant, and animal-derived peptides. 

https://aps.unmc.edu/
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 Bacterial AMPs: often termed bacteriocins and vary widely in length 10–100 amino acids 

long, produced by both Gram-positive and Gram-negative bacteria. In Gram-positive 

bacteria, they can be ribosomally synthesized or produced via enzymatic pathways (non-

ribosomal) (Tajbakhsh et al., 2017).  

 Fungal AMPs: mainly consist of two families: fungal defensins and peptaibols. Fungal 

defensins are cysteine-rich peptides with disulfide-bridge that stabilize β-sheet structures 

(Qi et al., 2022), granting resistance to proteolysis and thermal denaturation. Peptaibols, 

typically 5–21 amino acids long, are distinguished by their inclusion of non-proteinogenic 

residues (Leitgeb et al., 2007). 

 Plant-derived AMPs: constitute a structurally and functionally diverse family forming a 

crucial line of defense against microbial pathogens. Most plant AMPs are cysteine-rich and 

form multiple disulfide bridges, providing high structural stability and resistance to 

proteolysis, heat, and pH changes. These include thionins, which are short, cationic peptides 

with antibacterial and antifungal activities (Stec, 2006); hevein-like peptides, characterized 

by chitin-binding domains that target fungal cell walls (Slavokhotova et al., 2017); and 

defensins, which contain cysteine-stabilized αβ motifs conferring potent antimicrobial 

resistance to various environmental conditions (Lima et al., 2022). Other important families 

include knottin-type peptides (or cystine-knot peptides), which exhibit enzyme inhibition 

and antiviral activities (Pallaghy et al., 1994); lipid transfer proteins (LTPs) that mediate 

lipid exchange between membranes and possess antifungal properties (Carvalho & Gomes, 

2007); snakins, which contain 12 conserved cysteines and exhibit antimicrobial and 

antinematode effects (Su et al., 2020); and cyclotides that are macrocyclic peptides 

stabilized by a cystine knot motif, and known for antibacterial, antiviral, and anticancer 

properties (Dini et al., 2022). 

 Animal-derived AMPs: represent the most studied group, encompassing thousands of 

peptides identified across invertebrates and vertebrates. The major AMPs are defensins 

which are small cysteine-rich peptides that target microbial membranes. Animals like 

fishes, amphibians, reptiles and birds produce potent AMPs with strong antibacterial 

activity. Mammalian AMPs are primarily represented by defensins (α-, β-, and θ-defensins) 

and cathelicidin. These peptides not only disrupt bacterial membranes but also modulate 

immune responses (Zhang et al., 2025). 
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1.5.2. Structural classification of antimicrobial peptides  

AMPs display remarkable structural and functional diversity, and their classification can be 

approached from multiple perspectives. Based on conformational characteristics, AMPs are 

grouped into five major classes: α-helical peptides, β-sheet peptides, structured linear peptides 

and mixed structure or can be disordered (Büyükkiraz et al., 2022). 

The α-helical peptides represent the most extensively studied group. Typically composed of 

12–40 amino acids and rich in helix-promoting residues such as alanine, leucine, and lysine, 

these peptides adopt amphipathic α-helical structures upon membrane binding. Their helical 

nature facilitates deep insertion into lipid bilayers, leading to membrane permeabilization and 

cell death. In contrast, β-sheet peptides are stabilized by two or more disulfide bridges linking 

β-strands, forming rigid, conformationaly stable structures. Members of this group include 

defensins. Mixed structure AMPs, combining α-helices and β-sheets, are found across diverse 

taxa and retain stability through multiple disulfide bonds. Structured linear AMPs lack well-

defined secondary structures and are often rich in glycine, proline, histidine, or tryptophan 

residues, conferring flexibility and enabling varied target interactions. They can also be 

disordered with a flexible structure which can help interaction of peptides with microbial 

membrane and formation of a stable conformation.  

In addition to structure, AMPs may also be categorized by amino acid composition (Huan et 

al., 2020). Glycine-rich AMPs are flexible and capable of targeting multiple cellular 

components, whereas cysteine-rich AMPs stabilize β-sheet motifs via disulfide bonds, 

facilitating pore formation. Arginine-, lysine-, or leucine-rich AMPs commonly form 

amphipathic α-helices with strong membrane affinity. Hydrophobicity and amphipathicity are 

critical determinants of antimicrobial potency: highly hydrophobic peptides insert deeply into 

lipid bilayers, while moderately hydrophobic AMPs rely on cooperative aggregation for 

effective permeabilization. 

 

1.5.3. Mechanisms of actions of antimicrobial peptides 

Based on their mechanisms of action, AMPs can be classified into two main categories: 

membrane-disrupting peptides and non-membrane-targeting peptides, although many AMPs 

can display a combination of both behaviors simultaneously (Brogden et al., 2005) 

1.5.3.1. Membrane-disrupting peptides 

The majority of AMPs execute their antimicrobial effects by directly compromising membrane 

integrity. Electrostatic attraction between the cationic peptides and negatively charged 
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microbial surfaces facilitates selective binding, followed by insertion and destabilization of the 

lipid bilayer. Several mechanistic models are described (Singh et al., 2023) (Fig. 13.): 

 Barrel-stave model: Peptides initially align parallel to the membrane, then insert 

perpendicularly to form transmembrane pores resembling barrels with the peptides acting 

as “staves.” This leads to leakage of cytoplasmic contents. 

 Toroidal pore model: Peptides induce continuous bending of lipid monolayers, integrating 

both peptides and lipids within the pore structure. These pores are transient and less stable 

than barrel-stave pores.  

 Carpet model: Peptides accumulate parallel to the membrane, covering it like a carpet. 

Once a threshold concentration is reached, they disrupt the bilayer in a detergent-like 

manner, leading to micellization and rupture. 

 Molecular electroporation model: Peptides bound to the membrane generate electric 

potential differences; once the potential difference exceeds ~0.2 V, transient pores form, 

causing ion imbalance and cell lysis. 

 Sinking raft model: Amphipathic AMPs preferentially bind specific lipid domains, induce 

local curvature and mass imbalance that generate transient pores upon peptide aggregation. 

 Aggregate (channel-forming) model: Peptides form unstructured aggregates upon 

membrane insertion, often associating with water molecules to produce transient channels 

that allow leakage of ions and metabolites. 

 Peptide-induced lipid segregation model: Some AMPs trigger phase separation of anionic 

peptide from zwitterionic lipids, forming lipid–peptide domains that alter membrane 

curvature and permeability. Arouri et al. (2009) demonstrated this effect in PG/PE 

membranes, suggesting that lipid segregation underlies the specificity of AMPs toward 

bacterial membranes. 

  Leaky slit model: The insertion of lipid-protein aggregates increases the positive curvature 

in the membrane which causes transient leakage in the cell membrane (leaky slit) and thus 

enhances membrane permeabilization. 
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Figure 13. Mechanisms of action of the membrane-disrupting. (A) barrel stave model, 

(B) toroidal model, (C) carpet model, (D) aggregate model, (E) sinking raft model, (F) 

electroporation, and (G) leaky slit model (Singh et al., 2023). 

These models illustrate that membrane disruption is not restricted to a single universal process 

but rather encompasses multiple dynamic and context-dependent pathways. 

1.5.3.2. Non-Membrane Targeting peptides 

Beyond membrane disruption, several AMPs traverse the bilayer to interfere with vital 

intracellular processes (Lin et al., 2021). Some inhibit protein synthesis or folding and impede 

enzyme activity, while others bind to nucleic acids interfering with replication and transcription 

or bind ribosomes halting translation. This demonstrates that AMPs can exert potent 

intracellular toxicity independent of lytic membrane disruption. AMPs can even modulate the 

immune or stress-related systems of pathogenic microbes. For example, Shang et al. (2021) 

reported that tryptophan-rich AMPs suppress quorum sensing and virulence genes in the 

pathogenic bacterium Pseudomonas aeruginosa, and Hayes et al. (2013) showed that the plant 

defensin NaD1 activates the HOG stress-response pathway in the fungus Candida albicans. 

AMPs can modulate host immune responses, allowing beneficial bacteria to survive inside the 

plant such as nodule-specific NCR peptides that act on their symbiotic partner, Sinorhizobium 

meliloti, where they reprogram bacterial gene expression and suppress stress responses (Van de 



31 

 

Velde et al., 2010). This demonstrates that while some AMPs act on pathogens, others like 

NCRs modulate the physiology of valuable microbes within the host. 

 

1.5.4. Antimicrobial peptides are less prone to resistance development and possess broad 

application potential. 

AMPs are considered as next-generation therapeutic agents against multidrug-resistant 

microbial infections (Bechinger et al., 2017). Unlike conventional antibiotics that typically act 

on specific molecular targets, AMPs exert their antimicrobial action through multiple modes, 

including membrane disruption and intracellular interference. This multifaceted activity greatly 

reduces the likelihood of bacteria developing stable resistance (Browne et al., 2020). 

Nevertheless, some adaptive strategies have been reported that enable bacteria to partially 

tolerate AMP exposure. One of the most common resistance mechanisms involves modification 

of the bacterial cell surface, since the cell envelope is the primary site of AMP interaction. 

Alterations in membrane charge, hydrophobicity, and fluidity can diminish electrostatic 

attraction between cationic peptides and the negatively charged bacterial surface, thereby 

reducing AMP binding and insertion (Joo et al., 2016). Another widespread strategy is 

proteolytic degradation, where bacteria secrete extracellular proteases that cleave the peptides 

before they reach their targets. The efficiency of this mechanism depends strongly on the 

structure of the peptide, but many bacterial proteases have limited substrate specificity 

(Pfalzgraff et al., 2018). Additional resistance mechanisms include efflux pumps, which 

actively expel substances from the cytoplasmic membrane, and the presence of capsular 

polysaccharides or other surface polymers that act as physical barriers limiting AMP access to 

the membrane (Abdi et al., 2019). Moreover, biofilm formation is known to significantly 

enhance bacterial tolerance to AMPs. Within biofilms, the extracellular polymeric matrix 

impedes AMP penetration and facilitates the survival of the cells (Singh et al., 2025). 

Conventional antibiotic resistance often develops through a specific mutation in a single gene 

or through the acquisition of a resistance gene via horizontal gene transfer. In contrast, microbes 

cannot counter the multifaceted actions of AMPs by altering a single gene; doing so would 

require the simultaneous acquisition of multiple resistance strategies, making them promising 

candidates as alternatives or complementary agents to traditional antibiotics (Hancock et al., 

2006; Silva & Gomes, 2017). 

AMPs have emerged as promising candidates to address the escalating problem of multidrug-

resistant infections due to their broad-spectrum activity and unique mechanisms of action. 

AMPs can be employed either individually or in combination with conventional antibiotics, 
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antivirals, or other antimicrobial agents to produce synergistic therapeutic effects (Gordon et 

al., 2005). Their versatile biological functions have led to potential applications across multiple 

fields, including food preservation, agriculture, environmental protection, animal husbandry, 

and pharmaceutical development (Tscherner et al., 2011). Currently, over 100 peptide-based 

drugs have received approval from the U.S. Food and Drug Administration (FDA), while more 

than 400 peptide candidates are in various stages of clinical evaluation (Xiao et al., 2025). In 

the food industry, AMPs can function as natural preservatives or be integrated into 

antimicrobial packaging materials to extend product shelf life. The bacteriocin nisin is an 

example for AMPs that is effective against foodborne pathogens. Another example is the 

lactoferrin that has been approved to be used as an antimicrobial additive in meat products 

(Villalobos-Delgado et al., 2019). Beyond food applications, AMPs show significant potential 

in animal husbandry, where they may serve as alternatives to antibiotic feed additives, 

promoting both growth performance and disease resistance. Furthermore, numerous AMPs 

exhibit antiviral properties, demonstrating efficacy against pathogens such as severe acute 

respiratory syndrome coronavirus (Elnagdy et al., 2020), porcine epidemic diarrhea virus (Guo 

et al., 2015), transmissible gastroenteritis virus (Liang et al., 2020), infectious bronchitis virus 

(Sun et al., 2010), and influenza A virus (Hsieh & Hartshorn, 2016). In agriculture, AMPs offer 

an environmentally friendly alternative to synthetic pesticides, which are heavily used to 

prevent crop loss but contribute to pollution and adverse health effects (Rekha et al., 2006). 

AMPs can protect plants from phytopathogens without posing risks to humans, animals, or 

ecosystems (Zasloff et al., 1987). 

1.5.5. Rational design and production strategies for antimicrobial peptides 

Recent advances in peptide engineering have enabled the rational design of synthetic AMPs 

derived from natural sequences to improve their potentials. This approach focuses on retaining 

functional antimicrobial motifs while removing toxic or protease-sensitive regions, thereby 

improving safety and stability (Ciumac et al., 2019). Several sequence modification strategies 

have been employed, including truncation, amino acid substitution, hybridization, and 

cyclization. Minor alterations in amino acid composition can significantly influence 

conformation, charge distribution, and hydrophobicity, ultimately modifying biological 

activity. For instance, truncated peptides derived from natural AMPs are more cost-effective to 

produce, while cyclic peptides exhibit enhanced stability and membrane permeability compared 

to linear analogs. Moreover, hybrid peptide design, which merges fragments from different 

AMPs, allows the combination of high activity with low cytotoxicity, yielding novel chimeric 
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AMPs optimized for therapeutic use (Buyukkiraz et al., 2022). Chemical synthesis of AMPs is 

typically performed via solid-phase peptide synthesis (SPPS), which is well-suited for short 

peptides. However, the production of longer sequences (>35 amino acids) or peptides requiring 

post-translational modifications increases complexity and cost (Cao et al., 2018). Additionally, 

SPPS often involves the use of high concentrations of hazardous chemicals, generating 

environmentally detrimental waste products (Chan et al., 1999). To overcome these limitations, 

recombinant expression systems provide a cost-effective and scalable alternative. Several 

microbial hosts have been successfully employed to produce heterologous proteins and 

endogenous AMPs, offering a promising approach for large-scale peptide production. 

1.5.6. Physicochemical properties of NCRs play a role in the antimicrobial activity 

As mentioned above, M. truncatula produces several hundreds of nodule-specific cysteine-rich 

peptides (NCRs). These peptides have a great diversity in their physicochemical properties, as 

reflected by the wide range of the isoelectric point (pI) of the peptides (Lima et al., 2022). 

Computational prediction tools were applied to estimate the antimicrobial potential of more 

than a hundred NCR peptides; however, their predictions did not always align with 

experimental outcomes. Fifty peptides exhibited antimicrobial activity in the tests against at 

least one of the ESKAPE bacterial pathogens (Enterococcus faecalis, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia coli) 

as well as Listeria monocytogenes and Salmonella enterica, differing in both spectrum and 

potency. The most active NCRs eradicated bacteria at concentrations ranging from 0.8 to 3.1 

μM. While a high positive net charge contributed significantly to activity, this was not the sole 

determinant. Whereas many of the cationic NCR peptides exhibited antibacterial activities in 

vitro, several NCRs with high isoelectric points (pI) and positive net charges, predicted to be 

antimicrobial, showed no activity in laboratory assays (Fig. 14.).  
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Figure 14. Physicochemical properties of NCRs in correlation with their antimicrobial 

activity (A) pI (X axis) and net charge (Y axis) values; (B) Amphiphilicity Index (X axis) and 

Disordered conformation propensity (Y axis) values in correlation with the antimicrobial 

activity. Black dots show NCR073, NCR336, NCR358 which are active against all the eight 

tested pathogens. Red dots represent NCRs which are active against at least one pathogen. 

Green dots indicate the inactive NCRs (Lima et al., 2022). 

 

Accordingly, active and inactive peptides were compared based on their net charge, isoelectric 

point (pI), structural disorder propensity, and amphiphilicity index. The analysis confirmed that 

while a high pI and positive net charge are key contributors to antimicrobial activity, they are 

not sufficient on their own (Fig. 14.A). NCR peptides with a net charge above +2 can display 

activity, but nearly all peptides with a charge greater than +5 were antimicrobial. Additionally, 

most of the active NCRs exhibited higher structural disorder and amphiphilicity index (Fig. 

14.B), suggesting that their antimicrobial potential likely arises from an increased capacity to 

adopt secondary structures at membrane–water interfaces (Lima et al., 2022). 

Among the cationic NCR peptides, NCR073, NCR336, NCR358 (Lima et al. 2022), NCR247, 

NCR335 (Tiricz et al., 2013), NCR044 (Velivelli et al., 2020) and NCR169 (Isozumi et al., 

2021) exhibit broad-spectrum antimicrobial activity, whereas others with a similar positive net 

charge do not, indicating that the amino acid sequence also plays a key role in determining 

antimicrobial potency (Lima et al., 2022). 
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1.5.7. Several members of NCR peptides were characterized for their antimicrobial 

activity 

The bactericidal effect of NCR247 and NCR335 was evaluated against a selection of Gram-

negative and Gram-positive pathogenic bacteria using a high peptide concentration (50 μg/mL) 

in phosphate–potassium buffer (PPB). The natural symbiont S. meliloti was tested first, and 

both peptides reduced the viable cell number by three to four orders of magnitude. When further 

tested against a range of human/animal pathogens (Escherichia coli, Salmonella typhimurium, 

Pseudomonas aeruginosa, Staphylococcus aureus, Listeria monocytogenes, Bacillus cereus, 

Bacillus megaterium) and plant pathogens (Xanthomonas campestris, Clavibacter 

michiganensis, Agrobacterium tumefaciens), both NCR peptides - despite displaying different 

activity spectra - significantly reduced the number of viable cells across all tested species, 

ranging from at least a tenfold decrease to complete elimination (Tiricz et al., 2013; Mikuláss 

et al., 2016). NCR247 exhibited strong antimicrobial activity in PPB buffer against E. coli and 

Bacillus subtilis, and moderate activity against Saccharomyces cerevisiae. In contrast, NCR335 

showed potent, broad-spectrum activity against all these organisms, matching or exceeding the 

effectiveness of the control antibiotics streptomycin (STM) and polymyxin B (PMB). The 

greatest sensitivity was observed in B. subtilis, which was more susceptible to both NCR 

peptides than to STM or PMB. However, when tested in Mueller–Hinton medium, the 

antimicrobial activity of the NCR peptides decreased for all microorganisms, likely due to the 

presence of divalent cations, which compete with binding of cationic AMPs with bacterial 

membranes, indicating a potential limitation in their application under such conditions that 

needs to be overcome for their practical applications (Hancock & Sahl, 2006). As a next step in 

their analyses, various derivatives of NCR247, including shorter fragments and various 

chimeric derivatives were tested for their antimicrobial activity (Jenei et al., 2020). While the 

positive charge of the AMPs is essential for killing, in the case of the C-terminal fragment of 

NCR247 (NCR247C) the increased positive charge did not result in the improvement of the 

antimicrobial activity. Adding the neutral StrepII tag or extending the N- or the C- terminus 

with extra amino acids to create chimeric peptides improved either slightly or significantly the 

antibacterial properties (Jenei et al., 2020). 

In another study the potential antifungal ability of 19 cationic NCRs was tested against the yeast 

and the filamentous forms of Candida albicans, C. glabrata, C. krusei, and C. parapsilosis. 

These Candida species are the cause of fungal infections in humans and often show resistance 

to antifungal drugs. NCR247 and NCR335, together with other cationic NCRs such as NCR192, 

NCR137, NCR147, NCR280, NCR183, NCR247, NCR044 and NCR030 exhibited 
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anticandidal activity at a concentration range from 1.42 to 10.5 µM, which was comparable to 

the conventional drug amphotericin B (Ördögh et al. 2014). In this study, the weakly cationic 

NCR169 peptide did not show antifungal characteristics. On the other hand, in subsequent 

studies, its strongly cationic C-terminal fragment (NCR169C17-38) exhibited potent antifungal 

activity against human-pathogenic Candida and Cryptococcus species (Szerencsés et al., 2021 

and 2025). The antimicrobial potential and the structure of NCR169, its oxidized form, and its 

shorter derivatives were recently evaluated by Isozumi et al. (2021), revealing that the two 

oxidized forms of NCR169 displayed antimicrobial activity against both E. coli and S. meliloti. 

Given its strong anticandidal activity, NCR169C17–38 was further evaluated against the 

clinically significant ESKAPE pathogens, where it demonstrated remarkable efficacy. Several 

amino acid substitutions were designed in NCR169C17–38, and the new peptide derivatives were 

tested for their antibacterial activity (Howan et al., 2023). To assess the role of the disulfide 

bridge, the two cysteine residues were substituted with serines. This modification unexpectedly 

enhanced antimicrobial activity against most tested bacteria, revealing that disulfide bond 

formation is not essential for function. The role of tryptophan residues which can facilitate 

interactions with bacterial membranes membranes was investigated by substitution of 

tryptophan with alanine or 5-fluoro-typtophan and the latter modification improved the 

antimicrobial potency.  

 

1.5.8. NCR peptides exhibit no detectable cytotoxic or hemolytic effects 

A major limitation of potent AMPs particularly from animal sources is their cytotoxicity toward 

mammalian cells. NCRs from edible legume plants behave differently. Cationic antimicrobial 

NCRs were tested by by Lima et al. (2022) for hemolysis of human red blood cells (HRBC) 

(Fig. 15.). Compared to the detergent-lysed controls (Triton X-100), none of the peptides 

provoked hemolysis of HRBC above the background level even at 100 µM concentration except 

one peptide (MsNCR465), which provoked limited hemolysis at 50 and 100 µM (Fig. 15). 
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Figure 15. Hemolytic activity of NCRs. Human red blood cells were treated with different 

NCRs with different concentrations (0.4 -100 µM). Hemolysis of red blood cells with 0.5% 

Triton X=100 represents 100% hemolytic activity on the right of the x axis (Lima et al., 2022). 

 

The same result was reported for NCR169C17–38 and four of its most active derivatives as none 

of the peptides caused lysis of human red blood cells (Howan et al., 2023). Cytotoxicity assays 

were also performed on mouse macrophages that confirmed minimal or no toxicity at 

therapeutically relevant concentrations of the most active NCR peptides studied by Szerencsés 

et al. (2025), reinforcing their favorable safety profile for antifungal applications. Similarly, 

NCR peptides exhibiting anti-Candida activity showed no or only moderate cytotoxicity toward 

human keratinocytes (Szerencsés et al. 2021), in contrast to conventional antifungal agents such 

as amphotericin B, whose cytotoxicity can restrict therapeutic use. The non-hemolytic nature 

of NCR peptides and their derivatives is further supported by the NCR247C peptide and its 

chimeric variants. Despite exhibiting high antibacterial activities, these peptides did not show 

hemolytic activity toward human red blood cells (Jenei et al., 2020). 

Collectively, these favorable properties highlight plant-derived peptides as a promising and 

underexploited source of antimicrobial peptides, providing a strong foundation for their 

development as safe, effective, and versatile antimicrobial agents across medical, agricultural, 

and biotechnological applications. 
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2. Aims 

This study aims to deepen our understanding of the symbiotic peptides of M. truncatula. My 

PhD work is composed of two parts, one related to nodule development (I) and the other to 

potential applications (II) 

 

I.   

The nodule-specific glycine-rich peptides (nodGRPs) represent a poorly characterized family 

but their developmental stage-specific expression during symbiotic cell maturation suggests a 

crucial role in the symbiotic process. I focused on the elucidation of the function of nodGRP1L 

in development of nitrogen fixing root nodules with answering the following questions: 

1. Is nodGRP1L essential for nodule development? 

2. How does nodGRP1L affect the physiology of symbiotic cells? 

3. Does nodGRP1L interact with the bacterial membranes? 

4. Does nodGRP1L bind to bacterial or other symbiotic plant proteins? 

5. How is nodGRP1L regulated? 

 

II. 

Building on previous findings concerning the antibacterial activity of NCR169 peptide and its 

derivatives, this work focused on NCR169C17–38 aiming to characterize its antibacterial action 

using a combination of microbiological, biochemical, biophysical, and molecular approaches.   

1. Assess the antimicrobial activity of short NCR169 fragments, including the C-terminal 

region (NCR169C17-38). 

2. Examine potential synergistic effects between NCR169C17-38 and conventional 

antibiotics, as well as other NCR-derived peptide fragments. 

3. Determine the impact of NCR169C17-38 on the bacterial biofilm formation and the 

viability of the bacterial cells within. 

4. Investigate the membrane-permeabilizing effects of NCR169C17-38 on bacterial cells. 

5. Characterize the ability of NCR169C17-38 to interact with different bacterial targets. 

6. Analyze differential gene expression in E. coli exposed to NCR169C17-38. 
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3. Materials and Methods 

3.1. Plant material and growth conditions 

We used different plant ecotypes. The Jemalong A17, and R108 ecotypes of M. truncatula were 

used as wild-type controls in our experiments. Seeds extracted from pods were incubated in 

96% sulfuric acid (H2SO4) for 8 minutes, which opens pores in the seed coat, and then rinsed 

at least three times in ice-cold distilled water to avoid burning the seeds due to the exothermic 

reaction. The seeds were then sterilized by hypochlorite (3%) and washed five times in distilled 

water. The sterilized seeds were incubated on a 0.8% inverted water agar plates at 4 °C for 1 

night at least, then kept at room temperature overnight for germination. 

The plants were grown under long-day light conditions (16 h light/8 h dark) at 25 ºC in a 

greenhouse. All of the experiments were performed in sterilized zeolite. The medium was low-

nitrogen Fahreus (Medicago truncatula Handbook, https://www.noble.org/medicago-

handbook) and was watered every two days to maintain adequate moisture for plant 

development. 

3.2. Bacterial strains and growth conditions 

3.2.1. Competent Escherichia coli Top10 cells, preparation and transformation. 

A single colony of E. coli Top10 was inoculated into LB medium and incubated at 37 °C with 

shaking overnight. The overnight culture was diluted at a 1:200 ratio and grown at 37 °C with 

shaking until (OD600) reached 0.3 to 0.4. The culture was then chilled on ice for 1 hour and 

centrifuged at 7,000 K for 6 minutes at 4 °C. The pellet was resuspended in an ice-cold 0.1 M 

CaCl2 solution at a 1:4 ratio of the original culture volume. The resuspended cells were 

incubated on ice for 4 hours to increase cell wall permeability to DNA, followed by another 

centrifugation at 7,000 K for 6 minutes at 4 °C. The pellet was then resuspended in 0.1 M CaCl2. 

Glycerol was added to a final concentration of 10%, and the competent cells were aliquoted 

into pre-chilled sterile tubes, frozen in liquid nitrogen, and stored at -80 °C. 

Constructs were introduced into E. coli strain Top10 competent cells using the heat shock 

method. Competent cells were thawed by incubating on ice for 15 minutes. Four μl of reaction 

mix containing 150 ng/ul DNA was combined with the thawed E. coli Top10 competent cells 

and incubated on ice for 30 minutes to facilitate DNA uptake. To enhance membrane 

permeability, samples were placed into a 42 °C thermo block for 1 minute and subsequently 

cooled down by leaving on ice for 5 minute. After that it was transferred to a 37 °C shaking 

incubator for one hour to allow for recovery and expression of antibiotic resistance markers. 

https://www.noble.org/medicago-handbook
https://www.noble.org/medicago-handbook
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The suspension was centrifuged at 4,000 K for 5 minutes to pellet the cells, then the pellet was 

resuspended in 100 μl of the supernatant. This suspension was spread onto solid LB agar plates 

containing the corresponding antibiotics for selection of the transferred vectors. Bacteria were 

cultured overnight at 37 °C. 

3.2.2. Competent Agrobacterium rhizogenes Arqua1 cells, preparation and transformation 

A single colony of A. rhizogenes Arqua1 was inoculated into LB liquid medium and cultivated 

with shaking overnight. The overnight culture was diluted at a 1:100 ratio in fresh LB medium 

and grown at 37 °C with shaking until (OD600) reached 0.4 to 0.5. The culture was subsequently 

cooled on ice for 15 minutes and centrifuged at 7,000 K for 5 minutes at 4 °C. The pellet was 

gently resuspended in 10 ml chilled 10% glycerol solution, then the bacterial culture was 

centrifuged for 5 minutes at 7,000. The supernatant was poured off, and this washing step was 

repeated for at least four cycles in 10% glycerol. Eventually the competent cells were 

resuspended in 10% glycerol to make a 100x concentration of the initial culture, and then were 

aliquoted into pre-chilled sterile tubes, frozen in liquid nitrogen, and stored at -80 °C. 

A. rhizogenes Arqua1 competent cells were thawed on ice, mixed with 1–3 µl of plasmid DNA 

(<100 ng),) and incubated on ice for 10 min. The mixture was then introduced into a pre-chilled 

1-2 mm cuvette. The cuvette was placed in BIO-RAD GenePulser XcellTM, and a high voltage 

shock (2.5 kV, 4-9 ms) was applied. After electroporation, 750 μl of LB was added to recover 

the cells. The samples were subsequently transferred to a microcentrifuge tube and incubated 

at 30 °C for 1 hour. Following incubation, samples were centrifuged at 4,000 K for 1 minute. 

The 100 μl of the cell culture was plated onto solid LB media supplemented with the 

corresponding selective antibiotics for the transformed plasmids and incubated at 30 °C for 48 

hours. 

3.2.3. Bacteria used for plant inoculation  

Sinorhizobium medicae WSM419 and Sinorhizobium meliloti Rm41 cultures were grown in TA 

medium at 30 °C for 48 hours. Plants were then inoculated with a bacterial suspension adjusted 

to an optical density of OD₆₀₀ = 0.6 - 0.8. The inoculum was resuspended in low-nitrogen 

Fahreus medium and applied to the surface of sterile zeolite surrounding the seeds. Following 

inoculation, plants were maintained in a growth chamber under a 16-hour light / 8-hour dark 

photoperiod at 22 °C. Most experiments were conducted using sterilized zeolite, in accordance 

with the guidelines provided in the Medicago truncatula Handbook. Plants were supplied with 

low-nitrogen Fahreus medium twice weekly to maintain adequate moisture for proper growth 

and nodule development. 
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3.2.4. Bacteria used for hairy root transformation   

To prepare a culture for hairy root transformation, A. rhizogenes Arqua1 bacteria carrying the 

proper vector were grown on LB agar containing the selective antibiotics and incubated at 30 

°C or 2 days prior to transformation, which resulted in a dense bacterial lawn on the agar surface 

for subsequent experiments. 

3.2.5. Bacteria used for infiltrating Nicotiana benthamiana leaves 

For transient gene expression in N. benthamiana leaves, A. tumefaciens C58C1 strain was used. 

This strain carries virulence genes on the pCh32 plasmid, thereby efficiently transforms plant 

cells. For the preparation of A. tumefaciens C58C1 competent cells and plasmid introduction, 

the same method was used as described for A. rhizogenes Arqua1. A. tumefaciens C58C1 

carrying the different plasmid constructs were grown on LB medium supplemented with the 

appropriate antibiotics at 30 °C for two days, cells were collected, and resuspended in MMA 

buffer (10 mM MES, pH 5.6; 10 mM MgCl₂; 20 µM acetosyringone, Sigma-Aldrich). The 

optical density at 600 nm (OD₆₀₀) was adjusted to 0.2. 

3.2.6. Bacterial strains used in antimicrobial assays 

The Gram-positive Enterococcus faecalis (ATCC 29212), Staphylococcus aureus 

(HNCMO112011), and Listeria monocytogenes (ATCC 19111), and the Gram-negative 

Pseudomonas aeruginosa (ATCC 27853), Escherichia coli (ATCC 8739), Salmonella enterica 

(ATCC 13076), Klebsiella pneumoniae (NCTC 13440), and Acinetobacter baumannii (ATCC 

17978) were obtained from ATCC (United States) and NCTC (National Collection of Type 

Cultures – England). 

3.3. Generation of transgenic constructs 

3.3.1. RNA interference construct 

RNAi is a eukaryotic, cellular regulatory and defense mechanism that recognizes double-

stranded RNA molecules. One of the RNA strands is incorporated into the RISC complex 

(RNA-induced silencing complex), which cleaves complementary RNAs. Therefore, constructs 

containing the nodGRP1L gene region in the transformed plants will be transcribed into double-

stranded RNA, which will be recognized and cleaved by the RNAi mechanism, hence silencing 

the gene. Stable transformant plants were generated to have more reliable results, as the entire 

plant develops from a single transformant cell therefore, all the cells are genetically identical, 
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and in the case of a homozygous plant through self-pollination, all the offspring are identical to 

their parent with respect to the transgene. 

Of the coding sequence of nodGRP1L gene, 186 bp was amplified from A17 cDNA using a 

primer pair containing the adaptor regions (attB1 and attB2) for BP recombination (Gateway 

BP Clonase II Enzyme Mix, Thermo Scientific) into the pDONR207 donor vector (Invitrogen). 

Subsequent LR recombination was performed into the pUB-GWS-GFP destination vector 

(Maekawa et al., 2008) containing the RNA interference cassette. The RNA interference box 

contains two copies of the gene segment to be silenced, the second of which was inserted in the 

opposite orientation to the first, so that the vector expresses the specific segment in double-

stranded form driven by L. japonicus ubiquitin 10 (Ljubq10) promoter. 

3.3.2. Overexpression construct 

A 348 bp fragment of the nodGRP1L coding sequence was amplified from M. truncatula A17 

cDNA and cloned into the pCR8/GW/TOPO vector (Invitrogen, Cat. No. K2500-20) according 

to the manufacturer’s instructions, producing entry clones. The fragment was subsequently 

transferred via LR recombination into the pUB-GWS-GFP destination vector, enabling 

overexpression of nodGRP1L under the control of the L. japonicus ubiquitin10 (Ljubq10) 

promoter. This vector also carries GFP, expressed independently from the nodGRP1L under 

the control of the Cauliflower Mosaic Virus (CaMV) 35S promoter, allowing the selection of 

transgenic roots. 

3.3.3. Yeast two hybrid construct  

A 296 bp fragment of the nodGRP1L coding sequence and a 502 bp fragment of the SecB coding 

sequence were amplified from M. truncatula A17 using Thermo Scientific NdeI and BamHI 

restriction sites. The destination vectors pDest-GBKT7 and pDest-GADT7 were digested with 

the same enzymes, and the resulting large fragments of each vector were purified and 

subsequently ligated with either the nodGRP1L or SecB fragments using Thermo Scientific T4 

DNA ligase. 

3.3.4. BIFC construct 

A 279 bp fragment of the nodGRP1L coding sequence was amplified from M. truncatula A17 

cDNA and cloned into the pCR8/GW/TOPO vector to get the entry clone and subsequently 

transferred via LR recombination into the pUBC-nYFP-GRP1L destination vector. 
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A 504 bp fragment of the SecB coding sequence was amplified from M. truncatula A17 cDNA 

and cloned into the pCR8/GW/TOPO vector to get the entry clone and subsequently transferred 

via LR recombination into the pUBC-cYFP-SecB destination vector. 

3.3.5. Promoter activity constructs 

Fragments of the nodGRP1L promoter region (1079 bp, 703 bp, and 419 bp) were amplified 

from M. truncatula A17 genomic DNA and cloned into the pCR8/GW/TOPO vector 

(Invitrogen Cat. No. K2500-20) following the manufacturer's protocol, to generate entry clones. 

These promoter fragments were then transferred from the entry clones via LR recombination 

into the pMDC164-RR destination vector, placing them upstream of the GUS reporter gene to 

drive its expression. The destination vector also contained the DsRED fluorescent protein, 

expressed independently under the control of the A. thaliana ubiquitin10 promoter (pAtUb10), 

enabling the visual selection of transgenic roots. 

3.3.6. Strep-tagged nodGRP1L expression construct 

3.3.6.1. T7 promoter–driven expression construct suitable for use in E. coli  

The recombinant construct pTXB1-GRP1L-StrepII was generated by restriction digestion and 

ligation. The pTXB1 plasmid was first digested with the restriction enzymes NdeI and BamHI 

to remove the native intein fragment, and the linearized vector was purified from agarose gel. 

The nodGRP1L coding sequence lacking the signal peptide was amplified from M. truncatula 

A17 cDNA and fused to a C-terminal StrepII tag through an additional PCR reaction. The 

resulting product was digested with the same enzymes and subsequently ligated into the 

prepared pTXB1 backbone using T4 DNA ligase. This strategy effectively replaced the intein 

fragment with the nodGRP1L insert, thereby generating a construct designed to express 

nodGRP1L fused to a Strep-tag for affinity purification.  

3.3.6.2. Native promoter-driven expression construct suitable for use in planta 

The recombinant construct pMDC164-RR_nodGRP1Lpro::nodGRP1L-StrepII was generated 

by amplifying the 1079 bp 5′ promoter region of the nodGRP1L gene from M. truncatula A17 

genomic DNA by PCR, followed by fusion to a C-terminal StrepII tag through an additional 

PCR reaction. The resulting fragment was cloned into the pCR8/GW/TOPO vector (Invitrogen, 

Cat. No. K2500-20) according to the manufacturer’s instructions, producing entry clones that 

were subsequently transferred via LR recombination into the pMDC164-RR destination vector. 
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This vector carries a DsRED fluorescent marker expressed under the control of the A. thaliana 

ubiquitin10 promoter (pAtUb10), enabling selection of transgenic roots. 

3.4. Agrobacterium rhizogenes-mediated hairy root transformation 

The transformation of the roots of M. truncatula was performed using the A. rhizogenes Arqua1 

strain, based on a modified protocol of the method described by Boisson-Dernier et al., 2001. 

The root tip of the seedlings with 0.8-1 cm radicle length was first cut using a sterile scalpel, 

then carefully pulled along the bacterial culture so that an appropriate amount of bacteria was 

placed on the cut surface. The cut seedlings were placed on a 0.8% agar plate and left to rest, 

covered, for 2 hours. Then these seedlings were planted in zeolite supplemented with Fahraeus 

medium, and the resulting transformant roots were checked for fluorescent marker genes (GFP 

or DsRED) using a Nikon C-DSS230 stereomicroscope. 

3.5. Sectioning of M. truncatula nodule samples for symbiotic phenotypic characterization 

For the characterization of the symbiotic phenotype, nodules were collected from rhizobia-

inoculated wild type and/or transgenic plants and prepared for microscopic analysis following 

the fixation, sectioning, and staining procedures. Nodules were collected into 1x phosphate 

buffered saline (PBS) solution (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2HPO4, in 

1000 ml deionized H2O, pH 7.4) and then were embedded into 5% (wt/vol) agarose gel and 75 

μm thick longitudinal sections were prepared with the help of microtome (MICROM HM 650 

V). For samples prepared to be checked with transmission electron microscope (JEOL; Tokyo, 

Japan) PBS solution was replaced with 2,5% glutaraldehyde. 

3.5.1. Live/dead staining  

To investigate the morphology of bacteria and the cellular structure of host cells in different 

nodule zones, 75 μm nodule sections were stained with 5 μM SYTO9 and 1 μM propidium 

iodide dissolved in 1xPBS pH 7.4 buffer. Staining solution was removed, and sections were 

rinsed twice with 1xPBS before the preparation of microscope slides. SYTO9 is a green 

fluorescent dye that can penetrate and stain the nucleic acids of both live and dead cells. PI, on 

the other hand, is a red fluorescent dye that can only penetrate cells with damaged membranes 

and displace SYTO9 from DNA due to PI's stronger binding affinity, making it a marker for 

dead or dying cells. Stained nodule sections were observed under the Leica SP5 confocal laser 

scanning microscope. The microscope was configured with the following settings: objective 

lenses: HC PL APO 20x (NA:0.7) and HCX PL APO 63x OIL (N.A: 1.40); line sampling speed: 

400 Hz; 2x line averaging; pinhole: 1 airy unit; scanning mode: sequential unidirectional; 
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excitation: 488 nm laser (SYTO9, green) and 543 nm laser (PI, red); spectral emission detectors: 

510-540 nm (SYTO9) and 555–655 nm (PI). 

3.5.2. GUS staining 

Histological staining based on β-glucuronidase (GUS) activity was performed using X-Gluc 

containing staining solution. The nodules were collected from roots transformed with S. 

medicae WSM419 at 14 dpi. Nodules were fixed and 75 μm thick sections were prepared as 

detailed in section 5.2.1. Nodule sections were then treated with X-Gluc staining solution (2 

mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid substrate, 50 mM sodium phosphate 

buffer (pH 7.4), 1 mM potassium ferrocyanide, 1 mM potassium ferricyanide, 1mM EDTA, 

0.1% Sarcosyl, 0.05 % SDS and 0.1 % Triton X-100) (Horváth et al., 2023). Nodule sections 

added to GUS staining solution were vacuum infiltrated for 30 minutes, followed by incubation 

at 37 °C in the dark for 1-3 hours to detect GUS activity. The images of GUS-stained nodule 

sections were evaluated and documented under a light microscope. The 10x and 20x objectives 

of the Leica DM LB2 light microscope, and the images were captured with the QImaging 

MicroPublisher 3.3 RTV machine using the software recommended by the manufacturer. 

3.6. Acetylene reduction assay (ARA) 

The acetylene reduction assay was employed to measure nitrogenase activity of the rhizobia as 

an indicator of nodule nitrogen fixation. The assay relies on the ability of nitrogenase to reduce 

acetylene to ethylene, which can then be quantified by gas chromatography (GC). Transformed 

nodules were collected and placed in 2-ml airtight containers, after which 200 µl of acetylene 

was injected. Following incubation at room temperature for 2–3 hours, 100 µl of gas was 

sampled and directly injected into an Agilent 6890 gas chromatograph. Ethylene production 

was quantified using standards of known concentration, and the values were normalized to both 

nodule fresh weight and incubation time. 

3.7. Expression of nodGRP1L-StrepII in E. coli for protein production 

The recombinant construct pTXB1_GRP1L-StrepII was transformed into E. coli BL21(DE3) 

cells. A 200 ml culture was grown in a 1000 ml Erlenmeyer flask at 37 °C with shaking until 

the optical density at 600 nm reached 0.4–0.6. Gene expression was induced with 1 mM IPTG 

and cultures were incubated for an additional 3 h at 37 °C. Cells were harvested by 

centrifugation (4500 rpm, 10 min, 4 °C) and resuspended in 4 ml of 1× W buffer (100 mM Tris-

HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0). Cell disruption was performed by sonication, with 

the configuration of 2 minutes’ pulse and 3 minutes’ rest with 25% amplitude for 10 minutes 

on ice and repeated twice. The lysate was centrifuged (15,000 rpm, 15 min, 4 °C) to separate 



46 

 

soluble and insoluble fractions. The resulting pellet was resuspended in 1 ml of W buffer 

containing 1% SDS, vortexed, and incubated for 20 min at room temperature. A final 

centrifugation (13,000 rpm, 5 min, RT) was performed, and the supernatant containing the 

solubilized protein fraction was retained for further analysis. 

3.8. Affinity purification of nodGRP1L-StrepII protein 

Gravity-flow columns were employed for the purification of recombinant nodGRP1L-Strep. 

Columns were first equilibrated with 10 ml of W buffer, after which 4 ml of Strep-Tactin 

Sepharose resin (IBA Lifesciences) was packed. The soluble fraction of the bacterial lysate was 

then applied to the column, and unbound proteins were removed by eight washes of 5–6 ml W 

buffer (∼40 ml in total). Bound GRP1L-Strep was subsequently eluted with 10 ml of E buffer 

(100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, pH 8.0), which was 

collected as five fractions of 2 ml each in separate microcentrifuge tubes. 

3.9. Bacteroids isolation and Western blot analysis 

Transformed nodules were collected in microcentrifuge tubes and homogenized in PBS buffer 

using small plastic pestles. Cell debris was removed by gentle centrifugation at 800 g for 5 

minutes at 4 °C, and the resulting supernatant was sequentially filtered through 50 µm and 10 

µm filters. The filtrate was centrifuged at 3000 g for 5 minutes at 4 °C to pellet the bacteroids. 

The supernatant was collected and the pellet washed three times with PBS. For microscopic 

analysis, SYTO 9 and FM 4-64 dyes were used, and imaging was performed with an Olympus 

Fluoview FV1000 confocal laser microscope at 60× magnification. SYTO 9 was excited at 488 

nm, and emission was collected between 500 - 530 nm, while FM 4-64 was excited at 514 nm 

, emission was detected between 640 - 725 nm. For protein preparation, 2 µl of 1× Laemmli 

buffer (Bio-Rad #1610737) was added to 20 µl of both the supernatant and bacteroid fractions, 

followed by boiling for 10 minutes and separation on a 12% Tris-glycine SDS-PAGE gel. The 

resolved proteins were electrotransferred onto a nitrocellulose membrane at 18 V for 16 hours 

at 4 °C. The membrane was then processed under slow rocking, beginning with blocking in 3% 

BSA in TBST (1× PBS + 0.1% Tween-20) for 1 hour. It was subsequently incubated with the 

primary anti-StrepII antibody (Invitrogen, Cat. #26183) at a 1:5000 dilution in 3% BSA/TBST 

for 3 hours, washed three times for 10 minutes each in TBST, and then incubated with the 

secondary anti-mouse antibody at a 1:10,000 dilution in 3% BSA/TBST for 1 hour. Following 

three additional 10-minute washes in TBST and three washes in PBS, the chemiluminescent 

signal was detected with the Invitrogen iBright FL1500 Imaging System. 
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3.10. Microscale thermophoresis assay 

Binding interactions were analyzed using a Monolith NT.115 microscale thermophoresis 

(MST) instrument (NanoTemper Technologies, Munich, Germany). The instrument was 

equipped with a capillary tray, enabling successive measurements within each run using coated 

capillaries. For the binding check assays, measurements were performed with four samples, 

while for the affinity determination assays, sixteen samples were analyzed. Data acquisition 

and processing were conducted with the NT Analysis software (NanoTemper Technologies). 

All experiments were carried out under optimized MST settings, with the LED excitation power 

set to 30% and the MST laser power maintained at the low-power setting. Synthetic peptides 

were used throughout, prepared in Tris buffer supplemented with 500 mM NaCl and 0.05% 

Tween-20. 

3.11. Yeast Two-Hybrid (Y2H) assay  

Yeast two-hybrid experiments were carried out to identify potential interaction partners of 

nodGRP1L. A S. meliloti gene library had previously been cloned into the GADT7 vector, while 

nodGRP1L was inserted into the GBKT7 vector. The constructs were co-transformed into the 

Saccharomyces cerevisiae AH109 strain following the manufacturer’s protocol (Clontech 

Laboratories, Inc., Protocol No. PT1172-1). Double transformants were selected on synthetic 

dropout (SD) medium lacking leucine and tryptophan (SD-LT), which permits growth only of 

yeast cells carrying both GADT7 and GBKT7 constructs. To test for protein–protein 

interactions, yeast cells were grown on selective media lacking histidine (SD-HLT) or lacking 

both histidine and adenine (SD-AHLT). Growth on these media indicates a positive interaction 

between the tested proteins. Because selection on histidine-free medium alone may yield false 

positives, the adenine-deficient medium was used as a more stringent condition. To further 

validate interactions, candidate partners were re-cloned into both GADT7 and GBKT7 vectors, 

and drop assays were performed by spotting 5 μl of yeast suspensions onto SD-LT, SD-HLT, 

and SD-AHLT plates. 

3.12. Infiltration of Nicotiana benthamiana leaves for transient gene expression 

Alongside the A. tumefaciens C58C1 carrying the constructs of interest, a strain harboring a 

construct encoding the p19 RNA-silencing suppressor (Silhavy et al., 2002; Voinnet et al., 

2003) was also infiltrated to inhibit RNA silencing in the plant and thereby enhance protein 

production. Agrobacterium suspensions were mixed in equal proportions and incubated in the 

dark at room temperature for 3 h before infiltration. The mixtures were then infiltrated into the 

abaxial side of N. benthamiana leaves. Leaves were harvested 3 - 4 days post-infiltration for 
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analysis. Intracellular localization and BiFC assays were performed using a Leica Stellaris 8 

confocal laser scanning microscope, with excitation at 514 nm and emission collected between 

525–600 nm for yellow fluorescent protein (YFP). 

3.13. Preparation of RNA samples  

3.13.1. RNA isolation from M. truncatula nodules  

Nodules from nodGRP1L RNAi plants and wild-type R108 were grown in zeolite and 

inoculated with S. meliloti Rm41. After 8 days of infection, nodules were harvested and 

immediately frozen in liquid nitrogen. Total RNA was extracted using the Quick-RNA Plant 

Miniprep Kit (Zymo Research). A total of eight RNA-seq samples were prepared, comprising 

three controls and five nodGRP1L RNAi samples. Each sample was generated from pooled 

nodule RNA of several plants. 

3.13.2 RNA isolation from E. coli culture 

E. coli starter cultures in the exponential growth phase were diluted to OD600 = 0.05 and grown 

to early logarithmic phase (OD600 = 0.2) in six separate flasks in 10 - 10 ml LSM (MBC = 6.2 

µM) liquid medium (Farkas et al., 2018). Three biological replicates were treated at OD600 = 

0.2 with a final concentration of 1.6 µM NCR169C17-38 peptide for 20 minutes, while the control 

samples were treated with the same amount of water for 20 minutes. Total bacterial RNA was 

purified from samples using the RNeasy Mini Kit/QIAGEN (cat. no. 74104) following the 

instructions in the protocol, prior the purification with treatment of RNAprotect Bacterial 

Reagent/QIAGEN (cat. no. 76506). Residual DNA was eliminated using Ambion DNase I 

(RNase-free). The samples were precipitated with ethanol and resuspended in RNase free water. 

3.13.3. cDNA synthesis 

The quantity of RNA was checked with a NanoDrop spectrophotometer and RNA quality and 

integrity were assessed with an Agilent 2200 TapeStation (Agilent Technologies). cDNA was 

synthesized from 100 ng of total RNA in a 20 μl reaction using the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems) following the instructions stated in their 

protocol. 

3.14. RT-qPCR  

The relative expression of genes from the cDNA samples was measured with a StepOne Plus 

(Thermo Fisher) real-time PCR device using PowerUp SYBR Green Master Mix (Applied 
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Biosystems). Three technical replicates were performed on all biological replicates. The 

sequences of the primers used for RT-qPCR can be found in Appendix. 

3.14.1. RT-qPCR on RNA from M. truncatula nodules 

Quantitative real time PCR (qRT-PCR) was performed on selected genes (nod GRP1L, 

nodGRP3A, nodGRP3C, and nodGRP4). The 40S ribosomal S19-like gene (Medtr3g013640) 

was used as an internal control for normalization of the results (Nagymihály, 2017).  

3.14.2. RT-qPCR on RNA from E. coli cells 

Quantitative real time PCR (qRT-PCR) was performed on selected genes (cysG, hcaT, osmB, 

rplK, ompF, rpsJ, tufAB, ihfB, rpoA, metK, lpp). Data were normalized to cysG gene that proved 

to be a reliable reference gene during stress conditions (Zhou et al., 2011, Peng et al., 2014), 

and the results were compared to the sequencing data. 

3.15. Peptides synthesis 

NCR169, NCR169C17-38 and derivatives were synthesized by standard Fmoc solid-phase 

peptide synthesis (SPPS) on a TentaGel S RAM resin using an automated peptide synthesizer 

(CEM Liberty Blue) followed by RP-HPLC purification and ESI-MS confirmation of identity 

(Jenei et al., 2020, Howan et al., 2023).  

3.16. Antimicrobial assays 

Minimal bactericidal concentrations (MBC) of peptides and reference antibiotics were 

determined in 20 mM potassium phosphate buffer (PPB, pH 7.4) and Mueller–Hinton broth 

(MHB) as described by Jenei et al. (2020). Briefly, bacterial cultures were grown to mid-log 

phase, washed, adjusted to OD₆₀₀ = 0.1 (~10⁷ CFU/ml), 10 μl of it was added into 100 μl mixture 

and incubated in 96-well plates with 2-fold serial dilutions of peptides starting from 25 μM. 

After incubation at 37 °C with shaking, bacterial viability was assessed by plating 5 l aliquots 

on LB agar. MBC was defined as the lowest concentration yielding no colony growth. 

3.17. Combined treatment of E. coli with NCR169C17-38 and antibiotics or NCR335 

fragments 

The effects of the different combinations of NCR169C17-38 with streptomycin, meropenem, 

polymyxin B and fragments of NCR335 (NCR335N1-19: RLNTTFRPLNFKMLRFWGQ; 

NCR335C13-33: KDCPKLRRANVRCRKSYCVPI) were determined by standard checkerboard 

titration method. Streptomycin was tested at concentrations ranging from 25 μM to 0.4 μM, 

meropenem from 200 μM to 3.1 μM, and polymyxin B from 6.3 μM to 0.1 μM. NCR335N1-19 
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was tested in a concentration range from 3.1 μM to 0.05 μM, while NCR335C13-33 from 12.5μ 

M to 0.2 μM. NCR169C17-38 concentrations ranged from 25 μM to 0.4 μM when tested with 

antibiotics, whereas in combinations with peptide fragments, lower concentrations of 

NCR169C17-38 (3.1 μM to 0.05 μM) were applied. The initial E. coli density in each well were 

adjusted to OD600 = 0.01 corresponding to ∼106 CFU/ml. From the antibiotic 45 μl dissolved 

in MHB medium were combined with 45 μl of NCR169C17-38 or NCR335 fragments dissolved 

in PPB. Into the 90 μl mixture, 10 μl of bacterial suspension were added and incubated for 3 h 

at 37 °C with 250 rpm shaking, 5 μl from each sample was placed on LB agar and MBC was 

detected after overnight incubation at 37 °C. The effectiveness of combination treatments was 

measured using the fractional bactericidal concentration (FBC) index, which is a metric used to 

assess the interaction between antimicrobial agents, determining whether their combined effect 

is synergistic, additive, or antagonistic. First, the MBC values of polymyxin B, meropenem, 

streptomycin, NCR335N1-19, and NCR335C13-33 were determined in E. coli. Subsequently, their 

combinations with NCR169C17-38 were examined using the FBC index. FBC = FBCA + FBCB. 

FBCA = (MBCA in combination) / (MBCA alone); FBCB = (MBCB in combination) / (MBCB 

alone). 

3.18. Biofilm inhibition and biofilm eradication assays on Acinetobacter baumannii 

For the biofilm inhibition assay the antimicrobial activity test was done in 1/10 MHB using A. 

baumannii treated with the respective dilutions of NCR169C17-38, meropenem or polymyxin B 

for 24 h. After taking the 5 ul samples at the end of the treatment (to determine MBC values), 

the rest of the bacterial suspensions were removed from the wells and the remaining biofilm at 

the bottom and walls of the wells was then washed three times with sterile water and stained 

using 1% Crystal Violet (CV) for 15 minutes to visualize the produced biofilm. The non-

adherent CV dye was then removed by washing with water three times. The plate was left for 

complete drying, then the biofilm-bound CV dye was dissolved in 200 µl of 30 % acetic-acid 

with shaking over 15 minutes. The absorbance was measured at OD550 using a HIDEX Plate 

Reader (Hidex Sense Microplate Reader with Plate Reader Software version 5064, Hidex, 

Finland). All measurements were repeated three times. 

For the biofilm eradication assay the bacteria were pre-cultured for 24 h in MHB with a starting 

OD600 = 0.01. Then the supernatants were removed from the wells and the biofilm was washed 

three times with 200 µl of 1/2 MHB. Subsequently fresh 1/10 MHB containing the respective 

dilutions of NCR169C17-38, meropenem or polymixin B was added to the wells, the treatment 

lasted either 3 h or 24 h.  
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3.19. Cell membrane damage assessed by different methods 

Microbial cell membrane integrity or damage was assayed with Live/Dead staining. E. coli were 

grown as for the antimicrobial activity assay and washed with PPB. Cells were resuspended in 

PPB, and diluted to OD600 = 0.1 and then treated with 3.125 or 1.6 μM of NCR169C17-38 at 

room temperature. Untreated cells served as negative control. Cells were subsequently stained 

with 5 μM SYTO 9 and 5 μM propidium iodide (PI). After a 10-minute incubation in the dark, 

5 µL of each cell suspension was placed on a microscope slide, covered with thin 2% (w/v) 

agar slices, and examined using an Olympus Fluoview FV1000 confocal laser microscope at 

60× magnification. For SYTO 9, excitation was at 488 nm and emission was collected between 

500–530 nm; for PI, excitation was at 543 nm with emission detected between 555–655 nm. 

Sequential scanning was used to avoid crosstalk of the fluorescent dyes. 

To visualize morphological changes on the bacterial surface E. coli culture in the log phase 

(OD600 = 0.1) were treated with NCR169C17-38 peptide at concentrations of 1.6 µM and 3.1 µM 

in PPB. After treatment, 5 μl of the above bacterial suspensions were spotted on a 0.1 µm PC 

membrane (Merck Isopore). The samples were then fixed with 2.5% (v/v) glutaraldehyde in 

phosphate buffered saline (PBS, pH 7.4).  The membranes were washed twice with PBS and 

gradually dehydrated with ethanol series (30, 50, 70, 80%, and three times 100% ethanol, each 

for minimum 30 min). The samples were dried with a critical point dryer (K850: Quorum 

Technologies Ltd.), followed by 12 nm gold coating using a Quorum Q150T ES (Quorum 

Technologies, Lewes, UK) sputter coater and observed with a JEOL JSM-7100F/LV scanning 

electron microscope. 

To monitor PI uptake in real time, 10 µL of E. coli suspension (OD₆₀₀ = 0.1, prepared as 

described above) was mixed with 90 µL of PPB containing a two-fold serial dilution of 

NCR169C17-38 (12.5 µM to 0.8 µM) or polymyxin B (0.8 µM), along with 200 ng/mL PI. 

Fluorescence was recorded using a Hidex Sense Microplate Reader (software version 5064) 

with excitation and emission wavelengths set at 535 nm and 617 nm, respectively. Experiments 

were repeated three times. 

3.20. Heat stability assay using dot-blot 

For heat stability test, serial dilutions of the NCR169C17-38-StrepII peptide were prepared in 

PPB at concentrations of 25, 12.5, 6.3, 3.1 µM, following the same protocol used in the 

antimicrobial assay. One set of samples was incubated overnight at 37 °C with shaking, another 

set was subjected to heat stress at 80 °C for 20 minutes, while one set was freshly prepared. 

Dot-blot analysis was performed by spotting 5 µL of each peptide solution onto a 0.22 µm 
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nitrocellulose membrane (Bio-Rad). Detection of the StrepII-tagged peptide was carried out 

using the Precision Protein StrepTactin-HRP conjugate (Bio-Rad), following the 

manufacturer’s recommended protocol. Signal development was achieved using the Clarity 

Western ECL Substrate (Bio-Rad), with the membrane incubated for 5 minutes at room 

temperature, followed by exposure to Fuji Medical X-ray film for visualization. 

3.21. Lipid overlay assay 

Membrane lipid strips (Echelon Biosciences, P-6002) were incubated for 1 h in blocking 

solution (3 % BSA in TBS-Tween 0.1%) with gentle agitation followed by four 8-min washes 

in TBS-Tween. Then, strips were incubated with 2 μM of NCR169C17-38 in blocking solution 

for 1 h. Unbound peptide was washed off by four 8-min washes in TBS-Tween. The bound 

StrepII-tagged peptide was then detected on the strips using the same procedure described for 

the dot blot, except that chemiluminescence was visualized with an iBright™ FL1500 Imaging 

System (Invitrogen). 

3.22. Liposome sedimentation assay 

To prepare the liposomes, phospholipids DMPC and Cardiolipin purchased from Avanti Polar 

Lipids (Alabaster, AL, USA) were dissolved in Chloroform:Methanol:Water in the ratio of 

(65:25:4) and (73:23:3) respectively, and dried under vacuum for 1 h. The lipid film was 

suspended in the assay buffer (20 mM HEPES, 150 mM NaCl, pH 7.0), vortexed, and sonicated 

for 15 min to form the liposomes. The assay was carried out by incubating 2 mM of the 

liposomes with 20 μM of NCR169C17-38 peptide and incubated for 30 min at room temperature, 

followed by ultracentrifugation at 200,000×g for 15 min at 20 °C. After centrifugation, the 

supernatant (sn) and pellet (p) fractions were collected separately and were subjected to glycine-

SDS-PAGE. The peptides were detected by Coomassie Brilliant Blue staining. 

3.23. Nucleic acid binding assays 

The DNA- and RNA-binding abilities of NCR169C17-38, its parental peptide NCR169, and two 

shorter derivatives (NCR16916-27 and NCR16917-27) were initially evaluated using a gel 

retardation assay. In this setup, 100 ng of either E. coli genomic DNA or total RNA was 

incubated with 10 µM or 100 µM of each peptide for 30 min at 37 °C. Reaction mixtures, along 

with untreated controls, were then subjected to agarose gel electrophoresis, and the resulting 

nucleic acid migration patterns were examined for changes indicative of peptide binding. The 

interaction of NCR169C17-38 with circular plasmid DNA (pDEST-GBKT7) was also 
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characterized using peptide concentrations ranging from 50 µM to 0.8 µM, prepared by 2-fold 

serial dilution. 

In addition, DNA-binding kinetics were monitored in real time using a Hidex Sense plate reader 

at room temperature in three independent experiments. Reaction mixtures contained 100 ng of 

HindIII-digested lambda phage DNA in 1× SYBR Gold (Thermo Scientific), either without 

peptide or with 10 µM of NCR169C17-38 (2.74041 µg), NCR169 (4.56545 µg), NCR16916-27 

(1.56597 µg), or NCR16917-27 (1.40279 µg). Peptides were added either at the start (0 min) or 

at 14 min. Fluorescence from DNA-bound SYBR Gold was measured every 3 min (excitation 

490 nm, emission 535 nm). At 27 min, proteinase K (1 mg/ml; 100 µg final) was added to 

peptide-treated samples to assess the effect on peptide–DNA binding. 
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4. Results 

4.1. Identification and functional analysis of plant-derived nodule-specific 

glycine rich protein GRP1L 

Based on differential spatial and temporal expression pattern of NCR and nodGRP genes in 

successive stages of symbiotic cell development it was hypothesized that these genes play 

specific roles in nodule formation. To investigate their roles, RNAi gene silencing constructs 

were produced for several selected genes. To ensure reliable results, stable transgenic M. 

truncatula plants were generated earlier in the lab, as each plant develops from a single 

transformed cell, producing genetically uniform tissues throughout the organism. Seeds were 

collected from each transgenic plant so that the symbiotic phenotype could be later determined 

in the offspring. 

4.1.1. Screening of RNAi transgenic M. truncatula plants identified nodGRP1L as 

essential for symbiotic nodule development 

As it was described above, a set of stable transgenic M. truncatula lines were generated earlier 

targeting various NCR and nodGRP genes to check the effect of their silencing on the nitrogen-

fixing symbiosis. For this purpose, wild-type (WT) M. truncatula R108 plants and the progeny 

of the different transgenic RNAi lines (Table 1.) were inoculated with their symbiotic partner, 

Sinorhizobium meliloti Rm41. Since the presence of the transgene could segregate in the 

progeny of the lines, at least 15 individuals per line were tested.  

The plants were grown under nitrogen-free condition to allow a clear assessment of nodule 

development following inoculation with its compatible symbiont. Symbiotic phenotypes were 

evaluated at 14 days post-inoculation (14 dpi). By this time there were already clear signs of 

nitrogen starvation of several individuals of two distinct transgenic nodGRP1L RNAi-silenced 

lines (no. 1 and 3; Fig. 16.) that suggested impaired symbiotic nodule development. Among the 

tested genes, the nodGRP1L was particularly interesting, as it is one of the highly expressed 

nodGRPs and its expression can be detected in the nodule interzone (Roux et al., 2014), 

suggesting that this gene plays a role in the process of transforming the bacteria into fully 

differentiated bacteroids. 
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Table 1. List of the Medicago truncatula stable transgenic RNAi lines targeting various 

NCR or nodGRP genes. The number of distinct transgenic lines available for a targeted gene 

is indicated in the first column. The progeny of these lines (grown from available seeds per 

lines) were evaluated for their symbiotic phenotypes in plant assays. Among the X 

independent transgenic lines targeting nodGRP1L, there were two lines in which several 

individuals exhibited Fix⁻ mutant symbiotic nodules. 

 

Number of lines Targeted gene Plant ecotype/ rhizobial strain 

9 nodGRP1L R108/Rm41 

1 nodGRP3A R108/Rm41 

3 nodGRP3A, 3B R108/Rm41 

1 nodGRP3C R108/Rm41 

1 nodGRP2A R108/Rm41 

7 

15 nodGRPs (1H, 1I, 

1K, 2A,2B, 2C, 2D, 3A, 

3B, 3C, 4, 5A, 5B, 6A, 

6B ) 

R108/Rm41 

5 NCR335 R108/Rm41 

6 NCR001 R108/Rm41 

4 NCR164 R108/Rm41 

2 NCR247 R108/Rm41 

1 NCR209 R108/Rm41 

2 NCR084 R108/Rm41 

1 NCR235 R108/Rm41 

2 NCR209 R108/Rm41 

4 NCR025 R108/Rm41 

2 NCR 025 2HA/WSM419 

1 NCR209 2HA/WSM419 

 

 

Morphological characterization of nodGRP1L RNAi-silenced plants inoculated with S. meliloti 

Rm41, compared to the WT R108, revealed pronounced differences in shoot growth, root 

architecture, and nodule development. WT plants exhibited normal growth, with a well-

branched shoot system bearing numerous nitrogen fixing nodules (Fig. 16. A). In contrast, 

silencing of nodGRP1L provoked reduced growth, a less developed root system, and visibly 

fewer nodules (Fig. 16. B). WT nodules were elongated and pink, indicating the accumulation 

of functional leghemoglobin, which is essential for maintaining reduced oxygen levels to ensure 

the activity of nitrogenase enzyme required for symbiotic nitrogen fixation. This reflects proper 

bacteroid differentiation and efficient nitrogen-fixing activity. In contrast, nodules from the 

silenced plants were smaller, mostly round shaped and white that collectively indicated the 

absence of nitrogen fixation (Fix-). 
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Figure 16. Symbiotic phenotype of WT and nodGRP1L RNAi transgenic M. truncatula 

plants. (a) R108 plant with a WT nodule below. (b) Four T2 individuals originating from two 

distinct T1 transgenic nodGRP1L RNAi-silenced lines. These plants are smaller in size than 

the WT and their nodules below show the symptoms of nitrogen starvation: white, small and 

Fix-. Nodules are from plants after 2 weeks of inoculation with strain S. meliloti Rm41. Scale 

bar of plants, 2 cm. Scale bar, of nodules, 10 mm 

 

4.1.2 Verification of nodGRP1L gene silencing using real-time PCR 

In order to prove the efficiency of gene silencing we examined the expression level of the 

nodGRP1L gene in the WT and in the Fix- nodules of the nodGRP1L RNAi-silenced lines (line 

1 and 3) using quantitative real-time PCR (qRT-PCR). In the nodules of the two independent 

RNAi lines, nodGRP1L transcript levels were reduced to 0.11 and 0.25 relative to the WT (Fig. 

17), indicating a strong and significant downregulation that confirms effective gene silencing. 

To assess the specificity of this silencing, we also analyzed the expression of three additional 

members of the nodGRP gene family: nodGRP3A, nodGRP3C, and nodGRP4. The results 

showed that none of these genes were down-regulated, with relative expression values of 1.86 

and 1.33 for nodGRP3A, 1.71 and 1.20 for nodGRP3C, and 2.13 and 1.41 for nodGRP4 in the 

nodules of the two RNAi lines (Fig. 17.). These data indicate that the silencing was specific to 

nodGRP1L gene and did not extend to other nodGRP family members. 
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Figure 17. Silencing of the nodGRP1L gene confirmed by qRT-PCR reaction. The 

expression of the nodGRP1L gene decreased with 75% in line 1 and 89% in line 3 compared 

to the control. The expression levels of the other tested nodGRP genes (nodGRP3A, 

nodGRP3C and nodGRP4) did not decrease compared to the control R108. 

 

4.1.3. Structural analysis of the symbiotic nodules of the nodGRP1L RNAi-silenced M. 

truncatula plants 

To examine nodule development, colonization and the fate of the microsymbiont, we compared 

the morphology of the symbiotic cells in the nodule sections of the nodGRP1L RNAi-silenced 

and WT nodules using laser scanning confocal microscopy (Fig. 18.). Live - dead staining was 

performed to assess the viability of S. meliloti Rm41 cells, with SYTO9 labeling viable cells 

and Propidium iodide (PI) entering and marking non-viable (dead) bacterial cells and staining 

the plant nuclei. Longitudinal sections of WT nodules displayed the characteristic zonation of 

indeterminate nodules from meristem (ZI) containing red nuclei to nitrogen fixation zone (ZIII). 

Bacterial colonization of host cells in the infection zone (ZII) and interzone (IZ), as well as the 

presence of bacteroids in the nitrogen fixation zone (ZIII), proceeded normally (Fig. 18. A, B). 

This distribution across the zones reflect the typical progression of symbiotic colonization. In 

contrast, nodGRP1L RNAi-silenced nodules exhibited an altered zonation pattern. Nodule cells 

were colonized by rhizobia in the infection zone (ZII) and interzone (IZ), but the region 

corresponding to the nitrogen fixation zone (ZIII) was devoid of live rhizobia (Fig. 18. E, F), 

indicating abnormal bacteroid and symbiotic cell differentiation. Higher magnification of 

nodule cells revealed that, in WT nodules, rhizobia became elongated in both the interzone (IZ) 

and the nitrogen fixation zone (ZIII) (Fig. 18. C, D), indicating their complete differentiation 

into bacteroids. In nodGRP1L RNAi-silenced nodules, colonized cells displayed similar 

elongated rhizobia in the interzone, comparable to WT nodules (Fig. 18. D, G). The major steps 
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of terminal differentiation of bacteroids occur in the WT interzone (IZ), and marked by 

elongation of bacteroids (Fig. 18. D). This is also visible in the IZ of silenced nodules, but these 

bacteroids after their elongation almost immediately lose their viability at this stage, indicated 

by their red staining (Fig. 18. G, H). In the nitrogen fixation zone (ZIII) of WT nodules, large 

plant cells containing fully elongated bacteroids were evident (Fig. 18. C). By comparison, no 

elongated bacteroids were observed in the ZIII of nodGRP1L RNAi-silenced nodules (Fig. 18. 

F). 

 

 
Figure 18. Morphological comparison of 14 dpi symbiotic nodules in nodGRP1L RNAi 

transgenic plant and WT nodules using confocal laser scanning microscopy. 14 dpi nodule 

sections of (A-D) WT plant and (E-H) nodGRP1L RNAi transgenic plant stained with SYTO9 

(green) and PI (red). In the transgenic nodule, the elongated rhizobia in the interzone (IZ) lose 

their viability (G, H) compared to the WT nodule (D). The nitrogen fixing zone (ZIII) is missing 

in the transgenic nodule (F), while the WT nodule has a functional (ZIII) (D, D). (n) plant cells 

nuclei. Scale bar, 200 µm (A, B, C, F, G) 4 µm (D, H, F) 

 

To determine whether the observed phenotype in transgenic nodules reflected a developmental 

delay or a distinct fate, nodules were collected at later time points as well: 28 dpi (Fig. 19. A-

C) and 42 dpi (Fig. 19. D-F) and analyzed as described previously. In WT plants, nodules 

appeared healthy and contained abundant, fully functional, living bacteroids. (Fig 19. A, D), 

while no nitrogen fixation zone (ZIII) appeared in the nodGRP1L RNAi-silenced nodules (Fig. 

19. B, E). Moreover, some of the elongated rhizobia present in the interzone (IZ) started to stain 

red at 28 dpi (Fig. 19. C) and became all red at 42 dpi indicating complete loss of viability of 

the rhizobia. Interestingly, many viable bacteria continued to be released from infection threads 

in zone II apparently as an attempt by the symbiotic system to maintain function; however, 

these bacteria failed to differentiate into nitrogen-fixing bacteroids in the interzone (IZ). 
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Figure 19. Morphological comparison of symbiotic nodules in nodGRP1L RNAi 

transgenic plant and WT nodules at 28 and 42 dpi by confocal laser scanning 

microscopy. Nodule sections of (A-C) 28 dpi and (E-F) 42 dpi plants stained with 

SYTO9 (green) and PI (red). The nodGRP1L RNAi transgenic plants (B, C, E, F) 

show extensive release of viable bacteria from infection threads in zone II (ZII); 

however, these bacteria fail to differentiate into nitrogen-fixing cells in the interzone 

(IZ), which is filled with dead rhizobia. In contrast, WT plants (A, D) contain nodules 

rich in viable bacteroids. Scale bars, 200 µm (A, B, D, E) 10 µm (C, F). 

 

4.1.4. Ultrastructural characterization and starch deposition in nodGRP1L RNAi-silenced 

nodules 

To investigate the abnormal morphology of the symbiotic organ, nodules of nodGRP1L RNAi-

silenced plants were sectioned to 50 nm and examined by transmission electron microscopy 

(TEM). The focus was on the nodule (IZ) where nodGRP1L is predominantly expressed and 

confocal microscopy pictures indicated the complete arrest of the symbiotic cell development 

process. TEM analysis revealed significant ultrastructural differences in this region compared 

to that of the WT nodules (Fig. 20.). In WT nodules (Fig. 20.A-D), cells contained regular 

bacteroids tightly enclosed in peribacteroid membranes characteristic for nitrogen fixing 

bacteroids (Fig. 20. A). Mitochondria displayed normal morphology, suggesting a stable energy 

supply that adequately supported both the bacteroid and the host cell function (Fig. 20. D). 

Amyloplasts containing accumulated starch granules were present in the interzone in large and 

irregularly shaped form near the cell membrane (Fig. 20. A), which later became smaller and 

elongated in the nitrogen fixation zone, while the uninfected cells kept the irregular shape of 

the amyloplasts (Fig. 20. B, D). In contrast, nodGRP1L RNAi-silenced nodules exhibited 
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pronounced ultrastructural abnormalities (Fig. 20. E-H). Although bacteroids initially appeared 

normal, the peribacteroid membrane around them was looser, creating wider peribacteroid 

space than in WT cells (Fig. 20. E). In the proximal interzone, bacteroids showed signs of 

degeneration, visible as less-dense areas within the bacteroids (Fig. 20. F). Eventually, fully 

degraded bacteroids left behind only empty peribacteroid membranes (Fig 20. F, G). 

Mitochondria generally exhibited a normal morphology even when bacteroids began to 

degenerate toward the end of the interzone. However, their size was reduced compared to 

mitochondria in the WT, (Fig. 20. H). Furthermore, high number of small vesicles were 

frequently observed within the empty peribacteroid membranes compared to the WT nodules, 

reflecting cellular responses associated with bacteroid degeneration (Whitehead & Day, 1997) 

(Fig. 20. G). Remarkably and in contrast to the WT nodules, nodGRP1L RNAi-silenced nodules 

were completely devoid of amyloplasts in all developmental zones. 

 

 
Figure 20. Transmission electron microscopy analysis of IZ and ZIII in 14 dpi WT and 

nodGRP1L RNAi-silenced nodules. WT nodules are shown in (A-D), and nodGRP1L RNAi-

silenced nodules in (E-H). Healthy bacteroids are observed in the IZ of both WT and 

nodGRP1L RNAi-silenced nodules (A-D, E, F). Degrading bacteroids (d) and empty 

peribacteroid membranes (e) are detected in nodGRP1L RNAi-silenced nodules (E-G). 

Mitochondria (m) in WT plant cells (D) are larger than those in nodGRP1L RNAi-silenced 

cells (H). In WT nodules, amyloplasts (ap) are large and irregularly shaped in the distal IZ (A) 

and non-infected plant cells (B) but become smaller and elongated in ZIII (B, C). In contrast, 

no amyloplasts are observed in any zone of nodGRP1L RNAi-silenced nodules (E–H). (ni): 

non-infected plant cells. Scale bars, 10 µm (B) 5 µm (A, C) 2 µm (E, D) 1 µm (F, G) 900 nm 

(H). 
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To validate the absence of amyloplasts in the transgenic nodules, we performed starch staining 

with Lugol’s solution on sections of WT and nodGRP1L RNAi-silenced nodules (Fig. 21.). A 

strong black staining was detected in the interzone IZ (Fig. 21. a, b), consistent with the 

presence of the starch-containing amyloplasts that are characteristic to normal interzone (IZ) 

development. In contrast, transgenic nodules completely lacked detectable starch granules, as 

no staining was observed in any of the developmental zones (Fig. 21. c, d). This striking 

difference highlights the disruption of normal amyloplast formation and starch storage in the 

RNAi-silenced nodules, further supporting the impaired establishment of a functional nitrogen 

fixation zone. 

 

 
Figure 21. Starch content of the 14 dpi nodGRP1L RNAi-silenced nodules visualized by 

Lugol staining. Sections of WT nodules (A, B) display high content of starch stained in black, 

while this staining is missing in nodGRP1L RNAi-silenced nodules (C, D) indicating the 

absence of starch in both infected cells and non-infected cells. Scale bars, 250 µm. 

 

4.1.5. Effects of ectopic overexpression of nodGRP1L gene on nodule formation and 

nitrogen fixation 

To gain further insight into the function of nodGRP1L, we generated a plasmid construct in 

which the pLjUb promoter drives constitutive expression of this gene. The construct also 

contained a DsRed fluorescent reporter marking the transgenic tissues. This plasmid was 

introduced into M. truncatula using an Agrobacterium rhizogenes strain to induce transgenic 

hairy roots on the plants which were then inoculated with the microsymbiont bacteria, and 

plants and nodules were examined at 15 dpi.  

Visual inspection revealed that overexpression of nodGRP1L led to reduced shoot and root 

growth (Fig. 22. B) compared with wild-type (WT) control (Fig. 22. A). In contrast, nodule 

development appeared normal, retaining the characteristic pink coloration and showing no 

obvious morphological differences from WT nodules. However, nitrogen fixation activity was 

markedly reduced. Acetylene reduction assays showed that nodules overexpressing nodGRP1L 

exhibited significantly lower nitrogenase activity compared to WT nodules (Fig. 22. C), 
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indicating that excessive constitutive expression of this gene negatively affects bacteroid 

nitrogen fixation efficiency. 

 

 
Figure 22. Effects of ectopic overexpression of the nodGRP1L gene on nodule 

development. Plants overexpressing nodGRP1L exhibited reduced shoot and root growth (B) 

compared to the wild type (WT) (A). Ethylene production from three biological replicates was 

normalized to both nodule weight (mg) and assay duration (hours) for acetylene reduction 

measurements (C). Statistical significance was determined using an unpaired t-test (*** p ≤ 

0.001). 

 

To better understand this phenotype, nodules sections were stained with SYTO9 and PI 

fluorescent dyes for live\dead staining, and analyzed by confocal laser scanning microscopy. 

Microscopic observations revealed that early nodule development resulted in normal ZI and 

ZII, but the interzone (IZ) - where nodGRP1L expression is highest - appeared enlarged in the 

overexpressing nodules (Fig. 23. b) compared to the interzone (IZ) in WT nodules (Fig. 23. a). 

Although bacteroids elongated within this region, their transformation to bacteroid form is 

initiated (allowing the production of leghemoglobin that gives the pink colour of the nodules), 

they rapidly degenerated upon entering the first cell layers of zone III (Fig. 23. e). This indicates 

that ectopic overexpression of nodGRP1L interferes with the transition to fully functional 

differentiated, nitrogen-fixing bacteroids. 
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Figure 23. Live\dead staining of 15 dpi nodule where nodGRP1L gene is overexpressed 

using SYTO9 and PI. Nodule sections of WT (A) and transgenic nodules where the 

nodGRP1L gene is overexpressed (B) stained for live (green) or dead (red) bacterial cells. The 

IZ is large and bacteroids start to die inside the nitrogen fixing zone (ZIII) of the transgenic 

line (B) compared to the WT nodule (A). 

 

Since a severe starch-amyloplast phenotype was detected in the RNAi-silenced plants, the 

starch content of the nodGRP1L overexpressing nodules was also assessed by Lugol staining 

(Fig. 24.). This showed that transgenic nodules accumulated noticeably more starch in an 

extended region comprising multiple cell layers than WT nodules, consistent with an increased 

number and size of amyloplasts within the infected cells. This phenotype was the exact opposite 

of that observed in the nodules of the RNAi-silenced plants.  

 
Figure 24. Starch content of the 15 dpi nodGRP1L overexpressing nodules visualized by 

Lugol staining. Nodules sections from (A) WT plant and (B) transgenic hairy roots plant where 

the GRP1L gene is overexpressed under the ubiquitin constitutive promoter. Nodule from the 

transgenic line (B) have higher content of starch stained with black than nodules from the WT 

(A), especially in the interzone (IZ). Scale bars, 250 µm. 
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4.1.6. Identification of the minimal promoter region responsible for the proper 

expression of nodGRP1L 

The symbiotic phenotype of the nodGRP1L - silenced and overexpressing plants demonstrated 

that this gene is essential for nodule function in the interzone (IZ), aligning with RNA-seq data 

indicating strong expression of this gene in that region (Roux et al., 2014). We wanted to 

determine the minimal promoter region of nodGRP1L that drives its specific spatial and 

temporal expression patterns, aiming to identify the cis-regulatory elements responsible for 

gene activation in symbiotic nodules. For this purpose, promoter fragments of different lengths 

(1079 bp, 703 bp, and 419 bp) located upstream of the transcription start site were cloned and 

fused to the GUS reporter gene. These constructs were introduced into M. truncatula plants by 

hairy root transformation using A. rhizogenes, and transgenic roots were inoculated with the 

adequate S. meliloti strain. Since the aim was to determine which promoter fragment is 

sufficient to drive correct expression of nodGRP1L, nodules were collected at two time points: 

an early stage (6 dpi) and the mature symbiotic stage (14 dpi). GUS staining was done on 

nodules sections (Fig. 25.). At 6 dpi, all the three promoter fragments showed similar early 

activity within the nodule tissue (Fig. 25. A-C). In the mature nodules at 14 dpi, though the 

overall activity the 1079 bp fragment conferred less strong GUS staining, the highest activity 

is in the Interzone (IZ) for all the different promoter fragments, with weaker staining in the 

infection zone (ZII) and nitrogen fixation zone (ZIII) (Fig. 25. D-F), consistent with previously 

reported expression data (Roux et al., 2014). This indicates that the shortest 419 bp promoter 

fragment contains the regulatory elements necessary for correct spatial and temporal expression 

of nodGRP1L. 
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Figure 25. Activity of nodGRP1L promoter regions with different length visualized with 

GUS reporter gene in M. truncatula nodules. GUS staining of nodule sections from M. 

truncatula transgenic hairy roots carrying the following lengths of nodGRP1L promoter in 

GUS reporter gene fusion: 1079 bp (a, d), 703 bp (B, E) and 419 bp (C, F). Young nodules 

were collected at 6 dpi (A-C), while mature nodules were collected at 14 dpi (D-F). All these 

promoters ensure the expression of the gene in early stages (A-C) and in the IZ with different 

strengths later on (D-F). Scale bars, 250 µm. 

 

4.1.7. Determining the localization of the nodGRP1L protein in the symbiotic nodule 

The impaired symbiotic phenotype of the nodGRP1L –silenced and overexpressing plants 

showed unfinished bacteroid differentiation of rhizobia in M. truncatula nodules. Therefore, 

we sought to determine whether the protein product of this gene can enter bacterial cells and to 

identify its localization within the nodules. 

4.1.7.1 Production of labeled nodGRP1L protein and observing their possible entrance 

to the symbiotic bacteroids or free-living rhizobia 

For a more comprehensive characterization of nodGRP1L, we established a recombinant 

expression system and successfully expressed the nodGRP1L protein. The recombinant protein 

migrated at approximately 15 kDa, consistent with its predicted molecular weight, as shown in 

(Fig. 26.a). For purification, the constructs were designed to include a Strep-tag II attached to 

the C-terminal of the coding sequence of nodGRP1L, an eight–amino acid peptide with high 

affinity for engineered streptavidin resins. This system enables efficient one-step affinity 
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purification under physiological conditions, thereby minimizing nonspecific binding and 

preserving protein functionality (Fig. 26.b) (Schmidt and Skerra, 2007; Waugh, 2011). 

 
Figure 26. Expression and purification of recombinant nodGRP1L protein. SDS-

polyacrylamide gel electrophoresis images showing; (a) the successful induction of nodGRP1L 

in the supernatant fraction (SN) and not in the pellet (P) of the BL321DE3 bacteria lysate, (b) 

the purification of the nodGRP1L peptide from the BL321DE3 bacteria lysate. The different 

samples are: FT: flow-through; W: washing; E1-E5: consecutive elutions. Samples were run 

on a 12% gel and stained with Coomassie Blue. Molecular weight markers are shown next to 

each experiment and the corresponding molecular weights are indicated. The boxes indicate 

the expected nodGRP1L-StrepII protein. 

 

By combining the strong expression capacity of the T7-based system with the specificity of 

Strep-tag II affinity chromatography, we could produce recombinant nodGRP1L suitable for 

downstream labelling with FITC that enabled us to follow if these proteins are able to enter into 

the bacteroids and/or the free-living rhizobia in vitro. Either freshly grown S. meliloti cells or 

bacteroids isolated from 21 dpi nodules of M. truncatula were then incubated with the labeled 

protein in room temperature for 30 minutes followed by detecting FITC signal (green) under 

confocal microscopy. Bacterial cells were also visualized using the fluorescent FM4-64 dye 

(red) that stains bacterial membranes (Fig. 27.) Since both samples contained bacterial cells 

displaying the green fluorescent signals within the cell we concluded that the nodGRP1L 

protein could enter both the free-living rhizobia and the bacteroids. 
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Figure 27. In vitro localization of nodGRP1L protein in free-living rhizobia and 

bacteroids. The green signal of the FITC-labeled nodGRP1L protein was detected together 

with the red signal of the FM4-64-stained bacterial membranes in free-living S. meliloti cells 

(A) and in isolated bacteroids (B) using confocal laser scanning microscope. 

 

4.1.7.2. In vivo localization of nodGRP1L in the symbiotic cells 

We generated transgenic hairy roots of M. truncatula that are able to express the StrepII-tagged 

nodGRP1L protein under the control of its native promoter. This approach allowed us to 

investigate the localization of nodGRP1L within the nodules under conditions that closely 

resemble its endogenous regulation. To determine whether the protein produced in planta is 

associated with the microsymbiont, we analyzed 21 dpi nodules using western blotting. Total 

nodule extracts and isolated bacteroid fractions were prepared from the transgenic nodules and 

probed with anti-StrepII tag antibodies (Fig. 28.). A specific band was detected in the bacteroid 

fraction (B+) of transgenic nodules, confirming successful expression of the protein and 

demonstrating that the protein is translocated into bacteroids during symbiosis. A similar signal 

was also present in the soluble nodule extract (SN+), which is may be explained by the release 

of bacteroid-derived proteins during the fractionation process. This result is consistent with the 

outcome of our in vitro experiments with the FITC-labeled protein and provides strong evidence 

that nodGRP1L is indeed delivered into bacteroids, where it may exert a direct effect on the 

bacteroid differentiation process. 

A B 
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Figure 28. In vivo localization of nodGRP1L protein in M. truncatula nodules. Western 

blot with anti StrepII-tag monoclonal antibodies was used to localize the nodGRP1L-strepII 

protein under its own promoter. Bacteroids (B) and nodule extracts (SN) fractions were 

isolated: B+ bacteroid fraction from transgenic nodules; B- bacteroid fraction from WT 

nodules; SN+ nodule extract fraction from transgenic nodules; SN- nodule extract fraction from 

WT nodules. The circled band represents nodGRP1L-StrepII protein in the bacteroid fraction 

of the transgenic roots (B+). 

 

4.1.8. Identification of potential bacterial and plant interaction partners of the nodGRP1L 

protein 

4.1.8.1. Interaction of nodGRP1L protein with membrane lipids 

Since nodGRP1L was detected inside bacteroids, it must cross the bacterial membrane, raising 

the possibility whether nodGRP1L, when secreted toward bacteroids via the plant secretory 

pathway, can interact with bacterial membrane lipids. To test this, we investigated its lipid-

binding capacity, as the membrane of symbiotic bacteroids contains several distinct lipid 

components. A lipid-binding assay was performed using commercially available lipid strips 

containing a range of lipid species including components of the bacterial membranes with the 

recombinant nodGRP1L-StrepII protein and after washing the filters the bound nodGRP1L-

StrepII was visualized with anti-StrepII antibody (Fig. 29.). The results showed that nodGRP1L 

exhibited the strongest affinity for phosphatidylserine (PS) and cardiolipin (CL). In addition, 

strong binding was observed to 3-sulfogalactosylceramide (3-SGC) and phosphatidylinositol 4-

phosphate (PtdIns(4)P), along with weaker interactions with other phospholipids, including 

phosphatidic acid (PA), phosphatidylglycerol (PG), phosphatidylinositol-4,5-bisphosphate 

(PtdIns(4,5)P₂), and phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P₃). Notably, 

several of these lipids (like phosphatidylserine, Cardiolipin, phosphatidic acid and 

phosphatidylglycerol) are major components of the S. meliloti bacteroid membrane 
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(Sohlenkamp et al., 2004). The results of this assay suggest that nodGRP1L can directly interact 

with phospholipids found in bacteroid membranes. 

 
Figure 29. Lipid binding pattern of nodGRP1L protein. The nodGRP1L protein shows 

strong binding to phosphatidylserine (PS) and Cardiolipin (CL) and also shows weaker binding 

to other phospholipids (PE, PC, PA, PG, PtdIns(4)P, PtdIns(4,5)P2, PtdIns(3,4,5)P3). Stronger 

binding sites appear as darker signals. Differences in intensity indicate that the protein shows 

a preference for certain phospholipids. TG, Triglyceride; DAG, Diacylglycerol; PA, 

Phosphatidic acid; PS, Phosphatidylserine; PE, Phosphatidylethanolamine; PC, 

Phosphatidylcholine; PG, Phosphatidylglycerol; CL, Cardiolipin; PI, Phosphatidylinositol; 

PI4P, Phosphatidylinositol-4-phosphate; PI(4,5)P2, Phosphatidylinositol-4,5-bisphosphate; 

PI(3,4,5)P3, Phosphatidylinositol-3,4,5-trisphosphate; CH, Cholesterol; SP, Sphingomyelin; 3-

SGC, 3-sulfogalactosylceramide. 

 

4.1.8.2. Interaction of nodGRP1L with nodule proteins 

To identify potential bacterial and plant protein partners of nodGRP1L, the produced 

recombinant nodGRP1L-StrepII protein was also used in affinity chromatography (pull-down) 

experiments. The experiments were performed using nodule extracts from M. truncatula (done 

by Hilda Tiricz), allowing the nodGRP1L-StrepII recombinant protein to bind its interacting 

partners. The bound proteins were subsequently analyzed by LC–MS/MS-based proteomics 

(done in BRC Poteomics Lab). Through these pull-down experiments, both bacterial and plant 

proteins interacting with the recombinant StrepII-tagged nodGRP1L protein were identified. 

Analysis of the proteomic data identified several potential bacterial and plant interaction 

partners: 1694 M. truncatula proteins and 364 rhizobia proteins were identified. Among the 

plant proteins, three nodGRPs and three NCRs were identified - nodGRP2D, nodGRP6B, 

nodGRP1K, NCR169, NCR007, and NCR582 (Fig. 30.). This finding was further confirmed 

by additional pull-down experiments performed in our laboratory using other nodGRP proteins.  
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Figure 30. Venn diagram of proteomic data on a pull down experiments (a) showing 

interacting nodGRP and NCR partners of recombinant GRP1L-StrepII, GRP2D-StrepII and 

GRP6B-StrepII in M. truncatula nodule extract. 

 

4.1.8.3. Quantitative analysis of GRP1L interactions with nodGRP2D and NCR169 by 

microscale thermophoresis 

Microscale thermophoresis (MST) was employed to quantify the interaction between 

fluorescently labeled protein or peptide detected previously in the pull-down experiments and 

the unlabeled nodGRP1L. This technique monitors changes in molecular movement along a 

microscopic temperature gradient, which occur as a consequence of binding-induced alterations 

in size, charge, hydration shell, or conformation. To quantify binding affinities of nodGRP1L 

with the identified potential symbiotic plant proteins, we tested one glycine-rich protein 

(nodGRP2D) and one nodule cysteine-rich peptide (NCR169). For MST measurements, 

nodGRP2D was conjugated with FITC, whereas NCR169 was labeled with the BODIPY 

fluorophore, then each was combined with nodGRP1L. The resulted normalized fluorescence 

values reflect the binding-induced change in molecular movement under a temperature gradient, 

and were also used to determine binding affinity (Fig. 31.). When tested, 80 nM nodGRP2D-

FITC exhibited strong binding to 100 µM nodGRP1L, with a response amplitude of 4.5 (Fig. 

31. A). Likewise, 1 µM NCR169-BODIPY bound to 50 µM nodGRP1L, yielding a response 

amplitude of 30.8 (Fig. 31. B). For the affinity binding determination, a two-fold serial dilution 

was prepared starting from the concentrations mentioned above. Analysis of the binding curves 

revealed dissociation constants (Kd) of 458 nM for the nodGRP2D–nodGRP1L interaction 
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(Fig. 31. C) and 13 µM for the NCR169–nodGRP1L interaction (Fig.31. D). These results 

confirmed that nodGRP1L can interact with nodGRP2D and NCR169, but with higher affinity 

towards nodGRP2D. 

 

 
Figure 31. Quantification of the binding affinities of nodGRP1L with nodGRP2D and 

NCR169 by microscale thermophoresis assay. Binding-induced change in molecular 

movement under a temperature gradient was shown by the calculated normalized fluorescence 

values, expressed as a thousandth (Fnorm) between 100 µM nodGRP1L and 80 nM 

nodGRP2D-FITC (A), and 50 µM nodGRP1L and 1 µM NCR169-BODIPY (B). The affinity 

of the binding was also measured (C, D) using a gradient of 2-fold dilution starting from the 

concentration used for the initial test experiments (A, B), respectively.  

 

4.1.8.4. Discovery of nodGRP1L-interacting rhizobial proteins via Yeast Two-Hybrid 

screening 

We further sought potential protein interaction partners of nodGRP1L using a yeast two-hybrid 

(Y2H) system. An available S. meliloti ORFome library was screened to identify interacting 

proteins with the cloned nodGRP1L bait. Following a strict selection on -His/-Leu/-Trp/-Ade 

(-HLTA) plates, few colonies were observed, indicating potential positive interaction. 
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Subsequent sequence analysis identified the secB gene in each colony. SecB codes for a 

molecular chaperone that functions within the Sec translocation complex, facilitating the 

translocation of precursor proteins across the cytoplasmic membrane. To validate this 

nodGRP1L - SecB interaction, a pairwise Y2H assay was performed by cloning both 

nodGRP1L and SecB into the pGADT7 and pDEST-GBKT7 vectors in reciprocal 

combinations. Growth on -HLTA plates confirmed a specific interaction between the two 

proteins (Fig. 32.). Moreover, the results suggest a strong interacting ability of SecB to itself 

and a weaker interaction of the nodGRP1L itself. 

 
 

Figure 32. Pairwise yeast two-hybrid assay on SD-HLTA selective medium. AH109 yeast 

cells co-expressing GRP1L (Gal4 activation, AD) and SecB (Gal4 binding, BD) in all 

combinations. (i) pGADT7-nodGRP1L + pDEST-GBKT7-SecB. (ii) pGADT7-SecB + 

pDEST-GBKT7-SecB. (iii) pGADT7-nodGRP1L and pDEST-GBKT7-nodGRP1L (iv) 

pGADT7-SecB + pDEST-GBKT7-nodGRP1L. 

 

4.1.8.5. In vivo validation of the nodGRP1L–SecB interaction using bimolecular 

fluorescence complementation in N. benthamiana 

The interaction between nodGRP1L and SecB was further validated in vivo using a bimolecular 

fluorescence complementation (BiFC) assay. In this system, the nodGRP1L protein was fused 

to the N-terminal fragment of yellow fluorescent protein (YFP), while SecB was fused to the 

complementary C-terminal fragment of YFP. The two recombinant constructs were cloned into 

adequate Agrobacterium tumefaciens strains, which were used for N. benthamiana leaf co-

infiltration. Fluorescence signals are only expected if the two proteins interact and the 

reconstituted YFP gives the signal indicating a physical interaction between the two proteins 

within plant cells (Fig. 33.). As positive controls, both nodGRP1L and SecB were fused to green 

fluorescent protein (GFP), and infiltrated into N. benthamiana cells respectively to confirm 

their proper expression in the plant system. Our results confirmed that the two proteins interact 

with each other in planta.  
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Figure 33. Bimolecular fluorescence complementation between nodGRP1L and SecB in 

N. benthamiana leaves. (A) nodGRP1L fused to GFP. (B) SecB fused to GFP. (C) N-terminal 

fragment of YFP was fused to the nodGRP1L, while C-terminal fragment of YFP was fused to 

the SecB and YFP is expressed when nodGRP1L and SecB proteins interact with each other. 

The A. tumefaciens strains harboring the constructs were infiltrated into young N. benthamiana 

leaves and checked under confocal microscopy 3 days after infiltration. Scale bar 10 µm. 

 

4.2. Multi-approach characterization of the antimicrobial effect of the most 

potent derivative of the symbiotic NCR169 plant peptide 

 

NCR169 peptide is essential for establishing symbiosis in Medicago species (Horváth et al., 

2015). Although it does not exhibit antifungal activity, it shows antimicrobial effects.  On the 

other hand, its C-terminal derivative NCR169C17-38 demonstrated potent antifungal (Szerencsés 

et al., 2021, 2025), and antibacterial (Howan et al., 2023) activity. During my PhD, we 

evaluated the antimicrobial activity of NCR169 and its cysteine variants, as well as shorter 

fragments - including the potent derivative NCR169C17-38 - against a panel of clinically relevant 

bacterial pathogens, including ESKAPE bacterial pathogens. However, no comparative study 

has yet investigated how different conditions influence its efficacy. Moreover, its potential in 

comparison with traditional antibiotics has not been assessed, and its mechanism of action has 

remained largely unexplored. 

 

4.2.1. pH-dependent solubility and bactericidal activity of NCR169 and its structural 

variants 

NCR169, its oxidized form (NCR169ox), and its variant in which the four cysteines were 

replaced with serines (NCR169-C9,15,28,33/S) (Table 2.A) were chemically synthesized with C-

terminal amidation. These peptides were tested for antimicrobial activity against a panel of 

ESKAPE pathogens - Enterococcus faecalis, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia coli - as well as Listeria 

monocytogenes and Salmonella enterica. Peptides were applied to 106 log-phase bacterial 

cultures in a two-fold dilution series (25 - 0.1 µM) in potassium phosphate buffer (PPB) at pH 



74 

 

7.4. After three hours of incubation, 5 µl of each treatment was plated on LB agar and incubated 

overnight at 37 °C to assess bacterial survival. Minimal bactericidal concentrations (MBCs), 

defined as the lowest concentration eliminating bacterial growth, are presented in Table 2B.  

NCR169 demonstrated potent bactericidal activity at 3.1 µM against A. baumannii, E. coli and 

S. enterica; 6.3 µM against S. aureus and 12.5 µM against K. pneumoniae, P. aeruginosa and 

L. monocytogenes, while showing no detectible activity against E. faecalis (Table 2.B). These 

values represent the average of four biological replicates, although significant variability was 

observed, likely due to the poor solubility of NCR169 at pH 7.4, indicated by a visible white 

turbidity upon peptide addition. In contrast, both NCR169ox or NCR169-C9,15,28,33/S exhibited 

no visible turbidity and yielded consistent MBC values at this pH. While NCR169ox showed 

similar or slightly reduced antimicrobial activity compared to NCR169, NCR169-C9,15,28,33/S 

variant demonstrated markedly weaker efficacy, with bactericidal effects restricted to A. 

baumannii, P. aeruginosa, and E. coli.  

 

Table 2. Minimal bactericidal concentrations (MBC) of NCR169 and its derivatives against 

Enterococcus faecalis (Ef); Staphylococcus aureus (Sa); Klebsiella pneumoniae (Kp); 

Acinetobacter baumannii (Ab); Pseudomonas aeruginosa (Pa); Escherichia coli (Ec); Listeria 

monocytogenes (Lm); Salmonella enterica (Se). A. Amino acid sequence and isoelectric points 

(pI values) of the peptides. B. MBC values of the peptides (in μM) in PPB at pH 7.4 and 5.8 (in 

bold letters) after three hours of treatment. 

 

A 

Peptides Amino Acid Sequence pI 

NCR169 EDIGHIKYCGIVDDCYKSKKPLFKIWKCVENVCVLWYK 8.6 

NCR169ox EDIGHIKYCGIVDDCYKSKKPLFKIWKCVENVCVLWYK 8.6 

NCR169-C9,15,28,33/S EDIGHIKYSGIVDDSYKSKKPLFKIWKSVENVSVLWYK 9.7 

B 

Peptides pH E. f. S. a. K. p. A. b. P. a. E. c. L. m. S. e. 

NCR169  7.4 - 6.3* 12.5* 3.1 12.5* 3.1* 12.5* 3.1* 

NCR169ox 7.4 - 25 25 1.6 6.3 6.3 12.5 12.5 

NCR169-C9,15,28,33/S 7.4 - - - 3.1 25 6.3 - - 

NCR169 5.8 - 3.1 12.5 3.1 6.3 3.1 6.3 3.1 

NCR169ox 5.8 - 3.1 3.1 3.1 6.3 1.6 3.1 3.1 

NCR169-C9,15,28,33/S 5.8 - 6.3 12.5 3.1 6.3 1.6 25 6.3 

- : lack of bactericidal activity up to 25 µM. 

* The best MBC value measured but there were more than two-fold dilution differences in the 

replicates. 
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Using PPB at pH 5.8 resolved the solubility problem of NCR169, eliminating visible turbidity 

and producing reproducible MBC values: 3.1 µM against S. aureus, A. baumannii, E. coli and 

S. enterica; and 6.3 µM against P. aeruginosa and L. monocytogenes (Table 2.B). Both the 

oxidized form of NCR169 and NCR169-C9,15,28,33/S were more active at pH 5.8 showing 

significantly lower MBC values against most bacteria than at pH 7.4. However, their activities 

were largely comparable to NCR169 under these acidic conditions. Notably, NCR169ox 

showed slightly enhanced activity against K. pneumoniae, whereas NCR169-C9,15,28,33/S was 

less effective against L. monocytogenes. These findings suggest that the cysteine residues in 

NCR169 are not essential for its antimicrobial activity at pH 5.8, although they may contribute 

to enhanced efficacy against specific strains such as L. monocytogenes. 

 

4.2.2. NCR169C₁₇-₃₈: a C-terminal segment with consistent and potent antibacterial 

activity 

Next, various short derivatives of the NCR169 peptide (Table 3.A) were tested for antimicrobial 

activity under different conditions. We have shown in previous works that the 22 amino acid 

long sequence at the C-terminal end, NCR169C17-38, was effective against several fungi, 

including Candida species (Szerencsés et al., 2021) and Cryptococcus neoformans (Szerencsés 

et al., 2025). Moreover, NCR169C17-38 and its substituted derivatives exhibited clear 

bactericidal effects against eight bacterial strains (Howan et al., 2023), also used in this study. 

Since adding an eight-residue StrepII-tag (WSHPQFEK) to other NCR peptides either 

preserved or enhanced their antimicrobial activity (Jenei et al., 2020), we tested a tagged version 

of NCR169C17-38 (NCR169C17-38-StrepII). A one-residue longer variant, NCR16916-38, which 

carries Tyr at position 16, was also included in the study. Additionally, four shorter fragments 

of NCR169C17-38 were tested, including NCR169₁₆-₂₇, previously shown to be active against E. 

coli and S. meliloti (Isozumi et al., 2021). As none of the peptides had solubility issues, the 

antimicrobial tests were performed in PPB pH 7.4.  

NCR169C17-38 effectively killed the tested pathogens, as did both NCR169C17-38-StrepII and 

NCR16916-38 (Table 3.B). Shorter fragments of NCR169C17-38, representing either its C-

terminal (NCR16921-38 and NCR16927-38) or N-terminal (NCR16916-27 and NCR16917-27) 

segments were mostly ineffective at 25 µM, except against E. coli, for which MBCs reached up 

to 25 µM. Given that NCR16916-27, had previously shown strong activity against E. coli K12 

strain in 5 mM HEPES buffer (pH 7.0) (Isozumi et al., 2021) we tested the activity of 

NCR16916-27, NCR16917-27, and the longer NCR169C17-38, NCR16916-38 peptides under the same 

conditions (Table 3.B). MBC values for NCR169C17-38, NCR16916-38 remained similar to those 
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in PPB. However, NCR16916-27 peptide - despite its poor performance in PPB - exhibited 

significant activity in HEPES, with MBCs comparable to those of NCR169C17-38, except for L. 

monocytogenes (12.5 µM) and E. faecalis (inactive). The absence of Tyr (NCR16916) in 

NCR16917-27, led to a loss of activity against four bacterial species and increased MBCs for A. 

baumannii, E. coli and S. enterica.  

 

Table 3. The antimicrobial activity of short derivatives of NCR169. A. Amino acid sequence 

and pI values of the short peptide fragments. B. MBC values of these peptides (in μM) in 

PPB (20 mM PPB at pH 7.4) or in HEPES buffer (5 mM HEPES pH 7.0). The minimal 

bactericidal concentrations (in μM) of peptides are shown against Enterococcus faecalis (Ef); 

Staphylococcus aureus (Sa); Klebsiella pneumoniae (Kp); Acinetobacter baumannii (Ab); 

Pseudomonas aeruginosa (Pa); Escherichia coli (Ec); Listeria monocytogenes (Lm); 

Salmonella enterica (Se) 

A 

Peptides Amino Acid Sequence pI 

NCR169C17-38   KSKKPLFKIWKCVENVCVLWYK 10.2 

NCR169C17-38-StrepII   KSKKPLFKIWKCVENVCVLWYKWSHPQFEK 10.1 

NCR16916-38  YKSKKPLFKIWKCVENVCVLWYK 10.2 

NCR16921-38        PLFKIWKCVENVCVLWYK 9.1 

NCR16927-38               KCVENVCVLWYK 8.1 

NCR16916-27  YKSKKPLFKIWK 11.3 

NCR16917-27   KSKKPLFKIWK 14 

 

B 

Peptides Buffer E. f. S. a. K. p. A. b. P. a. E. c. L. m. S. e. 

NCR169C17-38 PPB 6.3 3.1 3.1 3.1 3.1 1.6 3.1 3.1 

NCR169C17-38-StrepII PPB 3.1 3.1 3.1 3.1 3.1 1.6 3.1 3.1 

NCR16916-38 PPB 3.1 3.1 3.1 3.1 3.1 1.6 3.1 3.1 

NCR16921-38 PPB - - - 12.5 - 25 - - 

NCR16927-38 PPB - - - - - 25 - - 

NCR16916-27 PPB - - - - - 25 - - 

NCR16917-27  PPB - - - - - - - - 

NCR169C17-38 HEPES 3.1 3.1 6.3 1.6 3.1 1.6 3.1 3.1 

NCR16916-38 HEPES 3.1 1.6 3.1 3.1 3.1 1.6 3.1 1.6 

NCR16916-27 HEPES - 3.1 6.3 3.1 3.1 3.1 12.5 3.1 

NCR16917-27  HEPES - - - 12.5 3.1 6.3 - 25 

- : lack of bactericidal activity up to 25 µM. 
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Further testing in Mueller Hinton Broth (MHB), which contains divalent cations known to 

reduce cationic AMP activity (Hancock & Stahl, 2006), revealed elevated MBCs (6.3 or 12.5 

µM) for NCR169C17-38, NCR169C17-38-StrepII, and NCR16916-38. In this medium NCR169C17-

27 and NCR16916-27 were inactive at 25 µM (Table 4). However, the addition of 0.4 mM EDTA 

– without affecting bacterial viability - restored the activity of NCR169C17-38 and NCR16916-38 

to PPB-level MBCs. EDTA had only a limited effect on NCR16916-27 and NCR16917-27, 

NCR16916-27 regained partial activity only against E. coli (MBC 6.3 µM). Based on the 

antimicrobial test results, the most reliable NCR169C17-38 was chosen for in-depth analysis and 

mode-of-action studies. Some key properties were compared with those of other peptide 

variants (Table 4). 

 
Table 4. Minimal bactericidal concentrations (MBC; in µM) of the selected short peptides on 

three tested pathogens after 3 h of treatment in MHB in the absence (0) or presence (+) of 0.4 

mM EDTA. Escherichia coli (Ec), Acinetobacter baumannii (Ab), Staphylococcus aureus 

(Sa). 

              

  
Peptides   EDTA Ec  Ab Sa   EDTA Ec Ab Sa 

  

  
NCR169C17-38   0 6.3  6.3 12.5   + 1.6 3.1 3.1 

  

  
NCR169C17-38-StrepII   0 12.5  6.3 25   + 1.6 3.1 3.1 

  

  
NCR16916-38   0 6.3  6.3 25   + 1.6 1.6 3.1 

  

  
NCR16916-27   0 -  - -   + 6.3 - 25 

  

  
NCR16917-27   0 -  - -   + - - - 

  

- : lack of bactericidal activity up to 25 µM 

 

4.2.3. Synergistic effect of NCR169C17-38 peptide with conventional antibiotics and other 

NCRs in the combined treatment of E. coli 

The use of multiple antimicrobial agents can simultaneously target different physiological 

pathways in microbial cells, reducing the likelihood of resistance development and increasing 

treatment efficacy. To explore this strategy, we assessed the combined antibacterial effects of 

the NCR169C17-38 peptide with several antibiotics - specifically polymyxin B, meropenem, and 

streptomycin - against E. coli. In addition, we tested two short peptide derivatives of NCR335 

that showed antimicrobial activities earlier (Farkas et al., 2017). These NCR335N1-19 and 

NCR335C13-33 short peptides were previously reported to exhibit antifungal activities against 

Candida and Cryptococcus species (Szerencsés et al., 2021, Szerencsés et al., 2025). First, the 

MBC values of the antibiotics and peptides were determined under our experimental conditions 

(Table 5), allowing us to define appropriate concentration ranges for subsequent combination 
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studies. Combination treatments were then performed using the standard checkerboard titration 

method, with each agent co-administered with NCR169C17-38. The efficacy of the combinations 

was evaluated using the Fractional Bactericidal Concentration (FBC) index (FBC = FBC-A + 

FBC-B) to determine the nature of the interaction between agents (Table 5). Synergistic 

interactions were observed when NCR169C17-38 was combined with polymyxin B and 

meropenem, whereas its combination with streptomycin resulted in an additive effect. 

Moreover, the NCR335-derived fragments NCR335N1-19 and NCR335C13-33, which 

individually displayed bactericidal activity, also exhibited synergistic effects when combined 

with NCR169C17-38. 

 

Table 5. Combined effect of NCR169C17–38 with antibiotics and NCR335 peptide fragments 

against E. coli. MBC value of each Drug A is included, NCR169C17–38 was consistently used 

as Drug B. 

 

Drug A 
Drug A  

MBC (µM) 
FBC-A (µM) FBC-B (µM) FBC Action 

Polymyxin B  0.8 0.125 (0.1) 0.25 (0.4) 0.38 Synergism 

Meropenem  200 0.25 (50) 0.25 (0.4) 0.5 Synergism 

Streptomycin 3.125 0.5 (1.6) 0.5 (0.8) 1 Additive 

NCR335N1-19 3.125 0.5 (1.6) 0.01 (0.024) 0.5 Synergism 

NCR335C13-33 12.5 0.5 (6.25) 0.03 (0.048) 0.5 Synergism 

Fractional bactericidal concentration (FBC) index values: < 0.5: synergism; 0.5 < FBC < 1.0: 

additive; 1.0 < FIC < 2.0: indifferent; >2: antagonism. (µM) corresponds to the concentration of 

drug A and Drug B for the indicated action. 

 

4.2.4. Biofilm inhibition and eradication by NCR169C17-38 in comparison with 

meropenem and polymyxin B 

We examined the capacity of NCR169C17-38 to inhibit biofilm formation by Acinetobacter 

baumannii, a pathogen well known for its robust biofilm production and high level of antibiotic 

resistance. Initially, we performed the antimicrobial test in MHB with 24 h treatment of 

NCR169C17-38, meropenem and polymyxin B against A. baumannii and determined their MBC 

values as usual (Table 6.). Additionally, at the end of the experiment we determined the quantity 

of the biofilm and thereby evaluated their ability to inhibit biofilm formation during culturing 

the bacteria in the presence of different concentrations of the agents (Fig. 1.A). We tested 

NCR169C17-38 in a concentration range from 25 μM to 0.4 μM, meropenem from 100 μM to 

1.6 μM and polymyxin B from 3.1 μM to 0.05 μM. Biofilm formation by A. baumannii was 
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significantly reduced by all three agents when applied at their respective MBC concentrations, 

with NCR169C17-38 and meropenem remaining effective even at lower doses. 

 

Table 6. MBC values of NCR169C17-38, meropenem and polymyxin B against A. baumanni 

after 24 h of treatment in MHB with detecting at the end the biofilm inhibition, and at the end 

of eradication tests against pre-formed biofilm after 3 h or 24 h treatment. 

 

 NCR169C17-38 Meropenem Polymyxin B 

Inhibition test after 24 hours 6.3 µM 50 µM 0.8 µM 

Eradication test after 3 hours 6.3 µM >100 µM >3.2 µM 

Eradication test after 24 hours 12.5 µM >100 µM >3.2 µM 

 

Bacteria that grow and produce biofilm prior to treatment and thereby located within biofilm 

exhibit higher resistance against antibiotic treatments. To assess whether the NCR169C17-38 

peptide or the tested antibiotics could eradicate pre-formed biofilms, A. baumannii was first 

cultured in MHB for 24 hours, then treated with NCR169C17-38, meropenem or polymyxin B 

for either 3h or 24 h, using the same concentration range as in the previous experiment. Both 

bacterial survival within the pre-formed biofilm and the amount of residual biofilm were 

assessed. The MBC values obtained in these biofilm eradication assays (Table 6.) indicated that 

the NCR169C17-38 peptide was able to kill bacteria with an efficacy comparable to that observed 

in the planktonic antimicrobial test. In contrast, neither of the two antibiotics eliminated the 

bacteria completely within the tested concentration range. Quantification of the residual biofilm 

at the end of the experiments revealed that, after 3 h of treatment, none of the tested antibiotics 

were able to eradicate the established biofilms. Only NCR169C17-38 was capable of degrading 

the pre-formed biofilm in this short time, and this effect was observed at concentrations 

exceeding its MBC (at 12.5 and 25 μM; Fig. 34.B). Interestingly, after 24 h of treatment, all 

agents demonstrated the ability to degrade biofilms, albeit at different effective concentrations. 

NCR169C17-38 and meropenem were successful even at sub-MBC level (Fig. 34.C), whereas 

polymyxin B required at least their MBC or higher concentrations to achieve significant biofilm 

eradication. 
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Figure 34. NCR169C17-38 effect on biofilm produced by A. baumannii compared to antibiotics. 

After the treatments, the biofilm was visualized by Crystal Violet (CV) staining and quantified 

by measuring OD550. The peptide and antibiotics were applied in a series of dilutions, with the 

MBC values underlined. A. Inhibition of biofilm formation by NCR169C17-38, meropenem and 

polymyxin B. B+C Biofilm eradication by NCR169C17-38, meropenem and polymyxin B after 

3 hours (B) or 24 hours (C) of treatment. The OD (550) values represent the mean ± standard 

deviation calculated from three independent experiments (a: p ≤ 0.0001, b: p ≤ 0.001, c: p ≤ 

0.01, d: p ≤ 0.05, unpaired t test).  
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4.2.5. Rapid impact of NCR169C17-38 on E. coli membrane permeability  

Next, we investigated whether the application of NCR169C17-38 peptide affects membrane 

permeability of E. coli, and if so, to what extent and how rapidly these changes occur. In the 

first experiment, E. coli cells were exposed to near-MBC concentrations (0.8 and 1.6 µM) of 

NCR169C17-38 for 10 minutes, followed by staining with SYTO 9 (can enter undamaged living 

cells staining them green) and propidium iodide (PI, can enter only cells with damaged 

membrane and staining them red), and examination by confocal microscopy. While untreated 

control cells exhibited only the green fluorescence of SYTO 9, bacterial cultures exposed to 0.8 

µM peptide showed predominantly red-stained cells, with only a few remaining green, 

indicating rapid membrane disruption as evidenced by PI uptake (Fig. 35.A). At 1.6 µM peptide, 

all cells appeared red, demonstrating complete and rapid loss of membrane integrity. 

To visualize the morphological changes in E. coli induced by NCR169C17-38, the same treatment 

was performed without fluorescent dyes. Instead, the cells were fixed and examined using 

scanning electron microscopy (SEM). Unlike the smooth, intact morphology of untreated cells, 

E. coli cells treated with 0.8 µM NCR169C₁₇–₃₈ displayed evident surface roughening and outer 

membrane blebbing, indicating peptide-induced structural disintegration (Fig. 35.B). At higher 

peptide concentration (1.6 µM), more pronounced membrane damage was evident, including 

visible perforations and extrusion of cellular material from ruptured areas. 

To get a more precise assessment of how rapidly NCR169C17-38 induces membrane damage, 

we monitored PI uptake in real time. E. coli was treated in a microtiter plate with two-fold 

dilutions of NCR169C17-38 (12.5 - 0.8 µM) and PI fluorescence was measured using a plate 

reader (Fig. 35.C). For comparison, polymyxin B, a well-known membrane-

permeabilizing/damaging antibiotic, was included as a control. A rapid rise in fluorescence 

within 1–2 minutes was observed upon exposure to NCR169C17-38 at MBC or higher 

concentrations, indicating swift membrane permeabilization. Comparison of PI uptake kinetics 

of NCR169C17-38 and polymyxin B at their respective MBC values showed that NCR169C17-38 

disrupts bacterial membranes more rapidly and effectively than polymyxin B. 
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Figure 35. Membrane integrity or damage and morphology of E. coli following exposure to 

various concentrations of the NCR169C17-38 peptide. (A) E. coli cells were stained with SYTO 

9 and PI, and pictures were taken with confocal microscope; scale bar: 10 µM. (B) Cells were 

treated with the peptide in the absence of fluorescent dyes and imaged using a scanning electron 

microscope; scale bar: 1 µM. (C) Monitoring of PI uptake in E. coli treated with a series of 

concentrations of NCR169C17-38 in Hidex Plate reader. RFU (535/616) = Relative Fluorescence 

Units (excitation/emission wavelengths). 0.8 µM Polymyxin B (PMB) was used as a control. 

 

4.2.6. Thermal stability and lipid-binding specificity of NCR169C₁₇-₃₈ 

Given that NCR169C₁₇-₃₈ and NCR169C₁₇-₃₈-StrepII displayed comparable antimicrobial 

activity, we evaluated the stability of NCR169C₁₇-₃₈-StrepII at room temperature and heat stress. 

Peptide dilutions (25, 12.5, 6.3, and 3.1 µM) in PPB were either incubated overnight at room 

temperature (RT) or heated at 80 °C for 20 min. Dot blot detection of the peptide with an anti-

StrepII antibody confirmed its stability (Fig. 36.A), and antimicrobial assays against E. coli 

revealed unchanged bactericidal activity relative to freshly prepared controls (Fig. 36.B), 

demonstrating high thermal and storage stability. 
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Figure 36. NCR169C17-38-StrepII shows high heat stability and preserved antimicrobial 

activity. (A) Detection of NCR169C17-38-StrepII with anti-StrepII antibodies on a dot blot. (B) 

NCR169C17-38-StrepII remains active after 20 minutes of treatment at 80 °C or incubation at 

room temperature for 24 hrs. 

 

As shown above, NCR169C17-38 causes rapid damage to bacterial membranes. Since membrane 

structure is largely determined by its lipid composition, we next investigated the ability of 

NCR169C17-38-StrepII to bind membrane lipids in vitro using a peptide-lipid overlay assay (Fig. 

37.A). NCR169C17-38-StrepII bound to several anionic lipids, including phosphoinositides, 

phosphatidic acid, phosphatidylserine, and cardiolipin - a major constituent of bacterial 

membranes. However, the peptide did not bind to phosphatidylglycerol (PG), a common 

anionic phospholipid, indicating a degree of specificity in its lipid interactions. 

 

Figure 37. Detecting lipid-binding ability of NCR169C17-38. (A) NCR169C17-38-StrepII was overlaid 

onto commercially available lipid strip membrane. The peptide bound to lipids was detected with anti-

StrepII-antibody. TG, Triglyceride; DAG, Diacylglycerol; PA, Phosphatidic acid; PS, 

Phosphatidylserine; PE, Phosphatidylethanolamine; PC, Phosphatidylcholine; PG, 

Phosphatidylglycerol; CL, Cardiolipin; PI, Phosphatidylinositol; PI4P, Phosphatidylinositol-4-

phosphate; PI(4,5)P2, Phosphatidylinositol-4,5-bisphosphate; PI(3,4,5)P3, Phosphatidylinositol-3,4,5-

trisphosphate; CH, Cholesterol; SM, Sphingomyelin; 3-SGC, 3-sulfogalactosylceramide. (B) liposome 

binding assay. 20 μM of NCR169C17-38 peptide was incubated with buffer only (No lipid), 2 mM 

dimyristoyl- phosphatidylcholine (DMPC) liposomes, or 2 mM Cardiolipin liposomes. After incubation 

and ultra-centrifugation, the supernatant and pellet fractions were analyzed by Glycine-SDS-PAGE. 

Input is also no lipid sample but before ultra-centrifugation. 
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To further confirm the cardiolipin-binding, we performed a liposome binding assay using two 

phospholipids: cardiolipin (positive in the overlay assay) and DMPC; (dimyristoyl- 

phosphatidylcholine) that is a derivative of phosphatidylcholine that showed no binding on the 

lipid strip. Prepared liposomes were incubated with NCR169C17-38, then separated by 

ultracentrifugation. Peptide remaining in the supernatant (sn) fraction indicated no binding, 

whereas peptide detected in the pellet (p) fraction indicated liposome association. In this setup, 

NCR169C17-38 bound strongly to cardiolipin liposomes but showed no binding to DMPC 

liposomes (Fig. 37.B).  

 

4.2.7. Peptide - nucleic acid interactions and binding dynamics  

To explore whether the NCR169C17-38 peptide has secondary intracellular targets of the 

bacterial cells beyond the primary membrane disruption, we tested its possible interaction with 

nucleic acids in gel retardation assays. A pilot experiment indicated strong DNA-binding 

capacity, prompting us to include the parental NCR169 peptide and the shorter derivatives 

NCR16916-27 and NCR16917-27 for comparison (Fig. 38.). When 100 ng E. coli genomic DNA 

was incubated without peptide, it migrated as a clear single band, whereas treatments with 10 

or 100 µM peptides resulted in altered patterns (Fig. 38. A). NCR169C17-38 showed the strongest 

effect, completely preventing DNA migration from the well at the lower concentration; at 

higher concentration, no staining was visible even in the well, suggesting DNA-peptide 

aggregates made the DNA inaccessible to ethidium bromide. NCR169 also displayed solid 

binding by fully blocking migration at 100 µM. By contrast, NCR16916-27 and NCR16917-27 

exhibited only weak binding, indicated by faint band shifts and well staining. Similar results 

were obtained with total E. coli RNA (Fig. 38.B). NCR169C17-38 and NCR169 completely 

blocked RNA migration at high concentrations, and at low concentration faint migration signals 

of RNA could be detected, though the 23S and 16S ribosomal RNA bands disappeared. The 

shorter derivatives again displayed weaker binding, detectable only at high concentrations. To 

further probe DNA binding, the interaction of NCR169C17-38 with circular plasmid DNA was 

characterized by using a dilution series of the peptide (Fig. 38.C). Increasing peptide 

concentrations progressively reduced the quantity of migrating DNA, with complete retention 

of DNA in the well at higher concentrations, confirming a concentration-dependent interaction. 

The DNA-binding kinetics were quantified using SYBR Gold fluorescence (Fig. 38.D). Half of 

the DNA samples were not treated with peptides at the start, and these displayed the highest 

fluorescence signals. Samples treated with peptides at time zero showed an immediate decrease 

in fluorescence, consistent with rapid DNA binding. The extent of signal reduction followed 
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the same hierarchy observed in gel assays: NCR169C17-38 > NCR169 > NCR16916-27 > 

NCR16917-27. Peptide addition at 14 min similarly caused an abrupt drop in fluorescence to 

peptide-specific levels. To test if peptide removal would recover the DNA–SYBR Gold 

fluorescence to control values, Proteinase K was added at 27 min to all reactions. A prompt 

effect was observed with the shortest NCR16916-27 peptide which showed a marked 

fluorescence increase that stabilized but did not fully reach the original control level. In contrast, 

fluorescence values in the NCR169 samples remained unchanged, while those of NCR169C17-

38 or NCR16917-27 increased slightly and gradually to the same limited extent. Thus, NCR16916-

27 proved to be the most sensitive to Proteinase K treatment, NCR169 was resistant, and 

NCR169C17-38 together with NCR16917-27 displayed only partial sensitivity. These results 

demonstrate that NCR169C17-38 binds strongly and rapidly to both DNA and RNA in a 

concentration-dependent manner, forming stable nucleic acid complexes that are only partially 

reversible by protease treatment. 

 

 
 

Figure 38. In vitro interaction of NCR169C17-38, NCR169, NCR16916-27 and NCR16917-27 with 

nucleic acids. (A) Gel retardation assay of 100 ng E. coli genomic DNA incubated with 0, 10, 

or 100 µM peptide. (B) Same setup as in (A), but using 100 ng E. coli total RNA. (C) Interaction 

of NCR169C17-38 with 250 ng circular plasmid DNA at varying concentrations. (D) Real-time 

monitoring of DNA binding by fluorescence of SYBR Gold–DNA complexes (excitation 490 

nm, emission 535 nm). Peptides (10 µM) were added to 100 ng DNA at 0 or 14 min (red 

arrows); Proteinase K (1 mg/mL) was added at 27 min (black arrow). 

 

4.2.8. Differential gene expression in E. coli exposed to NCR169C17-38. 

Genome-wide transcriptome profiling was performed to examine early global gene expression 

changes in E. coli exposed to a sub-MBC dose of the NCR169C17-38 peptide for 20 minutes in 

culture medium. Differentially expressed genes (DEGs) were identified by comparing treated 
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and untreated cultures. This analysis revealed significant changes in 503 genes. 450 genes were 

downregulated, while 53 genes were up-regulated (Fig. 39.). 458 DEGs were mapped to 439 

annotated E. coli genes of the ATCC_8739 genome database, while 45 genes codes for 

hypothetical proteins.  

 

Figure 39. Volcano plot showing differentially expressed genes in E coli treated with 

NCR169C17-38. 

 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was initially 

performed on the DEGs to identify key pathways that were affected by the NCR169C17-38 

treatment of E. coli (Fig. 40.). The highly enriched pathways show an active response from the 

E. coli bacteria in attempt to control the ongoing stress. The affected KEGG pathways can be 

classified into five major categories as shown in (Supplementary Table 1.): membrane and lipid 

metabolism, stress response and resistance mechanisms, metabolism and energy production, 

amino acid and secondary metabolite biosynthesis, and translational and genetic responses. 

These pathways highlight broad bacterial adaptations, including membrane remodeling 

(Category 1), altered motility and communication (Category 2), metabolic reprogramming 

(Category 3), enhanced amino acid and metabolite biosynthesis (Category 4), and increased 

demands for protein synthesis, transcript processing, and DNA/RNA repair (Category 5). The 

categorization indicate that peptide treatment triggers coordinated structural, metabolic, and 

genetic adaptations that promote bacterial survival under stress. 
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Figure 40. KEGG pathway terms associated with the (DEGs) in E coli treated with 

NCR169C17-38 on the y-axis and Fold enrichment on the x-axis: Circle size indicates the 

number of genes involved in the pathway, the bigger the circle, the more the genes. The color 

indicates significance; light color shows high significance, while dark color shows low 

significance. 

 

To explore potential biological mechanisms linked to the identified DEGs, GO functional 

annotation and enrichment analyses were conducted on the upregulated and downregulated 

genes revealing substantial differences in the biological process (BP), cellular component (CC), 

and molecular function (MF) terms (Fig. 41. A-C). Across all three GO categories, 

downregulated DEGs were markedly more abundant than upregulated ones. In the BP category, 

enrichment analysis identified 155 downregulated terms associated with 521 genes, compared 

to only 16 upregulated terms involving 17 genes. For MF, 155 downregulated terms linked to 

415 genes were found, whereas just 9 upregulated terms representing 9 genes were detected. 

Similarly, in the CC category, 30 downregulated terms encompassing 134 genes were observed, 

while only a single upregulated term involving 4 genes was enriched. The apparent excess of 

genes in the GO analysis relative to the transcriptome dataset arises because individual genes 

are frequently annotated to multiple GO terms. Consequently, the same gene can contribute to 

several terms, inflating per-term counts even though the overall number of unique genes 

matches the DEG list. 
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Figure 41. GO enrichment analysis of DEGs in E coli treated with NCR169C17-38 annotated 

in three main categories: (A) biological process, (B) molecular function, and (C) cellular 

component. 

 

The peptide appears to induce a broad suppression of bacterial functions, with only a limited 

subset of genes upregulated, presumably to support cellular rescue and survival. Upregulation 

of several stress-related genes was observed, including those involved in membrane stress 

response (osmB, cpxP, arnC, arnC2, ynbA), magnesium transport (mgtA, mgtS), sulfur 

metabolism (ssuA, ssuD), and oxidative stress (ycjU, fixX). E. coli also activated genes 

associated with modulation of host immune responses (prgK, hcpA) and biofilm formation 

(yehB, yehD, bdM, csgE, ycfS). Furthermore, upregulation of genes enhancing the translation 

of stress-related transcripts (rihB) or mitigating cellular damage (yodB, hcpA) reflects additional 

adaptive strategies employed by the bacteria to cope with the imposed stress. 

The KEGG and GO analyses revealed that NCR169C17-38 treatment caused a broad suppression 

of core bacterial functions. A substantial fraction of downregulated genes was involved in 

protein synthesis, particularly ribosomal components, translation factors, and aminoacyl-tRNA 

ligases, indicating a strong inhibition of the translational machinery. Energy production 

pathways were also markedly affected, with reduced expression of genes associated with ATP 

synthesis, glycolysis, the tricarboxylic acid cycle, and the electron transport chain. In parallel, 

key regulators of cell division and transcription were suppressed. Genes involved in cell 

envelope integrity, including outer membrane transporters, peptidoglycan and fatty acid 
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biosynthesis, and lipid metabolism, showed significantly lower expression, consistent with 

impaired membrane maintenance. Metabolic pathways supporting amino acid and nucleotide 

biosynthesis were also downregulated, further reflecting a global shutdown of anabolic 

processes. Finally, genes governing motility, flagellar assembly, and chemotaxis were strongly 

repressed, suggesting that adaptive movement and environmental sensing were deprioritized 

under peptide-induced stress. Validation of the transcriptome analysis was performed on ten 

selected DEGs using RT-qPCR, which confirmed the reliability of the sequencing results (Fig. 

42.). 

 
Figure 42. Validation of transcriptomic results by RT-qPCR reactions. The RT-qPCR values 

are the result of three technical replicates and the diagram indicates the standard deviation of 

the values. 
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5. Discussion 

5.1. Significance of nodGRP1L in symbiotic nitrogen fixation 

Our study reveals that nodGRP1L plays a crucial role in the development of nitrogen-fixing 

nodules in Medicago truncatula and in maintaining an effective symbiotic relationship between 

the plant and its bacterial partner. Using a combination of molecular, cellular, and protein-

interaction approaches, we investigated the function, regulation, localization, and interacting 

partners of nodGRP1L during symbiosis. 

Silencing of nodGRP1L by RNA interference in M. truncatula plants caused marked 

morphological abnormalities that led to impaired nodule formation and the development of non-

functional nodules. The RNAi-silenced plants displayed the characteristic symptoms of 

nitrogen starvation, i.e. reduced growth and a less developed root system. This was due to the 

presence of only underdeveloped small and white Fix⁻ nodules that lacked leghemoglobin and 

were not able to fix nitrogen. qRT-PCR confirmed that silencing of the nodGRP1L gene was 

resulted in significant reduction of its mRNA in these nodules, but no downregulation was 

detected in other nodGRP family members tested. In RNAi-silenced nodules, the zonation 

pattern was disrupted. Rhizobia were present in the infection zone (ZII) and the interzone (IZ), 

but the region that should form the nitrogen fixation zone (ZIII) remained rhizobia-free. These 

observations indicate that nodGRP1L is required for successful rhizobial differentiation into 

nitrogen-fixing bacteroids. This potential function is consistent with the strong IZ-specific 

expression of nodGRP1L gene based on RNA-seq data collected on laser-dissected nodules 

sections (Roux et al., 2014) and further confirmed in our promoter-GUS reporter gene 

experiments exhibiting the strongest GUS staining in the nodules interzone (IZ) for all the three 

different promoter fragments tested. The results of this latter experiment allowed us to narrow 

down the promoter region required for proper nodGRP1L expression to a 419 bp segment, 

within which we now aim to identify the relevant cis-regulatory elements.  

Ultrastructural analysis revealed that nodGRP1L RNAi-silenced nodules were completely 

devoid of the starch-containing amyloplasts in all developmental zones. There are other 

impaired M. truncatula nodules described in the literature with similar phenotype, but there is 

either no report concerning their amyloplast content or rather an increased number of 

amyloplasts are stated - as it was recently described also for the NCR169 mutant by (Horváth 

et al., 2015). This major structural difference suggests that nodGRP1L is essential for 

maintaining the metabolic integrity of nodule cells. Its silencing might have a direct effect on 



92 

 

the availability of starch and thereby disrupts bacteroid differentiation and viability, and 

increases vesicle trafficking, collectively leading to bacteroid degeneration within the infected 

cells and the loss of symbiotic function.  

In the M. truncatula transgenic hairy roots, the constitutive ectopic overexpression of 

nodGRP1L driven by an ubiquitin promoter only smaller nodules were visible too, however 

these had a light pinkish colour. Microscopic studies revealed that the bacteroids could 

differentiate, but then soon had a premature degeneration and thus performed very limited 

nitrogenase activity and nitrogen fixation. This phenotype together with the RNAi-silenced 

nodules highlighted the necessity of precise temporal and spatial regulation of the nodGRP1L 

expression. In contrast to the amyloplast phenotype of the RNAi-silenced nodules, the nodules 

overexpressing the gene has accumulated large quantities of starch similarly to other nodules 

impaired in their nitrogen fixation. Continuous delivery of photosynthates to the nodules, 

combined with reduced nitrogen fixation and bacteroid activity, likely causes carbohydrate 

accumulation within amyloplasts. Such altered starch deposition is a common hallmark of 

defective symbiotic interactions and further underscores the functional disruption caused by 

nodGRP1L overexpression. 

Similarly, to NCRs, nodGRPs also have a signal peptide that drives the mature proteins via the 

secretory pathway through the plant membrane from the cytosol. Since it was shown for 

NCR247 to be transferred into the bacteroids (Farkas et al., 2014) we tested whether the larger 

nodGRP1L protein was also able to enter into rhizobia. Our results proved that nodGRP1L was 

able to penetrate bacterial membranes and localize inside both free-living S. meliloti cells and 

bacteroids isolated from wild-type nodules. This localization was confirmed through two 

complementary approaches: in vitro, by incubating S. meliloti with FITC-labeled peptide and 

detecting intracellular fluorescence; and in vivo, by expressing StrepII-tagged nodGRP1L in 

transgenic hairy roots and detecting the tagged protein within nodule cells. These findings 

suggest that nodGRP1L can also cross the bacterial membrane and potentially act inside the 

bacterial cytoplasm. 

Our protein–protein interaction studies identified the rhizobial SecB, a molecular chaperone 

that operates within the Sec translocation pathway, assisting the transport of precursor proteins 

across the cytoplasmic membrane (Bechtluft et al., 2010) as a direct interacting partner of 

nodGRP1L. This interaction was initially detected through yeast two-hybrid screening using a 

S. meliloti cDNA library and subsequently validated by pairwise assays, pull-down 

experiments, and bimolecular fluorescence complementation (BiFC) in planta. Since SecB 

functions in bacterial protein folding and translocation, its interaction with nodGRP1L suggests 



93 

 

that this host-derived protein might participate in a broader molecular network that influences 

bacterial protein stability or activity within infected cells. Given that some nodule-specific 

cysteine-rich (NCR) peptides also rely on bacterial chaperones and secretion systems for proper 

processing and targeting (Farkas et al., 2014), the nodGRP1L–SecB interaction may represent 

a functional convergence between host nodGRPs and bacterial symbiotic adaptation pathways. 

The potential interaction between nodGRP1L and other nodGRPs or NCR peptides is 

particularly intriguing. Both peptide families are abundant in nodules and share structural 

characteristics such as small size, intrinsic disorder, and the ability to interact with microbial 

targets. It is plausible that nodGRP1L, through its flexible glycine-rich domain, contributes to 

the stabilization or modulation of NCR-bacteroid interactions. This could explain the 

phenotypic similarities between nodGRP1L-silenced nodules and NCR-deficient mutants, both 

of which exhibit impaired bacteroid differentiation and reduced nitrogen fixation efficiency. 

Collectively, our findings identify nodGRP1L as a novel nodule-specific regulator essential for 

proper bacteroid differentiation and functional symbiosis. Its precise promoter activity, 

essential role in maintaining bacteroid viability, and confirmed interaction with SecB point to 

a model in which nodGRP1L helps coordinate the plant–bacterium relationship to sustain 

effective nitrogen fixation. Future studies should investigate whether nodGRP1L directly 

interacts with NCR peptides or other nodGRPs, and how these molecular networks contribute 

to maintaining the delicate equilibrium between host control and bacterial differentiation that 

underpins successful legume–rhizobium symbiosis. 

5.2. NCR169C17-38 is a potent antimicrobial peptide with multiple modes of action 

Our results recognized NCR169C17-38 as the most potent AMP derivative of the symbiotic plant 

peptide NCR169, with consistent bactericidal activity against a wide range of clinically relevant 

pathogens, including members of the ESKAPE group, as well as Listeria monocytogenes and 

Salmonella enterica. Importantly, this activity was maintained under physiological conditions 

(pH 7.4) and across multiple assay environments. 

The original NCR169 peptide, produced during Medicago truncatula–Sinorhizobium meliloti 

symbiosis, displayed poor solubility at neutral pH, resulting in variable in vitro antimicrobial 

performance against both Gram-negative and Gram-positive pathogens. The oxidized form 

(NCR169ox), and the cysteine-free variant NCR169-C9,15,28,33/S showed reduced activity at 

neutral pH. Acidic conditions not only improved peptide solubility but also leveled the efficacy 

of all of these peptides, highlighting the importance of local physicochemical environments in 

determining NCR peptide activity. The activity of the cysteine-free variant suggests that, 

although the presence of cysteines is undoubtedly important for symbiotic function (Horvath et 
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al., 2015), it is not necessary for the antimicrobial effect. Among the various shorter derivatives, 

the C-terminal fragment of NCR169C17-38 showed the strongest and most consistent bactericidal 

effect. This 22-amino-acid peptide retains most of the positively charged lysines (six out of 

seven), both tryptophans, and two short motifs (KIWK and LWYK) resembling the conserved 

AMP motif XWZX, known to enhance amphiphilicity and membrane interaction (Lee et al., 

2018). All shorter peptide fragments resulted in a significant or complete loss of activity in the 

initially tested PPB buffer. In an earlier study (Isozumi et al., 2021) solving the NMR structure 

of the NCR169 peptide, the shorter fragment NCR16916-27 was previously shown to be active 

against E. coli and S. meliloti in HEPES buffer. Comparing the activity of the peptides against 

the tested bacterial pathogens in different buffers, the MBC values of NCR16916-27 were 

comparable to those of NCR169C17-38, only in HEPES buffer. However, even under this 

condition, NCR16916-27 peptide exhibited lower activity against L. monocytogenes (12.5 µM) 

and was inactive against E. faecalis. In contrast, NCR169C17-38 peptide maintained strong 

antibacterial efficacy across all tested media, including HEPES and PPB buffers, as well as 

Mueller–Hinton broth, a clinically standardized medium according to the National Committee 

for Clinical Laboratory Standards (1979), containing divalent cations. This medium might 

influence the antimicrobial activity of the peptides - consistent with the observation that the 

antimicrobial activity of NCR plant peptides depends on the test conditions (Farkas et al., 2018). 

As expected, the presence of these ions slightly increased the MBC values of NCR169C17-38 

against E. coli, A. baumannii and S. aureaus (6.3, 6.3, and 12.5 µM, respectively), but this 

reduction in potency was fully restored by the addition of low concentrations of EDTA, which 

chelates inhibitory cations. These findings reinforce NCR169C17-38 as the minimal unit required 

for reliable broad-spectrum antimicrobial activity.  

Combination assays revealed that NCR169C17-38 exhibits synergistic effects with polymyxin B 

and meropenem, but not with streptomycin, against E. coli. Synergism likely arises from 

complementary mechanisms and suggests that combination strategies could enhance 

therapeutic efficacy and delay resistance. Similarly, combining NCR169C17-38 with NCR335-

derived fragments enhanced bactericidal activity, supporting the idea that cocktails of NCR 

peptides may represent an effective therapeutic strategy. 

One of the most striking findings was the ability of NCR169C17-38 to prevent and eradicate A. 

baumannii biofilms. A. baumannii is a major multidrug-resistant pathogen whose persistence 

is largely attributed to its ability to form biofilms on medical devices and host tissues. Within 

biofilms, bacterial cells are highly protected from antibiotics, immune responses, and 

environmental stress, often leading to chronic and recurrent infections (Choudhary et al., 2022; 
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Mendes et al., 2023). Besides the NCR169C17-38 peptide, both antibiotics - meropenem and 

polymyxin B - were able to inhibit biofilm formation by A. baumannii when added to fresh 

planktonic cultures. However, when these agents were applied against bacteria within a pre-

formed biofilm, only NCR169C17-38 was able to significantly eradicate the biofilm after a 3-

hour treatment and kill the sessile bacteria as effectively as it did in planktonic conditions. After 

24 hours of treatment, all three antimicrobial agents caused a significant reduction in biofilm 

when applied at higher concentrations, nonetheless, NCR169C17-38 retained significant activity 

even at sub-MBC concentrations. The MBC values obtained in these biofilm eradication assays 

indicated that only the NCR169C17-38 peptide could kill biofilm-embedded bacteria with an 

efficacy comparable to that observed in the planktonic cultures. The ability to act against 

biofilm-associated cells highlights a significant advantage of NCR169C17-38 over standard 

treatments. 

The potent antimicrobial activity of the NCR169C17-38 peptide can be attributed to its rapid and 

extensive disruption of bacterial membranes. Fluorescence microscopy, scanning electron 

microscopy, and real-time propidium iodide (PI) uptake assays consistently demonstrated that 

the bacterial membrane is the primary target of the peptide’s action. Remarkably, the rate of 

permeabilization induced by NCR169C17-38 exceeded that of polymyxin B, a last-resort 

antibiotic, highlighting the peptide’s potency. Lipid-binding assays revealed its preferential 

binding to cardiolipin over phosphatidylglycerol, suggesting a degree of specificity for distinct 

bacterial membrane components. Since cardiolipin is enriched in bacterial but not mammalian 

cell membranes, this selectivity likely contributes to both the antimicrobial efficacy and low 

cytotoxicity of the peptide - a feature of considerable therapeutic value. Consistent with this, 

NCR169C17-38 peptide has been previously shown to be non-cytotoxic to human keratinocyte 

HaCaT cells (Szerencsés et al., 2021), mouse macrophage J774.2 cells (Szerencsés et al., 2025), 

and to lack hemolytic activity (Howan et al., 2023). 

Across all in vitro assays, NCR169C17-38 demonstrated antimicrobial potency, membrane 

permeabilization, and biofilm removal capacities equal to or greater than those of polymyxin 

B, underscoring its strong therapeutic potential. 

Mechanistically, transcriptome profiling revealed that exposure to sublethal concentrations of 

NCR169C17-38 induces profound global transcriptional reprogramming in E. coli. More than 

500 genes were differentially expressed within 20 minutes, with an overwhelming dominance 

of downregulated genes. This global suppression encompassed key cellular functions, including 

ribosome biogenesis, translation, energy production, lipid and cell wall biosynthesis, and 

motility. The inhibition of these essential pathways reflects a rapid and comprehensive 
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shutdown of bacterial metabolism and growth - a hallmark of effective antimicrobial action 

(Tomasinsig et al., 2004; Jenssen et al., 2006; Kintses et al., 2019). The small subset of 

upregulated genes was primarily associated with stress response, membrane remodeling, and 

detoxification pathways, consistent with bacterial attempts to mitigate membrane damage and 

oxidative stress (Peschel & Sahl, 2006; Andersson et al., 2016; Bechinger & Gorr, 2017). These 

findings suggest that NCR169C17-38 exerts a dual mechanism of action: immediate physical 

disruption of membrane integrity, followed by secondary intracellular effects that disturb 

nucleic acid stability and transcriptional control. The capacity of NCR169C17-38 to bind nucleic 

acids further expands its antimicrobial profile beyond mere membrane disruption. DNA and 

RNA binding assays demonstrated strong, concentration-dependent interactions, forming stable 

peptide–nucleic acid complexes that only partially dissociate upon protease treatment. Such 

interactions likely contribute to the observed transcriptional silencing and metabolic arrest, 

providing an additional layer of antibacterial activity. Together with its preferential binding to 

cardiolipin - a major anionic lipid of bacterial membranes but absent from mammalian 

membranes - this selectivity underpins both its potency and safety.  

From a pharmacological perspective, NCR169C₁₇–₃₈ combines several highly desirable 

attributes: broad-spectrum antimicrobial and antifungal (Szerencsés et al., 2021, 2025) activity, 

rapid bactericidal kinetics, antibiofilm capacity, synergism with antibiotics, high 

physicochemical stability, and lack of cytotoxicity to mammalian cells. These properties 

position it as a strong candidate for therapeutic development, either as a standalone 

antimicrobial or as an adjuvant to enhance antibiotic efficacy. Its stability at elevated 

temperatures and in storage further supports practical applicability in clinical or agricultural 

contexts. 
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7. Summary  

This study integrates plant molecular genetics, symbiotic physiology, and antimicrobial peptide 

biology to elucidate two major aspects of Medicago truncatula–rhizobium symbiosis and 

peptide functionality: the biological role of the nodule-specific glycine-rich protein nodGRP1L 

in nitrogen fixation, and the antimicrobial potential of the plant-derived peptide NCR169C17–38 

as a therapeutic candidate. Together, these findings contribute to a deeper understanding of the 

molecular mechanisms governing both symbiotic nitrogen fixation and plant-derived 

antimicrobial defense strategies. 

The role of nodGRP1L in symbiotic nitrogen fixation 

Our data demonstrate that nodGRP1L is indispensable for the proper formation and functioning 

of nitrogen-fixing nodules in M. truncatula. Through a combination of molecular, genetic, and 

cellular approaches, we investigated its expression, localization, and protein interactions to 

clarify its functional role during the symbiotic process. 

Promoter activity assays revealed that nodGRP1L expression is strictly confined to the 

interzone (IZ) region of nodules, where rhizobia undergo differentiation into bacteroids. This 

spatial restriction supports its classification as a nodule-specific glycine-rich protein (GRP) and 

underscores its regulatory connection to bacteroid maturation rather than to general plant stress 

responses. 

Functional analysis using RNA interference (RNAi) provided direct evidence for the essential 

role of nodGRP1L in nodule organogenesis. Silenced plants exhibited reduced growth, poorly 

developed roots, and smaller, white nodules devoid of leghemoglobin, leading to a Fix⁻ 

phenotype indicative of complete nitrogen fixation failure. Transmission electron microscopy 

revealed a total absence of amyloplasts in all developmental zones of these nodules, implying 

that nodGRP1L is required for maintaining cellular energy metabolism and structural integrity 

within infected cells. The observed loss of bacteroid viability and increased vesicle dynamics 

in silenced lines likely reflect cellular responses to disrupted symbiotic homeostasis. 

Conversely, overexpression of nodGRP1L resulted in premature bacteroid degeneration and 

reduced nitrogen fixation efficiency. The overexpressing nodules accumulated starch 

excessively, suggesting impaired carbon–nitrogen balance due to the continued influx of 

photosynthates despite decreased symbiotic activity. This dual phenotype—loss of function 

causing underdeveloped nodules and overexpression leading to premature degeneration—
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highlights the necessity for precise temporal and spatial regulation of nodGRP1L expression 

for stable symbiotic performance. 

Localization studies revealed that nodGRP1L can penetrate bacterial membranes and localize 

within Sinorhizobium meliloti cells. This was demonstrated both in vitro using FITC-labeled 

peptides added to bacterial cultures and in vivo in transgenic hairy roots expressing StrepII-

tagged nodGRP1L, where the tagged protein was detected inside bacteroids. These results imply 

that nodGRP1L may act within the bacterial cytoplasm, potentially influencing symbiont 

physiology directly. 

Protein–protein interaction studies identified the bacterial chaperone SecB as a direct interactor 

of nodGRP1L. The interaction was first discovered through yeast two-hybrid (Y2H) screening 

and later validated by pairwise assays, pull-down experiments, and bimolecular fluorescence 

complementation (BiFC) in planta. SecB functions as a key component of the Sec translocation 

pathway, facilitating proper folding and export of bacterial proteins. The nodGRP1L–SecB 

interaction suggests that this host-derived protein may interface with bacterial chaperone 

systems to modulate protein processing or stability during symbiosis. This discovery resonates 

with the known behavior of nodule-specific cysteine-rich (NCR) peptides, many of which rely 

on bacterial membrane transport and chaperone systems for delivery and function. Thus, the 

interaction between nodGRP1L and SecB may reflect a functional convergence between GRPs 

and NCR peptides in orchestrating the fine balance of bacterial differentiation and host control 

within the symbiotic nodule. 

Furthermore, the potential of nodGRP1L to interact with other GRPs or NCRs provides a new 

conceptual framework for understanding symbiotic coordination. Both families share structural 

flexibility and the ability to interact with microbial targets, and they are co-expressed in the 

nodule infection zone. nodGRP1L might thus act as a molecular mediator or stabilizer in NCR–

bacteroid interactions. This could explain why nodGRP1L-silenced nodules resemble NCR-

deficient mutants, both displaying impaired bacteroid differentiation and ineffective nitrogen 

fixation. 

In summary, nodGRP1L emerges as a novel regulator of nodule function required for 

maintaining bacteroid integrity and metabolic activity. Its specific promoter activity, 

cytoplasmic localization within bacteria, and confirmed interaction with SecB together suggest 

that nodGRP1L is an integral component of the molecular dialogue that enables a stable and 

functional plant–microbe symbiosis. 
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The antimicrobial potential of NCR169C17–38 

In the second part of this work, we characterized NCR169C17–38, a truncated derivative of the 

M. truncatula symbiotic peptide NCR169, as a powerful broad-spectrum antimicrobial peptide 

(AMP) with multiple modes of action. NCR169C17–38 consistently exhibited strong bactericidal 

activity against Gram-negative and Gram-positive pathogens, including multidrug-resistant 

ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.), as well as Listeria 

monocytogenes and Salmonella enterica. Unlike the parent peptide NCR169, whose activity 

was pH-dependent due to poor solubility, the truncated variant retained potency under 

physiological conditions and across various media. Sequence analysis revealed that 

NCR169C17–38 preserves key features of the native peptide—most positively charged lysine 

residues, two tryptophans, and the amphiphilic motifs KIWK and LWYK—conferring strong 

membrane affinity. These characteristics explain its high antimicrobial efficacy and stability 

compared to shorter or cysteine-free variants. Synergy assays indicated that NCR169C17–38 acts 

cooperatively with antibiotics such as polymyxin B and meropenem, suggesting the potential 

for combination therapies that enhance efficacy while minimizing resistance development. 

Notably, the peptide displayed remarkable antibiofilm activity against A. baumannii. It not only 

prevented biofilm formation but also eradicated established biofilms, a significant advancement 

over traditional antibiotics, which typically fail against biofilm-embedded bacteria. Mechanistic 

studies using fluorescence microscopy, scanning electron microscopy, and propidium iodide 

uptake assays showed that NCR169C17–38 disrupts bacterial membranes more rapidly and 

extensively than polymyxin B. Lipid-binding assays further revealed preferential binding to 

cardiolipin, a lipid enriched in bacterial membranes but absent from mammalian cells, 

accounting for its high selectivity and low cytotoxicity. Consistent with this, NCR169C17–38 

was non-hemolytic and non-toxic to mammalian cells across all tested concentrations. 

Transcriptomic analysis of E. coli exposed to sublethal doses of NCR169C17–38 revealed global 

transcriptional repression affecting over 500 genes. The peptide downregulated essential 

pathways related to translation, energy metabolism, lipid synthesis, and motility, effectively 

shutting down bacterial growth and metabolism. A smaller group of upregulated genes 

corresponded to stress response and membrane repair functions. Furthermore, direct binding of 

NCR169C17–38 to nucleic acids suggests that its action extends beyond membrane disruption to 

intracellular interference, contributing to its bactericidal potency. 
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10. Appendix  

Supplementary Table 1. The (KEGG) pathway terms identified in our data grouped into five 

main categories, and the number of genes enriched in each pathway. 

 

Category KEGG Pathway ID 
Nu. of 

Genes 

1. Membrane 

and Lipid 

Metabolism 

 

Fatty acid biosynthesis (eco00061) and C5-Branched dibasic 

acid metabolism (eco00660) – Compensatory membrane 

remodeling. 

7-5 

Fatty acid metabolism (eco01212) – Adaptations in lipid 

processing. 

7 

ABC transporters (eco02010) – Changes in nutrient and ion 

transport. 

32 

Bacterial secretion system (eco03070) – Impact on protein 

transport. 

7 

2. Stress 

Response and 

Resistance 

Mechanisms 

Oxidative phosphorylation (eco00190) – Suggests oxidative 

stress. 

28 

Sulfur metabolism (eco00920) – Potential response to reactive 

oxygen species. 

9 

Quorum sensing (eco02024) – Bacterial communication for 

survival. 

12 

Bacterial chemotaxis (eco02030) – Limiting movement in 

response to stress. 

14 

Flagellar assembly (eco02040) – Motility changes due to 

membrane stress. 

24 

3. Metabolism 

and Energy 

Production 

 

Carbon metabolism (eco01200) – Central energy metabolism 

shift. 

37 

Citrate cycle (TCA cycle) (eco00020) – Changes in energy 

production. 

15 

Glycolysis/Gluconeogenesis (eco00010) – Energy source 

adjustments. 

11 

Pentose phosphate pathway (eco00030) – NADPH 

production for stress defense. 

8 

Butanoate metabolism (eco00650) – Energy balance shifts. 7 

Metabolic pathways (eco01100) and Microbial metabolism 

in diverse environments (eco01120) – Necessary metabolic 

changes during the stress. 

163-

54 

4. Amino Acid 

and Secondary 

Metabolite 

Biosynthesis 

Biosynthesis of amino acids (eco01230) – Central pathway 

integrating multiple amino acid biosynthesis particularly under 

stress conditions. 

54 

Biosynthesis of secondary metabolites (eco01110) – Potential 

antibiotic resistance mechanisms. 

97 

Aminoacyl-tRNA biosynthesis (eco00970) – Adjustments in 

translation. 

17 

Valine, leucine, and isoleucine biosynthesis (eco00290) – 

Branched-chain amino acid biosynthesis critical for stress 

adaptation. 

7 
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Cysteine and methionine metabolism (eco00270) and 

Glycine, serine, and threonine metabolism (eco00260) – 

Protein synthesis shifts vital for stress adaptation. 

13-8 

Lysine biosynthesis (eco00300), Arginine biosynthesis 

(eco00220) – Essential amino acids for survival. 

7-8 

2-Oxocarboxylic acid metabolism (eco01210) – Central 

metabolic hub linking amino acid biosynthesis and energy 

production. 

16 

Phenylalanine, tyrosine, and tryptophan biosynthesis 

(eco00400) – Aromatic amino acids signaling molecules 

important in stress adaptation 

8 

5. Translational 

and Genetic 

Responses 

Ribosome (eco03010) – Increased protein synthesis demand. 52 

RNA degradation (eco03018) – Processing of stress-induced 

transcripts. 

6 

Protein export (eco03060) – Adaptations in stress protein 

secretion. 

7 

Monobactam biosynthesis (eco00261), Novobiocin 

biosynthesis (eco00401) – Antibiotic resistance responses. 

5-2 

Biosynthesis of cofactors (eco01240) – Enzyme cofactor 

adjustments. 

21 

One carbon pool by folate (eco00670) – Nucleotide 

biosynthesis adaptation. 

5 

Purine metabolism (eco00230) – Nucleotide repair responses. 20 

Methane metabolism (eco00680) – Potential alternative 

metabolic shifts. 

9 

Selenocompound metabolism (eco00450) – Possible stress 

response. 

5 

 

Supplementary Table 2. qPCR primers for validation of the mRNA sequencing data. 

 

Gene Primer name Primer sequence  

lpp lppcoli_qPCR_F TGGTACTGGGCGCGGTAATC 

lppcoli_qPCR_R AGCAGCCTGAACGTCGGAAC 

metK metKcoli_qPCR_F GCCAGCACCTATCACCTATG 

metKcoli_qPCR_R AGCGATTTCTGGTCGATCTC 

hcaT hcaTcoli_qPCR_F GCTGCTCGGCTTTCTCATCC 

hcaTcoli_qPCR_R CCAACCACGCTGACCAACC 

cysG cysGcoli_qPCR_F TTGTCGGCGGTGGTGATGTC 

cysGcoli_qPCR_R ATGCGGTGAACTGTGGAATAAACG 

ihfB ihfBcoli_qPCR_F GCGGTTTCGGCAGTTTCT 

ihfBcoli_qPCR_R CGCAGTTCTTTACCAGGTTT 

tufA/B tufA/Bcoli_qPCR_F TCGTTCGTGGTTCTGCTCTG 

tufA/Bcoli_qPCR_R TCAATCGCACGCTCTGGTTC 

ompF ompFcoli_qPCR_F TGGCGGCGTTGCTACCTATC 

ompFcoli_qPCR_R TTAGAGCGGCGTGCAGTGTC 

rplK rplKcoli_qPCR_F ACCGTTTACGCTGACCGTTC 

rplKcoli_qPCR_R TTGGTCTGCGCGATTTCCTG 

osmB osmBcoli_qPCR_F AAATGACCGCGGCTGTTCTG 

osmBcoli_qPCR_R GCTGCACCACCTAATGTACC 
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rpsJ rpsJcoli_qPCR_F ATCAAGCAACCGCGGAAATC 

rpsJcoli_qPCR_R ATGTCAACCAGACGCAAGTG 

rpoA rpoAcoli_qPCR_F GCCACCTGACCGATGAGAAC 

rpoAcoli_qPCR_R TACGCTCCACAGGGCTGTAG 

Mt40S Mt40S_F CCGCAAGGACTGTTCAAGAT 

Mt40S_R TATCGGTCCATTCTGGAAGC 

nodGRP1L 
nodGRP1L_rtPCR_F AGGGGGAAAGTGATGGAAAC 

nodGRP1L_rtPCR_R CCACCACCTCCCATCTTTC 

nodGRP3A 
nodGRP3A_rtPCR_F AGACTGGGGAGGCTCATTTT 

nodGRP3A_rtPCR_R TTTGCACCTTTTTCATGTGC 

nodGRP3C 
nodGRP3C_rtPCR_F TGTTCTTTATTTGTGCCCTAATTCT 

nodGRP3C_rtPCR_R TGGATGACTCGATTACCACAAT 

nodGRP4 
nodGRP4_rtPCR_F GGGAACGTCCAAGAGAAAGA 

nodGRP4_rtPCR_R CCTCCTATCAAAAACCCTTCG 

 

 

 

 

 

 

 

 

 


