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Abstract 
 

In recent years, agri-food ecosystems have recognized as crucial environment in the One Health 

approach, which deals with the intersections between human, animal and environmental health, 

recognising them as a unique interconnected system. The research conducted in the frame of this 

PhD thesis dealt with the investigation on the effect of bacteria entrance in agri-food ecosystems. In 

compliance with the ‘One Health’ concept, both the benefits and the risks given by the introduction, 

voluntary or accidental, of bacterial players in environmental habitats related to food production were 

considered. 

An example of deliberate release of microbes in agricultural systems is the use of plant beneficial 

strains (i.e., biofertilizer and biostimulants). Experiments were designed to better clarify the 

interactions occurring between bacteria inoculants and the recipient plant microbiome and, 

additionally, the research was focused on the design of novel delivery system for the administration 

of plant probiotics. The knowledge improvement regarding these two aspects has the potential to 

promote the transition from the lab to the field of microbial based solution for sustainable agriculture, 

such as the replacement of chemical fertilizers or the use of strains to improve plant tolerance to 

biotic and abiotic stresses. We characterized for Plant Growth Promotion (PGP) activities a collection 

of endophytic strains established from grapevine and lettuce plants collected in the field. Among the 

most promising strains, Rhizobium sp. GR12 and Kosakonia sp. VR04 were tagged with genes 

coding for fluorescent proteins and used to inoculate micropropagated grapevine cuttings. Plantlets 

were grown in vitro under optimal growth conditions or on a diluted medium to mimic nutritional 

deficit. The measurement of plant biomass showed that Rhizobium sp. GR12 displayed PGP activity, 

when the plantlest were grown under nutritional deficit. The colonization of the plant tissues was 

confirmed for both Rhizobium sp. GR12 and Kosakonia sp. VR04 through qPCR amplification of the 

GFP and m-Scarlet protein, respectively. However, though both the strains were able to colonize 

root and lead endosphere of the treated plantlets, metataxonomic analyses revealed that the 

composition of the endophytic community was differently modulated by Rhizobium sp. GR12 and 

Kosakonia sp. VR04. The former had a minor impact on the endophytic bacterial community while 

Kosakonia sp. VR04 caused a major change in community composition, suggesting an opportunistic 

colonization pattern. The results of this study corroborate the importance of preserving the native 

endophytic community structure and functions during plant microbiome engineering. Moreover, for 

the first time, the structure of bacterial endophytic community of micropropagated grapevine cuttings 

was described, showing that it clearly differed from those generally associated to this plant species 

in the field. 

Rhizobium sp. GR12 strain was included in a panel of plant-associated bacterial strains isolated from 

different host species and selected based on their PGP properties, abiotic stress tolerance and 

polysaccharides degrading activity. These strains were used to test the possibility to provide 
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beneficial bacterial inoculant through the functionalization of a bio-based polymer, derived from food 

industry waste and designed with the final aim to obtain biodegradable nursery pots. Cell viability 

within the biopolymer was evaluated by embedding the strains into the liquid material and by isolating 

them after its solidification, drying and storage. The results showed that the approach was suitable 

only for the tested spore-forming Bacillus strains, which were able to cope the desiccation step during 

the production of the biopolymeric film. Thus, to improve the survival of non-spore-forming strains, 

we changed strategy and tested food waste derived materials, and other different molecules, as 

cryoprotective agents to obtain a lyophilised PGP inoculum. Using as model bacterium Rhizobium 

sp. GR12 strain, interesting results were observed using a residual fraction obtained from the 

extraction of proteins from okara, a soy-milk by-product, in comparison with other cryoprotectants.  

The second pillar of the present PhD thesis concern i) the investigation of the resistome profiling of 

water-dwelling microbiomes in environments associated with water reuse practices in agriculture 

and ii) the studies of Horizontal Gene Transfer (HGT) on lettuce phylloplane. On one hand, we 

collected freshwater samples along a gradient of increasing distance from the effluent releasing point 

of a WWTP located in the Cremona municipality to the Po River. From these samples, bacterial 

collection was established on selective media for Enterobacteriaceae and Enterococcaceae, aiming 

to characterize the resistome in this natural environment and applying different techniques, like 

Minimum Inhibitory Concentration (MIC) analyses and disk diffusion test. Taxonomic identification 

showed that the established collection encompasses, besides faecal-indicator-bacteria, several 

genera known to be able to interact with plants (e.g., Acinetobacter, Klebsiella) and previously 

reported as potential human and animal opportunistic pathogens. The results of MIC analyses 

showed the presence of 5 multi-drug-resistant strains. Based on the antibiotic resistance profiling, 

different strains were selected for genome sequencing. Moreover, we tested the possible 

introduction and spread of ARB in the microbiome of plants of agricultural interest, by administering 

some of the detected multi-drug-resistant strains to lettuces plants under greenhouse conditions. 

Eight bacterial strains belonging to Acinetobacter, Klebsiella and Escherichia genera were tested for 

colonization ability and were able to establish in the lettuce plants’ rhizosphere with a concentration 

ranging between 104 to 106 CFU/g of soil. The conducted antibiotic resistance survey showed how a 

high percentage of isolates important under the ‘One Health’ frame carried AR traits and/or were 

MDR strains. Rhizospheric colonization of a plant of agricultural interest by MDR strains, could 

represent an important trigger for HGT events related to AR transmission. The genomes of 15 

isolates chosen among the MDR strains are currently under analyses to get more knowledge about 

AR traits, in particular ARGs localization and possible diffusion mechanisms.  

In this context, the possible acquisition of extracellular DNA (exDNA) on lettuce phylloplane by the 

model strain A. baylyi BD413 was characterized performing in planta experiments, to clarify the role 

of natural transformation as entrance pathway of ARGs into the epiphytic and/or endophytic bacterial 

communities associated to leafy vegetables. Furthermore, we investigated the effect of surfactants, 
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which are chemicals widely used in agriculture, on exDNA acquisition by bacteria and plant tissues, 

and on the bacterium leaf endosphere penetration. Firstly, we demonstrated that A. baylyi BD413 

was able to acquire extracellular DNA on lettuce leaf when DNA was provided at low quantity 

mimicking those detected in treated wastewater. Notably, natural transformation frequency in planta 

was comparable to that occurring under optimal conditions (i.e., temperature, nutrient provision, and 

absence of microbial competitors). The transformation frequency of A. baylyi BD413 was not 

enhanced by the presence of the surfactant, a data in agreement with no increase of the bacterial 

cell permeability when the surfactant was added in the growth medium. Interestingly, the 

concentrations of total and transformant A. baylyi BD413 colonies retrieved from the lettuce 

endosphere showed higher values in leaves treated with the surfactant and such difference was 

statistically significant for transformant colonies. In our experimental set, we could not totally exclude 

that the latter result could be related to a higher uptake of exDNA by plant tissues in the presence of 

surfactant resulting in the occurrence of transformation events directly in the endosphere. All in all, 

the work conducted on natural transformation events using A. bayily BD413 highlighted the 

importance to obtain more experimental data on HGT mechanisms directly in planta, since produces 

represent the possible entry point of ARGs and ARB into food production, especially if raw 

consumed. 

The results of this PhD thesis research led to an improved knowledge of beneficial bacterial invasion 

outcomes in planta, linking the response of all the involved players in the holobiont, and provided 

novel information to design technological solutions aimed at improving beneficial bacteria delivery to 

plants. On the other hand, the data collected on bacterial resistome and HGT events in relation to 

water reuse scenario confirmed the importance to assess the possible impact of agricultural 

practices under the framework of the One Health approach.  
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Bacterial players in crop systems: benefits and 
risks in the ‘One Health’ perspective 
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1. Agri-food ecosystems are routes connecting the soil and gut microbiomes  

 

Microorganisms are able to colonize the large majority of the marine and terrestrial environments we 

know on our planet and, through their metabolic capabilities, they shape the surrounding habitats 

and allow their functioning (Sessitch et al., 2023). Moreover, microorganisms can be transferred 

between ecosystems, following different routes: for example, air particles can connect even distant 

environments (Richard et al., 2023). In agreement with the famous principle ‘Everything is 

everywhere, but, the environment selects’ (Baas Becking, 1934), the transfer of microbes across 

different environmental compartments does not necessarily imply their proliferation in the receiving 

one. However, the microbial connections between ecosystems should not be overlooked in the case 

of agri-food ecosystems, which include activities related to agriculture, farming, food processing and 

beverage production, and through these activities connect soil and water matrices with humans.  

The study of the human microbiome (i.e, microorganisms inhabiting and interacting with the human 

body through commensal, mutualistic, or pathogenic interactions) has been boosted since 2007 

when the Human Microbiome Project started (Lewis et al., 2012) and revealed in the last two 

decades the enormous role that microbes play on our metabolism, health and well-being. 

Microorganisms colonise several micro-environments in our body, nevertheless the celebrity is the 

microbiome inhabiting the gastro-intestinal tract (Kim and Mills 2024; Hirt, 2020; Ursell et al., 2012). 

The environment is considered one of the factors determining the assembly of the gut microbiota 

and several changes in the human lifestyle over the last century have been indicated as possibly 

involved in the decrease of gut microbial alpha-diversity (Tasmin et al., 2017). Other reasons 

involved in this process are the loss of soil biodiversity caused by industrialization and urbanization 

and a minor direct contact with natural soil matrices. Indeed, soil is the largest reservoir of microbial 

species and genomes on Earth, it is vital in the evolution of the human gut microbiome, and it can 

provide beneficial gut microorganisms (Blum et al., 2019). 

Like human organisms, plants cannot anymore be considered as standalone entities, given the 

presence of a wide diversity of microorganisms both inside (i.e., the endosphere) and outside their 

tissues, that together with the plant form the so-called “plant holobiont” (Vandenkoornhuyse et al., 

2015). These microorganisms, including bacteria, fungi, protists, nematodes and viruses, play 

pivotal roles in promoting the productivity and health of the plant in both natural and agricultural 
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environments (Trivedi et al., 2020) and can be even transmitted vertically to progeny in the seeds 

and propagules (Abdelfattah et al., 2023, Soldan et al., 2019).  

The soil-plant system represents a continuum of microorganisms. In fact, a fraction of the soil 

microbiome can colonize the rhizosphere (i.e., the soil particles tightly attached to the roots, Philippot 

et al., 2013) and the rhizoplane (i.e., the root surface). Moreover, a fraction of the rhizosphere 

microbiome can enter the root tissues and move across the plant compartments (Hardoim et al., 

2008). The movement through plant vessels can spread microbes up to the edible part of plants and 

represents the more remarkable connection path between soil and human gut microbiomes when 

such edible parts are consumed as raw vegetables, like in the case of lettuce and other leafy 

vegetables. Plants are a substantial part of our daily diet. Vegetables, fruits, herbs, nuts, and 

medicinal herbs belong to the raw-eaten plants. Notably, our food comprises all those plant 

compartments that represents microbial habitats and that can be colonized by up to 104–1010 

microorganisms per gram of plant (Oukala et al., 2021). Examples of microbial habitats present in 

our diets are the phyllosphere (e.g., lettuce), the root (e.g., carrots), the carposphere (e.g., tomato, 

apple) and their corresponding endosphere. Considering that a substantial part of our plant diet is 

consumed fresh, every meal can deliver trillions of microbial cells to our body, and it is time to look 

at this contribute to the human gut microbiome and health. In fact, even after washing or rinsing food 

surfaces, a substantial number of bacteria is expected to enter the body with our food and these 

microbial populations have been overall defined by the fascinating term ‘edible microbiome’ (Berg et 

al., 2014). According to the study of Wicaksono and coauthors (2023) the microbial communities of 

fresh fruits, vegetables and the human gut encompass members in common, such as 

Enterobacterales, Burkholderiales, and Lactobacillales. Plant root system and animal guts share 

several similar characteristics. They are habitats with uneven values of pH and differential levels or 

gradients of nutrients, water and oxygen (Ramírez-Puebla et al., 2013), thus forming a puzzle of 

different microniches. Moreover, plant root and gut systems acquire most of their microbial members, 

partially belonging to the same phyla, from the environment: soil and food in plants and humans, 

respectively. Interestingly, as microbial transplantation can cure various diseases in the case of 

human faecal transfer, a breakthrough approach in plant microbiology is rhizosphere microbiome 

transplanting from plant resistant to pathogens to the susceptible ones (Jiang et al., 2022). 

The above-mentioned meta-analysis performed by Wicaksono and coauthors (2023) also reports 

the detection in the gut microbiome, through metagenomics, of putative health-promoting genes 

responsible for the production of vitamin and short-chain fatty acids, suggesting that the consumption 

of fruit and vegetable could have a beneficial impact on the functional diversity of the gut microbial 

community. Although the recognition that our diets contain potentially beneficial bacteria and fungi 

is a new concept (Soto-Giron et al., 2021) we cannot disregard that fresh fruits and vegetable 

microbiomes can include also pathogens and related toxins. For this reason, standing on the 

knowledge that environmental and human microbiomes are linked to each other, this review aims at 
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showcasing the importance to consider their connection through agri-food ecosystems, and plants 

in particular, when developing and applying sustainable practices in agriculture. Indeed, several 

sustainable practices, i.e., the use of microbes as biostimulants, biofertilizer or biocontrol agents and 

the treated wastewater reuse for crop irrigation represent the entrance point in the agri-food 

ecosystems of additional microbial genera and/or functional traits relevant in the One Health 

approach (Figure 1).  

2. Virtuous application of bacteria in agri-food ecosystems 

The world’s population continues to grow reaching 7.8 billion by mid-2020 and is expected to 

increase to more than nine billion by 2050 (Gu et al., 2021; Fasusi et al., 2021). Agriculture is 

indispensable for human sustenance: current estimates say that to suffice the food demand of the 

growing population at global scale, an increase between 50-100% in annual production is required, 

according to the type of country taken in consideration (Fukase and Martin, 2020; Mahapatra et al., 

2022). The biggest challenge for modern agriculture is the urgent need to balance the demand for a 

higher rate of productivity together with a strongly improved resource use efficiency, especially by 

reducing carbon and water footprints and counteracting environmental pollution (Rouphael and 

Colla, 2020). Moreover, climate change by increasing the incidence and frequency of extreme 

meteorological phenomena (i.e., flooding, drought) intensifies the problem of soil degradation that 

ultimately affect crop production (Grammenou et al., 2023). Long-term application of chemical 

fertilizers for N, P or K supply is among the causes of land degradation and it has been associated 

to a significant decrease of bacterial richness and imbalance of soil microflora (Sun et al., 2015). An 

eco-friendly solution to reduce the use of chemicals in agriculture is their total or partial replacement 

by Plant Growth Promoting (PGP) microorganisms, which could be categorized as biofertilizers, 

biostimulants, and biopesticides (Bhattacharyya and Jha, 2012). Biofertilizer products could be 

defined as substances which contains living or dormant microorganisms which that once applied to 

seeds, plants, or soils, colonizes plants’ internal tissues or surface and promotes plant performances 

through their positive impacts on plant growth, yield and chemical composition as well as boosting 

plant tolerance to biotic and abiotic stresses (Du Jardin, 2015; Yahkin et al., 2017; Mahanty et al., 

2017; Shahrajabian et al., 2021). Biofertilizers are already widely used in agriculture and can be 

successfully implemented also in the field of soil bioremediation (i.e., phyto-rhizoremediation, 

Vergani et al. 2017) which is a crucial step for land reclamation. Indeed, harnessing the plant 

microbiome is considered a potentially workable approach for the next green revolution, in an 

environmentally sustainable way (Qiu et al., 2019). Biofertilizers’ market was valued at around USD 

2.31 billion in 2023 and is anticipated to register a CAGR (i.e., Compounded Average Growth Rate) 

of over 8.5% between 2024 and 2032 (GMI, 2024). The positive economic growth of this market is 

majorly influenced on a political level by government subsidies and favourable policies, while 

boosted on a scientific level by advances in biotechnological research and availability of formulations 
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and improved delivery systems. Recent scientific literature is abundant of virtuous applications of 

PGP in the field. An example of successful application of biofertilizers on soybean exploited Bacillus 

paralicheniformis capacity of colonizing the roots, resulting in the improvement of root growth, 

nutrients uptake, photosynthesis rate and water use efficiency (Liu et al., 2023). Likewise, 

commercial rhizobia inoculants were reported to significantly enhance the yield and nitrogen fixation 

of two soybean varieties cultivated in Kenyan soils (Thuita et al. 2012). Commercial microbial 

biostimulants (i.e., ProbioHumus, NaturGel) and their mixture were tested also on cereals, displaying 

positive effects on the growth of wheat and oats (Gaveliené and Jurkoniené, 2022). Moving to fruit 

crops, a study by Rahman and coauthors (2018) showed how plant probiotic bacteria, Bacillus 

amylolequefaciens BChi1 and Paraburkholderia fungorum BRRh-4 had positive effects on plant 

growth, fruit yield and antioxidant contents in strawberry fruits. The improvement of fruit yield 

compared to untreated control plants was reported in response to PGP addition also on grapevine 

by Rolli and coauthors (2017) testing a panel of plant beneficial strains in field experiments. Lastly, 

PGP bacteria were successfully applied also to medicinal and aromatic crops (Prakash et al., 2022) 

where a Bacillus safensis based bioformulation showed a significant impact on Stevia rebaudiana 

growth, biochemical parameters and metabolite properties, as well as on steviol glycoside 

biosynthesis, and has proven to be a viable alternative to chemicals. 

Despite the reported successful case studies, the application of microbial biofertilizers and 

biostimulants in the real scenario remain hampered by the ability of plant beneficial bacteria to 

successfully colonise the plant. Accordingly, a recent hot topic in applied plant microbiology is the 

design of bio-based polymers for the improved administration of PGP strains; a range of 

biomolecules can be exploited for the formulation of these novel biopolymers, including alginate 

(Martìnez-Cano et al., 2022), plant proteins (Vejan et al., 2018), chitosan (Beula Isabel et al., 2024) 

and other polysaccharides (Vassilev et al., 2020). However, the key issue to promote the transition 

of plant probiotic technology from the research laboratories to the field is a better understanding of 

the microbial invasion process (Sessitsch et al., 2019). Microbial invasion (i.e., the introduction of 

one or more microbial individuals into a new environment or community where they have never 

existed before) can be divided in four steps: (i) introduction, (ii) establishment, (iii) growth and spread, 

and (iv) impact of the microbial invader (Mallon et al., 2015; Jack et al., 2021). Until now, bacterial 

invasion in plants has been largely studied in relation to pathogens, especially when they attack 

cultivated plant species and the outcomes on yield and product quality can be measured (Jack et 

al., 2021). On the opposite, few data are available considering this phenomenon in relation to the 

application of PGP bacteria in agricultural systems. The possible occurrence of negative effects due 

to the potential impact of microbial inoculants on the biodiversity and functioning of ecosystems has 

been pointed-out because of microbial invasion (Jack et al., 2021) and specifically in relation to the 

application of arbuscular-mycorrhizal fungi as biofertilizers (Mawarda et al., 2020). Although 

experimental data are still scant, it has been demonstrated that the inoculum of a single Rhizobium 
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strain to soybean impacted the structure of the plant associated bacterial and fungal communities 

and the reported shifts were lasting over time (Zhong et al., 2019; Xu et al., 2020). These changes 

are not necessarily detrimental for the holobiont; however, the common paradigm suggests the 

importance of preserving the structure and functions of the native recipient microbial community 

during plant microbiome engineering. A recent study conducted by Vergani and coauthors (2024) on 

grapevine micropropagated plantlets corroborates the importance to preserve the plant-endophyte 

associations for the holobiont performance in response to the addition of putative beneficial bacteria. 

The results of this study highlighted that the plant growth promotion effect was specifically 

associated, in addition to the PGP strain ability to invade the plant tissues, to the response of the 

receiving endophytic bacterial communities in terms of structure and interactions between 

community members.  

3. Unwanted bacteria can enter the agri-food ecosystems 

Freshwater availability is increasingly threatened on one hand by human activities, such as the 

intensification of agricultural production and increasing standards of living (Michetti et al., 2019), and 

on the other hand by climate change, through extreme events like floods and droughts, or changes 

in runoff, river flows, and water retention (Di Stefano and Kelly, 2017; Michetti et al., 2019). 

Freshwater scarcity is defined as the unsatisfaction of regional demand, for both urban, industrial or 

agricultural purposes (de Figueirêdo et al., 2014). In the context of climate change, a recognized 

best practice in agriculture is the use of treated wastewater for irrigation (Khanpae et al., 2020; 

Sivaraman et al., 2023). However, a comprehensive view on the sustainability of treated wastewater 

usage in agriculture is not yet available and most of the studies have focused on the farmers’ 

acceptance of the use of treated wastewater or on field observation data, which can underestimate 

the impacts on the agricultural sustainability on the long-term and do not take in consideration both 

direct and indirect effects of its application (Khanpae et al., 2020). Furthermore, the scenarios can 

be very different according to the quality of the treated wastewaters used for irrigation around the 

world, an aspect affected by the well-known unsuitability of conventional wastewater treatment plants 

(WWTPs) for the removal of emerging contaminants (e.g. pharmaceuticals, personal care products, 

antibiotic resistance determinants) that are by now considered by the first EU regulation on 

wastewater reuse (Regulation 2020/741 on minimum requirements for water reuse). Among the 

emerging contaminants, a great number and variety of antibiotics and related metabolites are 

present in treated wastewaters, constituting mixtures which may continuously vary, daily, seasonally 

and inter-annually, both in composition and concentrations (Diwan et al., 2013; Petrie et al., 2015). 

Indeed, WWTPs are indicated as the main entrance point of antibiotic resistance determinants into 

the environment (Larsson and Flach et al., 2022), therefore the use of treated wastewater for 

irrigation could result in the continuous exposure of agri-food systems to both genetic determinants 

and antibiotic metabolites (Christou et al., 2017). In aquatic environments, antibiotic resistant 
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bacteria (ARB) can release or spread antibiotic resistance genes (ARGs), which are relatively 

persistent and can be acquired by other bacteria through horizontal gene transfer (HGT) events. 

This process results in higher number and diversity of antibiotic-resistant bacteria (He et al., 2018; 

Okoye et al., 2022), including those species able to colonise the plant and animal holobionts. HGT 

is defined as the transfer of mobile genetic elements like plasmids, transposons and integrons via 

conjugation, transformation, transduction or vesiduction (Zhu et al., 2023), and the most dominant 

process can vary according to the considered ecosystems (Zarei-Baygi and Smith, 2023). Recently, 

increasing evidence has shown that non-antibiotic environmental contaminants can facilitate the 

spread of ARGs by HGT events (Beaber et al., 2004; Schmidt et al., 2022). For example, chemicals 

such as quaternary ammonium compounds, heavy metals and nanoparticles were found to promote 

the conjugative transfer of ARGs (Li et al., 2022). Most xenobiotic compounds induce overproduction 

of the stress response by triggering ROS, genetic mutations and the SOS response, an inducible 

DNA repair pathway, of bacterial cells. Oxidative stress and SOS responses are the main reasons 

behind the increase of HGT events frequency, due to their capacity of damaging the cell membrane 

(Beaber et al., 2004; Qiu et al., 2012), rendering the cells more favourable to acquire exogenous 

DNA (Li et al., 2022; Shi et al., 2022). In this context, agrochemicals could play an important role in 

the agri-food systems. In a work by Liao et al. (2021) it has been documented that surfactants could 

induce antimicrobial resistance spread through genetic mutation and HGT, after exposure of 

complex soil microbial communities to these molecules for 60 days, even if the molecular 

mechanisms behind this HGT events remains unclear (Li et al., 2022). Kurenbach and coauthors 

(2015) demonstrated that the exposure to commercial herbicides (i.e., dicamba, 2,4-

dichlorophenoxyacetic acid, and glyphosate) induced an adaptive phenotypic response of 

Escherichia coli and Salmonella enterica generating antibiotic resistant phenotypes. Likewise, a 

recent work by Li and coauthors (2022) demonstrated that herbicides at sublethal environmental 

contamination levels facilitate the dissemination of ARGs mediated by conjugation events of 

multidrug resistance plasmids, enhancing intercellular contact between cells by expression of pilus-

encoded genes, decreasing cell surface charge, increasing cell membrane permeability and the 

proton motive force to promote DNA. Overall, the impact of agrochemicals on antibiotic resistance 

spread in agri-food systems is still overlooked and could be one of the aspects to consider for future 

research (Riva et al., 2022). Many agrochemical formulations include surfactants, which enable the 

spray suspension to spread more uniformly over waxy plant surfaces (Gu et al., 2011). Given the 

importance of raw-consumed fruits and vegetables as vehicles for transmission of human enteric 

pathogens (Berger et al., 2010), bacterial pathogens spread influenced by agrochemicals 

administration should be also taken in consideration regarding microbial invasion phenomena in the 

agri-food systems. Surfactants that reduce surface tension of water and positively enhance 

penetration into plant surfaces, like trisiloxanes, are commonly used in pesticide formulations 

(Sieverding et al., 2006). In a work by Gu and coauthors (2011), the application of the Silwet L-77 
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surfactants to tomato enhanced the entrance of the bacterial pathogen Salmonella into leaf tissues. 

In addition, the results of a recent article indicated that after the acquisition, on leaf surface, of an 

exogenous plasmid (pZR80) carrying an antibiotic resistance gene, transformant cells of the model 

environmental bacterium A. baylyi BD413 can colonize lettuce leaf tissues (Riva et al., 2022). 

Notably, this work showed how this ability was enhanced in the presence of heptamethyltrisiloxane, 

a surfactant adjuvant widely used in agriculture. These experimental results corroborate the risk of 

transmitting antibiotic resistance to human through endophytic bacteria, as postulated by Scaccia 

and coauthors (2021) based on published research conducted on a variety of plant species and 

focusing on those bacterial taxonomic groups able to colonize wastewater, plants and the human 

body (Figure 1). 

4. Concluding remarks and future perspectives 

While the possibility to spread ARB and ARGs through water reuse practices is a pillar in studying 

the environmental dimension of antibiotic resistance, the role of plant growth promoting bacteria in 

relation to the cycle of antibiotic resistance remains to be elucidated. In fact, as recently pointed out 

by Mahdi et al. (2022), there is a lack in the consideration of this phenomenon although many strains 

proposed as biofertilizers and/or biostimulants are resistant to more than one antibiotic compound 

and/or harbour at least one ARGs. An interesting study revealed that plant regulators, including a 

phytohormone that can be produced by PGP bacteria (i.e., indolacetic acid), significantly promoted 

the frequency of conjugation events and ARG spread between two E. coli strains (Zhao et al., 2023), 

further highlighting the multifaceted nature of this phenomenon. On the other side, antibiotic 

resistance in PGP strains could be considered a positive trait, if related to intrinsic resistance 

(Ramakrishna et al., 2019), since it can confer an advantage to the plant beneficial bacterial strain 

in terms of rhizosphere and root colonization during the invasion process, which represent a critical 

issue for PGP application in the field. All in all, the data available in the scientific literature show that 

the design of technological solutions in agri-food ecosystems should be driven by the One Health 

approach in a framework that allow a comprehensive assessment of benefits and risks. Special 

attention should be devoted to the spread of antimicrobial resistance, which currently represent a 

major global health challenge for humans and animals, and specifically to the HGT events that might 

involve those microbial taxa able to colonize humans, plants and the relevant environmental habitats 

for agriculture and food production (i.e., water and soil). 
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Figure 1. The environmental cycle of bacterial players under the ‘One Health’ framework: a focus on the 

transmission of antibiotic-resistant bacteria (ARB), antibiotic resistance genes (ARGs) and plant growth-

promoters (PGP). An overview of the transmission route of both ARB and ARGs across environmental compartments: 

ARB and ARGs can be present in the gut, from where they can be discharged and collected in sewers directed to 

wastewater treatment plants (WWTP). Afterwards, WWTP effluents used for irrigation can cause a possible contamination 

of crop plants: through the consumption of raw-eaten vegetables and fruits antibiotic resistant determinants can be 

transmitted back to human guts. PGP bacteria participation in this cycle coincides with their administration to plants in the 

field, where they interact with native bacterial communities possibly introducing ARGs or acquiring them from the soil 

community and bring them to the endophytic bacterial community. 
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Rationale and aim of the work 
 
Agri-food systems are crucial environment in the One Health approach, which deal with the 

intersections between human, animal and environmental health, recognising them as a unique 

interconnected system. Notably, microorganisms are everywhere in the agri-food ecosystems, 

where they play unreplaceable roles for the benefit of humankind. In recent years, the 

implementation of high-throughput sequence technologies has increased in the microbiological 

studies investigating the entire sequential steps from “Farm-to-Fork”. These studies described, for 

instance, the structure and shifts of microbiomes during food fermentation, the detection of 

microbes and genes (e.g., antibiotic resistance genes) possibly associated with hazards for animal 

and human health along the food chain, and the discovery of novel potential probiotics for both 

animals and plants (Olmo et al. 2022).  

Regarding the latter aspects, the successful design of plant probiotics is based on the exploitation 

of beneficial interactions between plant and microbes and strictly depends upon the microbe ability 

to efficiently colonise the plant habitats. This is one of the major factors limiting the application of 

microbial biofertilizers and biostimulants in the field, and a better understanding of invasion would 

benefit sustainable agriculture (Vergani et al., 2024). In fact, available data on bacterial invasion 

in plants have been largely obtained in relation to pathogens, while few data are available 

regarding this phenomenon in the frame of putative beneficial (i.e., Plant Growth Promoting -PGP- 

strains) plant-bacteria interaction. The bacteria’s permanence over time at a suitable density in 

the plant tissues can be related in fact to the occurrence of the PGP effect (Sessitsch et al., 2019). 

Moreover, plant probiotics can act directly by exerting PGP functions (i.e., biostimulation, 

biofertilization, and biocontrol) or their beneficial effect can be the result of interactions with the 

native endophytic community, whose composition can be modulated by the bacterial inoculum 

(Hu et al., 2021). For this reason, to improve the understanding of beneficial bacteria 

establishment into the plant microbiome would be crucial to make the use of PGP strains in the 

field efficient (Sessitsch et al., 2019). 

The use of microbial biofertilizer and biostimulants is one of the desirable sustainable practices in 

agriculture, and another one highly advantageous approach aimed at improving resources use is 

the water reuse for irrigation. However, various studies have shown that antibiotic residues, 

antibiotic resistant bacteria (ARB), and antibiotic resistance genes (ARGs), occur in aquatic 

environments and that wastewaters are a hot spot for the environmental spread of antibiotic 

resistance (Zvinavashe et al., 2021). ARB and ARG can accidentally enter agri-food ecosystems 

through wastewater treatment plant (WWTP) effluents released to surface water bodies and used 
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for irrigation purposes (Voigt et al., 2020) thus this aspect deserves specific attention in 

microbiological studies across the ‘Farm-to-Fork’ chain. ARGs can be in fact transferred vertically 

between the same species but also between different species through horizontal gene transfer 

(HGT). Indeed, it has been hypothesized that environmental bacteria able to colonize crops may 

serve as platforms for the persistence of ARB and for the spread of ARGs via HGT (Kumar et al., 

2018). Among HGT mechanisms, the role of natural transformation is poorly studied in the context 

of environmental antibiotic resistance although recent evidence speaks in favour of greater 

importance than previously assumed (Tiedje et al., 2023). 

The main objective of the research performed during this PhD thesis was the investigation of the 

effect of bacteria entrance in agri-food ecosystems, considering both the benefits and the risks 

given by the introduction, voluntary or accidental, of bacterial players under the framework of ‘One 

Health’. In particular, the research was aimed at: i)improving knowledge on the effective 

administration of plant probiotics in crop systems (Chapter I) both by deciphering interaction of 

bacteria inoculants with the recipient endophytic community in grapevine micropropagated plants, 

and by developing novel biobased delivery systems for plant-growth promoting bacteria; ii) 

investigating potential risks related to antibiotic resistance spread in agrifood systems (Chapter II) 

by taking in consideration both the introduction of allochthonous microorganisms through treated 

wastewater reuse for irrigation  and the occurrence of Horizontal Gene Transfer events on lettuce, 

chosen as model plant.  

Focusing on the plant probiotics side, in Chapter I.I we used in vitro micropropagated plants, 

limiting the variability of other experimental systems, to disentangle the effects played by putative 

beneficial bacteria when invading the plant holobiont. Engineering the plant microbiome with 

beneficial endophytic bacteria can improve the growth, health, and productivity of the holobiont. 

We administered two different beneficial bacteria, Kosakonia VR04 sp. and Rhizobium GR12 sp., 

to micropropagated grapevine cuttings obtained via somatic embryogenesis, and described how 

the inoculation of these strains impacts endophytic microbiota assembly. The endophytic bacterial 

microbiota of in vitro micropropagated grapevine was characterized here for the first time.  

The effective colonization of root systems by plant probiotics could be also improved designing 

novel delivery systems. In Chapter I.II i focused on the provision of bacterial inoculant to plant 

through the functionalization of a biopolymer under study to obtain biodegradable nursery pots. 

This type of pots would strongly benefit the horticultural sector, reducing the use of plastics and, 

once functionalised by embedding microbial fertilizers, they could increase plantlet growth 

reducing the need of agrochemicals (Mapelli et al. 2022). However, the developed bio-based 

materials can be also exploited as powders, beads, or seed coating for the delivery of beneficial 
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bacteria to crops (Orlikowska et al., 2017). Selected bacteria were characterized based on their 

in vitro PGP properties, abiotic stress tolerance and polysaccharidases activity and different 

strategies have been tested on candidate strains. Based on the performed experiments, spore 

formers Bacilli were directly included in the biopolymer, whereas for a non-spore former strain an 

improved lyophilization protocol has been optimized. Future experiments, taking advantage of a 

recently obtained fluorescent strain could be performed to study the release of the bacterium and 

its route from the biomaterial up to the plant roots. 

As mentioned above, the introduction of allochthonous microorganisms in crops can occur through 

irrigation using treated wastewaters, and agri-food systems are crucial hotspots for antibiotic 

resistance diffusion under the One Health perspective. Though it is known that Horizontal Gene 

Transfer (HGT) plays a crucial role in the spreading of ARGs, there are important gaps of 

knowledge regarding the ARB presence and the frequency of HGT events in the environment. In 

Chapter II.I we collected freshwater samples along a gradient of increasing distance from the 

effluent releasing point of a WWTP located in the Cremona municipality to the Po River. From 

these samples, a bacterial collection was established on selective media for Enterobacteriaceae 

and Enterococcaceae, aiming to characterize the resistome in this natural environment. Moreover, 

a selection of multi-drug-resistant strains was administered to lettuce, a model leafy vegetable 

commonly eaten raw, and measuring the colonization of the rhizosphere.  

Lastly, in Chapter II.II i investigated the capacity of A. baylyi BD413 to acquire an antibiotic 

resistance gene by natural transformation on lettuce phylloplane and to enter the endosphere. A. 

baylyi BD413 strain is an environmental model bacterium to study natural transformation, it can 

horizontally transfer antibiotic resistance genes to Escherichia coli through the secretion of 

vesicles as recently demonstrated on lettuce leaf discs (Christou et al., 2005; Maeusli et al., 2020). 

Moreover, it belongs to a genus that includes both several human opportunistic pathogens and 

typical members of the cultivable plant endophytic microbiome. During this PhD project I 

characterized the possible acquisition of extracellular DNA (exDNA) on lettuce phylloplane by A. 

baylyi BD413 performing both in vitro and in planta experiments, to clarify the role of natural 

transformation as entrance pathway of ARGs into the epiphytic and/or endophytic bacterial 

communities associated to leafy vegetables. Furthermore, the possible effect of a class of 

chemicals widely used in agriculture (i.e., surfactants) on exDNA acquisition by bacteria and plant 

tissues was tested, as well as their effect on bacterial leaf endosphere penetration.  

To summarize, general conclusions and future perspectives arising from this PhD work are 

reported in the last chapter of the thesis 

 



 
 

26 
 

Bibliography 

• Chen, Q., Cui, H., Su, J., Penuelas, J., Zhu, Y., 2019. Antibiotic resistomes in plant microbiomes. Trends 

in Plant Science 24, 530–541  

• Christou A., Agüera, A., Bayona J.M., Cytryn E., Fotopoulos V., Lambropoulou D., Manaia C.M., Michael 

C., Costanzo S.D., Murby J., Bates J., Ecosystem response to antibiotics entering the aquatic 

environment,Mar. Pollut. Bull. 51 (2005) 218–223  

• Hardoim PR, van Overbeek LS, Elsas JD van. 2008. Properties of bacterial endophytes and their 

proposed role in plant growth. Trends Microbiol 16:463–471.  

• Hassani MA, Durán P, Hacquard S. 2018. Microbial interactions within the plant 

holobiont. Microbiome 6:58.  

• H.A.,Schreiber C., Association between antibiotic residues, antibiotic resistant bacteria and antibiotic 

resistance genes in anthropogenic wastewater – An evaluation of clinical influences, Chemosphere 241 

(2020), 125032  

• Hu J, Yang T, Friman VP, Kowalchuk GA, Hautier Y, Li M, Wei Z, Xu Y, Shen Q, Jousset A. 2021. 

Introduction of probiotic bacterial consortia promotes plant growth via impacts on the resident 

rhizosphere microbiome. Proc Biol Sci 288:20211396.  

• Kumar A., Pal D., Antibiotic resistance and Wastewater: correlation, impact and critical human health 

challenges, Journal of Environmental Chemical Engineering, Volume 6, Issue 1, February 2018, 52-58  

• Maeusli M Bosul Lee, Sarah Miller, Zeferino Reyna, Peggy Lu, Jun Yan, Amber Ulhaq, Nicholas 

Skandalis, Brad Spellberg, Brian Luna, Horizontal Gene Transfer of Antibiotic Resistance from 

Acinetobacter baylyi to Escherichia coli on Lettuce and Subsequent Antibiotic Resistance Transmission 

to the Gut Microbiome, mSphere, May/June 2020 Volume 5 Issue 3  

• Mapelli F, Carullo D, Farris S, Ferrante A, Bacenetti J, Ventura V, Frisio D and Borin S, Food Waste-

Derived Biomaterials Enriched by Biostimulants Agents for Sustainable Horticultural Practices, Frontiers 

in Sustainability, July 2022, Volume 3  

• Nuzzo F, Moine A, Nerva L, Pagliarani C, Perrone I, Boccacci P, Gribaudo I, Chitarra W, Gambino G. 

2022. Grapevine virome and production of healthy plants by somatic embryogenesis. Microb 

Biotechnol 15:1357–1373.  

• Olmo R, Wetzels SU, Armanhi JSL, Arruda P, Berg G, Cernava T, Cotter PD, Araujo SC, de Souza RSC, 

Ferrocino I, Frisvad JC, Georgalaki M, Hansen HH, Kazou M, Kiran GS, Kostic T, Krauss-Etschmann S,   

Kriaa A, Lange L, Maguin E, Mitter B, Nielsen MO, Olivares M, Quijada NM, Romaní-Pérez M, Sanz Y, 

Schloter M, Schmitt-Kopplin P, Seaton SC, Selvin J, Sessitsch A, Wang M, Zwirzitz B, Selberherr E, 

Wagner M. Microbiome Research as an Effective Driver of Success Stories in Agrifood Systems - A 

Selection of Case Studies. Front Microbiol. 2022 Jul 4; 13:834622 

• Orlikowska T, Nowak K, Reed B. 2017. Bacteria in the plant tissue culture environment. Plant Cell Tiss 

Organ Cult 128:487–508.  



 
 

27 
 

• Sessitsch A, Pfaffenbichler N, Mitter B. 2019. Microbiome applications from lab to field: facing 

complexity. Trends Plant Sci 24:194–198.  

• Tiedje J.M., Fu Y, Mei Z, Schäffer A, Dou Q, Amelung W, Elsner M, Adu-Gyamfi J, Heng L, Virta M, Jiang 

X, Smidt H, Topp E, Wang F, Antibiotic resistance genes in food production systems, support One Health 

opinions, Volume 34, August 2023, 100492 

• Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, Dufresne A. 2015. The importance of the 

microbiome of the plant holobiont. New Phytol 206:1196–1206.  

• Vaccaro F, Cangioli L, Mengoni A, Fagorzi C. 2022. Synthetic plant microbiota challenges in nonmodel 

specie. Trends Microbiol 30:922–924  

• Voigt AM, Zacharias N, Timm C, Wasser F, Sib E, Skutlarek D, Parcina M, Schmithausen RM, Schwartz 

T, Hembach N, Tiehm A, Stange C, Engelhart S, Bierbaum G, Kistemann T, Exner M, Faerber HA, 

Schreiber C. Association between antibiotic residues, antibiotic resistant bacteria and antibiotic 

resistance genes in anthropogenic wastewater - An evaluation of clinical influences. Chemosphere. 2020 

Feb; 241:125032 

• Vergani L, Patania J, Riva V, Nerva L, Nuzzo F, Gambino G, Borin S, Mapelli F. 2024. Deciphering the 

interaction of bacteria inoculants with the recipient endophytic community in grapevine micropropagated 

plants. Appl Environ Microbiol 90: e02078-23. 

• Zvinavashe A.T., Mardad I, Mhada M, Kouisni L, Marelli B, Engineering the Plant Microenvironment to 

Facilitate Plant-Growth Promoting Microbe Association, J. Agric. Food Chem. 2021, 69, 13270−13285  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

28 
 

 
 
 
 
 

Chapter I  

Improved knowledge for 
the effective plant 

probiotic supply to crop 
systems 

 

The research presented in this chapter aims at promoting the 
knowledge-transition from the lab to the field for the use of 
microbial biofertilizers, by clarifying the interaction between 
bacteria inoculants and the recipient plant-associated 
microbiome and designing novel systems for their delivery. 

 

 
 

 

 



 
 

29 
 

Chapter I.I  

Deciphering the interaction of beneficial bacteria 
inoculants with the recipient endophytic 
community in grapevine micropropagated plants 
 

Lorenzo Vergani1, Joa Patania1, Valentina Riva1, Luca Nerva2,3, Floriana Nuzzo2, Giorgio 

Gambino2, Sara Borin1, Francesca Mapelli1* 

 

1Department of Food, Environmental and Nutritional Science (DeFENS), University of Milan, 

Milan, Italy 

2Institute for Sustainable Plant Protection (IPSP), National Research Council of Italy, Turin, Italy 

3Italy Research Centre for Viticulture and Enology, Council for Agricultural Research and 

Economics, Conegliano, Italy 

*corresponding author: francesca.mapelli@unimi.it 

 

Keywords: plant microbiome, plant growth promoting bacteria; bacterial invasion; 

micropropagation, Rhizobium 

 

Data availability statement: DNA sequencing data are available in the NCBI SRA and Genbank 

database, as detailed in the Materials and Methods section. Additional data (cited in as 

Supplementary Tables 1-3 and 5-7) have been deposited in the Dataverse repository 

(https://dataverse.unimi.it/dataset.xhtml?persistentId=doi:10.13130/RD_UNIMI/U1VCP7). 

Funding statement: This work was granted by the Italian Ministry of University and Research 

through the PRIN2017 grant no. 20172TZHYX (NATURE). 

 

Abstract 

A better comprehension of bacterial invasion processes and outcomes could benefit the use of 

plant probiotics in the field. In this context, the use of micropropagated plants could untie 

microbiologists by the use of model plants, allowing the study of plant-native microbiome-invader 

interactions on a wider portfolio of species. We administered the putative beneficial strains 

Kosakonia VR04 sp. and Rhizobium GR12 sp. to micropropagated grapevine cuttings, showing 
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that while both strains colonized plant tissues, only Rhizobium GR12 sp. increased roots biomass 

under nutritional-deficit conditions, as supported by plant growth promotion traits in its genome. 

Metataxonomy and co-occurrence analysis revealed that the native community, originally 

predominated by Streptococcaceae and Micrococcaceae, dramatically changed depending on the 

inoculation treatments, as invading strains differently affected the relative abundance, the 

functional potential and the interactions of pre-existing taxa. In particular, considering untreated 

plantlets as reference, Rhizobium sp. GR12 showed a minor impact on the plant bacterial 

community of grapevine plantlets maintaining predominant taxa such as Pantoea, while 

Kosakonia sp. VR04 caused a major microbiome imbalance, suggesting opportunistic 

colonization. Overall, the results corroborate the importance of preserving the native endophytic 

community structure and functions during plant microbiome engineering. 

Introduction 

Endophytes are considered the most interesting among beneficial microbiome members, as they 

are able to interact intimately with plants penetrating their internal tissues and moving in different 

compartments (Hardoim et al., 2008). These capabilities imply that endophytic strains can be 

highly efficient as plant probiotics since i) they are less exposed to the variation of 

physicochemical parameters occurring in the outer plant environments (i.e., leaf surface, 

rhizoplane, rhizosphere) and ii) they suffer a minor competition in the endosphere compared to 

other microhabitats (Edwards et al., 2015; Vandenkoornhuyse et al., 2015). 

The occurrence of a plant growth promotion (PGP) effect after the application of a beneficial 

bacterium, generally defined measuring phenotypic traits, may depend upon several factors, 

including its permanence over time at a suitable bacterial density into the plant tissues(Sessitsch 

et al., 2019; Riva et al., 2021). Moreover, plant probiotics can act directly by exerting PGP 

functions (i.e., biostimulation, biofertilization and biocontrol) or their beneficial effect can be the 

result of interactions with the native endophytic community, which composition can be modulated 

by the bacterial inoculum(Hu et al., 2021). The latter aspect is related to bacterial invasion, an 

ecological process that in plant microbiology has been mostly studied in terms of pathology 

(Hassani et al., 2018). Nonetheless, a better understanding of beneficial bacteria invasion into the 

plant microbiome is a priority to overcome one of the major factors currently limiting the use of 

PGP strains in the field, namely their effective colonization of the holobiont (Sessitsch et al., 2019).  

In this study, we took advantage of in vitro micropropagated plants to disentangle the effects 

played by putative beneficial bacteria when invading the plant holobiont. Micropropagated plants 

could be a useful tool to address the need of a wider portfolio of species for studying plant-
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microbiome interactions, including non-model species of relevant interest in agriculture (Vaccaro 

et al., 2022). In the past, bacterial occurrence in micropropagated plants was considered 

detrimental, while more recently it has been clarified that certain bacteria can have beneficial 

effects on the explants in culture, even improving the micropropagation of recalcitrant genotypes 

(Orlikowska et al., 2017). The grapevine plantlets used in this study were generated by somatic 

embriogenesis, providing virus-free specimens with an identical genetic background whose 

endophytic bacterial microbiota was characterized here for the first time. This simplified system 

was inoculated by bacteria isolated from field-grown grapevine or lettuce and identified as putative 

PGP strains through in vitro tests. The response of the endophytic bacterial community associated 

to micropropagated grapevine to invasion was assessed by high-throughput 16S rRNA amplicon 

sequencing, diversity and network analyses. 

Materials and methods 

Isolation of endophytic bacterial strains, taxonomic identification and screening for plant-

growth promoting traits 

A collection of endophytic bacteria was isolated from the roots and leaves of Lactuca sativa (var. 

Canasta) and from the roots of Vitis vinifera (var. Barbera, rootstock SO4) plants grown in field 

conditions. The detailed isolation procedure is described in Supplementary Method 1. Bacterial 

strains were identified through 16S rRNA gene amplification and partial sequencing (Macrogen, 

Rep. of South Korea) as previously described (Mapelli et al., 2013). 16S rRNA gene sequences 

were deposited in the NCBI GenBank database under accession numbers OQ944163- 

OQ944272. In vitro screening for plant growth-promoting (PGP) potential was performed for the 

entire bacteria collection. Inorganic phosphate solubilization and the production of indole-3-acetic 

acid (IAA), ammonia, protease and exopolysaccharides (EPS) were assessed as described by 

(Cherif et al., 2015); 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity was 

evaluated according to (Belimov et al., 2005). The strains were also tested for in vivo PGP activity 

on lettuce (L. sativa isolates) and tomato (V. vinifera isolates) using germination pouches (Riva et 

al., 2019); promotion of growth parameters was assessed by comparing measures the of 

inoculated plants with those of untreated control plants using ANOVA and Dunnett’s test in the R 

software 4.2.0 (R Core Team, 2022). 
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Fluorescent labelling of selected bacterial strains through conjugation 

Bacterial strains were selected according to their PGP potential for genetic manipulation via 

conjugation with genes encoding for fluorescent proteins. Chromosomal insertion of the green 

fluorescent protein (GFP) in Rhizobium sp. GR12 was achieved utilizing the mini-Tn7 

transposition system with the delivery plasmid pBK-miniTn7-gfp3 (Lambertsen et al., 2004). 

Kosakonia sp. LL04VRBA (referred to as VR04) was genetically modified via stable insertion of 

the gene encoding for the red fluorescent protein mScarlet-I (i.e., mSc) using the plasmid pMRE-

miniTn7-145 according to (Schlechter et al., 2018). Tn7 insertions occur in specific attachment 

sites (attTn7), downstream of the coding region of the glmS gene and have been shown to pose 

no fitness cost to the bacterial host (Lambertsen et al., 2004; Schlechter et al., 2018). 

Inoculation of in vitro micropropagated grapevine and assessment of growth promotion 

activity under different conditions 

Cuttings of Vitis vinifera var. Chardonnay were micropropagated in vitro on ½ Murashige Salt 

medium MS supplemented with MS vitamin mixture and sucrose 20 g/l (Duchefa Biochemie). 

Strains Rhizobium sp. GR12-GFP and Kosakonia sp. VR04-mSc were grown in LB medium 

(Merck) at 30° C for 24 hours. Bacterial cells were pelleted at 4000 rpm for 10’, then washed one 

time and resuspended with ½ MS liquid medium. The strains were added at a final concentration 

of 106 cells/ml in 200 ml of autoclaved MS medium supplemented with Agar type E 8 g/l (Merck) 

cooled at 50 °C, in sterile glass jars. Grapevine cuttings were transferred to the jars in sterile 

conditions once the medium was solidified. The experiment was set up with two different media: 

½ MS medium supplemented with vitamins (MSV) and MS medium without any supplement and 

diluted 1:20 (MSD), to grow plantlets under a nutritional deficit condition. To each condition we 

applied three separated treatments, i.e. untreated negative control, Rhizobium sp. GR12-GFP 

and Kosakonia sp. VR04-mSc inocula. For all thesis, five replicate jars, containing five cuttings 

each, were set up and plants were cultivated in a growth chamber (22 °C, 55% humidity) for 30 

days. Fresh weight was measured separately for roots and shoots fractions after plant harvesting. 

Differences in biomass were assessed applying analysis of variance (ANOVA) statistical test 

followed by Tuckey multiple comparisons of means using R software version 4.2.0. 

Assessment of plant tissues colonization by inoculated strains 

After plants harvesting, roots and shoots fractions were stored at -80 °C for molecular analyses. 

Plant tissues were surface-sterilized (Supplementary Method 2) and grounded in liquid nitrogen, 
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then 0.1 g samples were disrupted and homogenized with a TissueLyser II (Qiagen) and DNA 

extracted with a DNeasy plant mini kit (Qiagen) according to the manufacturer instructions. 

Endophytic colonization of roots and shoots by the inoculated strains was assessed by 

quantitative PCR (qPCR) of the marker genes encoding for the fluorescent proteins, using serial 

dilutions of the plasmids used for strain molecular tagging as internal standards. For Rhizobium 

sp. GR12-GFP, the gfp gene was amplified with primers GFP-F (5'-GAAGATGGAAGCGTTCAA-

3') and GFP-R (5'-AGGTAATGGTTGTCTGGTA-3') applying the following thermal protocol: 3’ at 

98 °C, followed by 40 cycles of 40’’ at 98 °C, 30’’ at 58°C, 30’’ at 72°C ((Fan et al., 2019)). For 

Kosakonia sp. VR04-mSc, the mScarlett-I gene was amplified with primers FWD_Tn5/7_gt (5’-

ATGGTGAGCAAGGGCGAG-3’) and REV_Tn5/7_gt (5’-CAACAGGAGTCCAAGCTCAG-3’) 

according to the protocol: 3’ at 98 °C, followed by 35 cycles of 15’’ at 98 °C, 30’’ at 60°C, 30’’ at 

72°C (Schlechter et al., 2018). All reactions were performed with 200 nM primers concentration 

and 2X SSo SsoAdvanced™Universal SYBR®Green Supermix (BIORAD) and run in a BIORAD 

CFX Connect™ Real-Time PCR Detection System. Given the adopted conjugation system, for 

both strains the copy number of the marker genes correspond to the number of bacterial cells. In 

addition, to verify strains viability into the plant tissues, dedicated samples were used for re-

isolation trials and others were observed at the confocal microscope Laser Scanning Nikon A1 

immediately after the collection. For the GFP signal, the green emission was excited at 488 nm, 

and emission was collected at 500-550 nm; for the red signal of mScarlet, the excitation was at 

561 nm and the emission was collected at 570-620 nm. 

16S rRNA amplicon sequencing and metataxonomic analysis 

16S rRNA amplicon sequencing was obtained by applying Illumina MiSeq sequencing of the V3-

V4 hypervariable regions (Klindworth et al., 2013) of the bacterial 16S rRNA gene at Macrogen 

Korea. Peptide nucleic acid (PNA) clamps (Eurogentec, 0.75 µM per reaction) were used to 

minimize the amplification of DNA from the plant’s mitochondria and plastids according to 

(Lundberg et al., 2013). 

The obtained sequences were processed and analyzed using QIIME2 version 2022.2 (Bolyen et 

al., 2019) software. The DADA2 workflow was followed to assemble the reads. Raw forward and 

reverse reads, for each sample setting a minimum overlap of 50 nucleotides and maximum 2 

mismatched nucleotides, and to perform denoising, dereplication and chimera-filtering following 

the default settings (Callahan et al., 2016). Reads with minimum 99% sequence identity were 

clustered and representative sequences were picked and defined as Amplicon Sequence 

Variants, i.e. ASVs (Callahan et al., 2017). Representative ASVs were classified using the SILVA 
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SSU reference database version 138 (Quast et al., 2013) and BLAST+, implemented by the 

QIIME2 plugin consensus-blast (Camacho et al., 2009). Adequacy of sequencing depth was 

evaluated performing rarefaction analysis on the alpha diversity observed on the obtained ASVs 

using QIIME2 with a maximum depth of 90000 reads and number of steps and iterations at the 

default settings. The sequence reads were deposited in the NCBI SRA database under the 

BioProject ID: PRJNA932750. Bray-Curtis distance matrix on the normalized (log transformed) 

ASV table was used to perform beta-diversity analyses. Significant differences in bacterial 

community composition according to the factor ‘time’ (i.e. plant developmental stage), ‘fraction’ 

and ‘treatment’ were investigated by PERMANOVA and CAP after the implementation of 

PERMDISP analysis to test the homogeneity of the dispersion. Statistical analyses were 

conducted in PRIMER v. 6.1, PERMANOVA+ for PRIMER routine(Anderson et al., 2008). To 

identify the 16S rRNA gene sequences (classified at family level) which distribution was 

significantly influenced by the applied treatments, a differential abundance analysis was 

performed using quasi-likelihood F-test and the sequencing depth was standardized using the 

relative log expression (RLE) method as implemented in the R package EdgeR version 3.11 

(Robinson et al., 2009; Wörner et al., 2016). Richness (i.e., number of families), Shannon diversity 

and Eveness indices were calculated using the PAST software (Hammer et al., 2009). The 

Tax4Fun function of MicrobiomeAnalyst 2.0 (Lu et al., 2023) was used to infer metabolic 

properties in the genera retrieved in the samples based on the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) database (Aßhauer et al., 2015). 

Co-occurrence Network interference (CoNet v1.1.1.beta) (Faust and Raes, 2012; Faust and 

Raes, 2016) was employed to identify significant co-occurrence patterns among the bacterial 

communities. To such aim, the ASV table data were imported into Cytoscape (v3.9.1) (Shannon 

et al., 2003) through the CoNet app. The top 100 edges with the highest positive and negative 

values were selected and combined using the mean value through the union approach. Multi-

edge scores were then shuffled row-wise at 100 permutations (for the randomization). The brown 

method (Wiesel, 2006) was utilized to merge node pairs, which were assigned via the P-values of 

the multi-edges. Unstable edges were removed, and a significance threshold of P < 0.05 was 

applied to determine the q-value (the corrected significance value). The edges were colored via 

their positive (co-presence; green) and negative (co-exclusion; red) association. Finally, the 

hierarchical algorithm and the NetworkAnalyzer (4.4.8) (Assenov et al., 2008) in Cytoscape were 

employed to construct the topology of the network and identify key taxa with low betweenness 

centrality. 
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Isolation of culturable endophytes associated to in vitro micropropagated grapevine 

plantlets 

Endophytic bacteria were isolated before rooting from cuttings of Vitis vinifera var. Chardonnay 

micropropagated in sterile conditions. Cuttings were surface-sterilized with 70% ethanol and 

sodium 1% hypochlorite as reported in Supplementary Method 2, without the sonication step. 

Three different pools, containing five plants and weighting 1 g each, were smashed with 9 ml of 

0.9% physiological solution and serial dilutions were plated onto R2A or TSB agar media. To 

improve the efficacy of endophytic bacteria isolation (Eevers et al., 2015), both media were 

supplemented with an extract that was obtained by blending V. vinifera cuttings tissues with 

distilled water (0.2 g/ml) and then sterilized by filtration. The final concentration of the extract in 

the isolation medium was 3 ml/L. Plates were incubated for five days at 30 °C and visible single 

colonies were streaked three times on the same media to assess the growth of pure culture. All 

isolates were identified through 16S rRNA gene amplification and partial sequencing as described 

in paragraph 2.1. The 16S rRNA nucleotide sequences were deposited in the NCBI GenBank 

database under accession numbers OQ943234-OQ943337. The bacterial collection was then 

subjected to genotyping based on the amplification of the ribosomal Internal Transcribed Spacer 

(ITS) region (Mapelli et al., 2013). In vitro screening for plant growth-promoting (PGP) activities 

was performed on one representative isolate for each species within the same ITS profile as 

described in paragraph 2.1. A second isolation experiment was then carried out in the same way 

to confirm the identification of the endophytic culturable microbiota associated to Vitis vinifera var. 

Chardonnay cuttings. 

Dual-test inhibition assay 

To assess the potential inhibition effect of strains Rhizobium sp. GR12 and Kosakonia sp. VR04 

towards the growth of endophytic bacteria isolated from micropropagated grapevines we applied 

the method detailed by (Maida et al., 2016). The test was carried out on the same representative 

strains characterized for PGP activities. Strains Rhizobium sp. GR12 or Kosakonia sp. VR04 were 

streaked across one-half of a TSA plate and incubated at 30°C for 48 h. Target strains were then 

streaked perpendicular to the initial streak and plates were further incubated at 30°C for 48 h. The 

antagonistic effect was indicated by the absence or reduction of the target strain’s growth in the 

confluence area. For growth comparison, each target strain was streaked on negative control 

plates without tester strains Rhizobium sp. GR12 and Kosakonia sp. VR04. The presence of 
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interaction was rated on each observation as follows: complete (3), strong (2), weak (1) and 

absence (0) of inhibition.  

Genome sequencing and analyses 

The genome of Rhizobium sp. GR12 was sequenced using Illumina NovaSeq technology and the 

reads were assembled using SPAdes (Bankevich et al., 2012). The functional annotation was 

performed using the RAST server (Aziz et al., 2009). 

Nucleotide sequences availability 

The nucleotide reads generated through Illumina NGS were deposited in the NCBI SRA database 

under the BioSample accessions SAMN3321079-SAMN33210660 and BioProject 

ID PRJNA932750. The 16S rRNA nucleotide sequences of bacterial strains isolated from 

grapevine and lettuce grown in field conditions were deposited in the NCBI GenBank database 

under accession numbers OQ944163–OQ944272. The sequences belonging to micropropagated 

grapevine’s isolates were deposited under accession numbers OQ943234–OQ943337. The 

genome of Rhizobium sp. GR12 was deposited in NCBI under the BioSample 

accession SAMN35731720 and BioProject ID PRJNA983687. 

Results 

Selection of putative beneficial endophytic bacteria 

A collection of sixty endophytic strains was established: thirty-three were isolated from L. sativa 

roots (LR) and leaves (LL), and twenty-seven from V. vinifera roots (GR). The results of taxonomic 

identification of all strains and PGP activities screening for representative isolates are reported in 

Supplementary Table 1. The most spread PGP activities in the bacteria collection were those 

related to ACC-deaminase activity, IAA and EPS production, detected in 55%, 67% and 45% of 

the tested strains, respectively. According to the taxonomic affiliation and PGP potential, two 

putative beneficial bacteria were selected for genetic manipulation and inoculation of 

micropropagated grapevine cuttings. Rhizobium sp. GR12, isolated from grapevine roots, was 

able to produce EPS, IAA and to promote the growth of tomato plants grown in germination 

pouches; Kosakonia sp. LL04VRBA (referred to as VR04) was isolated from lettuce leaves and 

resulted positive for phosphate solubilization, EPS production, ACC deaminase activity and IAA 

production, besides promoting lettuce growth in germination pouches. The molecular tagging of 
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the two strains was successfully achieved, obtaining Rhizobium GR12 and Kosakonia VR04 

strains able to express respectively GFP and mScarlet fluorescent proteins. 

Endosphere colonization and growth promotion of in vitro grapevine plantlets by bacterial 

inoculants 

At the end of the inoculation experiment performed using Rhizobium sp. GR12-GFP and 

Kosakonia sp. VR04-mSc, the plant biomass was measured to evaluate the PGP effect of the two 

strains, and the colonization of the endosphere was assessed through qPCR amplification of the 

marker genes from the DNA extracted from plant tissues. Results of qPCR showed that the tagged 

bacteria successfully colonized the endosphere of both root and shoot fractions, though higher 

gene copy numbers were detected in the roots (Figure 1A). Average values of marker genes 

varied between 106 gene copies/g in the shoot and 108 gene copies/g in the root tissues for plants 

inoculated with Rhizobium sp. GR12-GFP, and between 105 gene copies/g and 107 gene copies/g 

in plants colonized by Kosakonia sp. VR04-mSc (Supplementary Table 2A). Control plants grown 

on diluted medium displayed reduced development of the shoot compared to those grown under 

optimal conditions (Figure 1B), though the difference was not statistically significant (p=0.058; 

Supplementary Table 2B). Strain Rhizobium sp. GR12-GFP promoted the development of the 

root system of grapevine plantlets grown under conditions of nutritional depletion, when compared 

to the control group in the same conditions (p=0.001; Figure 1C, Supplementary Table 2B). The 

annotated genome sequence of Rhizobium sp. GR12 showed the presence of functions related 

to stress response, iron assimilation, iron, phosphorous, nitrogen and potassium metabolisms 

besides those responsible for auxin biosynthesis (Table 1). In addition, functions possibly involved 

in plant colonization were detected (Table 1). 

Endophytic bacterial communities associated to in vitro grapevine plantlets and their 

interactions with invading bacteria 

A total of 3,648,071 high-quality sequences were obtained by sequencing the 16S rRNA amplicon 

libraries generated from the grapevine cuttings and the control and inoculated plantlets grown 

under nutritional deficit conditions. The average number of sequences per sample was 130,288, 

and the average sequence length was 406 ± 32 bp. Rarefaction curves were calculated and 

showed that the sequencing effort was adequate to cover the diversity within each sample (Fig. 

S3). Taxonomy assignment resulted in a data set of 675 unique ASVs (Table S5A). The 

endophytic microbiota of micropropagated grapevine cuttings (i.e., T0 samples) was dominated 
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by Firmicutes (comprising between 45% and 58% of the ASVs detected at T0) and 

Actinobacteriota (37%–49%) (Table S5B; Fig. 2A). The more abundant families within these phyla 

were Streptococcaceae and Micrococcaceae, respectively, representing together over 60% of the 

total bacterial community of the grapevine cuttings. Veillonellaceae made up 6.5% of the 

community on average, while less abundant families were Actinomycetaceae (3.7%), 

Carnobacteriaceae (2.7%), and Pseudonocardiaceae (2.3%) (Table S5C). Proteobacteria 

represented on average 2% and Campylobacterota 1.7% of the bacterial community in cuttings 

(Table S5B).  

At the end of the experiment, 1 month after rooting induction, we observed an increase in 

Proteobacteria in both control and inoculated plantlets. In control plantlets, this variation was 

attributed to a rise of reads associated with ASV3, classified as Pantoea within the family 

Erwinaceae, and it was mainly evident in the roots (Table S5A and C). A similar trend was 

observed in plantlets inoculated with Rhizobium sp. GR12-GFP, where, in addition to the ASV3 

increase, ASV7 affiliated to the Rhizobium group appeared, representing between 12% and 24% 

of the total in the roots and from 2% to 11% in the shoots (Fig. S4A). In plantlets inoculated 

with Kosakonia sp. VR04-mSc, the Proteobacteria increase was attributable to ASV1 and ASV2 

abundance, both Enterobacteriaceae affiliated to the genus Kosakonia (Table S5A and C). These 

two ASVs accounted for 87%–97% of the total endophytic community in the roots and between 

45% and 89% in the shoots (Fig. S4B). 

To observe the effect of the applied treatments to the plantlet’s autochthonous microbiota, we 

then applied the differential abundance analysis to the data set considering the taxonomic level 

“family” and excluding the ASVs corresponding to the inoculated strains (i.e., ASV1, 2, and 7). 

The results showed a significant variation of eight taxa between the treatment Rhizobium and the 

control and of 11 taxa between the treatment Kosakonia and the control (Fig. 3). The analysis 

confirmed a statistically significant increase of Erwinaceae in the shoots and roots of plants treated 

with Rhizobium sp. GR12-GFP and in the control, compared to those inoculated 

with Kosakonia sp. VR04-mSc. In both inoculated treatments, we observed a substantial 

decrease of Anaerolineaceae and Peptostreptococcaceae in the root fraction compared to control 

plants, whereas Microbacteraceae were reduced only in the shoots of plantlets treated 

with Kosakonia. 

No significant differences in terms of ASVs’ richness were detected among different treatments 

or plant fractions. On the other hand, ASVs’ diversity and ASVs’ evenness were significantly 

higher in the shoot than in the root fractions, with no variation among treatments (Fig. S5). 

Following PERMDISP validation (P = 0.7096), the beta-diversity analysis on the ASVs’ data set 
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showed that the bacterial communities of control plantlets significantly diverged from those of T0 

cuttings, according to PERMANOVA main test (P = 0.0039). Bacterial communities were also 

significantly different in plantlets subjected to different inoculation treatments (PERMDISP, P = 

0.2692; PERMANOVA main test, P = 0.0013), as confirmed by CAP analysis (Fig. 2B). Pair-wise 

test revealed that bacterial communities of T0 cuttings were significantly different from those of 

treated plantlets, while no significant difference was detected between T0 cuttings and control 

plantlets (Table S6). We tested by CAP analysis the effect of treatments on bacterial composition, 

considering each fraction separately: the bacterial communities of inoculated and control plants 

were significantly diverse in the root [tr(Q_m'HQ_m) = 1.90681; P = 0.0041] but not in the shoot 

fraction [tr(Q_m'HQ_m) = 1.82498; P = 0.1124]. 

Data summarizing the main interactions found with the network analyses are reported in Table 

S7. The network is characterized by 32 nodes and 214 edges, while the network density value is 

0.216 and the clustering coefficient is 0.387. ASVs’ interactions considering the entire data set 

(Table S7A) are characterized by the prevalence of co-presence interactions (n = 204), with a few 

mutual exclusions (n = 10) representing the interplay of ASV1 and ASV2 with other ASVs, 

including ASV3 that corresponds to Pantoea sp. In control plantlets, the analysis showed that the 

simplified bacterial communities were characterized exclusively by ASVs co-occurrence (n = 101) 

while no mutual exclusion was detected (Table S7B; Fig. S6A). The network calculated referring 

only to control plants is characterized by 24 nodes and 101 edges, while the network density value 

is 0.183 and the clustering coefficient is 0.345. This peculiar situation was maintained after the 

establishment of Rhizobium sp. GR12-GFP (n = 101) into the plant tissues (Table S7C; Fig. S6B), 

displaying a network with similar characteristics (23 nodes, 101 edges, network density 0.2, and 

clustering coefficient 0.35). On the other hand, plant tissue invasion by Kosakonia sp. VR04-mSc 

caused a dramatic change in the ASVs’ interaction, and only mutual exclusion was detected (n = 

117), apart from the observed co-occurrence between ASV1 and ASV2, both corresponding to 

the administered strain (Table S7D; Fig. S6C). The impact of Kosakonia sp. VR04-mSc is also 

summarized in the network features (37 nodes and 118 edges), which displayed a density of 0.089 

and a clustering coefficient of 0.026. In control and Rhizobium treatments, the most connected 

nodes were affiliated to the bacterial families Streptococcaceae (16% and 18% of the total degree 

of connection, respectively), while Lactobacillaceae (9% of the total degree of connection), 

Staphylococcaceae (8%), Flavobacteriaceae (8%), and Anaerovoraceae (7%) mainly shaped the 

topology of the bacterial network in Kosakonia-treated plantlets. 
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Characterization of the culturable microbiota from the endosphere of in vitro 

micropropagated grapevine cuttings 

To further describe the microbiota of micropropagated grapevine cutting, we also focused on their 

associated culturable bacteria. We isolated one-hundred and five endophytic bacteria from 

micropropagated grapevine cuttings (Supplementary Table 7A), identifying twenty-one different 

genera. Actinobacteriota (Micrococcaceae) and Firmicutes (Staphylococcaceae) made up the 

majority of the collection, with the most abundant genera being Micrococcus (n=37) and 

Staphylococcus (n=20) (Figure 4A). Gammaproteobacteria (Moraxellaceae and 

Pseudomonadaceae) were also abundant, with the majority of the isolates belonging to the genus 

Moraxella (n=16). Within the dominant phyla, Kocuria, Bacillus and Pseudomonas strains were 

also present (n=5 per genus), while additional genera were more rarely cultured within Alpha- and 

Betaproteobacteria. During the second independent isolation experiment, performed to test the 

consistency of the isolation results, we randomly picked and identified twenty-one bacterial 

colonies (Supplementary Table 7B). Even in this trial, the more abundant genera were 

Micrococcus (n=10), Staphylococcus (n=3), Moraxella (n=2) and Microbacterium (n=2). The 

strains obtained during the first isolation were grouped in forty-eight ITS profiles and one 

representative for each group was selected for the in vitro screening of PGP activities 

(Supplementary Table 7C). Biostimulation activities were spread through the collection with thirty 

representative strains being able to produce IAA and twenty-six displaying ACC deaminase 

activity (Figure 4B). Protease and ammonia-producing bacteria were also abundant (n=18 and 

n=19, respectively), while few strains were able to produce siderophores (n=4), EPS (n=2) and 

solubilize inorganic phosphate (n=6). 

Finally, we investigated the antagonistic interactions occurring between Kosakonia sp. VR04 or 

Rhizobium sp. GR12 against the endophytic bacteria isolated from grapevine cuttings, revealing 

that fourteen strains were sensitive to at least one of the two tester bacteria (Supplementary Table 

8). Most of the target strains displayed weak sensitivity (i.e., inhibition score=1) to both Kosakonia 

sp. VR04 and Rhizobium sp. GR12. In particular, Rhizobium sp. GR12 was able to weakly inhibit 

all the tested strains. Considering the entire collection, only one of the tested interactions resulted 

in a complete inhibition of the tested strain (i.e., isolate MG2-T24 belonging to the 

Microbacteriaceae family in presence of Kosakonia sp. VR04). 
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Discussion  

In this work we characterized the endophytic microbiota of in vitro cultivated Vitis vinifera var. 

Chardonnay plantlets, using this simplified system to study the outcomes of the bacterial invasion 

played by two putative beneficial bacteria on the holobiont, under controlled conditions. 

The characterization of the endophytic community of micropropagated grapevine cuttings, both 

via high-throughput 16S rRNA gene sequencing and cultivation approaches, revealed that the 

microbiota was dominated by taxa such as Micrococcaceae, Streptococcaceae, 

Staphylococcaceae, Veillonellaceae and Moraxellaceae, that are commonly found in a broad 

range of environments including different plant tissues (Yousaf et al., 2014; Thomas and Sekhar, 

2017; Riva et al., 2022). However, this particular assembly showed to be radically different from 

those generally associated to Vitis vinifera cultivated in the field (Zarraonaindia et al., 2015), even 

considering variations related to different rootstock-scion combination (Marasco et al., 2018, 

2022), being more similar to indoor and human-associated microbiota (Adams et al., 2015; 

Stephens, 2016). These bacteria seem therefore able to adapt to and colonize the host plant 

under in vitro conditions, possibly replacing, across generation of micropropagated plants, the 

native endophytic community inherited from the parental plant tissue. At the same time plantlets 

obtained via somatic embryogenesis may recruit and maintain them in the endosphere due to the 

establishment of a beneficial interaction, as suggested by the detection of biostimulation activities, 

like ACC deaminase and the production of indole-acetic acid, in a high number of the strains 

isolated from cuttings. Even though the microbiota of in vitro cultured plants is poorly studied, 

evidence of their stable association with PGP bacteria were found in other species such as 

strawberry (Dias et al., 2009) and papaya (Thomas et al., 2007). 

The invasion experiment performed with Rhizobium sp. GR12-GFP and Kosakonia sp. VR04-mSc 

demonstrated that the bacteria successfully colonize the endosphere of micropropagated 

grapevines cultivated on both standard or highly diluted growth media. Despite the two bacteria 

displayed PGP potential according to previous in vitro screenings, we observed a growth 

promotion effect only by Rhizobium sp. under simulated nutritional depletion. Bacteria within the 

rhizobia group are well known to associate with and support the growth of different plant hosts 

including grapevine (Andreolli et al., 2016). The genome sequencing of strain Rhizobium 

sp.GR12, isolated from the endosphere of field-grown Vitis vinifera var. Barbera, showed that this 

bacterium is endowed with several genes involved in nutrients acquisition and metabolism, stress 

response and related to plant hormone regulation. Therefore, as we observed in this study under 

controlled conditions, the establishment of the beneficial interaction involving the activation of root 
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growth promotion may be an adaptive response to nutritional stress and not be manifested under 

optimal growth conditions, as previously demonstrated for drought stress (Rolli et al., 2015). 

The characterization of the bacterial microbiota of plantlets subjected to nutritional depletion 

revealed that the composition of the endophytic community was differently modulated by 

Rhizobium sp. GR12-GFP and Kosakonia sp. VR04-mSc, as specific taxa were enriched or 

depleted in response to the invasion by these bacteria, reflecting the different plant response in 

terms of growth promotion. Considering the control plantlets as reference, Rhizobium sp. GR12-

GFP showed a minor impact on the plant bacterial community of recipient plantlets compared to 

Kosakonia sp. VR04-mSc, though its cell number was one order of magnitude higher compared 

to Kosakonia sp. VR04-mSc in both root and shoot tissues. The different outcome is visible both 

considering the invader’s relative abundance over the total bacterial community and the variations 

of the pre-existing taxa. In particular, at the end of the experiment, we observed a drastic increase 

of ASV3, classified as Pantoea sp. within the family Erwinaceae, both in the controls and to a 

larger extent in plantlets inoculated with Rhizobium sp. GR12-GFP. This trend was not observed 

in the plantlets receiving the Kosakonia treatment, where the invader strain overcame all the other 

taxa in terms of relative abundance. Pantoea sp. is a well-known plant-associated bacterium with 

documented growth-promoting activities (Walterson and Stavrinides, 2015) and might have also 

played a role in sustaining micropropagated grapevine development, from cuttings to plantlets, in 

conditions of nutritional depletion. Inferred functional profiling reflected the taxonomic re-

arrengements, showing that Kosakonia treatment was associated with major variations in the 

number of KEGG pathways within different networks involving the metabolism of amino acid, 

cofactors and vitamins, and secondary metabolites. Moreover, Kosakonia sp. VR04-mSc invasion 

caused a dramatic imbalance of the bacterial community structure as shown by co-occurrence 

network analysis. Such analysis showed the opposite outcome in terms of microbial interactions 

between the invader strain and the recipient endophytic community in Kosakonia sp. VR04-mSc 

or Rhizobium sp. GR12-GFP-inoculated plants. The highlighted negative or positive interactions 

among ASVs can also be explained by the indirect effects of the invader on the autochthonous 

microbial populations, as previously suggested (Li et al., 2023). Indirect effects have been 

reported to be mediated by interactions with third species or by changes in any of the 

environmental factors, which drive the microbial community stability (Freilich et al., 2018; Dal Co 

et al., 2020). In the present study, considering the in vitro controlled conditions, we can 

hypothesize that the observed effects in terms of co-presence/mutual exclusion are most probably 

mediated by direct and third-part indirect interactions among the bacterial ASVs. Moreover, the 
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results of the growth-inhibition test support the hypothesis that the invading strains activated 

mainly indirect interactions with the recipient community rather than a direct antagonist effect. 

Modulation of the microbiota plays a key role in the capacity of the plant to balance nutrient 

acquisition and, on the other hand, abiotic stress conditions such as starvation can make the plant 

more susceptible to opportunistic colonization (Finkel et al., 2019; Li et al., 2022). In the present 

study, invasion by Kosakonia sp. VR04-mSc was associated with a dysbiosis of the endophytic 

microbiota and a consequent loss of function that affected the host’s fitness under non-optimal 

conditions (Arnault et al., 2023). All in all, besides a plant-growth promoting effect directly exerted 

by Rhizobium sp. GR12-GFP, the improved performance of plants treated with this strain and their 

response to nutritional stress may be related also to the preservation of the microbial community 

structure and of the holobiont’s functional integrity. 

Conclusions 

This study showed that in vitro micropropagated Vitis vinifera plantlets host a peculiar microbiota 

assembly, mostly composed by bacterial taxa commonly detected in indoor and human-

associated environments, sharply divergent from that commonly found in grapevine endosphere 

under field conditions. Introducing two bacterial strains in this simplified ecosystem, we revealed 

the different outcomes of the invasion process towards the native endophytic bacterial 

populations, describing a differential impact on both community structure and functional potential 

that was related to the plant growth performance in conditions of nutritional depletion. Overall, our 

results confirm the importance of preserving the native endophytic community structure and 

functions when attempting to engineer the plant microbiome (Jack et al., 2021). 

Moreover, the results generated characterizing the cultured microbiota associated to 

micropropagated grapevine cuttings and by the inoculation of Rhizobium sp. GR12 propose the 

possible exploitation of PGP bacteria for the biostimulation of in vitro plant cultures (Soumare et 

al., 2021) with future research perspective for the reduction of chemicals use and of plant stress 

during the transplant phase. 
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Figure 1. Colonization ability and PGP effect of Rhizobium sp. GR12-GFP and Kosakonia sp. VR04-mSc inoculated in 

micropropagted grapevine plantlets grown in optimal condition (MSV) or mimicking a condition of nutritional deficit 

(MSD). A) Bar charts of qPCR results showing the copy number of the marker genes associated with the two bacteria 

in the endosphere of root and shoot fractions. The gene copy number corresponds to the strain cells number. B) 

Plantlets’ shoot and C) root fresh weight measured after three weeks from bacteria administration. Letters represent 

statistically significant differences according to ANOVA. 

 
Figure 2. Taxonomy and diversity of endophytic bacterial community in control and inoculated micropropagated 

grapevine plantlets. A) Bar charts analysis showing the relative abundance of the main phyla associated with T0 cuttings 

and with the root and shoot fraction of plantlets subjected to different inoculation treatments. B) Canonical analysis of 

principal coordinates (CAP) showing the clustering of bacterial communities according to plant developmental stage 

and inoculation treatment. C) Network analysis showing co-occurrence (green) and mutual exclusion (red) interactions 

between the ASVs considering the complete dataset. 
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Figure 3. Differential abundance analysis results. The charts represent the fold changes (Y axis) in the abundance of 

bacterial families (X axis) that were significantly different (FDR-corrected p-value < 0.05) when comparing A) Rhizobium 

treatment with control, B) Kosakonia treatment with control and C) Kosakonia and Rhizobium treatments. Variations 

are represented separately for the root and shoot fractions. 

 

 
 

Figure 4. Taxonomical identification and PGP characterization of the bacterial collection isolated from the endosphere 

of micropropagated grapevine cuttings. A) For each bacterial genus the number of isolates obtained on TSA or R2A 

media is reported. Numbers in brackets indicate the total number of strains for each family and phylum/class. B) The 

bar chart indicates the number of isolates that displayed positive results for each of the tested PGP activity. 

IAA=Indolacetic acid production; ACC d=ACC-deaminase activity; EPS=exopolysaccharides production; 

Sid=Siderophores production; NH4=ammonia production; Prot=protease production; PO4 sol=Phosphate solubilization 

activity. 

 

 

 

 

 



 
 

47 
 

Genome Characteristics  GR12 

 

Sequence size (bp) 5,690,492 

Number of contigs 65 

GC content (%) 59.1 

CDS number 5,687 

Subsystem Feature Counts  
 

 

Iron acquisition and metabolism 

Iron siderophores sensor and receptor system 46 

Siderophores assembly kit   23 

Siderophores aerobactin 9 

Phosphorous metabolism 

High affinity phosphate transporter 4 

Phosphate metabolism 18 

Polyphosphate 4 

Nitrogen metabolism 
Nitrosative stress 1 

Ammonia assimilation 13 

Potassium metabolism Potassium metabolism stress 10 

Secondary metabolism Plant hormones - Auxin biosynthesis 4 

Stress response 

Osmotic stress 26 

Oxidative stress 46 

Detoxification 13 

Stress response 6 

Periplasmic stress 2 

Motility and chemotaxis Flagellar motility in Prokaryota 58 

Virulence, disease and defense 

Bacteriocins, ribosomally synthesized and antibacterial pepetides 1 

Resistance to antibiotics and toxic compounds 26 

Invasion and intracellular resistance 13 

 

Table 1. Genomic features of Rhizobium sp. GR12 and list of the metabolic functions possibly involved in plant 

colonization and plant growth promotion. 
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Chapter I.II 

Novel approaches to improve the formulation and 
delivery of plant beneficial bacteria by boosting the 
circularity of agri-food systems 
 

Abstract 

The global agri-food system is strictly dependent on the usage of chemical fertilizers and plastic 

materials, having severe consequences in terms of environmental pollution, shortage of resources 

and soil deterioration. Moreover, organic byproducts and wastes recovery is a priority for the agri-

food industry, that could decrease production costs related to the disposal of waste materials by 

upcycling them in the framework of circular economy. An example of food industry waste exploitation 

could be the replacement of plastic plantlet pots and trays with bio-based configurations, with the 

overarching goal to increase the agri-food production sustainability in the framework of bioeconomy. 

The aim of this work was to develop novel delivery methods for plant beneficial bacteria, and in 

particular to exploit an organic waste-based biopolymeric film for the embedding and administration 

of plant growth-promoter bacteria (PGPB). Ideally, the developed bio-based and PGPB enriched 

materials will be used for manufacturing nursery trays so that the beneficial strains could be 

administered to the plantlet root systems immediately after seed germination, but it can be also 

exploited for the realization of powders, beads, or seed coating for the delivery of beneficial bacteria 

to crops. Here, plant-associated bacterial strains isolated from different host plant species were 

selected based on their in vitro PGP properties, abiotic stress tolerance and polysaccharidases 

activity. Cell viability within the biopolymer prototype was evaluated by embedding the strains into 

the liquid material and by re-isolating them after its solidification and drying, and at increasing time 

of storage. Spore-forming Bacillus spp. strains demonstrated to survive during the process of 

biopolymer production, and they could be successfully isolated from the pectin and cellulose film up 

to 28 days after the biopolymer storage at room temperature. Starting from inocula of 108 cells/spores 

per ml of biopolymer solution, the strains were re-isolated at average viable cell concentration 

spanning between 104 and 108 cfu/g of biomaterial. On the other side, the non-spore forming 

bacterium included in the assay (Rhizobium sp. GR12) did not survive at the end of the biopolymer 

production and it has been used as model strain to improve the preservation of cells viability during 

lyophilisation. Food waste derived materials were tested as cryoprotective agents to obtain a 

lyophilised PGP inoculum. Interesting results were observed using a residual fraction obtained from 

the extraction of proteins from okara, a soy-milk by-product, in comparison with other 
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cryoprotectants. During this work, one of the Bacillus strains successfully embedded in the pectin 

and cellulose biopolymer (i.e., Bacillus licheniformis LR20) was successfully transformed with a 

GFP-harbouring plasmid. This strain could be used in future studies to evaluate the bacterial route 

from the delivery biomaterial up to the plant roots. 

1.Introduction 

Over the last decades, several factors synergically contributed to generate a negative impact on the 

agricultural soils dedicated to food production. The strong dependency on chemical fertilizers in 

agriculture posed major issues in terms of energy consumption and environmental pollution, 

including water eutrophication and soil degradation, especially in terms of loss of fertility and 

biodiversity (Liu et al., 2021; Menegat et al., 2022). Overall, these issues led to the rising necessity 

of developing novel methods of production, aiming at a globalised and fair economic growth with a 

‘green’ and eco-friendly approach applicable for the design of technological innovation in the 

agricultural sector (Carullo et al., 2024; Mapelli et al., 2022; Zvinavashe et al., 2021). In this context, 

microbial formulations exploited in agriculture as substitutes of mineral fertilization could become 

protagonists of this revolution (Khan et al., 2023). In fact, this approach would help manage soil 

nutrients and provide them to plants in a bioavailable form, maintaining a healthier ecosystem thanks 

to the fact that the soil's natural nutrient cycle can be restored, and soil organic matter can be 

increased by the microorganisms constituting the biofertilizers (Isabel et al., 2024). These products 

contain dormant or living cells of PGP strains such as Azospirillum, Rhizobium, Bacillus, 

Pseudomonas, mycorrhizal fungi, Trichoderma and yeasts that can act as i) nutrient providers, ii) 

phytostimulators through the production of phytohormones and iii) as biological control agents that 

indirectly promote the plant growth by controlling phytopathogens (Isabel et al., 2024; Chaudhary et 

al., 2020). Major limits, however, still prevent the transition of this technology to the field at the pace 

we need in the agri-food sector. From the manufacturing perspectives, costs related to the production 

of bacterial biomass has to be taken into account. Moreover, difficulties in the establishment and 

performance of PGP activity by candidate strains in the rhizosphere, physiological state of the 

bacteria at application time and the inherent heterogeneity of the soil are key factors that hamper 

the obtainment of consistent results when microbial inoculants are applied to different plant species, 

soils, climates. Formulation of biofertilizers is crucial to improve the survival of the plant beneficial 

strain in the target environment and their ability to cope with biotic and abiotic stresses. Formulations 

should constitute a protective environment for the microorganisms (composition, pH, water content), 

allowing their optimal growth and preventing the decline of their population (during storage and after 

introduction into soil). Furthermore, the designed products should be easy-to-use, environmentally 

friendly, and made of a cost-effective and readily available material (Hermann et al., 2013; Hungria 

et al. 2005. In the bioeconomy framework, novel approaches are required for the valorisation of 

wastes and byproducts coming from the agri-food sector. The valorization of these agricultural 
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residues aims at reducing their environmental impact and obtain new strategic solutions to increase 

productivity and sustainability of agricultural systems (Puglia et al., 2021). Organic waste can be 

profitably used as raw biomass for the generation of functionalized biodegradable materials which 

could find several applications, such as the development of novel waste-based biopolymers 

deployed for the immobilization of PGP bacteria (Mapelli et al., 2022). Biopolymers are polymers 

that are produced by or derived from living organisms, such as plants and microbes and that can be 

either biodegradable or not, where the first category can be decomposed into carbon dioxide, 

methane, water, inorganic compounds, or biomass by the enzymatic action of microorganisms 

(Gowthama et al., 2021). Biopolymers could be obtained from agro-resource biomass, but they can 

be also synthesized by means of microbial activity, by chemical modification of monomeric agro-

resources fossil resources monomers (Okolie et al., 2023).  

One of the most interesting and investigated method of administration for PGP-bacteria is their 

encapsulation and immobilization in inert carriers allowing their protection, a gradual release and 

long period of storage without viability lost (Perez et al., 2018). The inclusion of Plant Growth-

Promoting Microorganisms (PGPMs) in biopolymers would be a step forward in the design of novel 

biomaterials for agricultural practices and it would allow a reduction of both plastic and chemicals 

use. This approach in fact could provide enriched and functionalized biopolymers using different 

types of biostimulant agents to improve plant growth further increasing the sustainability of the agri-

food sector (Mapelli et al., 2022). The functionalized biopolymers would be of particular interest at 

the early stages of plantlets growth after seed germination. They could be exploited for the realization 

of powders, beads, or seed coating for the delivery of beneficial bacteria to crops and they could 

even be applied to get biodegradable nursery pots of great interest for the floro- and horticultural 

sector. In fact, the use of biostimulant enrich biodegradable nursery pots would bring a double benefit 

to plantlets: on one hand the early administration of plant beneficial strains and on the other hand 

they would allow to avoid the stressful step of the transplant procedure, when roots can be damaged 

since they usually tend to circle the outer perimeter of the pot. Moreover, most of the containers used 

for transplanting are made of non-renewable oil-based raw materials (Schettini et al., 2013) that after 

use in plant nursery are contaminated by organic matter and chemicals and cannot be reused, thus 

representing a cost for this sector (Mapelli et al., 2024), and their replacement with bio-based 

configurations derived from food wastes has the potential to increase the overall production 

sustainability in a circular economy perspective. 

The aim of this work is to study the delivery of plant growth promoting (PGP) bacteria within a 

biopolymer obtained from food wastes. Plant-associated bacterial strains isolated from different host 

plants were selected based on the in vitro PGP properties, abiotic stress tolerance and 

polysaccharides degrading activity. The ability of the selected strains to promote plant growth was 

further assessed under greenhouse conditions. Cell viability within different biopolymer prototypes 

was evaluated by embedding the strains into the liquid material and by isolating them after its 
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solidification and drying and storage, simulating the possible shelf-life. Furthermore, since tagging 

PGP bacteria with fluorescent protein is an interesting strategy to monitor their presence, 

colonisation and long-term survival after administration to the plant of interest, an additional aim of 

this work was the tagging of Bacillus strains promising as plant probiotics 

2. Material and Methods 

2.1 Plant growth promoting (PGP) strains selection and description 

A panel of seven bacterial strains has been selected for this project. The strains were obtained from 

previous isolation experiments on different plant species and proved to exert PGP potential in vitro. 

LR01, Bacillus subtilis subspecies subtilis, and LR20, Bacillus licheniformis, were isolated from 

lettuce root endosphere; RP26, Bacillus simplex, was isolated from the leaf endosphere of a plant 

species that survives extreme dehydration, Selaginella lepidophylla (“RP”, resurrection plant); GR12, 

Rhizobium sp., was isolated from grapevine root endosphere. The identification of these strains has 

been conducted through 16S rRNA gene amplification and partial sequencing (Macrogen, Rep. of 

South Korea) (Mapelli et al., 2013), and for those ascribed to Bacillus spp. later confirmed by 

amplification and sequencing of the gyrB gene (Eurofin genomics, Germany) (Yamamoto & 

Harayama, 1995).  

2.2 PGP strains characterization: tolerance to abiotic stresses and hydrolytic activities 

Firstly, bacterial candidates have been characterized for their survival towards different abiotic 

stresses and for the enzymatic degradation of polysaccharides. Streaked colonies were grown on 

tryptic-soy agar (TSA) at specific temperatures (4°, 15°, 25°, 30°, 37°) and pH (5, 6), in order to 

establish their capacity to cope with the abiotic stresses and to check the timing until full growth 

could be reached. The resistance to saline and osmotic stress was tested in liquid on tryptic-soy 

broth (TSB) added with increasing concentrations of NaCl (2, 4, 6%) or poly-ethylene glycol (PEG, 

10, 20, 25%). Qualitative polysaccharide hydrolytic profile was evaluated on solid medium according 

to the experimental procedures described by Barbato et al. (2022).  

2.3 Inclusion assay and survival assessment of PGP bacteria inside the biopolymer 

Bacterial strains employed in this study have been embedded inside a biopolymeric film (pH = 7) 

composed of cellulose, pectin and glycerol, the latter one functioning as an elasticizing component. 

The aim of this was to assay their vitality over time and their capacity of colonising plants’ roots and 

soil after released from it. Vegetative cells for the Gram-negative bacterial strain GR12 or spores for 

Bacillus spp. have been used, where 108 cells/spores have been inoculated per ml of biopolymer. 

Bacillus spp. LR01, LR20 and RP26 spores have been produced and harvested following a modified 

version of a protocol developed by Coroller et al. (2001), adapted to liquid medium instead of 
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solidified one. For vegetative cells, a pre-inoculum of 20 ml has been inoculated after 24h in a larger 

volume of 100 ml and grown for 24 hours. Afterwards, cells have been washed twice at 4000 rpm 

for ten minutes, by resuspending in 20 ml of physiological solution. After the last wash, pellet was 

resuspended in 5 ml of dH2O. This volume was mixed with the liquid biopolymer and stirred for 5 

minutes. A negative control with sterile dH2O was included in the test. Final volume of 225 ml for 

squared plates and 150 ml for round ones were prepared for this series of experiments, taking in 

consideration three replicates for each thesis. Open plates were dried at 37°C for 72 hours until 

complete solidification and desiccation were reached. After encapsulation, strain vitality has been 

verified by performing re-isolation at increasing time, every 7 days, after the inoculum (T1, T2, T3, 

T4). This test has been done in two different ways: firstly, by deposing a 1 cm2 square of biopolymer 

directly on TSA medium and incubating the plates at 30°C, to assess a growth on the film’s surface; 

secondly by polymer dissolution, serial dilution and plating on TSA medium. The latter approach was 

performed according to the following protocol: 1 cm2 square of biopolymer was cut under sterile 

conditions and put in a 2 ml sterile tube containing a sterile metallic bead and 900 µl of sterile 

physiological solution; the sample underwent two cycles of one minute at 15 Hz inside a Tissue Lyser 

instrument (QIAGEN) in order to dissolve the biopolymer. The obtained sample was used directly as 

a 10-1 dilution, and serial dilution were prepared and plated in triplicates on rifampicin and 

cycloheximide (100 µg/ml) added TSA, and later grown at 30°C. The latter approach has been 

applied only on those strains that survive the biopolymeric film’s desiccation phase (i.e., only on the 

Bacillus strains as it will be explained in the Results section). 

2.4 Lyophilization assay for the non-spore-former bacterial strain Rhizobium sp. GR12 and 

exploitation of bio-based cryoprotective agents 

Rhizobium sp. GR12 underwent a series of lyophilization trials according to a modified version of a 

protocol from Stephan et al. (2016), previously adapted on Pseudomonas spp. Six molecules at two 

different concentrations (12,5% and 25%) were tested as cryoprotective agents (CPA): sucrose 

(12,5% w/v), lactose (12,5% w/v), glucose (12,5% w/v), skimmed milk (12,5% w/v), glycerol (12,5% 

w/v), carboxymethyl cellulose (CMC) (2,5% w/v), chitosan (1%) together with glycerol. In addition, 

three byproducts of okara’s processing were included in the lyophilisation trials: i) its supernatant 

fraction, dissolved in phosphate potassium buffer 50 mM pH 8, ii) the total extract from okara (5 

mg/ml) and iii) the OPID fraction (16 mg/ml), a protein digestate of okara. Glucose, lactose and 

sucrose solutions were sterilized by filtration, glycerol and CMC by autoclaving them at 115° for 10 

minutes and lastly skimmed milk solution was sterilized by boiling it twice. Modification of the 

Stephan et al. (2016) protocol includes: 48h of pre-inoculum instead of 72h, TSB as growth medium 

instead of nutrient broth (NB), 20 ml of final volume of culture obtained after the washing steps to be 

mixed 1:1 with CPAs. Moreover, plating on TSA was conducted to obtain a concentration value 

(CFU/ml) for the pure culture before lyophilization to be compared with the values recorded at 
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increasing time after the process. These mixtures were then frozen for 48h in pre-sterilized UV 

treated aluminium containers, and then placed in the lyophilzer CoolSafe 55-4 (Labogene, Denmark) 

for 72h. Lyophilized material was collected under sterile conditions and then serially diluted in 

physiological solution (0,9 % w/v NaCl) and plated on TSA. Single colonies were counted after 48h. 

Re-isolation was conducted at different time points: t0 immediately after the lyophilization itself 

completed, t14 and t28 after 14 and 28 days, respectively. 

2.5 GR12 growth curves on medium containing okara’s byproducts 

To assess the okara influence on Rhizobium sp. GR12 growth a modified version of a protocol by 

De Benedetti et al. (2021) has been applied: the strain has been inoculated in liquid medium (TSB) 

and grown under agitation at 30°C for 24 hours. After a single washing step with physiological 

solution, cells were resuspended to obtain a final concentration of 108 cell/ml. The test was 

conducted in a 96-well plate in four replicates for each okara concentration tested (i.e., 0.5 mM and 

1 mM). In each well, 150 µl of Mineral Medium (MM) and 10 µl of bacterial suspension concentrated 

108 cell/ml were added, and sterile physiological solution was used as control. 40 µl of okara were 

later added in each well at the four different concentrations, while in the control, sterile dH2O was 

added. The 96-well plate was incubated at 30°C for 48 hours in a plate-reader (TECAN). Bacterial 

growth was monitored by measuring optical density (OD) at 610 nm in each well every 2 hours. This 

test was conducted also using with a modified version of MM deprived of its nitrogen source, to 

assess if okara could be used by strain GR12 as a nitrogen source. 

2.6 Optimization of a transformation protocol for molecular tagging of Bacillus spp. with 

fluorescent proteins  

Bacillus spp. strains RP26, LR01 and LR20 underwent a series of experiments aimed at the 

molecular tagging with a panel of fluorescent proteins to follow the colonization route directly in 

planta. Firstly, we streaked six E.coli strains bearing plasmids on ampicillin added (100 μg/ml) LB 

medium: B4 E.coli C295 bearing pSW4-CFPop, encoding for a cyan fluorescent protein and having 

kanamycin and ampicillin resistance genes as selective markers; B7 E.coli C295 bearing pAD43-25, 

encoding for a green fluorescent protein and having chloramphenicol and ampicillin resistance genes 

as selective markers; F1 E.coli C295 bearing pHT304 YFP, encoding for a yellow fluorescent protein 

and having erythromycin and ampicillin resistance genes as selective markers; F3 E.coli C295 

bearing pHT307 mCherry, encoding for a red fluorescent protein and having erythromycin and 

ampicillin resistance genes as selective markers. After full growth was reached on solid medium, we 

proceeded by inoculating these E.coli strains in liquid medium for a subsequent plasmid extraction 

conducted with a Plasmid Midi-prep kit (QIAGEN). Genomic DNA was extracted from each Bacillus 

spp. with a Wizard® Genomic DNA Purification Kit (PROMEGA) starting from a liquid LB inoculum 

grown for 15-16 hours. Both plasmid and genomic DNA was later quantified with the NanoDrop, and 
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in case of the genomic one, DNA was also visualized by electrophoresis on a 0,7% agarose gel. 

Genomic DNA was later sent for sequencing (Eurofins Genomics), and raw reads processed by 

employing Geneious Prime software, through which sequence trimming and de novo assembly were 

performed.  

Transformation workflow followed a protocol published by Xue et al. (1999), previously adapted on 

B. subtilis IH6140 and B. licheniformis S89 laboratory strains and using the plasmids extracted from 

E. coli. Once electroporation procedure was conducted, liquid cultures of the Bacillus strains RP26, 

LR01 and LR20 were plated on selective medium for the corresponding antibiotic and grown at 37°C 

for 24-48 hours. To confirm the acquisition of the pAD43-25 plasmid from the putative transformant 

colonies obtained after plating, PCR amplification of the GFP fragment was performed. Single 

colonies were streaked on the selective medium and once full growth was reached, single colonies 

were picked with a sterile toothpick and put in 50 μl sterile dH2O in PCR tubes. Then, samples were 

put on ice for 5 minutes, in microwave for 1 minute, again in ice for 5 minutes, in microwave for 1.5 

minutes, in ice for 5 minutes and one last round each of microwave for 1 minutes and in ice for 5. 

From the raw extracts, 1 or 2 μl of sample volume was used as template for PCR in a final volume 

of 25 μl. Reagents were mixed in reaction according to the following volumes: Mix Polymerase 12.5 

μl, 0.5 μl of each primer (stock concentration 10 μM), and water up to final volume of 25 μl. In the 

case of GFP-bearing plasmid, the gene was amplified by using the primer set GFP-sphI-F and GFP-

EcoRI-R and following the following thermic protocol: 94° for 5 minutes, 35 cycles of 94° for 30 

seconds, 54° for 30 seconds and 68° for 1 minute, 68° for 5 minutes and a temperature hold at 10°C. 

GFP-bearing plasmid itself was used as positive control by using 0.3 μl of template in the PCR 

reaction. Amplification products were checked by electrophoresis gel (0.8%). 

3. Results and discussion 

3.1 PGP strains tolerance to abiotic stresses and strain hydrolytic properties  

Results from these tests are summarised in Table 1.  

All the strains were able to grow in the range of temperature from 15 to 37 °C, while just Rhizobium 

sp. GR12 showed full growth on plate after 10 days at 4°C. On the other hands, all Bacillus strains 

were able to grow at the highest tested temperature (37°C). Likewise, all Bacillus strains grew on all 

PEG concentration tested while Rhizobium sp. GR12 didn’t tolerate the presence of PEG at 25% in 

liquid medium. Rhizobium sp. GR12 was sensitive to saline stress as shown by the growth inhibition 

observed on TSB supplemented by NaCl-, contrarily to the others which were able to grow at 

concentrations up to 4% and even up to 6% for LR01. As expected, pH was a main factor affecting 

bacterial growth: only LR01 is capable of surviving at pH 5 and is also the only positive candidate for 

the polysaccharides’ degrading activity. The qualitative extent of the degrading activity was 
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expressed as the ratio between degradation halo diameter (mm) and bacterial colony diameter (mm), 

allowing the comparison among isolates, as described in Barbato et al. (2022) 

3.2 Strains vitality after encapsulation in the biopolymer 

During the first trial conducted for this test, only vegetative-cells were employed. No growth has been 

observed for the non-spore former bacteria, Rhizobium sp. GR12, immediately after biopolymeric 

film inclusion and desiccation (T0); on the other hand, all the spore-former bacteria, LR01, LR20, 

RP26 were able to grow after deposition of not only at T0 but also when the test was performed 21 

days after the bioplymeric film production (Fig 1). Moreover, biopolymeric film treated with Bacillus 

spp. LR01 was degraded after the incubation of the petri dishes (Fig. 1), in agreement with the 

hydrolytic activity towards pectin detected in vitro (Table 1B), making this an interesting result for 

biopolymer degradation directly in the field. In the case of Bacillus strains, a second experiment to 

test viability of the strains consisted in the re-isolation procedure based on biopolymer dissolution, 

serial dilution and plating on solid medium (TSA). Strains vitality expressed as CFU/g of biopolymer 

is depicted in the Figure 2 for each spore-former strain and for each time point. Survival of all the 

three strains was confirmed up to 28-days of storage, with values of CFU/g of biopolymer ranging 

from 104 to 109, depending on the considered strain and the time point of re-isolation. LR01 proved 

to be the most promising strain both in terms of storage over time and in terms of highest CFU 

reisolated. In fact, stable results of reisolated 109 CFU/g were obtained for this strain until the end of 

the storage experiment.  

3.3 Strains vitality after lyophilization and technical evaluation of product 

Freeze-drying is one of the most commonly and successfully used method to preserve bacteria, 

yeasts and fungi, in research as well as in industry (Han et al., 2018).  The process starts with the 

freezing step followed by sublimation and desorption of the water in the product. For industrial drying 

of microorganisms, it is important to obtain maximum survival. The major causes for loss of viability 

during freeze-drying are osmotic shock and membrane injury (Stephan et al., 2016). In this context, 

a freeze-drying protocol for Rhizobium sp. GR12, the non-spore-former PGP included in this work, 

has been optimized since this non-spore-former couldn’t survive the desiccation phase during 

biopolymer encapsulation. A panel of cryoprotectant agents (CPAs) was compared and their 

influence on viability, storability and technological properties of the freeze-dried preparations was 

investigated. During the different lyophilization trial, in addition to each CPA thesis, a negative control 

was included, and it was represented by PBS solution without the addition of CPAs. In the control 

thesis, 106 CFU/g of the strain Rhizobium sp. GR12 were initially re-isolated from the lyophilized 

powder, a value that later decreased of one order of magnitude after storage (Figure 3). Among 

CPAs, the one that provided the best results in terms of survival rate was the glucose-treated thesis, 

where CFU/g reached values between 1010 and 1011 32 days after lyophilisation (Figure 3a). Similar 
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survival rates were reached also when the bacterium was supplemented with skimmed milk and 

lactose (Figure 3a). Sucrose presented similar results until t14, decreasing of one order of magnitude 

up to 30 days later, with 109 CFU/g (Figure 3b). On the opposite, the values of CFU/g retrieved from 

the CMC thesis showed that bacterial concentration, from the initial value at t0 of 109 CFU/g were 

subjected to a steep decline down to 105 CFU/g and 104 CFU/g at t14 and t32, respectively (Figure 

3a). okara’s fractions showed very different but interesting results among the three considered 

thesis. The OPID negatively affected the growth of Rhizobium sp. GR12, providing 102 CFU/g at t0, 

a result that implies its unsuitability as CPA agent. On the other hand, the CFU/g values measured 

using the total extract from okara ranged from 106 at t0 and 105 at t14, eventually not presenting 

positive results at t32. The most promising results were obtained using the okara supernatant 

fraction, probably due to its composition that is mainly dominated by polysaccharides. In this case, 

in fact, Rhizobium sp. GR12 survived at 1011 CFU/g at t14 and 107 CFU/g at t32. A second round 

with okara’s supernatant and sucrose was performed and confirmed the reported results (data not 

shown). Even if the glucose and sucrose thesis showed the best results in terms of bacterial survival, 

their usage as CPA will be probably put aside given their technological characteristics in terms of 

handiness. Although at t32 the okara’s supernatant fraction provided a lower CFU/g of lyophilized 

powder compared to the sucrose thesis, chosen as benchmark in the light of our results, its utilization 

seems the very promising under the framework of circular economy and food industry waste 

upcycling. In fact, okara is a soy manufacturing byproduct and it offers interesting advantages both 

in relation to its waste-based origin and its rich composition in antimicrobial and antifungal proteins, 

that makes it also an interesting and valid instrument for plant protection (De Benedetti et al., 2021).  

3.4 Utilization of okara’s byproducts as C or N source by Rhizobium sp. GR12 

The possible biostimulant and bioprotectant action of a protein digestate obtained from okara’s 

soluble fraction (Okara Protein Isolate Digested, OPID) was tested on the Rhizobium sp. GR12 

bacterial strain. Results obtained from these series of experiments are expressed as average ΔOD 

(610 nm), calculated as the average of the difference between the punctiform read at 48 hours and 

the one measured at t0. The graphs reported in Figure 4 show results for GR12 utilization of OPID 

respectively as carbon and nitrogen source. Shapiro-Wilkinson test performed on both datasets 

confirmed normality, which allowed us to perform an ANOVA to evaluate significant differences 

among the different treatment. No significant difference ( p > 0.05) was noticed between treatments 

with glucose and the ones with glucose and okara. However, the growth curves showed that the 

bacterium grew without significant differences in the medium supplemented with glucose and in that 

where glucose was replaced by okara 0.5 mM, suggesting its ability to use okara as C source. The 

increase of okara at 1mM concentration did not further boost the bacterial growth at the end of the 

experiment. In the second test, where MM was depleted of nitrogen (Figure 4B), the ANOVA analysis 
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confirmed that Rhizobium sp. GR12 is able to use okara as N source, as demonstrated by its growth 

once inoculated in the medium with and without glucose. 

3.5 Bacillus sp. LR20 transformation with a green-fluorescent protein harbouring plasmid 

Up to now, Bacillus licheniformis LR20 has been the only successfully transformed strain, following 

the procedures above described in the previous chapter. Transformation has been achieved only 

with the GFP-bearing pAD43-25 plasmid and confirmed by fluorescent microscopy and 

electrophoresis gel, by positive amplification of the same gene. Even if we obtained positive results 

only with one of the three candidates for fluorescent tagging, many options could be still explored, 

including the fine tuning of already established electroporation protocols for Bacillus spp, the 

exploitation of different osmoprotectants and formulations or different approaches like for instance 

protoplast-based methods and transduction. 

4. Conclusions and future perspectives 

Overall, the results obtained showed that the biomaterial tested in this work proved to be useful for 

the delivery of spore-forming bacteria. It harbours promising characteristics in terms of stability over 

time and of cell viability. On the other hand, okara represents a promising byproduct that could be 

used as growth biostimulant and cryoprotectant for the delivery of non-spore-forming bacteria, as 

shown by the results generated using the strain Rhizobium sp. GR12 as a model. The outcomes of 

this work pave the way for future activities in the frame of the “BBPlug” project, where PGP Bacillus 

strains will be incorporated in pectin-based compostable plugs, together with bioactive compounds 

extracted from fresh-cut vegetable waste, for “in-field” monitoring of the plant performance. Among 

the possible perspectives of this work, the development of new formulations of biopolymeric material 

to improve the viability of non-spore-forming beneficial bacteria could become an interesting starting 

point to still sustain the encapsulation hypothesis for all the PGPs candidates. An example of 

biomaterials to test in this context could be alginate. Moreover, additional studies on biopolymer 

degradation and its effect on microbiota in agricultural soil needs to be done, to verify long-term 

stability and impact of this product from every possible point of view.  
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Figures 

 

 

Fig 1. Bacteria re-isolation over time by deposition on nutrient rich medium. Image depicting the procedure of cutting 

and deposition of biopolymeric film’s fractions onto nutrient rich medium and visualisation of growth over time and 

biopolymer’s degradation
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Fig 2. Re-isolation trials results after biopolymer encapsulation for Bacillus spp. strains LR01, LR20 and RP26. 

Graph depicting results of the reisolation experiments expressed as average value and standard deviation of CFU/g of 

biopolymer. Viable cells were re-isolated from the dissolved biopolymeric film up to 28 days after the storage of the 

material at room temperature. 
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a) 

 

b) 

 

Fig 3. Re-isolation trial results after GR12 lyophilization with a panel of cryoprotective agents (CPA). On the upper 

image (a) two rounds of experiment assaying glucose, skimmed milk, carboxymethyl cellulose (CMC) and lactose as CPA; 

on the lower one (b), another trial assaying difference between a common CPA, sucrose, and two byproducts of okara 

manufacturing. The non-protein soluble fraction (okara surnatant) improved the viability of the bacterial cells compared to 

the negative control (PBS) and allowed the storage up to one month.  
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a) 

 

b) 

 

Fig 4. Rhizobium sp. GR12 growth curves on mineral medium (MM) and the OPID fraction of okara. On the upper 

image (a) GR12 growth curve on MM added with the OPID fraction of okara and glucose at different concentration. On 

the lower one, GR12 growth curve on nitrogen-deprived MM with the same okara’s fraction and glucose.  
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Fig 5. PCR-electrophoresis and fluolerescence microscopy image of putative LR20 tagged Bacillus spp. On the 

left is depicted the electrophoretic run of putative amplified GFP fragment from LR20, with a positive control given by the 

amplification of the plasmid itself, the PCR products coming from LR20, respectively using 1 µl and 2.5 µl and a negative 

control with no template; on the right, instead, a picture taken with a fluorescence microscope of putative transformant 

LR20. 

 

Tables 

a) 

  Temperature PEG (%) NaCl pH 

Strain NCBIidentification 4° 15° 25° 30° 37° 15% 20% 25% 2% 4% 6% 5 6 

GR12 Rhizobium sp.              

LR01 Bacillus sp.              

LR20 Bacillus sp.            NA NA 

RP26 Bacillus sp.              

 

b) 

  pH Amylase Agarase Pectinase Alginase 

Strain NCBI identification 5 6 

GR12 Rhizobium sp.       

LR01 Bacillus sp.       

LR20 Bacillus sp. NA NA     

RP26 Bacillus sp.       

 

Table 1. Table summarising the results of viability studies at different growth conditions (a) and (b) the 

results of qualitative tests for polysaccharides degrading activities. 
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   Chapter II 

Allochthonous 
microorganisms’ entrance 

in crop systems through 
treated wastewaters: 

potential risks associated 
to antibiotic resistance 

spread 

The research presented in this chapter aimed at clarifying the 
pathways and mechanisms underlying antibiotic resistance 
spread in bacterial populations associated to agrifood 
ecosystems. 
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Chapter II.I 

Study of antibiotic-resistant bacteria in wastewater 
treatment plant effluents and the receiving water 
bodies: a case study in Northern Italy 

Abstract 

Agri-food systems are crucial hotspots for antibiotic resistance diffusion under the One Health 

perspective. Antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARGs) can enter 

agri-food ecosystems through wastewater treatment plant (WWTP) effluents released to surface 

water bodies and used for irrigation purposes. Though it is known that Horizontal Gene Transfer 

(HGT) plays a crucial role in the spreading of ARGs, there are important gaps of knowledge regarding 

the ARB presence and the frequency of HGT events in the environment. In this context, we are 

investigating the bacterial resistome in surface waters collected at increasing distances from a 

WWTP located in the Cremona municipality. Here, we focus on the results related to the cultivable 

fraction of the bacterial communities distributed along the distance gradient, from the WWTP to the 

Po River. We established a bacterial collection of two-hundreds strains and employed different 

techniques, i.e. disk diffusion tests and minimal inhibitory concentration (MIC) analyses, to 

investigate the antibiotic resistance spread in the isolated bacterial species. Lastly, to assess the 

capability of this isolates to spread throughout agri-food ecosystems, we administered a panel of 

selected bacteria from this collection to lettuce, chosen as model plant for its agricultural interest in 

Northern Italy and for its raw consumption. Taxonomic identification showed that our collection 

encompasses, besides faecal-indicator-bacteria (FIB), several genera of interest for the One Health 

approach. For instance, Acinetobacter and Klebsiella are genera known to be able to interact with 

plants but also include pathogen and potential opportunistic pathogens. The antibiotic resistance 

profile of the strains showed variable results according to the investigated antibiotic molecules. Only 

0.5% of the tested strains were resistant to gentamycin, while the percentage was much higher for 

all the other antibiotics: tetracycline (37%), ampicillin (42%), erythromycin (57%), colistin (10%) and 

sulfamethoxazole (100%). The results showed the presence of 5 multi-drug-resistant strains. Based 

on the antibiotic resistance profiling, different strains were selected for genome sequencing and the 

extraction of plasmids exploitable for natural transformation tests, with the aim to investigate the 

possible transfer of ARGs to recipient bacteria. Furthermore, given that plants can be considered a 

“bridge” connecting terrestrial and aquatic ecosystems with the human microbiome, we assessed 

the capability of the selected strains to colonize the plant root systems, where they could represent 

a source of ARGs for plant-associated bacterial communities. Such capability was confirmed since 
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the eight bacterial strains employed for bacterization successfully colonised lettuce plants’ 

rhizosphere and could be reisolated, after 1 week, at bacterial concentration ranging between 104 to 

106 CFU/g of soil. 

1. Introduction 

The extensive administration of antibiotics over the past seven decades and their misuse have 

resulted in an increase of antibiotic-resistant bacteria (ARB), while the introduction of novel 

antimicrobial molecules has stalled, especially for infections with Gram-negative bacteria (Walsh, 

2010). Antimicrobials’ efficacy is threatened by rapid development and spread of different resistance 

mechanisms, both caused by mutations of the bacteria's own DNA and by genes that are transferred 

horizontally across different strains and species (Jutkina et al., 2018; Wellington et al., 2013; 

Martinez, 2011). The World Health Organization (WHO) specified ARB as a serious threat to modern 

medicine (WHO, 2014) and listed specific organisms in three priority classes, based on their 

virulence and resistance capabilities. For example, carbapenem- resistant Acinetobacter baumannii, 

Pseudomonas aeruginosa and Enterobacterales are classified as priority “critical” while vancomycin-

resistant Enterococcus faecium and methicillin-resistant Staphylococcus aureus are indicated as 

priority “high” (WHO, 2017b). 

Antimicrobial resistance is currently widespread into the environment (Voigt et al., 2020) and 

recently, the impact of antibiotic residues on ecosystems has been recognised as an international 

threat (Kumar and Pal, 2018). The excretion of incompletely metabolized antibiotics by humans and 

animals is the primary source of antibiotics in the environment. In recent years, various studies have 

shown that antibiotic residues, resistant bacteria, and resistance genes, occur in aquatic 

environments and that clinical wastewater seems to be a hot spot for the environmental spread of 

antibiotic resistance (Voigt et al., 2020). Additional sources of antibiotic resistance spread may 

include aquaculture, animal husbandry and agronomic practices (Negreanu et al., 2012). Residential 

and commercial facilities are known contributors of antibiotics to municipal wastewater (Kumar and 

Pal, 2008; Kümmerer, 2009). Agri-food systems are crucial hotspots for antibiotic resistance diffusion 

under the One Health perspective (Tiedje et al., 2023), which deals with the intersections between 

human, animal and environmental health, recognising them as a unique interconnected system. 

Freshwater is one of the most important resources on Earth but is likely to become scarce in the 

next decades (Gorito et al., 2017). Because of water supply shortages that result from climate 

change, urbanization, regional drought and pollution, treated wastewater is commonly used to 

irrigate agricultural land in arid and semi-arid regions (IPCC, 2009; WWAP, 2012). The use of treated 

wastewater for irrigation in agricultural land carries multiple economic and environmental benefits. 

However, the broad agricultural application of wastewater implies that agricultural land can be 

contaminated by the so-called contaminants of emerging concerns (CECs) such ARB and antibiotic 
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resistance genes (ARGs). ARB and ARGs can enter agri-food ecosystems through wastewater 

treatment plant (WWTP) effluents released to surface water bodies and used for irrigation purposes, 

if the removal is not complete, or wastewaters are untreated (Watkinson et al., 2007; Christou et al, 

2017). Wastewater treatment was found to cause a selective increase in the relative abundance of 

antibiotic-resistant Acinetobacter spp. isolates and ARGs are often identified in the WWTP’s final 

effluents indicating that these resistance determinants can be further disseminated in habitats 

downstream of the sewage plant (Negreanu et al., 2012). Furthermore, the high microbial density of 

biofilms and activated sludge may facilitate genetic exchange in WWTP and antimicrobial agents are 

found present wastewater (Zhang et al., 2009). While high antibiotic concentrations that exceed 

minimal inhibitory concentrations (MIC) of exposed bacteria are thought to strongly select for AR, 

recent experimental evidence has shown that sub-therapeutic drug concentrations up to several 

hundred-fold below MICs (25 and 0.46 ng mL−1of tetracycline and ciprofloxacin, respectively) can 

also enrich for resistant bacteria (Gullberg et al., 2018). Antibiotic concentrations detected in WWTP 

effluents are often above these values. For example, levels of 1.20 and 0.85 ng mL−1 and 0.40 and 

0.12 ng mL−1 have been detected in WWTP influent and effluent for tetracycline and ciprofloxacin, 

respectively (Karthikeyan et al., 2006). In addition, several studies have shown that exposure to 

compounds other than antibiotics can also result in AR proliferation in a process known as cross-

resistance (Alonso et al., 2001; Martinez et al., 2009). These include for example, quaternary 

ammonium compounds (QACs), triclosan and triclocarban (used in soaps and other household 

compounds), and heavy metals that are often detected in WWTPs at significant concentrations 

(Negreanu et al., 2012). 

Among the most notorious antibiotics, β-lactams account for over 65% of the world antibiotic market, 

and ampicillin (AMP) is a widely used representative of the β-lactam antibiotics (Shen et al., 2010). 

Christian et al. (2003) reported that five β-lactam antibiotics (ampicillin, amoxicillin, mezlocillin, 

flucloxacillin and piperacillin) were found in surface water at concentrations up to 48 ng L−1.  On 

another hand, as ones of the most used human and veterinary medicines, broad-spectrum 

tetracycline antibiotics are produced in large amounts around the world. Tet genes in the 

environment have been extensively studied in sewage treatment plants, animal lagoons, and fish 

farming ponds, where tetracyclines have been frequently detected (Liu et al., 2012). Erythromycin is 

a macrolide antibiotic with a broad activity against Gram-positive and some Gram-negative bacteria. 

Many studies indicated erythromycin as recalcitrant to biodegradation during biological treatment 

processes in WWTP, enriched in downstream steps and transferred through HGT events in microbial 

communities (Gao et al., 2015). Gentamicin is an aminoglycoside used in both human therapy and 

veterinary medicine and residual concentrations of excreted gentamicin have been detected in 

wastewater treatment plants (Le-minh et al., 2010). Sulfamethoxazole (SMX), one of the most widely 

synthesized sulfonamides, is currently prescribed to treat urinary infections, and it is also being used 
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in veterinary practice, aquaculture and livestock breeding (Drillia et al., 2005). SMX is hydrosoluble 

and a poor chelator, and it binds to soil organic matter, thus it can potentially migrate from livestock 

waste and soil to water bodies (Xu et al., 2011). Colistin is a polypeptide antibiotic with bactericidal 

effects on Gram-negative bacteria. Despite its neuro- and nephrotoxic side effects, the rapid 

proliferation of bacterial resistances against other classes of antimicrobials has pushed colistin on 

the current list of last-resort antibiotics, despite the reported increasing detection of its related 

resistance gene, mcr-1, in municipal wastewater (Hembach et al., 2017; Kneis et al., 2019). 

Vancomycin is a glycopeptide antibiotic widely used in the treatment of Enterococci infections. It is 

the ultimate antibiotic, prescribed when others are ineffective; therefore, vancomycin-resistant 

enterococci (VRE) are the most troublesome bacteria (Nishiyama et al., 2015).  

ARGs can be transferred vertically between the same species and between different species through 

horizontal gene transfer (HGT) depending on mobile genetic elements (MGEs) such as plasmids, 

transposons, and integrons (Tan et al., 2019; Chen et al., 2023). Our knowledge of antibiotic 

resistomes in nonclinical environments is currently increasing rapidly from the study of wastewater-

treatment plants and intensive animal-feed operations. While most One Health attention has been 

on the potential for antibiotic resistance transmission from livestock and contaminated meat products 

to people, plant foods are fundamental to the food chain for meat eaters and vegetarians alike. It 

has been hypothesized that environmental bacteria that colonize plant foods may serve as platforms 

for the persistence of antibiotic-resistant bacteria and for HGT of ARGs (Maeusli et al., 2020). Hence, 

exploring the transmission mechanism of ARGs in the plant microbiome is crucial to alleviate ARG 

pollution and ensure plant and human health (Chen et al., 2019) since it represents a major pathway 

through which humans are exposed to ARB and ARGs that are naturally present in the environment. 

Some studies have shown that ARGs in the soil can be transmitted to the roots and leaves of plants 

(Chen et al., 2018a). The conditions promoting HGT events can occur in specific hot-spots, and 

among them an interesting example is the rhizosphere. This term indicates the soil portion strictly 

adhered to plants’ roots, characterized not only by the richest and most diversified section of the 

plant microbiome, but also by strong molecular interactions between the two partners, plants and 

microorganisms. Here, bacteria can enter in contact with high amounts of exogenous DNA (Riva et 

al., 2020). Given the continuous exposition to molecules promoting antibiotic resistance selection, 

the root system and its associated bacterial community represent one a crucial hot-spot for HGT 

also in water phytodepuration systems, like constructed wetlands (Riva et al., 2020a). ARB and 

ARGs presence and spread in the agri-food systems constitutes a huge risk for human health due 

to the direct exposition of antibiotic resistance factors after the ingestion of plant-based products, 

especially those consumed raw like spinach, lettuce and sprouts (Riva et al., 2020b). ARGs have 

been found in the microorganisms in many plants such as various vegetables (e.g., cilantro, endive, 

lettuce, pak choi, tomato, cucumber, pepper, carrot, and radish) and crops (e.g., rice and wheat) 
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(Chen et al., 2023). Though it is known that HGT plays a crucial role in the spreading of ARGs (Tan 

et al., 2019), there are important gaps of knowledge regarding the ARB presence and the frequency 

of HGT events in the environment, together with the dynamics and transmission mechanisms of 

ARGs in plant microbiomes (Chen et al., 2023).  

Considering the reported information this study focused on the establishment of a bacterial collection 

from freshwater samples collected along a gradient of increasing distance from the effluent releasing 

point of a WWTP located in the Cremona municipality to the Po River, in Italy, with the goal of 

characterizing the bacterial resistome in this natural environment. Lastly, we wanted to prove the 

concept behind the possible introduction and spread of ARB in the microbiome of plants of 

agricultural interest, by administering some of the detected multi-drug-resistant strains, according to 

MIC analyses (Russo et al., 2019), to lettuces plant (Lactuca sativa var canasta), and assay the 

rhizosphere colonization. 

2. Materials and methods 

2.1 Bacteria isolation, identification and genotyping 

Water samples were collected from six sites (Supplementary Figure 1) along a gradient of increasing 

distance from the effluent releasing point of a WWTP located in the Cremona municipality to the Po 

River. Samples were prefiltered using filter paper to reduce water impurities that could later 

compromise colony visualization. Afterwards, water aliquots of 400, 40 and 4 ml were filtered on 0.2 

µm nitrocellulose filters (GSWP, Millipore) to collect bacterial cells for the determination of colony-

forming unit (cfu) per ml and for bacteria isolation purposes. The filters were deposed on Violet Red 

Bile Agar (VRBA) and Slanetz-Bartley (SB) media, reported as selective for Enterobacteriaceae and 

Enterococcaceae species, respectively. Plates were incubated respectively at 30°C and 37°C and, 

after 3 days, single colonies were counted for each of the three volumes. In the case of putative 

Enterobacteriaceae colonies, the number of cfu per ml of water was determined also by plating serial 

dilutions on VRBA supplemented by cycloheximide (at a final concentration of 100 µg/ml). Fifteen 

colonies per sites were selected and streaked on each media three times to get pure cultures. The 

purified strains were stored at − 80 °C in LB medium supplemented with 25% glycerol for later use. 

To each one of them, an ID code was given based on the sampling site (1A, 2A, 3A, 5A, 6A and 7A), 

a progressive number from 1 to 15, and either V or S, based on the isolation medium used, and thus 

the subcollection which they belonged to. 

DNA was extracted from a single colony of each isolate through a boiling lysis procedure (Ferjani et 

al. 2015) and all isolates were identified through 16S rRNA gene amplification and partial sequencing 

(Macrogen, Rep. of South Korea) as previously described (Mapelli et al., 2013). Three strains 

identified as Escherichia spp. according to 16S rRNA gene sequencing were subjected to uidA PCR 



 
 

76 
 

amplification in order to either clarify their possible ID as E. coli, as the uidA gene is used as a 

molecular marker for this species identification (Bej et al., 1991; Chern et al. 2009; Molina et al., 

2015). Final concentration in reaction were 1X Buffer, 1,5 mM of MgCl2, 0,2 mM of dNTP, 0,125 µM 

respectively of forward primer uidA-F (5’-CTGGTATCAGCGCGAAGTCT-3’) and reverse primer 

UAR-900 (5’-ACGCGTGGTTACAGTCTTGCG-3’), and 1,25 U of Taq polymerase, whereas thermal 

protocol consisted in the following steps: 95° for 3 minutes, 35 cycles of 30 seconds at 95°, 30 

seconds at 58° and 1 minute at 72°, and a final elongation step of 10 minutes at 72°. All the 16S 

rRNA gene sequences were deposited in the NCBI GenBank database under accession numbers 

OR388570-OR388755. 

The bacteria collection was then subjected to genotyping, either based on the amplification of the 

ribosomal Internal Transcribed Spacer (ITS) region (Mapelli et al., 2013) for the VRBA collection, or 

on ERIC amplification and profiling for the SB collection. The latter fingerprinting was based on a 

modified version of published protocols (Valenzuela et al., 2009; Martin Platero, 2009; Jurkovicz et 

al., 2007). In detail, 1 µl of target DNAs was used in a reaction volume of 25 µl containing buffer 1X, 

MgCl2 3 mM, dNTP mix 0.4 mM, ERIC 1R primer (5’-ATGTAAGCTCCTGGGGATTCAC-3’) 1 µM 

and Taq polymerase 1U and applying the following thermic protocol: 94°C for 3 min, 35 cycles of 30 

sec at 94°C, 60 sec at 48°C and 5 min at 72°C, and a final extension at 72°C for 7 min. The obtained 

ERIC-PCR products were visualised in a 2% agarose gel running at 40V. 

2.2 Screening of antibiotic resistance: disk diffusion and minimum inhibitory concentration 

(MIC) analyses 

Antibiotic resistance profiling of the collection was conducted on at least one representative isolate 

for each genotype, identified according to ITS-PCR or ERIC-PCR, by disk diffusion and MIC 

analyses. Sixty-three strains of the VRBA collection identified as Aeromonas cavie, Aeromonas 

hydrophila, Acinetobacter johnsonii, Acinetobacter soli, Acinetobacter junii, Acinetobacter chinensis, 

Klebsiella pneumoniae and E. coli, and 51 of the SB collection identified as Enterococcus faecium, 

Enterococcus faecalis and Enterococcus casseliflavus, were tested on a panel of antibiotics 

(gentamycin, tetracycline, ampicillin, erythromycin, colistin and sulfamethoxazole) for disk diffusion. 

Antibiotics of this panel were chosen based on several consideration: (i) clinically relevant genes 

(risk to human health) previously detected in WWTPs, (ii) high consumption antibiotics–

sulphonamides, tetracyclines, and beta-lactams, (iii) a work performed by a scientific group whom 

we collaborated where an assay of ARGs were detected in the same water samples used to build 

our collection. Bacterial strains were tested using 1,5 x 108 cell/ml on Mueller-Hinton Agar plates. 

After complete solidification of the soft agar layer containing the inoculum, antibiotic-impregnated 

discs (CONDA LAB) were placed on the plate and inhibition halos were observed and measured 

after 24h. Resistant strains were then subjected to MIC analysis on the correspondent antibiotic. For 
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each antibiotic, 7 different concentrations were tested in the medium CAMHB, a modified version of 

Mueller-Hinton broth (CLSI, 2014) based on the cut-off concentration specific for each genus or 

species (CLSI document M100-S24, 2014; CLSI guideline M45, 2015; EUCAST, 2020) and using a 

final concentration of 5 x 105 cell/ml. MIC analyses were performed in 96-well plates. Plates were 

visually inspected after 24h to assess the presence or absence of turbidity at the different tested 

concentrations. 

2.3 Genomic and plasmidic DNA extraction  

Based on taxonomy and antibiotic resistance profile, fifteen strains were selected for genome 

sequencing. Chromosomal DNA was extracted from the bacterial strains using the 

cetyltrimethylammonium bromide (CTAB) method with a prior cell lysis by enzymatic methods and 

followed by an isopropanol precipitation of the DNA (Chouaia et al. 2010). Genomic DNA was 

quantified by using the Qubit Fluorometer (Thermo Fischer Scientific Inc.) and integrity was checked 

by running the DNA extracts on 0,8% agarose gels. A further selection of eight strains, including all 

the Acinetobacter species obtained in the established collection, was subjected to plasmid DNA 

extraction using the commercial kit QIAprep Spin Miniprep (QIAGEN) with the aim to perform natural 

transformation experiments using the recipient strains A. baylyi BD413. 

2.4 Lactuca sativa rhizosphere colonization assay 

Rhizosphere colonization test of selected strains coming from the WWTP collection were performed 

on a plant of agricultural interest, Lactuca sativa, variety Canasta. Bacterial isolates subjected to this 

test were seven strains belonging to Acinetobacter genus (2A-12.2-V, 2A-8.2-V, 3A-10.1-V, 3A-11-

V, 6A-1-V, 6A-4-V, 6A-8- V) one belonging to Klebsiella genus (3A-5-V) and one to Escherichia 

genus (2A-3-V). Rifampicin-resistant mutant strains were generated and deployed in order to easily 

select for the invader strain of interest during the re-isolation procedure. Colonization test of the root 

system starts with the preparation of a pre-culture grown in 5 ml of LB added with rifampicin 100 

µg/ml, at 30°C on a rotary shaker. For the main culture, 250 ml of the same medium were inoculated 

with 2,5 ml of the pre-inoculum at the same growing conditions. After having count the cells at the 

Thoma chamber, the inoculum centrifuged twice for 10 minutes at 4000 rpm and resuspended in 

sterile distilled water. Each lettuce plant, grown in greenhouses condition, was bacterised with 108 

cells/gram of soil. The experiment was conducted in triplicate for each treatment, including a negative 

control where just distilled water was administered to the plant. Bacteria re-isolation from the 

rhizosphere was conducted seven days later, by plating serial dilution of the rhizosphere soil fraction. 

Rhizosphere fraction was obtained firstly by separating the aerial from the lower part of the plant 

under sterile condition with a sterile scalpel. Plants were shaken vigorously to remove the free soil 

and roots were subsequently washed with 20 ml of sterile physiological solution, on a rotatory shaker 

for 20 minutes. The root was then transferred to a second falcon tube and the washing step was 
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repeated. Lastly the two fractions containing the washing solution, without the roots, were merged 

and centrifuged at 5000 rpm for 10 minutes at 4°C. After removing the supernatant, the pelleted soil 

has been used for serial dilutions, which are plated on LB added with rifampicin.  

3. Results 

3.1 Establishment and identification of aquatic bacteria collection 

The concentration of cultivable bacteria putatively belonging to the families Enterobacteriaceae and 

Enterococcaceae in the effluent surface water samples collected moving from the WWTP to the Po 

River were assessed on VRBA and SB media, respectively. Putative Enterococcaceae were 

constantly retrieved at 103 cfu/L from the effluent up to the Po River, were it decreased of one-order 

of magnitude (Table 1). Putative Enterobacteriaceae were instead present at different concentration 

according to the site of sample collection (Table 1); the highest concentration was detected in the 

released effluent (1,4x105 ± 2x104 cfu/L) and in the surface water collected from the site 3A, located 

downstream the effluent WWTP release point (3,36x103 ± 6,72x102 cfu/L), while in the site upstream 

the effluent release the cultivable putative Enterobacteriaceae were detected at concentration of 

4,4x102 ± 1,33x102 cfu/L. 

A total of 190 bacterial isolates were obtained from the six sample, with 88 isolates belonging to the 

SB subcollection, and 102 isolates to the VRBA subcollection. According to the taxonomic 

identification based on the 16S rRNA gene partial sequences, 98% of isolates from the VRBA 

subcollection ascribed to the Gammaproteobacteria class, with 23% belonging to Acinetobacter, 

40% to Aeromonas and 18% to Klebsiella genera. As indicates in the Supplementary Table 1, 

together with these majorly represented ones, we found few isolates identified as Citrobacter (n=2), 

Comamonas (n=2), Enterobacter (n=1), Escherichia (n=3), Kluyvera (n=2), Leclercia (n=2), Pantoea 

(n=1), Raoultella (n=4) and Serratia (n=1). Among the Acinetobacter group we isolated 

representatives of the species A. soli (n=11), A. johnsonii (n=5), A. chinensis (n=1) and A.junii (n=6); 

in the Aeromonas group instead, 6 different species were identified, with the A. caviae (n=11) and 

A. hydrophila (n=19) being the most represented. Lastly, among the isolates identified as Klebsiella, 

the majority (n=12) of them were confirmed as K. pneumoniae. The three Escherichia spp. isolates 

were confirmed to belong to the species E. coli according to gene uidA positive amplification by PCR. 

On the other hand, 98% of isolates from the SB subcollection were Enterococcus, with 

representatives of the species E. faecium (n=24), E. faecalis (n=12), E. casseliflavus (n=15), E. 

gallinarum (n=10), E. mundtii (n=13) and few isolates belonging to the E. durans, E. hirae or E. lactis 

species. 

Species distribution throughout the 6 isolation sites was investigated in terms of spatial and temporal 

abundance. For the VRBA subcollection, some species and genera, including Klebsiella, Aeromonas 

and Acinetobacter, were present along the gradient of increasing distance from the WWTP in all the 
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6 sites, while others (i.e., Raoultella, Kluyvera, Comamonas, Citrobacter, Serratia and Escherichia) 

were isolated exclusively in specific sites, and generally in lower numbers compared to the other 

three. As depicted in Figure 1A and in the Supplementary Table 1, Klebsiella is evenly represented 

throughout all the sites, but mostly on site 3A; Acinetobacter is majorly found in site 3A, only as A. 

soli, and 6A, as A. johnsonii and A. junii, and Aeromonas in sites 1A, as A. hydrophila, 6A, as A. 

caviae, and 7A. For the SB subcollection (Figure 1B), E. faecium and E. casseliflavus, were isolated 

in each one of the sampling sites, with the first one’s presence gradually decreasing the more distant 

we were getting from the WWTP, contrary to the second one that instead increased. A similar pattern 

was detected also for E. faecalis, which number of isolates was higher moving away from the WWTP 

and especially in site 7A. E. mundtii and E. durans, were instead only isolated in sites 2A and 3A, 

respectively. E. gallinarum was only isolated from the surface waters collected from site 2A to site 

6A, gradually increasing towards the Po River. Molecular fingerprinting was applied on the strains to 

describe the genetic diversity within the established bacterial collection. A total of 54 ITS groups 

were retrieved from the strains isolated on VRBA, while 64 ERIC groups were detected among those 

isolated on SB. In both the subcollections most of the isolates were evenly distributed in the different 

ITS and ERIC clusters, with few exemptions (Supplementary Table 1). Examples of bacterial species 

characterized by high genetic diversity within the collection are K. pneumoniae (10 ITS different 

profiles in 12 isolates), A. cavie (10 ITS different profiles in 11 isolates), A. hydrophila (13 ITS profiles 

in 19 isolates), E. faecium (12 ERIC different profiles in 24 isolates) and E. casseliflavus (12 ERIC 

different profiles in 15 isolates). 

3.2 Antibiotic resistance survey 

3.2.1 Strain antibiotic resistance according to antibiogram disk diffusion test 

For the VRBA subcollection, 63 strains identified as Aeromonas caviae, A. hydrophila, K. 

pneumoniae, E. coli and all those belonging to the genus Acinetobacter, were subjected to the disk 

diffusion test to assess their antibiotic resistance profile. The same was done for the SB 

subcollection, where 51 strains belonging to species E. faecium, E. faecalis and E. casseliflavus, 

were tested. Ampicillin resistance profile showed similar results among the two sub-collections, with 

no susceptible isolates detected. In the case of erythromycin instead 26% of the SB-subcollection 

isolates proved to be resistant, a percentage that rises to 67 for the VRBA collection. Tetracycline 

and SMX showed comparable results between the two collections, with 5 and 10% of resistant 

strains respectively on the VRBA-subcollection, and 20 and 1% for the SB one. Gentamicin proved 

to be particularly effective towards the VRBA-collection, where just one resistant strain over 68 

isolates was detected (1.5%), while 27% of Enterococcus isolates was resistant to this antibiotic 

molecule. Roughly half of the Enterococcus sub-collection (54%) proved to be resistant also to 

vancomycin. Lastly, also Ccolistin resistance was spread since only half of the VRBA-collection 
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(46%) resulted susceptible to disk diffusion test. The results of the disk diffusion tests are reported 

separately for the two sub-collections in Figure 3, according to the site of isolation. Resistance to 

ampicillin showed even results among all the 6 sites when looking at Gammaproteobacteria spp., 

while in the case of Enteroccus ones the resistant isolates were majorly found in sites 1A, 5A and 

6A. SMX gave almost completely even results among all the 6 sites for the Enterococcus, while for 

the other genera the resistant strains were mostly isolated from sites 2A and 5A. Erythromycin 

resistance of VRBA-isolates showed increasing values moving closer to site 5A, and a rapid 

decrease approaching sites 6A and 7A. On the opposite, looking at the Enterococcaceae collection 

site 6A is the only one reaching a percentage of resistant strains higher than 50%. Tetracycline disk 

diffusion assay showed really different results between the two subgroups (i.e., Enterococcaceae 

and Gammaproteobacteria). In fact, the Gammaproteobacteria resistant strains were all 

concentrated in sites 2A (40%) and 3A (less than 10%) while for the Enterococcaceae sites 6A and 

7A were those presenting the higher number of tetracycline resistant strains, respectively 80 and 

100%, while all the other sites showed percentages below 50%. Among Enterococcaceae, the 

percentage of gentamicin resistant strains reached 80% in site 6A, while rapidly decreasing to 50% 

for 7A and with lower percentages in the previous collection sites. In the case of the VRBA-

subcollection only site 2A showed the presence of resistant strains (20%). The percentage of colistin 

Gammaproteobacteria resistant strains increased moving away from the WWTP and culminating 

with the higher percentage value in site 5A (57%). Lastly, vancomycin showed the highest 

percentage of Enterococcus resistant strains in sites 7A (> 80%), 2A and 3A (> 60%).  

3.2.2 MIC analyses 

The strains proved resistant by the disk diffusion analysis underwent a further characterization of the 

resistance profile by MIC analyses. Results of MIC analyses are reported below according to the 

antibiotic tested and the bacterial species. In fact, in agreement with the CLSI and EUCAST 

guidelines, not all the isolated bacterial species were tested against all molecules, since some of 

them are known to be constitutively resistant to certain antibiotics. Among those tested, only strain 

A. chinensis 2A-8.2-VRBA resulted resistant to gentamycin (0.5%, 1 over 15 isolates), while none 

was resistant to vancomycin. For tetracycline, 37% of the strains (10 over 27 isolates) resulted 

resistant according to MIC and they belong to the species E. casseliflavus, E. faecalis, E. faecium, 

K. pneumoniae and E. coli (Figure 3). Concerning erythromycin, 57% of the tested isolates (26 over 

45 isolates) were resistant to the molecule and belong to the species E. faecalis, E. faecium, 

A. johnsonii, A. junii, A. solii, A. caviae and A. hydrophila. For ampicillin, 42% of the tested strains 

(25 over 59 isolates) were resistant (A. chinensis, A. johnsonii, A. junii, A. soli, E. coli and 

K. pneumonia). Colistin MIC assay showed that only 3 strains identified as A. solii and A. hydrophila 

were resistant (10%, 3 over 29 isolates). Finally, MIC analyses on sulfamethoxazole showed 100% 

score of resistant strains over the total tested ones (A. chinensis, A. hydrophila, E. coli, K. 
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pneumonia). These results showed the presence of five multi-drug-resistant strains, defined as 

isolates resistant to at least one agent of three or more antimicrobial classes (Russo et al., 2019), 

as indicated in Table 2, which also included all the strains resistant to at least two different antibiotics. 

The latter were represented by eleven isolates belonging to Acinetobacter spp., four Klebsiella 

pneumonia isolates, one Escherichia coli isolate, two Aeromonas hydrophila isolates and one 

classified as Enterococcus faecalis. From this list of bacterial isolates, 15 strains were selected for 

whole-genome sequencing (data not shown), on the basis also of the dereplication ITS or ERIC 

group and a further subset was tested for the ability to establish in the rhizospheric soil. The MIC 

results were also analysed according to the site of isolation of the tested strains, showing that the 

higher ratio between the resistant isolates over the tested ones was detected in sample 3A (Table 

3), which corresponded to the surface waters collected immediately downstream the WWTP effluent 

release in the irrigation channel. 

3.3 Lactuca sativa rhizosphere colonization by bacterial strains of the WWTP collection 

A selection of eight bacterial strains was tested for the capacity to successfully colonise lettuce 

rhizosphere when administered to the soil simulating their arrival in irrigation water. The results of a 

reisolation experiment conducted after 7 days of plant growth are reported in Figure 4. Among these 

isolates, Acinetobacter johnsonii 2A-12.2 has proved to be the best coloniser, with a concentration 

of 1.98 x 106 CFU/g, while strains A. chinensis 2A-8.2, A. junii 6A-1 and A. junii 6A-8 showed the 

less colonization efficiency, reaching respectively concentrations of 2.98 x 104 CFU/g, 3.87 x 104 

CFU/g and 7.84 x 104 CFU/g. Isolate K. pneumoniae 3A-5 and E. coli have been reisolated at 

concentration of 3.74 x 105 CFU/g, while the reached 2.78 x 105 CFU/g. 

4. Discussion 

Antimicrobial resistance (AMR) is currently addressed through a One Health approach that links 

human health with animal health and environmental quality. Interconnections between several 

different reservoirs can contribute to the emergence and spread of AMR through the bacterial 

species shared by these microbiomes (Martak et al., 2024). In this study, we focused on bacterial 

taxa known for the ability to colonise natural environments such as water, soil and plants, besides 

human and animals. The two media used for bacteria isolation from the WWTP effluents and the 

receiving water bodies were in fact those designed for the cultivation of the Enterobacteriaceae and 

Enterococcaceae families. Although it includes many harmless bacteria, the Enterobacteriaceae 

family includes enteric pathogens belonging to the genera Salmonella, Shigella, Escherichia, 

Klebsiella, Serratia, and Citrobacter (Bujnáková et al, 2022). Several members of these genera, all 

present in our collection excluding Salmonella, harbours traits that can confer their virulence and 

pathogenicity or phenotypes, which may result in severe health concerns, such as multi-drug 

resistance and/or biofilm production (Amaretti et al., 2020). However, besides Enterobacteriaceae, 
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a large proportion of the strains isolated in our collection on VRBA medium (63% over the VRBA 

subcollection) were classified as members of the families Moraxellaceae and Aeromonadaceae. The 

results highlight that urban WWTPs under optimal operational conditions and fulfilling the legislation 

requirements, being optimized for the removal of FIB can release in their effluent several 

Enterobacteriaceae and Aeromonadaceae strains, as demonstrated by our isolation trial and by the 

evaluation of cultivable putative Enterobacteriaceae (i.e., cfu/L detected on VRBA medium) of 

released effluent. Among Enterobacteriaceae the most abundant genus retrieved in our collection 

was Klebsiella, which includes members capable of colonizing and causing disease in humans and 

animals or existing as endophytes that colonize plants. Klebsiella pneumonia isolates associated 

with human disease have been linked to pneumonia, meningitis, bacteremia, and urinary tract 

infections (Hazen et al., 2014; Podschun and Ullmann, 1998). Additional Klebsiella species capable 

of nitrogen fixation have been isolated from the roots of plants, where they occur in a mutualistic 

relationship as endophytes (Fouts et al., 2008). The family Aeromonadaceae was represented by 

the genus Aeromonas, widely distributed in many ecological niches, such as soil, food and animals, 

and commonly occurring in all kinds of aquatic environments (Jand and Abott, 2010; Piotrowska and 

Popowska, 2014). Previous studies carried out in different countries suggested that Aeromonas 

infections should not be underestimated (Ghenghesh et al., 2008) since Aeromonas spp. can act as 

opportunistic pathogens of humans and the causative agent of fish diseases, and that different 

antibiotic resistance genes (ARG) have been detected within this genus (Piotrowska and Popowska, 

2014). Finally, Moraxellaceae were represented by Acinetobacter species, soil microorganisms often 

reported as endophyte being isolated from different plant tissues (Riva et al. 2022a), and together 

with Klebsiella they are part of the so-called plants-associated ‘culturable core microbiome’ (Riva et 

al., 2022b). However, this genus includes also the pathogen A. baumannii, a major cause of 

nosocomial infections and highly able to acquire ARGs.  

Looking at the SB subcollection, the aim to isolate Enterococcaceae was achieved. They are 

commensal bacteria within the gastrointestinal tract of humans and animals (Lebreton et al., 2016) 

and they can also be recovered from natural environments, including soil, water, and plants. Some 

enterococcal species, particularly Enterococcus faecalis and Enterococcus faecium, are considered 

human pathogens as they are frequently associated with bacteremia, septicemia, meningitis, 

endocarditis, and urinary tract and wound infections (Zaidi et al., 2023; Garcìa-Solache et al., 2019). 

The presence of the genus Enterococcus was recognized as a useful water quality indicator and 

some species are now classified as fecal-indicator bacteria (FIB); among them, Enterococcus 

faecium was present in all sites up to the Po River. 

Antibiotic resistance survey showed how a high percentage of isolates important within the ‘One 

Health’ frame carried multiple resistance to antibiotics. Acinetobacter spp. have a remarkable ability 

to develop resistance to antimicrobial agents, and a prodigious capacity to acquire new determinants 

of resistance, thus making this genus particularly suitable for monitoring antibiotic resistance in the 
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environment, and little is known about the antibiotic resistance of Acinetobacter spp. in WWTP 

effluent and the receiving water body (Zhang et al., 2009). The tendency noticed worldwide for 

Acinetobacter spp. to develop antibiotic resistance may in part be attributed to the transient 

colonization of wastewaters and other habitats subject to anthropic pressures (Zhang et al., 2019; 

Narciso-da-Rocha et al., 2013). Looking at the entire collection, ampicillin high prevalence of 

resistance could be related to the frequent and continuous usage of this class of molecule for the 

treatment of infectious disease (Russo et al., 2019). Together with tetracycline and erythromycin, 

they are considered as “old” antimicrobials, an aspect that explain the corresponding higher 

percentages of resistance detected into the environment (Ibekwe et al., 2024). It is interesting to also 

note that no enterococci resulted resistant to ampicillin, in agreement with the work of Kapteijn and 

coauthors. (anno), where no resistant strains were found downstream a municipal WWTP. 

Tetracycline resistance was by far the most common type of resistance observed in Enterococcus 

isolates in this study. Negative results concerning the survey of vancomycin resistance throughout 

the collection is supported by recent observations on the low prevalence of vancomycin-resistant 

enterococci (VRE) in WWTPs, confirming that the presence of VRE may vary depending on the 

sampling site and on treatment policies of various regions (Russo et al., 2019; Oravcova et al., 2017; 

Taucer-Kapteijn et al., 2016). There is evidence regarding the survey of sulfamethoxazole-resistant 

bacteria in effluents of WWTP and in river ecosystems, similar to the approach used in this study. 

Sulfamethoxazole (SMX) has been reported to be highly resistant to biodegradation, therefore it has 

been characterized by the highest frequency of resistance isolate detection in environmental 

samples (Xu et al., 2011; Ling Yie et al., 2019). Likewise, erythromycin proved to be recalcitrant and 

resistant to biodegradation during biological treatment processes, according to literature. Previous 

studies have also reported high tetracycline and erythromycin resistance in Enterococcus isolates 

from food-producing animals and from watersheds (Ibekwe et al., 2024). In our study few resistant 

strains have been detected but in all the isolated species, including the FIB E. faecalis. Although 

there’s a huge source of information regarding colistin resistance genetic determinants’ presence in 

riverine environments (Yang et al., 2017; Formenti et al., 2022), to the best of our knowledge this 

research could constitute one of the first work regarding colistin resistance profiling of the culturable 

fraction of water microbiomes, especially in Italy and in wastewater treatment plant effluents’ water. 

Luckily, the negative results given by the MIC analyses is reassuring, but more work needs to be 

done in order to estimate the magnitude of the exposure risk via surface water and the health 

consequences, and more studies are needed to clarify the persistence of resistant bacteria and their 

genes in surface waters, and the interconnection with other urban, medical and agricultural systems, 

for all the antibiotics listed in this work.  

An additional aim of this study was to verify if strains retrieved from WWTP effluents and/or the 

receiving surface waters were able to move across other compartments of the agrifood systems. 

Rhizosphere colonization of a plant of agricultural interest by MDR strains could represent in fact an 
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important trigger for HGT events of AR transmission. The positive results obtained in this study for 

Acinetobacter spp., E. coli and K. pneumoniae, strongly confirm the urgency to further investigate 

bacterial invasion of plant of agricultural interest by relevant species within the frame of ‘One Health’ 

and of antibiotic resistance spread. Fresh produce is a main component of a healthy diet, and its 

consumption is encouraged by government and health organizations. However, fresh produce, such 

as lettuce and spinach, is consumed raw and has become one of the major sources of food-borne 

infection like E. coli, which capacity of colonising lettuce roots’ system has been confirmed in the 

literature (Hou et al., 2012). It is well known that bacteria of the genus Acinetobacter (Carvalheira et 

al., 2017) and Klebsiella (Kim et al., 2015) can colonize rhizosphere and other tissues of lettuce 

plant. These traits, together with the AR traits typical of this genus, show the importance of monitoring 

AR spread in the agri-food systems, especially when raw consumed vegetables are involved (Riva 

et al., 2022). 

5. Conclusion and future perspectives 

Overall, the results of this study showed that bacterial genera belonging to phylogenetic groups 

known for the capacity to colonize different environmental compartments involved in food production, 

besides animals and humans, are abundantly present in a viable and cultivable state in the WWTP 

effluents and in the receiving water bodies. Moreover, a relevant fraction of these bacterial isolates 

showed the resistance to one or more antibiotic classes and some of them were experimentally 

confirmed as good colonizer of the lettuce rhizosphere, a microniche known as a hot spot for HGT 

events. Indeed, a further important tile would be a better understanding of the frequency of HGT 

events in water and in planta. Currently, the genomes of 15 isolates selected from the collection 

established in this study and including five MDR strains are under analyses to get more knowledge 

about AR traits, particularly looking at ARGs sequencing and localization. The successful extraction 

of plasmid DNA from some of these strains could further help to investigate the ARGs diffusion 

mechanisms in aquatic and plant environments. 
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Figures 
 

 
Figure 1. Taxonomic distribution of the VRBA- and SB-subcollections according to genus and species in relation 

to the isolation site. Bar chart depicting the taxonomic distributions according to species for SB- (A) and to genus for 

VRBA (B) -subcollection.  
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Figure 2. Antibiotic resistance profiling distribution of disk diffusion test according to geographical site. Bar chart 

showing the results of the antibiogram testing according to the single antibiotic and to the different sites, highlighting 

geographical patterns for some of the antimicrobial molecules taken in consideration. Results are here subdivided in VRBA 

subcollection (A) and SB subcollection (B). The ratio is calculated as number of resistant strains over the total number of 

tested strains, corresponding to all those isolated in each site. 
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Figure 3. Antibiotic resistance profiling of isolated species according to MIC analyses. Bar chart showing the results 

of the MIC analyses, where each subplot corresponds to an antimicrobial compound, highlighting the number of resistant 

strains for each species. 
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Figure 4. Counts (CFU/g of soil) of strains reisolated from lettuce plants’ rhizosphere after administration. In the 

bar chart, counts (CFU/g of soil) of strains are depicted in terms of mean and standard deviation (SD). Grouping according 

to species has been performed in order to highlight possible differences and similarities between individuals ascribed to 

the same taxonomic group.  

 

 
Tables 
 

 SB VRBA 

 Average SD Average SD 

1A 5,00E+03 1,06E+03 1,42E+05 2,00E+04 

2A 4,65E+03 8,49E+02 4,40E+02 7,21E+01 

3A 5,54E+03 2,07E+03 3,36E+03 6,72E+02 

5A 4,78E+03 6,72E+02 1,14E+03 2,36E+02 

6A 5,63E+02 2,65E+02 7,13E+02 6,13E+02 

7A 1,75E+02 2,47E+02 1,33E+02 8,62E+01 

 
Table 1. Counts of cfu/ml pre-isolation. Colony-forming unit (cfu) per ml  
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CODE Dereplication group SPECIES RESISTANCE  

2A-8.2 20 A. chinensis VAN, AMP, COL, 
SMX, GEN 

MDR 

2A-12.2 21 A. johnsonii ERI, AMP  
3A-3.2 25 A. soli ERI, AMP  
3A-4 25 A. soli ERI, AMP  
3A-8 25 A. soli ERI, AMP  

3A-10.1 25 A. soli ERI, AMP  
3A-11 25 A. soli ERI, AMP, COL MDR 
3A-12 25 A. soli ERI, AMP, COL MDR 
6A-1 37 A. junii ERI, AMP  
6A-4 38 A. junii ERI, AMP  
6A-8 42 A. junii ERI, AMP  

3A-5 27 K. pneumoniae TET, AMP  
5A-1 30 K. pneumoniae AMP, SMX  
5A-9 35 K. pneumoniae AMP, SMX  

6A-11 43 K. pneumoniae AMP, SMX  

2A-3 19 E. coli AMP, SMX, TET MDR 

1A-7.2 10 A. hydrophila ERI, SMX  
5A-11 5 A. hydrophila ERI, SMX, COL MDR 

2A-12-SB 20 E. faecalis ERI, TET  

 
Table 2. Multi-resistant strains and MDR. Table showing the list of all the strains resistant to at least two antibiotics and 

the ones defined as MDR according to Russo et al., 2019, highlighting the ID and the dereplication group (ITS/ERIC). 

 

 N° of resistant score per site N° of isolates Ratio  

1A 8 34 0,23 

2A 13 33 0,39 

3A 21 33 0,63 

5A 10 32 0,31 

6A 12 34 0,35 

7A 8 32 0,25 

 
Table 3. Resistant strains over total number of strains per site ratio. Table showing the ratio between the number of 

resistant strains per site over the total number of isolates coming from the same site. As depicted here, site 3A 

(corresponding to the collection point just after the WWTP effluent release) shows the highest percentage of positive scores 

(63%).  
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Abstract 

Antibiotic resistance spread must be considered in a holistic framework which comprises the agri-

food ecosystems, where plants can be considered a bridge connecting water and soil habitats with 

the human microbiome. However, the study of horizontal gene transfer events within the plant 

microbiome is still overlooked. Here, the environmental strain Acinetobacter baylyi BD413 was used 

to study the acquisition of extracellular DNA (exDNA) carrying an antibiotic resistance gene (ARG) 

on lettuce phylloplane, performing experiments at conditions (i.e., plasmid quantities) mimicking 

those that can be found in a water reuse scenario. Moreover, we assessed how the presence of a 

surfactant, a co-formulant widely used in agriculture, affected exDNA entry in bacteria and plant 

tissues, besides the penetration and survival of bacteria into the leaf endosphere. Natural 

transformation frequency in planta was comparable to that occurring under optimal conditions (i.e., 

temperature, nutrient provision, and absence of microbial competitors), representing an entrance 

pathway of ARGs into an epiphytic bacterium able to penetrate the endosphere of a leafy vegetable. 

The presence of the surfactant determined a higher presence of culturable transformant cells in the 

leaf tissues but did not significantly increase exDNA entry in A. baylyi BD413 cells and lettuce leaves. 

More research on HGT (Horizontal Gene Transfer) mechanisms in planta should be performed to 

obtain experimental data on produce safety in terms of antibiotic resistance. 

1. Introduction 

The rise of antibiotic resistance is posing risk on a global scale for human health. Its spread has 

been related to the selection pressure imposed by the use of antibiotics for clinical purposes and 
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their presence in the environment (Larsson and Flach, 2022), where they are considered emerging 

organic contaminants. Contamination with sub-lethal concentrations of antibiotics can contribute to 

the emergence of Antibiotic Resistance Genes (ARGs) through Horizontal Gene Transfer (HGT) 

mechanisms into bacterial populations (Westhoff et al., 2017). Accordingly, environmental bacteria 

displaying multi-drug resistance phenotypes against different classes of antibiotics have been found 

in animal, soil, and aquatic habitats (Wright, 2010). Agricultural soils were indicated among the 

primary sources of antibiotic-resistant bacteria (ARB) threatening human health due to ARGs 

diffusion via manure or sewage sludge applications and the use of reclaimed wastewater for irrigation 

(Riva et al., 2020; Wang et al., 2020). The plant microbiome is a nexus for the ‘One-Health’ approach, 

acting as a bridge connecting soil and water microbiomes to the human one through the food chain. 

In fact, the consumption of food products such as raw leafy vegetables is recognized among the 

possible main pathways for resistome diffusion (Chen et al., 2019; Scaccia et al., 2021). Bacteria 

that usually inhabit the phyllosphere (i.e., the surfaces of the aerial parts of a plant, mainly 

represented by leaves) are overall considered harmless, but they might represent transient hosts 

with the capability to transfer ARGs to human pathogenic bacteria by HGT (Remus-Emsermann et 

al., 2021). ARGs can accumulate on leaves from different pathways including air and soil particles 

(Deng et al., 2022) and are widely detected also on produces (Blau et al., 2018). Nonetheless, 

evidence of HGT events within the microbiome that colonize edible plant portions generally 

consumed raw is still overlooked. Among HGT mechanisms, the role of natural transformation (i.e., 

the direct uptake and incorporation of extracellular DNA from a bacterium) is poorly studied in the 

context of environmental antibiotic resistance although recent evidence speaks in favor of greater 

importance than previously assumed (Von Wintersdorff et al., 2016; Zarei-Baygi et al., 2021). A. 

baylyi BD413 strain, an environmental model bacterium (de Berardinis et al, 2009) previously used 

for natural transformation studies (Borin et al., 2008; Pontiroli et al., 2009), can be a useful tool to fill 

in this gap of knowledge. The genus Acinetobacter includes several human opportunistic pathogens, 

such as Acinetobacter baumannii, recognized as major causal agents of nosocomial infections and 

known for the propensity to develop resistance to the main groups of antibiotics (Munoz-Price et al., 

2009; Fulsundar et al., 2014). On the other hand, different species of the Acinetobacter genus are 

typical members of the cultivable plant endophytic microbiome (Scaccia et al. 2021; Riva et al., 2022) 

and were isolated from fresh fruits and leafy vegetables, such as lettuce (Carvalheira et al., 2017). 

Recently, the opportunity to manage the microbiota composition of lettuce and other fresh produces 

has been proposed as a strategy to limit the invasion of potential human pathogens and to limit 

outbreaks related to the consumption of contaminated food (Haelewaters et al., 2021; Brennan et 

al., 2022). A. baylyi species is able to horizontally transfer antibiotic resistance genes to Escherichia 

coli through the secretion of vesicles (Fulsundar et al., 2014) and HGT between these two species 

has been recently demonstrated on lettuce leaf discs (Maeusli et al., 2020). Moreover, the frequency 
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of HGT events involving A. baylyi can be influenced by different environmental and chemical 

stresses (Fulsundar et al., 2014; Mantilla-Calderon et al., 2019; Wang et al., 2020). 

This study was aimed at characterizing the possible acquisition of extracellular DNA (exDNA) on 

lettuce phylloplane by A. baylyi BD413 performing in planta experiments, to clarify the role of natural 

transformation as entrance pathway of ARGs into the epiphytic and/or endophytic bacterial 

community associated to leafy vegetables. Furthermore, based on the knowledge that surfactants 

can alter the permeability of biological membranes (Zdarta et al., 2019) and can increase the 

entrance of bacteria into leaf tissues (Gu et al, 2011), we tested the hypothesis that 

heptamethyltrisiloxane, a co-formulant widely used in agriculture, enhances A. baylyi BD413 

membrane permeability, exDNA acquisition by bacteria and plant tissues, and bacterial leaf 

endosphere penetration. 

2.Matherials and Methods 

2.1 A. baylyi BD413 Survival Assay on Lettuce Phylloplane and into Leaf Endosphere 

Acinetobacter baylyi BD413, a strain resistant to rifampicin, was used for the bacterization of Lactuca 

sativa (var. Canasta) plants to verify its ability to survive in a viable and culturable state on lettuce 

phylloplane (i.e., leaf surface) and enter the leaf endosphere. A. baylyi BD413 was grown in Luria-

Bertani (LB) medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with rifampicin (100 µg/mL, 

Sigma-Aldrich) for 24 h at 30 °C in an orbital shaker. The total cell number of the bacterial 

suspensions was evaluated at the optical microscope (Motic, BA310E) using a Thoma chamber. A. 

baylyi BD413 bacterial culture was centrifuged twice at 4000 rpm for 10 min and the cells were re-

suspended in sterilized physiological solution (i.e., NaCl 0.9%) to obtain a final bacterial 

concentration of 108 cell/mL. The bacterial suspension was transferred in a spray bottle and 

dispensed on lettuce leaves. A. baylyi BD413 was sprayed (1 spray per leaf, corresponding to a 

volume of 100 µL) on five leaves per plant (number of bacterized plants = 6). Six plants were treated 

with a sterilized physiological solution and used as a negative control. To define the number of 

bacterial CFUs released on each plant from the spray bottle, five sprays were collected in a sterile 

tube, serially diluted, and plated in triplicates on LB agar medium supplemented with 100 µg/mL 

rifampicin. 

Bacterized and control plants were kept in greenhouse at 25 °C. After 1 h, the epiphytic bacteria 

were recovered from negative control plants (n = 3) and bacterized plants (n = 3): the five treated 

leaves per plant were removed with a sterile scalpel and put in 20 mL of sterilized physiological 

solution for 1 h under shaking to detach bacterial cells from the leaf surface. Cell suspensions were 

serially diluted, plated in triplicate on LB agar medium supplemented with rifampicin (100 µg/mL) and 

CFUs were counted after incubation at 30 °C for 24 h. In addition, epiphytic A. baylyi BD413 cells 
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were recovered, as described above, 24 h after plant bacterization from the remaining bacterized (n 

= 3) and negative control (n = 3) plants. From the latter plants, once the epiphytic A. baylyi BD413 

cells were detached for isolation, lettuce leaves were surface sterilized with ethanol 70% for 30 sec 

and rinsed three times with sterilized distilled water for 3 min, to isolate A. baylyi BD413 cells from 

the leaf endosphere (protocol adapted from Klerks et al., 2007). A 100 µL sample of water from the 

last rinsing step was plated on LB agar medium supplemented with 100 µg/mL rifampicin to confirm 

the complete removal of A. baylyi BD413 from the phylloplane. Finally, leaves were smashed using 

sterile mortar and pestle in physiological solution, serially diluted, and plated in triplicate on LB agar 

medium supplemented with 100 µg/mL rifampicin. The survival ability of A. baylyi BD413 was 

measured as the fraction between the CFUs/mL re-isolated from the phylloplane/leaf endosphere 

after bacterization and the CFUs/mL released by spray. To confirm the identity of the isolates, 

bacterial colonies isolated from the phylloplane (n = 10) and from the leaf endosphere (n = 10) of 

each bacterized lettuce plant were streaked and the DNA was extracted from each colony through 

boiling cell lysis. The 16–23 S rRNA Intergenic Transcribed Spacer (ITS) region was amplified and 

isolate identification was assessed by ITS-PCR fingerprinting (Mapelli et al, 2013) comparing the 

ITS profiles of the isolated bacteria with that of the A. baylyi BD413 strain inoculated on lettuce. 

The ability of the A. baylyi BD413 strain to survive on the lettuce phylloplane was compared with 

those of other bacteria. The described experimental procedure was adopted for the rifampicin-

resistant mutants of the laboratory Escherichia coli strain DH5α and of the Kosakonia cowanii VR04, 

a bacterial strain previously isolated from lettuce leaf endosphere using the Violet Red Bile Lactose 

Agar medium (Sigma-Aldrich; Mapelli F., personal communication). Rifampicin-resistant mutants 

were prepared according to a published protocol (Riva et al., 2020). 

2.2 Natural transformation protocols 

2.2.1 Bacterial Culture Preparation 

A. baylyi BD413 strain was grown in 20 mL of LB liquid medium overnight at 30 °C under shaking, 

subsequently inoculated in a ratio of 1:100 v/v in LB medium and incubated at 30 °C until the cells 

reached the early exponential growth phase, corresponding to optical density (OD) value of 0.4–0.5 

at 600 nm (UV/VIS Spectrophotometer 7305, Jenway, London, UK). The bacterial cells were then 

centrifuged at 4000 rpm for 10 min and re-suspended in sterilized physiological solution to obtain a 

final bacterial concentration of 109 cell/mL. Four aliquots of 100 µL of cells were prepared and the 

proper quantity of extracellular DNA (exDNA) was added and gently mixed. For each experiment, 

the fifth aliquot of cells was used as negative control (no DNA was added). 

2.2.2 Extracellular DNA (exDNA) Preparation 

Natural transformation experiments were conducted using the pZR80(gfp) plasmid as extracellular 

DNA. The plasmid harbors a kanamycin resistance gene (aphA-3) and a gene codifying for the green 

fluorescent protein (gfp) as an optical marker (Borin et al., 2008). The plasmid was previously 
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extracted from an overnight culture of the strain E. coli (pZR80(gfp)) using the QIAPrep Spin 

Miniprep Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions and its 

concentration was assessed fluorometrically using the Qubit™ dsDNA HS Assay Kit (Thermo Fisher 

Scientific, Waltham, MA, USA). 

 

2.2.3 Selection of the exDNA Quantity for In Vivo Experiments 

To determine the quantity of exDNA to be used for in vivo natural transformation experiments, a 

preliminary in vitro test was conducted in triplicate using 1, 2, 5, 10, 20, and 50 ng of the pZR80(gfp) 

plasmid and nitrocellulose membrane filters (GSWP, 25 mm diameter, 0.22 mm pore size, Millipore, 

Burlington, MA, USA). The bacterial suspension (109 cell/mL) was mixed with the different plasmid 

quantities (in a final volume of 500 µL) and placed on a sterile nitrocellulose membrane filter, 

previously positioned on LB agar plates. After 24 h incubation at 30 °C, the cells were detached from 

the filter by resuspension in 1 mL of physiological solution, serially diluted, and plated on both LB 

agar and LB agar supplemented with 100 µg/mL kanamycin (Sigma-Aldrich) to count the total and 

the transformant CFU numbers present on the filter, respectively. Transformation frequency was 

calculated as the number of kanamycin-resistant transformant colonies over the total number of 

colonies. Randomly selected transformant colonies (n = 10) were checked by epifluorescence 

microscopy (Zeiss Axio Lab.A1) for the expression of the gfp gene harbored on the pZR80(gfp) 

plasmid. 

2.2.4 Natural Transformation on Leaf Disc 

The lowest DNA quantity that allows the detection of the transformation events on nitrocellulose 

membrane filters was chosen for in vivo experiments. The ability of A. baylyi BD413 to acquire 

exDNA was tested on the surface of lettuce (Lactuca sativa var. Canasta) leaf discs, collected using 

a round-shape cutting of 4.5 cm diameter, sterilized by dipping in ethanol 70% and placed in empty 

60 mm diameter Petri dishes. A solution of 109 cell/mL bacterial cells and plasmid (or without plasmid 

DNA in the case of negative control) was prepared in a final volume of 100 µL and placed on the leaf 

disc surface and, after 24 h of incubation at 30 °C, leaf discs were placed in sterile tubes with 1 mL 

of physiological solution to detach the cells. The bacterial cell suspension was serially diluted and 

plated on LB agar and LB agar supplemented with 100 µg/mL kanamycin. After 24 h at 30 °C, CFUs 

were counted and the transformation frequency was calculated. Randomly selected transformant 

colonies (n = 30) were checked for (i) their identity through ITS-PCR fingerprinting using A. 

baylyi BD413 as positive control and (ii) the presence of the gfp gene harbored by the pZR80(gfp) 

plasmid. The gfp gene was amplified by PCR using the primers GFP540F (5′-

CAAGAGTGCCATGCCCGAAGG-3′) and GFP875R (5′-GGTAAAAGGACAGGGCCATCGCC-3′) (Li 

et al., 2006) and the following thermal protocol: 95°C for 4 min, followed by 35 cycles of 95 °C for 45 

s, 60 °C for 1 min and 72 °C for 1 min and a final extension at 72 °C for 10 min. 
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2.2.5 Natural Transformation in Planta 

Natural transformation of A. baylyi BD413 in presence of pZR80(gfp) plasmid was tested in planta 

using lettuce plants (Lactuca sativa var. Canasta) under greenhouse conditions. The experiment 

was conducted using four replicates, corresponding to four leaves of the same lettuce plant: the four 

leaves were inoculated with 109 cell/mL A. baylyi BD413 cell suspension mixed with 10 ng of the 

pZR80(gfp) plasmid (final volume of 100 µL). In addition, one leaf was inoculated with cell 

suspension (no plasmid, negative control) to assess the absence of native kanamycin-resistant 

bacteria on the lettuce phylloplane. Each bacterized leaf was covered using a sterile empty Petri 

dish to avoid environmental contamination from the greenhouse. After 24 h, the inoculated leaves 

were removed from the plant with a sterile scalpel and kept in the Petri dishes, where 1 mL of 

physiological solution was added to detach the cells from the leaf surface. After shaking, bacterial 

cell suspensions were serially diluted and plated on LB agar and LB agar supplemented with 100 

µg/mL kanamycin to reisolate total and transformant A. baylyi BD413 colonies. CFUs were counted 

after incubation at 30 °C for 24 h and the transformation frequency was calculated. This experiment 

was repeated by applying the same conditions to reisolate total and transformant A. baylyi BD413 

colonies from the leaf endosphere, after leaf surface sterilization. At the end of both experiments, 

the identity and the presence of the gfp gene were checked on randomly selected transformant 

colonies (n = 30) as described in the previous paragraph. To demonstrate that the HGT events 

occurred in planta and not in liquid (i.e., before the suspension of bacterial cells and plasmid were 

inoculated on the leaves), we incubated the bacterial suspension with pZR80(gfp) plasmid at room 

temperature for 30 min and plated the cells on LB agar medium supplemented with 100 µg/mL 

kanamycin. After incubation at 30 °C for 24 h, the presence of transformant colonies was checked 

on the Petri dishes. 

2.3 Entry of Total and Transformant A. baylyi BD413 Cells into Leaf Endosphere 

The ability of total and transformant cells of A. baylyi BD413 to enter the endosphere of lettuce 

leaves was measured during the in planta experiment described in the previous paragraph. After the 

removal of cells from the leaf surface, lettuce leaves were surface sterilized and smashed as 

described in the survival assay (see Section 4.1). Serial dilutions were prepared and plated on LB 

agar and LB agar supplemented with 100 µg/mL kanamycin. A 100 µL sample of water from the last 

rinsing step was plated on LB agar medium with and without 100 µg/mL kanamycin to confirm the 

complete removal of A. baylyi BD413 transformant and total cells from the phylloplane. After 24 h at 

30 °C, the number of total and transformant CFUs present in the leaf endosphere were counted and 

expressed as CFUs/g of leaf tissue. All putative transformant colonies were checked for their identity 

and the presence of the gfp gene as described in Section 4.2.4. 

2.4 Effect of a Surfactant Molecule on A. baylyi BD413 Transformation and Penetration into 

the Endosphere 
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Heptamethyltrisiloxane (HPTSO, Merck, Kenilworth, NJ, USA) was selected as a representative 

surfactant molecule for the experiment. HPTSO is the principal component (85%) of Silwet L-77, an 

organo-silicone surfactant used in agriculture for foliar applications of many agro-chemical products, 

including herbicides, insecticides, fungicides, plant growth regulators, and fertilizers with a 

concentration comprised between 0.025–0.1% (Gu et al., 2011). In this experiment HPTSO was 

diluted in sterilized physiological water and used at 0.021% v/v, corresponding to its final 

concentration for foliar application on leafy green vegetables in the field, according to the Silwet L-

77 product label. Firstly, the possible inhibitory effect of the surfactant on A. baylyi BD413 growth 

was analyzed in triplicate both in solid and liquid LB medium supplemented by 0.021% v/v HPTSO. 

Then, the effect of HPTSO on the transformation frequency of A. baylyi BD413 was tested on leaf 

discs and in planta mixing the surfactant molecule with A. baylyi BD413 and plasmid DNA prior to 

spotting the bacterial suspension on lettuce leaves (n = 4), and following the procedure described in 

the previous paragraph to reisolate total and transformant A. baylyi BD413 cells from the leaf 

surface. Moreover, the HPTSO influence on the A. baylyi BD413 ability to penetrate the leaf tissues 

was tested by reisolating total and transformant colonies from the endosphere, using LB agar and 

LB agar supplemented with 100 µg/mL kanamycin, respectively, and calculating their CFU number 

per gram of leaf tissue. 

2.5 Bacterial Cell Membrane Permeability Assays 

The effect of HPTSO on A. baylyi BD413 membrane permeability was determined through two 

different methods. The first one measures the permeability of the inner membrane and it is based 

on an aqueous hydrolysis reaction of o-nitrophenyl-β-Dgalactopyranoside (ONPG, Merck) (Zhang et 

al., 2013). The second method allows for the determination of the total cell membrane permeability 

using a crystal violet solution as previously described (Halder et al., 2015). 

In detail, the inner membrane permeability assay was conducted growing A. baylyi BD413 in LB 

liquid medium added with 2% lactose at 30 °C overnight. Cells were recovered by centrifugation 

(4500× g for 10 min) and resuspended in physiological solution to a final concentration of 

108 cell/mL, ONPG 2.5 mM, and HPTSO (0.021% v/v). Three biological replicates were prepared 

and the other three replicates without the addition of HPTSO were used as control. The samples 

were incubated at 30 °C and after 2, 7, and 24 h the sample OD at 415 nm was measured (UV/VIS 

Spectrophotometer 7305, Jenway) to monitor the production of o-nitrophenol over time. 

For the determination of the total membrane permeability, A. baylyi BD413 was grown in LB liquid 

medium overnight and resuspended to a final concentration of 108 cell/mL in physiological solution 

after centrifuging the cell culture at 4500× g for 10 min. HPTSO (0.021% v/v) was added to three 

biological replicates while three samples without the surfactant molecule were used as control. 

Samples were incubated at 30 °C and, after 6- and 24-h, cells were harvested at 9300× g for 5 min 

and resuspended in a physiological solution containing 5 µg/mL crystal violet. Cell suspensions were 

incubated at 30 °C for 10 min and centrifuged at 13,400× g per 15 min. The OD of the supernatants 
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was measured at 590 nm (UV/VIS Spectrophotometer 7305, Jenway). The OD value of the crystal 

violet initial solution used in the assay was considered 100%. The percentage of crystal violet uptake 

was calculated using the following formula: (OD value of the sample)/(OD value of the crystal violet 

solution) × 100 (Halder et al., 2015). 

 

2.6 Lettuce Leaf Acquisition of Extracellular DNA 

Acquisition of pZR80(gfp) plasmid by lettuce plants (Lactuca sativa var. Canasta) was tested. The 

experiment was conducted using four replicates (i.e., four leaves) per treatment, and each treatment 

was conducted on a separate plant. Leaf treatments were as follows: (i) addition of 10 ng of the 

pZR80(gfp) plasmid (final volume of 100 µL), (ii) addition of 10 ng of the pZR80(gfp) plasmid and 

HPTSO (0.021% w/v). Lastly, four replicates were put in contact with 100 µL of sterile water to serve 

as a negative control. 

After 24 h, the treated leaves were removed from the plant with a sterile scalpel and kept in Petri 

dishes. Before DNA extraction from leaves, the fresh weight was measured, and surface sterilization 

was performed as reported in Section 4.1. Each leaf was separately crushed in a sterile mortar by 

N2 liquid addition, the biological material was then collected using a sterile spatula and stored at −20 

°C. 

Subsequent DNA extraction from the 16 leaves was conducted by using DNeasy Plant Mini Kit 

(Qiagen), according to manufacturer instructions, adding an initial step of plants’ material destruction 

by the TissueLyser II (Qiagen) to obtain higher yields of DNA. Qubit dsDNA HS kit (Invitrogen, 

Waltham, MA, USA) was used for the DNA concentration measurement of each sample. The DNA 

extracted from the leaf tissues was used as a template to perform a PCR to assess the presence of 

the pZR80(gfp) plasmid. The PCR targeted a fragment (1100 bp) of pZR80(gfp) plasmid including 

both the gfp and the aph-A genes, which was amplified using the primers GFP540F (5′-

CAAGAGTGCCATGCCCGAAGG-3′) and aphA-3R2 (5′- ACTCTTCCGAGCAAAGGACG-3′), and 

the following thermal protocol: 95 °C for 4 min, followed by 35 cycles of 95 °C for 45 s, 59 °C for 1 

min and 72 °C for 2 min and a final extension at 72 °C for 10 min. Quantitative PCR (qPCR) reactions 

of the gfp gene were conducted according to a published protocol (LI et al., 2006), with slight 

modifications. The reactions were executed in polypropylene 96-well plates on a BIORAD CFX 

Connect™ Real-Time PCR Detection System by the amplification of the gfp sequence, using primers 

540F (5′-CAAGAGTGCCATGCCCGAAGG-3′) and 875R (5′-GGTAAAAGGACAGGGCCATCGCC-

3′) with the following conditions: 0.2 µM of each primer, 2x SsoAdvanced™Universal SYBR®Green 

Supermix (BIORAD), 1 µL DNA template, 12 µL final volume. The reaction conditions consisted of 

three-step cycles of 45 s at 98 °C and 30 s at 60 °C and 30 s at 72 °C, for a total of 40 cycles. Each 

plate included triplicate reactions per DNA sample and the appropriate set of standards. Melting 
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curve analysis was conducted following each assay to confirm the amplification of specific PCR 

products and the number of gfp copies was related to the leaves’ weights of each biological sample. 

2.7 Statistical Analyses 

The results of the A. baylyi BD413 survival assay on leaf surface at different time points and 

comparing epiphytic vs. endophytic permanence (24 h after administration) were analyzed 

statistically by Student’s t-test. 

The ratio between survived culturable cells and administered cells shown by A. baylyi BD413, E. 

coli DH5α, and K. cowanii VR04 were compared by ANOVA applying a post-hoc Dunnett’s test 

considering A. baylyi BD413 as the control thesis. Natural transformation frequencies detected on 

nitrocellulose filters using different DNA quantities were analyzed by ANOVA applying a Tukey-

Kramer post-hoc test. Likewise, the A. baylyi BD413 transformation frequencies detected on 

nitrocellulose filters, lettuce leaf discs, and in planta using 10 ng of plasmid pZR80(gfp) were 

analyzed by ANOVA. ANOVA and post-hoc tests indicated above were performed using JMP Pro 

16 Software. All the other results related to natural transformation frequencies (e.g., in the presence 

and absence of HPTSO) were analysed by a Student’s t-test using the Microsoft Excel software. To 

evaluate the influence of surfactant treatment on DNA acquisition by plant tissues, the differences of 

gfp copy number/gram of leaf tissue were firstly checked with a Dunnett’s test against the control 

non-treated plants using the package DescTools with the R software version 4.2.0 and then a 

Student’s t-test was performed between the two treatments. 

3. Results 

3.1 A. baylyi BD413 Permanence as Viable and Culturable Cells into Lettuce Leaves 

The capacity of the A. baylyi BD413 strain to survive in a viable and cultivable state on the lettuce 

phylloplane (i.e., the surface of leaves) was assessed after administration by spray, to simulate 

sprinkler irrigation. A. baylyi BD413 cell suspension was prepared at a concentration of 108 cell/mL 

in physiological solution in a spray bottle. We initially evaluated the concentration of the viable and 

culturable bacterial cells actually released by spray (Table S1). This data was used to calculate the 

ratio between the CFUs/mL reisolated from the phylloplane/leaf endosphere after bacterization (i.e., 

survived culturable cells) and the CFUs/mL released by spray (i.e., administered cells). The 

experiment demonstrated that A. baylyi BD413 was able to adhere and survive on the leaf surface 

of lettuce plants (Figure 1, Figure S1) both 1 h and 24 h after bacterization (Table 1). 

The table reports the results obtained for each strain 1 h and 24 h after administration on the leaf 

surface. Furthermore, the ratio between the A. baylyi BD413 cells that penetrate and survived into 

the endosphere and those initially administered on the leaf surface has been calculated. 
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However, after 24 h, the ratio between survived and administered A. baylyi BD413 cells showed a 

significantly lower value (Student’s t-test, p = 0.0335) than the one obtained 1 h after 

administration. A. baylyi BD413 cells were reisolated also from the leaf endosphere 24 h after 

bacterization (Table 1). The ratio between the survived cells reisolated from the leaf tissues and 

those initially administered on the leaf surface was significantly lower (Figure 1) compared to that 

measured on the phylloplane at the same time point (Student’s t-test, p = 0.0066). 

The ability of A. baylyi BD413 to survive on the lettuce phylloplane was compared with those of the 

laboratory strain E. coli DH5α and the lettuce strain K. cowanii VR04 (Figure S2) as a benchmark to 

clarify its possible adaptation to this ecological niche. The CFUs/mL released by spray on lettuce 

leaves were measured for E. coli DH5α and K. cowanii VR04 (Table S1) to determine also for these 

strains the ratio between the survived and the administered cells on the leaf surface. According to 

ANOVA tests (Table S2), at both the experimental times the survival of A. baylyi BD413 into a viable 

and culturable state was not significantly different in comparison to E. coli DH5α values (Table 1). 

The survival of K. cowanii VR04 on phylloplane (Table 1) was significantly higher compared to A. 

baylyi BD413 1 h after the strain administration, while it decreased after 24 h to a value (Table 1) not 

significantly different from that recorded for A. baylyi BD413 (Figure S1, Table S2). For all survival 

experiments, bacterial colonies were reisolated and identified by ITS fingerprinting as A. 

baylyi BD413 (Figure S1a–c), E. coli DH5α (Figure S1d), and K. cowanii VR04 (Figure S1e). 

3.2 Natural Transformation on Nitrocellulose Membrane Filters 

To set up the best condition for the in vivo natural transformation assay, plasmid DNA acquisition 

by A. baylyi BD413 was initially tested on nitrocellulose membrane filters using different quantities 

of pZR80(gfp), comprised between 1 and 50 ng based on literature data available about exDNA 

concentration in wastewaters (Calderón-Franco et al., 2021). Using 1, 2, and 5 ng of plasmid DNA 

per transformation assay, we measured not significantly different transformation frequency values 

(Figure 2, Table S3). A significantly higher (ANOVA, Tukey-Kramer post-hoc test; p < 0.0001) 

transformation frequency was obtained using 10 ng of pZR80(gfp) (Figure 2, Table S3). This value 

further and significantly increased (Figure 2, Table S3) when performing the experiment with 20 ng 

and 50 ng of plasmid. 

 

Based on these results we selected the lowest quantities of plasmid DNA suitable for subsequent in 

vivo tests, namely 1 ng and 10 ng, which represents a compromise between the environmental 

conditions and the detection of natural transformation events (Calderón-Franco et al., 2021). Once 

the plasmid quantities have been selected, the A. baylyi BD413 natural transformation experiment 

on nitrocellulose membrane filters was repeated using four biological replicates (i.e., four different 

cultures of A. baylyi BD413) to obtain results statistically comparable with those subsequently 

generated on lettuce leaves. In the latter assay, the A. baylyi BD413 transformation frequency 

showed a value of 2.12 × 10−3 ± 1.43 × 10−4 using 10 ng of plasmid (Figure 3b), while this value 
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decreased to 2.80 × 10−4 ± 5.65 × 10−5 performing the in vitro experiment with 1 ng of DNA (Figure 

3b). 

3.3 Natural Transformation on Lettuce Leaves 

The capability of A. baylyi BD413 to acquire exDNA on lettuce leaf surface has been tested using 

both leaf discs and in planta. Using 10 ng of pZR80(gfp) plasmid, a transformation frequency of 1.70 

× 10−3 ± 7.98 × 10−4 was measured as the average value of four biological replicates (i.e., four leaf 

discs) (Figure 3a). Using the same amount of plasmid, the analysis was then conducted in planta on 

four biological replicates (i.e., four leaves of the same lettuce plant) and an average transformation 

frequency of 2.09 × 10−3 ± 5.94 × 10−4 was observed (Figure 3a). The same test was repeated during 

a second independent experiment using a different lettuce plant, measuring not statistically different 

values of average transformation frequencies (9.66 × 10−3 ± 1.59 × 10−2, Student’s t-test, p = 

0.3774). Using this quantity of plasmid, the values of A. baylyi BD413 transformation frequencies 

detected on lettuce leaf discs and lettuce plant were not significantly different compared to that 

observed in vitro (ANOVA, p = 0.5411; Figure 3a). 

The natural transformation assays on the leaf surface were repeated using a lower quantity of 

exDNA, namely 1 ng of the pZR80(gfp) plasmid, and comparing the results with those obtained in 

vitro. According to statistical analysis, the transformation frequencies of A. baylyi BD413 obtained 

on lettuce leaf discs (3.81 × 10−4 ± 6.20 × 10−5) and on nitrocellulose membrane filters (2.80 × 10−4 ± 

5.65 × 10−5) did not show significant differences (Student’s t-test, p = 0.0527) even using 1 ng of 

exDNA (Figure 3b). When the experiment was conducted in planta with the same quantity of plasmid, 

the transformation events approximate the detection limit. While total CFUs were still countable (on 

the serial dilution 10−3), CFUs derived from transformant cells were not detectable using 1 ng of 

exDNA, even plating the undiluted samples, for three out of the four biological replicates. 

Transformant cells are a fraction of the total A. baylyi BD413 culturable cells, hence this data agrees 

with the overall decrease of two orders of magnitude presented by A. baylyi BD413 total CFUs 

values in planta compared to those obtained from the leaf disc test. Moreover, we cannot exclude 

that this result was directly due to the lower DNA quantity used, which could undergo a quicker 

degradation in planta under greenhouse conditions. We could detect transformants A. baylyi BD413 

colonies only for one of the biological replicates (transformation frequency = 2.94 × 10−5 ± 1.47 × 

10−5, expressed as the average value of three technical replicates), a result that hampers the 

statistical comparison of in planta results with those observed in vitro and on leaf discs (Figure 3b). 

Negative control samples (i.e., leaf discs inoculated with A. baylyi BD413 without plasmid) were 

included in all natural transformation assays, and no transformant colonies were detected on LB 

agar supplemented with 100 µg/mL kanamycin, confirming the reliability of the presented results. 

Moreover, ITS-PCR confirmed the identity of the reisolated colonies (Figure S3 a,c,e), and gfp-PCR 

confirmed the plasmid acquisition by A. baylyi BD413 transformants (Figure S3b,d,f), while the gfp 

expression was assessed by epifluorescence microscopy (Figure S3g). The detected natural 
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transformation events occurred on the leaf surface, and not in liquid before leaf inoculation, as 

demonstrated by the absence of kanamycin-resistant colonies at the end of a control experiment 

performed incubating in physiological solution an A. baylyi BD413 bacterial suspension with plasmid 

pZR80(gfp), at room temperature for 30 min. 

3.4 Effect of Surfactant Molecule on the Ability of A. baylyi BD413 to Acquire exDNA and Enter 

the Leaf Endosphere 

Once verified that heptamethyltrisiloxane (HPTSO, 0.021% v/v) does not cause inhibitory effects 

on A. baylyi BD413 growth, its possible influence on bacterial transformation frequency on leaf 

surface was tested on leaf disc and in planta using 10 ng of plasmid pZR80(gfp). When HPTSO was 

administered on leaf surface together with A. baylyi BD413, the transformation frequencies on leaf 

disc and in planta were 3.6 × 10−3 ± 2.5 × 10−3 and 1.47 × 10−3 ± 3.95 × 10−4, respectively (Figure 4 

a,b). Thus, in both the experimental setups, the ability of A. baylyi BD413 to acquire exDNA did not 

result significantly different in the presence and absence of HPTSO (Student’s t-test, p-value > 0.05). 

The experiment was repeated in planta to reisolate total and transformant colonies of A. 

baylyi BD413 from the leaf endosphere and measure their ratio in the presence and absence of 

HPTSO (Figure 4c), obtaining values that were not significantly different (3.71 × 10−3 ± 1.33 × 

10−3 and 2.71 × 10−3 ± 1.11 × 10−3, respectively, Student’s t-test, p = 0.2919). Identity and plasmid 

acquisition by the putative A. baylyi BD413 transformants isolated from leaf tissues were confirmed 

by ITS-PCR and gfp-PCR (Figure S4). The effect of the tested surfactant on the permeability of A. 

baylyi BD413 cell membrane was assessed by measuring the changes in both the internal and the 

total cell membrane permeability in presence of HPTSO. The bacterial cell permeability was not 

influenced by the presence of the surfactant in the growth medium at the considered time points 

(Figure S5), coherently with the lack of increased natural competence (Figure 4 a,b). 

Considering that the application of surfactant molecules may enhance the internalization of bacteria 

into lettuce leaves, by performing the natural transformation experiment in planta we also aimed at 

measuring the concentration of A. baylyi BD413 total and transformant colonies in the lettuce leaf 

tissues. As hypothesized, the concentrations of total and transformant A. baylyi BD413 colonies in 

the lettuce endosphere showed higher values in leaves treated with HPTSO (Figure 5) and such 

difference was statistically significant for transformant colonies (Student’s t-test, p = 0.0149). The 

latter result could be related to a higher uptake of exDNA by plant tissues in the presence of HPTSO 

resulting in the occurrence of transformation events directly in the endosphere. To test such a 

hypothesis, the concentration of pZR80(gfp) plasmid in the lettuce leaves was measured both in the 

presence and absence of the surfactant, providing the exDNA at the same quantity used for the 

natural transformation in planta (i.e., 10 ng which corresponded to 1.5 × 109 copies of pZR80(gfp) 

plasmid). The qPCR results showed that the gfp copy number per gram of leaf was higher when the 

exDNA was provided on the leaves together with HPTSO (1.60 × 107 ± 2.25 × 107) although the 
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comparison with data measured in the absence of HPTSO (3.56 × 106 ± 9.47 × 105) revealed that 

the difference was not statistically significant (Student’s t-test, p = 0.3138; Figure S6). 

4. Discussion 

A recent work (Maeusli et al., 2020) demonstrated that A. baylyi can transfer plasmid DNA carrying 

ARGs to E. coli clinical isolates on leaf discs and that the E. coli transformant cells can subsequently 

colonize the mouse gut and transfer the antibiotic resistance determinants to Klebsiella 

pneumoniae in vivo. In this context, the present study investigated one of the possible upstream 

steps, namely the acquisition of exDNA by A. baylyi BD413 in planta by natural transformation, using 

lettuce as a model leafy vegetable. Literature data indicate in fact that Acinetobacter spp. are 

abundant members of water, soil, phyllosphere, and endosphere microbiome (Vorholt et al. 2012; 

Seitz et al., 2013; Riva et al., 2022), and the species A. baylyi, among others affiliated to this genus, 

was isolated from commercial lettuce (Carvalheira et al., 2017). During this study, we verified the 

ability of A. baylyi strain BD413 to survive on the lettuce leaf surface and enter the internal tissues 

when administered in a physiological solution simulating spray irrigation. The administration method 

was chosen considering that sprinklers are irrigation systems widely used for both field and 

greenhouse leafy vegetable farming. The capacity of A. baylyi BD413 to remain viable and culturable 

after spray administration was considered a prerequisite to allowing its use as a model bacterium for 

HGT experiments in planta. The results of the permanence assay showed that A. baylyi BD413 can 

survive on the phylloplane 1 day after administration at concentrations that were comparable to that 

of the lettuce strain K. cowanii VR04, confirming the adaptation of the genus Acinetobacter to the 

phyllosphere ecosystem (Vorholt et al., 2012). This is in agreement with the previously reported 

capacity of A. baylyi to grow as an epiphytic bacterium on lettuce leaves, due to the possible use of 

leaf exudates as a carbon source (Pontiroli et al., 2009). 

In this study, for in vivo natural transformation, we selected two exDNA quantities (i.e., 1 and 10 ng) 

that mimic the environmental concentration detected in wastewater (Calderón-Franco et al., 2021). 

Indeed, water reuse for irrigation purposes is considered a priority, in relation to the occurrence of 

water shortage periods that affect crop productivity on a global scale (Caparas et al., 2021). In this 

framework, the recent EU legislation on water reuse aims at regulating the concentration of several 

emerging contaminants, including antibiotic resistance determinants in treated wastewater used for 

irrigation. However, the data available on antibiotic resistance in wastewater treatment plants, their 

effluents, and the agri-food systems, generally refer to the abundance and/or distribution of ARGs 

and ARB (Milobedzka et al., 2021). On the contrary, the mechanisms of ARG diffusion and the 

anthropogenic input that might increase their frequency are rarely analyzed. 

Here, we demonstrated that the natural transformation of A. baylyi BD413 occurs on the lettuce 

phylloplane at the same frequency that is encountered in the laboratory applying optimal conditions 

in terms of temperature, nutrient provision, and absence of microbial competitors. Notably, this result 
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was obtained not only on leaf disc but also during in planta experiment. These data corroborate 

previous evidence that nutrient limitation does not act in A. baylyi as a factor enhancing natural 

competence, differently from what is reported for other bacteria such as Haemophilus 

influenzae (Seitz et al., 2013). To the best of our knowledge, no previous data are available on the 

natural transformation frequency of environmental bacteria in planta on lettuce phylloplane. Hence, 

this study can add an important piece of knowledge for the risk assessment of ARGs diffusion by 

HGT and their entrance into the food supply chain. The frequency of HGT events in the environment 

could be influenced by several factors. For instance, bacterial exposure to water disinfection 

products used in wastewater treatment plants, such as bromoacetic acid and sodium hypochlorite, 

was demonstrated to enhance the process of transformation in naturally competent bacteria, 

promoting ARGs spread (Mantilla-Calderon et al., 2019; Jin et al., 2020). In this study, the possible 

influence of a surfactant molecule (i.e., heptamethyltrisiloxane) on A. baylyi BD413 natural 

transformation frequency was investigated. Since surfactants allow a more uniform spread of the 

agrochemicals over plant surfaces, they are widely used in agriculture as co-formulants in the 

commercial preparation of many pesticides and fertilizers provided through foliar application (Gu et 

al., 2011). This class of molecule has been chosen as representative of environmental conditions 

that could be easily found in the field. In addition, biosurfactants can be produced by epiphytic 

bacteria as a strategy to move on the leaf surface towards areas where nutrients are more abundant 

(Lindow and Brandl, 2003). Though the results of this study showed that heptamethyltrisiloxane did 

not significantly change the frequency of A. baylyi BD413 natural transformation, higher bacterial 

concentrations were observed in both reisolating wild-type and transformant A. baylyi BD413 cells 

from the lettuce endosphere, the latter retrieved at concentrations significantly higher in presence of 

the surfactant. The hypothesis that the higher concentration of transformant A. baylyi BD413 cells 

could be related to a higher uptake of exDNA by the leaf tissues allowing natural transformation 

directly in the leaf endosphere was not confirmed by the data. However, this process could be not 

excluded since a higher, still not significant, concentration of the pZR80(gfp) plasmid was measured 

in the presence of HPTSO. Regardless of the presence of the surfactant, the results of this study 

showed in fact that a high amount of the provided exDNA was detected in the leaf. Future studies 

could be focused on exDNA fate and potential to be acquired by the endophytic bacterial populations, 

considering the lack of overall data in the literature, where the role of exDNA is considered solely in 

the frame of plant-microbe interaction and plant immune response stimulation (Bhat and Ryu, 2016). 

The use of Silwet L-77, a commercial product whose main component is the surfactant molecule 

tested in this study, was previously demonstrated to increase the entrance of a human pathogen, 

i.e., Salmonella enterica, in tomato leaf tissues and fruits (Gu et al., 2011). Moreover, the foliar 

application of other commercial products, such as vegetable-derived bioactive compounds, can alter 

the microbiome composition of lettuce leaves promoting the growth of certain bacterial genera, 

including Acinetobacter (Luziatelli et al., 2019). The fact that A. baylyi BD413 can penetrate the 
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lettuce leaf endosphere, where its viable and culturable populations were retrieved, is an important 

aspect in terms of food safety considering that once bacterial cells enter the leaf tissues, they cannot 

be removed by washing and disinfection procedures. Since HGT between A. baylyi and members of 

the family Enterobacteriaceae was demonstrated (Maeusli et al., 2020), the relevance of the 

endophytic lifestyle of A. baylyi BD413 raises considering the frequent occurrence 

of Enterobacteriaceae in the edible tissues of lettuce (Cardinale et al., 2015), where they are three 

times more abundant compared to the root system (Erlacher et al., 2015). 

5.Conclusions 

This study highlights that natural transformation is an HGT mechanism occurring on the edible part 

of lettuce in presence of exDNA quantities comparable to those possibly encountered in the agri-

food system scenario. Moreover, the presented results indicate that after the acquisition of the 

plasmid pZR80(gfp), carrying an antibiotic resistance gene, transformant A. baylyi BD413 can enter 

the leaf tissues, and show that this ability is enhanced in the presence of heptamethyltrisiloxane, a 

surfactant adjuvant widely used in agriculture. The impact of agrochemicals on antibiotic resistance 

spread in agri-food systems is still overlooked and could be one of the aspects to consider for future 

research. All in all, we claim the importance to obtain more experimental data on HGT mechanisms 

directly in planta, since produces, together with animal-derived matrices, represent the possible entry 

point of ARGs and ARB into food production. 
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Figures 
 

 

Figure 1. Permanence of A. baylyi BD413 as viable and culturable cells on lettuce phylloplane and into leaf 

tissues. The ratio between A. baylyi BD413 survived culturable cells and administered cells on lettuce 

phylloplane was assessed 1 h (BD413-1 h) and 24 h after spray administration (BD413-24 h). In addition, the 

survival into the leaf endosphere was assessed 24 h after bacterization (BD413-24 h-endo). The black line 

indicates the average value of three biological replicates. Stars indicate significant differences according to 

Student’s t-test (* = p value < 0.05; ** = p value < 0.001). 
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Figure 2. Selection of extracellular DNA quantities for in vivo A. baylyi BD413 natural transformation assays. 

Transformation frequency of A. baylyi BD413 was calculated by performing an in vitro natural transformation experiment 

on nitrocellulose membrane filters using a range of quantities of plasmid pZR80(gfp), chosen according to the literature 

information about exDNA concentration in wastewaters. The black line indicates the average value of three technical 

replicates. Different letters (a, b, c) indicate significant differences between the values of transformation frequency 

measured using DNA quantities ranging from 1 to 50 ng, according to the Tukey-Kramer post-hoc test (ANOVA, p-value < 

0.0001). 

 

 

Figure 3. Natural transformation of A. baylyi BD413 under different experimental setups. Transformation frequency of A. 

baylyi BD413 was calculated using 10 ng (a) and 1 ng (b) of plasmid pZR80(gfp) on nitrocellulose membrane filters, leaf 

discs, and in planta. For all conditions, the black line indicates the average value of four biological replicates. The same 

letter (a) indicates no significant differences according to (a) ANOVA test (p-value > 0.05) or (b) Student’s t-test (p-value 

> 0.05). 
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Figure 4. Influence of the heptamethyltrisiloxane surfactant on the natural transformation of A. baylyi BD413. 

Transformation frequency of A. baylyi BD413 with 10 ng of plasmid pZR80(gfp) on leaf disc (a) and in planta (b) in the 

presence (+HPTSO) or absence (-HPTSO) of the surfactant molecule heptamethyltrisiloxane. Panel (c) indicates the ratio 

between transformant and total A. baylyi BD413 colonies reisolated from the leaf endosphere. The black line indicates the 

average value of four biological replicates. The same letter (a) indicates no significant differences between the values 

detected in the presence or absence of HPTSO (Student’s t-test, p-value > 0.05). 

 

Figure 5. Entry and survival of culturable A. baylyi BD413 cells in lettuce endosphere. Number of total (a) and transformant 

(b) A. baylyi BD413 CFUs/g of leaf reisolated from lettuce endosphere in presence (+HPTSO) or absence (-HPTSO) of 

the surfactant molecule heptamethyltrisiloxane. The black line indicates the average value of four biological replicates. In 

each panel, different letters (a, b) indicate significant differences of the CFUs/g of A. baylyi BD413 detected in the 

presence/absence of HPTSO, according to Student’s t-test (p-value > 0.05). 
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Tables 

 

Strain 1 h 24 h 

A. baylyi BD413 9.39 × 10−4 ± 4.24 × 10−4 1.54 × 10−4 ± 5.11 × 10−5 

A. baylyi BD413-endo - 1.25 × 10−6 ± 3.29 × 10−7 

E. coli DH5α 5.24 × 10−3 ± 3.87 × 10−3 4.34 × 10−5 ± 6.81 × 10−5 

K. cowanii VR04 2.39 × 10−2 ± 1.19 × 10−3 3.01 × 10−3 ± 2.14 × 10−3 

 

Table 1. The ratio between survived and administered cells of the strains A. baylyi BD413, E. coli DH5α, 

and K. cowanii VR04. 
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General conclusions and future directions 
 
The recent advent of microbial invasion research spans several fields of microbiology, including 

agricultural, medical, and environmental (Mallon et al., 2015). Although it is widely accepted that 

microorganisms are transmitted between ecosystems, these connections have not yet been 

explored at large scale (Sessitsch et al., 2023). When enlarging our perspective to non-pathogenic 

bacteria, a reduced number of studies on natural and artificially designed microbial systems 

demonstrated how the spread of non-native microbes within established communities has the 

potential to influence the composition of the microbial community (Amalfitano et al., 2015). The two 

pillars of these thesis were investigated on one hand by improving knowledge on the effective 

administration of plant probiotics in crop systems, while on the other hand in considering the 

introduction of allochthonous microorganisms through treated wastewater reuse for irrigation to 

investigate potential risk related to environmental antibiotic resistance spread.  

Regarding the invasion of putative plant beneficial bacteria in the holobiont, we initially described by 

high-throughput 16S rRNA gene sequencing and cultivation-based analyses the structure of 

bacterial endophytic community of grapevine cuttings, showing that it clearly differed from those 

generally associated to this plant species in the field. Moreover, the composition of the endophytic 

community was differently modulated by Rhizobium sp. GR12 and Kosakonia sp. VR04 and specific 

taxa were enriched or depleted in response to the invasion by these bacteria, reflecting the different 

plant response in terms of growth promotion. Though both strains were proved as good colonizers 

of grapevine endosphere, only Rhizobium sp. GR12 was in fact able to promote plant growth under 

nutritional deficit conditions. Our results confirmed the importance of interplays between the plant 

microbiome members and their dependence upon the plant growth conditions, shedding a light on 

the previously hidden diversity of endophytic community in micropropagated grapevine plants. 

Results concerning the development of novel PGP delivery systems, showed how Rhizobium sp. 

GR12 and Bacillus sp. LR01 determined positive effect on plant height, nitrogen-flavanol index and 

nitrate content in lettuce leaves during a greenhouse test. Spore-forming Bacillus spp. strains 

demonstrated to be viable within a pectin and cellulose film up to one month after the biopolymer 

storage at room temperature. The average living cell concentration spanned between 104 and 108 

cfu/g of biomaterial. The Bacillus strains were successfully released from the film in soil and were 

able to colonize the roots of lettuce plantlets. On the other side, for non-spore forming bacteria 

promising results in the preservation of cells viability were obtained through lyophilization using a 

residual fraction obtained from the extraction of proteins from okara, a soy-milk by-product, and using 

other cryoprotectants. Rhizobium sp. GR12 was also tested in sodium alginate beads and survived 

for two weeks at a concentration of 105 cells per dry bead. Further studies are ongoing to evaluate 

the bacterial route from the delivery biomaterial up to the plant roots, taking advantage of fluorescent 

engineered strains. The above-described studies i) improved the knowledge on the plant-
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microbiome interactions under abiotic stresses and the link between phenotypic plant traits and the 

response of its endophytic community, and ii) moved toward the application of plant probiotics in a 

circular economy approach finalized at upcycling food production by-product for efficient delivery 

systems. The spread of antibiotic resistance in an urban WWTP effluent and surface water samples 

of relevance for irrigation was investigated on a bacterial collection of two-hundreds strains, 

employing disk diffusion tests and minimal inhibitory concentration (MIC) analyses. Taxonomic 

identification showed that the established collection encompasses, besides faecal-indicator-bacteria, 

several genera known to be able to interact with plants (e.g., Acinetobacter, Klebsiella), previously 

also reported as potential opportunistic pathogens. The antibiotic resistance profile of the strains 

showed variable results according to the investigated antibiotic molecules. Only 0.5% of the tested 

strains were resistant to gentamycin, while the percentage was much higher for all the other 

antibiotics: tetracycline (37%), ampicillin (42%), erythromycin (57%), colistin (10%) and 

sulfamethoxazole (100%). The results showed the presence of 5 multi-drug-resistant strains in the 

established collection. Based on the antibiotic resistance profiling, different strains were selected for 

i) genome sequencing and ii) the extraction of plasmids exploitable for natural transformation tests, 

with the aim to investigate the possible transfer of ARGs to recipient bacteria. Furthermore, given 

that plants can be considered a “bridge” connecting terrestrial and aquatic ecosystems with the 

human microbiome, we assessed and confirmed the capability of the selected strains to colonize the 

plant root systems, where they could represent a source of ARGs for plant-associated bacterial 

communities. The eight bacterial strains employed for bacterization, which belong to the 

Acinetobacter, Klebsiella and Escherichia genera, successfully colonised lettuce plants’ rhizosphere 

with a concentration ranging between 104 to 106 CFU/g of soil. In a parallel work, in planta natural 

transformation experiments were performed to determine the transformation frequency of the model 

environmental strain A. baylyi BD413 on lettuce phylloplane, in the presence and absence of 

HPTSO. The effect of the tested surfactant on the permeability of A. baylyi BD413 cell membrane 

was also assessed without observing any influence of the surfactant in the growth medium, 

coherently with the lack of increased natural competence measured in planta. We demonstrated that 

natural transformation frequency in planta without HPTSO addition was comparable to that occurring 

under optimal conditions in vitro (i.e., temperature, nutrient provision, and absence of microbial 

competitors), and it represents an entrance pathway of ARGs into an epiphytic bacterium able to 

penetrate the endosphere of a leafy vegetable. Notably, the presence of the surfactant determined 

a higher presence of culturable transformant cells in the leaf tissues (p= 0.0149) but did not 

significantly increase exDNA entry (measured by qPCR on the target gene gfp) in A. baylyi BD413 

cells and lettuce leaves. The results of these two studies collectively show one of the possible routes 

of ARGs, through the environment and up to the produce. In fact, we showed that ARB of relevance 

for the One Health approach are released in WWTP effluents and can be detected along a distance 

gradient till the Po River, proving that some of them are able to colonize lettuce rhizosphere. This 
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aspect must be further investigated using complementary approaches, such as genomics and 

metagenomics and put in the context of the demonstrated capability of model strains (as A. baylyi 

BD413 in our case) to acquire exogenous DNA harbouring ARGs by natural transformation directly 

in planta (Riva et al., 2022) and to transmit them to receiving human related bacterial strains, by 

different HGT mechanisms (Maeusli et al., 2020). 

The main findings of this research have been summarized in the following paragraphs. 

In Chapter I, phylogenetic analyses of the bacterial communities inhabiting the endosphere of in vitro 

micropropagated V. vinifera plantlets revealed i) a sharp difference with the endophytic community 

of the same plant species grown under field conditions and ii) a correlation between the response of 

the recipient endophytic community to the invasion of potential plant probiotics and the final 

outcomes in terms of plant growth promotion (Chapter I.I). Moreover, moving towards a more 

efficient administration of plant growth promoting strains in the field, this research showed i) how a 

pectin-based biopolymer proved to be useful for the delivery of spore-forming bacteria, improving 

their colonization rate in soil, and ii) identified an additional food industry byproduct (okara) as a 

possible biostimulant and cryoprotectant agent to be exploited for non-spore-forming PGP bacteria 

(Chapter I.II). In Chapter II, culturomics demonstrated that a high number of antibiotic resistant 

bacterial isolates, belonging to genera able to colonize an array of environments including humans 

where they can act as opportunistic pathogens, were released in the effluent of a wastewater 

treatment plant and spread along irrigation channels. In the established collection, multidrug resistant 

strains were identified and their ability to colonize the rhizosphere of a plant of agricultural interest 

(i.e., lettuce) was proved (Chapter II.I). The presence of antibiotic resistant strains could represent 

an important trigger for Horizontal Gene Transfer events related to the diffusion of this phenotype 

into bacterial communities dwelling agri-food ecosystems. The conducted research demonstrated 

that the natural transformation of the model strain A. baylyi BD413 can occur on the edible part of 

lettuce, i.e. the leaves, in presence of extracellular DNA quantities comparable to those possibly 

encountered when treated wastewater are reused for irrigation. Moreover, transformant cells of A. 

baylyi BD413 can enter the leaf tissues and establish in the endosphere, an ability enhanced in the 

presence of heptamethyltrisiloxane, a surfactant adjuvant widely used in agriculture. The latter result 

suggests that the impact of agrochemicals on antibiotic resistance spread in agri-food systems 

should be considered for future research (Chapter II.II). 
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Supplementary methods 

Supplementary Method 1 

For endophytic bacteria isolation, three replicates’ samples were collected and pooled for each plant 

species. L. sativa var. Canasta specimens were collected from an organic agricultural field in 

Lombardy (North Italy), while roots of rootstock SO4 (Vitis berlandieri x Vitis riparia) were collected 

from a vineyard of cv. Barbera located in Piedmont (North Italy). Plant tissues were rinsed and 

surface sterilized before isolation, as follows: i) L. sativa roots were cleaned from soil with 0.9% 

physiological solution, then washed with 70% ethanol for 3’, 0.7% sodium hypochlorite for 5’, 70% 

ethanol for 30’’ and five times with sterile distilled water; ii) L. sativa leaves were washed with 0.7% 

sodium hypochlorite and five times with sterile distilled water; iii) grapevine roots were cleaned from 

soil with 0.9% physiological solution, then washed with 70% ethanol for 3’, 1% sodium hypochlorite 

for 5’, 70% ethanol for 30’’ and five times with sterile distilled water. Effective surface sterilization 

was assessed by observing no bacterial growth after plating the last washing water on TSA medium. 

Tissues were grounded in a sterile mortar with sterile 0.9% physiological solution, then serial 

dilutions were plated on King’s B and VRB Agar media for L. sativa and on King’s B and R2 Agar 

media (Merck) for grapevine. Plates were incubated for 48 hours at 30°C, then visible single colonies 

were streaked three times on the same media to obtain pure cultures. Strains were stored at -80 °C 

in liquid media supplemented with 25% glycerol. 

Supplementary Method 2 

For the surface’ sterilization of micropropagated grapevine roots and shoots the following protocol 

was applied: three sonication cycles of 30” (UP100H ultrasonic processor, dr. Hielscher GmbH, 

amplitude 50%, continuous mode) in PBS buffer; plant tissues were transferred in clean tubes and 

washed with 70% ethanol for 3’, 1% sodium hypochlorite for 5’ and then five times with sterile distilled 
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water. To verify the removal of epiphytic bacteria an aliquot of 100 µL water was collected from the 

last washing step and plated on LB plates (SIGMA) and, in addition, surface sterilized samples were 

observed using an epifluorescence microscope (Zeiss Axio Lab.A1). Samples were used for 

subsequent analyses when no colonies developed on LB plates from the 100 µL rinsing water and 

no fluorescent signals were observed on rhizoplane after sterilization. 

Supplementary results 

Supplementary Table 1. Taxonomic identification and PGP traits of endophytic bacteria isolated from grapevine and 

lettuce. Dark grey squares indicate positive results to in vitro PGP tests; green squares represent statistically significant 

promotion of growth parameters in the germination pouches test. The table is available in the Dataverse repository at the 

following link: https://dataverse.unimi.it/dataset.xhtml?persistentId=doi:10.13130/RD_UNIMI/U1VCP7. 

Supplementary Table 2. Results of the growth experiment conducted on the wild-type and tagged strains Rhizobium sp. 

GR12 and Kosakonia sp. VR04 using TSB and MS media. A) Raw data, B) Rhizobium sp. GR12, C) Kosakonia sp. VR04. 

The table is available in the Dataverse repository at the following link: 

https://dataverse.unimi.it/dataset.xhtml?persistentId=doi:10.13130/RD_UNIMI/U1VCP7. 

Supplementary Table 3. A) Results of quantitative PCR on the marker genes coding for GFP and mScarlet proteins. The 

table reports the starting quantity (SQ) for each PCR reaction and the corresponding number of gene copies expressed 

over gram of plant tissue. B) Measurements of plant fresh biomass at the end of the inoculation experiment. Raw data of 

the root and shoot fresh weight for each sample, and statistical analysis are reported. The table is available in the Dataverse 

repository at the following link: https://dataverse.unimi.it/dataset.xhtml?persistentId=doi:10.13130/RD_UNIMI/U1VCP7. 

Supplementary Table 4. Genomic features of Rhizobium sp. GR12 and list of the metabolic functions possibly involved 

in plant colonization and plant growth promotion. 

Genome Characteristics  GR12 

 

Sequence size (bp) 5,690,492 
Number of contigs 65 
GC content (%) 59.1 
CDS number 5,687 

Subsystem Feature Counts  
 

 

Iron acquisition and metabolism 

Iron siderophores sensor and receptor system 46 

Siderophores assembly kit   23 

Siderophores aerobactin 9 

Secondary metabolism Plant hormones - Auxin biosynthesis 4 

Stress response 

Osmotic stress 26 

Oxidative stress 46 

Detoxification 13 

Stress response 6 

Periplasmic stress 2 

Motility and chemotaxis Flagellar motility in Prokaryota 58 

Virulence, disease and defense 

Bacteriocins, ribosomally synthesized and antibacterial 
peptides 

1 

Resistance to antibiotics and toxic compounds 26 

Invasion and intracellular resistance 13 

 

Supplementary Table 5. A) Abundance of the different ASVs resulting from taxonomical classification at the genus level 

in each biological sample. B) Relative abundance (%) of bacterial taxa at phylum and C) family level in each sample. The 
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table available in the Dataverse repository at the following link: 

https://dataverse.unimi.it/dataset.xhtml?persistentId=doi:10.13130/RD_UNIMI/U1VCP7. 

Supplementary Table 6. PERMANOVA analysis on beta-diversity analysis based on ASVs relative abundance in 

micropropagated root and shoot samples. A) PERMANOVA main test of ‘Time’ (i.e., plant developmental stage) and 

‘Fraction’ and ‘Treatment’ factors on ASVs distribution. B) Pair-wise tests. Significant effects are indicated by asterisks. Df: 

degrees of freedom; MS: mean sum of squares; Pseudo-F: F value by permutation; P: p statistic. 

A. PERMANOVA table of results             

Source df     SS     MS Pseudo-F P(perm)  perms  P(MC) 

time 1 2938,8 2938,8 2,8533 0,0007 5436 0,0039 

Res 20 20599 1030                                

Total 21 23538                                       

Source df     SS     MS Pseudo-F P(perm)  perms  P(MC) 

fraction 1 3681,7 3681,7 3,7083 0,0001 9764 0,0005 

Res 20 19857 992,83                                

Total 21 23538                                       

Source df     SS     MS Pseudo-F P(perm)  perms  P(MC) 

treatment 3 6351,4 2117,1 2,2173 0,0001 9847 0,0013 

Res 18 17187 954,82                                

Total 21 23538                                       

B. PAIR-WISE TESTS               

Term 'treatment'         

Groups      t P(perm)  perms  P(MC)     

Control, Rhizobium 1,1852 0,0821 462 0,2073     

Control, T0 1,3239 0,0339 210 0,1274     

Control, Kosakonia 1,3471 0,0405 462 0,0878     

Rhizobium, T0 1,7681 0,0057 210 0,0139     

Rhizobium, Kosakonia 1,5479 0,0026 462 0,026     

T0, Kosakonia 1,8096 0,0047 210 0,0137       

 

Supplementary Table 7. Co-occurrence network analysis. Sheets A, B, C, D report the most important parameters 

calculated for the co-occurrence analyses considering the whole dataset together (A), the control plants (B), the plants 

inoculated with Rhizobium sp. GR12-GFP (C) and the plants inoculated with Kosakonia sp. VR04-mSc (D). The type of 

interaction (copresence/mutual exclusion) and values of EdgeBetweenness, the merged p-value and q-value are 

reported for any significant interaction identified. Sheet (E) reports the percentage of nodes showing co-occurrence or 

mutual exclusion associations for each taxonomic family within the three treatments. The table is available in the 

Dataverse repository at the following link: 

https://dataverse.unimi.it/dataset.xhtml?persistentId=doi:10.13130/RD_UNIMI/U1VCP7. 

Supplementary Table 8. Taxonomic identification of endophytic bacteria isolated from micropropagated grapevine plants 

during the first (A) and second (B) isolation experiments. C) PGP traits of the isolated strains.  Dark grey squares indicate 

positive results to in vitro PGP tests. The table is available in the Dataverse repository at the following link: 

https://dataverse.unimi.it/dataset.xhtml?persistentId=doi:10.13130/RD_UNIMI/U1VCP7. 
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Supplementary Figure 1. Exemplification of the dual test inhibition assay results. The pictures show the inhibition of the 

growth of different target strains when inoculated against the tester strain VR04 (on the right), compared to a negative 

control (on the left). Each picture corresponds to a different level of inhibition: A) 0=absent, B) 1=weak, C) 2=strong, D) 

3=complete. 

 

Supplementary Figure 2. Confocal microscopy images showing A) green fluorescent cells of Rhizobium sp. GR12 and 

B) red fluorescent cells of Kosakonia sp. VR04 within the tissues of micropropagated Vitis vinifera leaves. Blue indicates 

the chlorophyll signal. 
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Supplementary Figure 3. Rarefaction curves of the 16S rRNA gene Illumina libraries. Rarefaction curves were calculated 

for each sample setting a sequencing effort cut-off on the basis of the samples with the lowest number of reads.  

 

 

Supplementary Figure 4. Relative abundance of the ASVs corresponding to the genus of the inoculated strains on the 

total number of reads observed in the endophytic bacterial community of roots and shoots of micropropagated grapevines. 

A) Plantlets inoculated with Rhizobium sp. GR12. B) Plantlets inoculated with Kosakonia sp. VR04. 

 

Supplementary Figure 5. Alpha diversity analysis of bacterial communities of the different inoculation treatments and 

plant fraction. A) ASV Richness, (B) ASV diversity according to Shannon index and (C) ASV evenness. Statistically 

significant differences (ANOVA, p<0.05) according to the factor “treatment” are indicated by letters. 

 

 



 
 

127 
 

 
Supplementary Figure 6.  

Significant co-occurrence and mutual exclusion interactions between ASVs as detected by the network analysis. Interaction 

among ASVs in the A) Control, B) Rhizobium and C) Kosakonia treatments. 
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Study of antibiotic-resistant bacteria in 
wastewater treatment plant effluents and the 
receiving water bodies: a case study in Northern 
Italy 
 
Supplementary methods 
 
 

 
 
Supplementary Figure 1. Satellite images and description of the isolation sites. Water samples were collected from 

six sites along a gradient of increasing distance from the effluent releasing point of a WWTP located in the Cremona 

municipality to the Po River. 

 

Supplementary results 
 

ID Dereplication group 
(ITS/ERIC) 

Closest described 
relative 

1A-2-SB 
2 Enterococcus avium 

1A-3-SB 
3 

Enterococcus 
casseliflavus 

2A-13-SB 
21 

Enterococcus 
casseliflavus 

3A-11-SB 
33 

Enterococcus 
casseliflavus 

5A-8-SB 
43 

Enterococcus 
casseliflavus 

5A-10-SB 
26 

Enterococcus 
casseliflavus 

5A-14-SB 
21 

Enterococcus 
casseliflavus 

6A-2-SB 
49 

Enterococcus 
casseliflavus 

6A-6-SB 
53 

Enterococcus 
casseliflavus 

6A-7-SB 
54 

Enterococcus 
casseliflavus 

6A-13-SB 
21 

Enterococcus 
casseliflavus 

7A-6-SB 
60 

Enterococcus 
casseliflavus 
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7A-8-SB 
61 

Enterococcus 
casseliflavus 

7A-12-SB 
62 

Enterococcus 
casseliflavus 

2A-3-SB 
15 

Enterococcus 
casseliflavus  

3A-4-SB 
27 

Enterococcus 
casseliflavus  

2A-5-SB 
63 Enterococcus durans 

2A-15-SB 
23 Enterococcus durans 

3A-5-SB 
28 Enterococcus durans 

2A-4-SB 
9 Enterococcus faecalis 

2A-7-SB 
7 Enterococcus faecalis 

2A-8-SB 
64 Enterococcus faecalis 

2A-12-SB 
20 Enterococcus faecalis 

3A-7-SB 
9 Enterococcus faecalis 

3A-9-SB 
31 Enterococcus faecalis 

3A-10-SB 
32 Enterococcus faecalis 

3A-12-SB 
34 Enterococcus faecalis 

3A-13-SB 
35 Enterococcus faecalis 

7A-1-SB 
58 Enterococcus faecalis 

7A-2-SB 
58 Enterococcus faecalis 

7A-3-SB 
59 Enterococcus faecalis 

1A-1-SB 
1 Enterococcus faecium 

1A-4-SB 
4 Enterococcus faecium 

1A-7-SB 
7 Enterococcus faecium 

1A-9-SB 
4 Enterococcus faecium 

1A-12-SB 
11 Enterococcus faecium 

1A-13-SB 
12 Enterococcus faecium 

1A-14-SB 
13 Enterococcus faecium 

1A-15-SB 
14 Enterococcus faecium 

2A-1-SB 
2 Enterococcus faecium 

2A-2-SB 
4 Enterococcus faecium 

2A-6-SB 
16 Enterococcus faecium 

2A-9-SB 
17 Enterococcus faecium 

2A-11-SB 
19 Enterococcus faecium 

3A-1-SB 
24 Enterococcus faecium 

3A-2-SB 
25 Enterococcus faecium 

3A-3-SB 
26 Enterococcus faecium 

3A-6-SB 
29 Enterococcus faecium 

5A-1-SB 
7 Enterococcus faecium 

5A-3-SB 
12 Enterococcus faecium 

5A-5.1-SB 
40 Enterococcus faecium 

5A-7-SB 
41 Enterococcus faecium 

5A-11-SB 
45 Enterococcus faecium 

5A-13.1-SB 
47 Enterococcus faecium 

6A-1-SB 
14 Enterococcus faecium 
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2A-14-SB 
22 

Enterococcus 
gallinarum 

3A-14-SB 
36 

Enterococcus 
gallinarum 

5A-2-SB 
38 

Enterococcus 
gallinarum 

5A-9-SB 
44 

Enterococcus 
gallinarum 

5A-12-SB 
46 

Enterococcus 
gallinarum 

6A-3-SB 
50 

Enterococcus 
gallinarum 

6A-4-SB 
51 

Enterococcus 
gallinarum 

6A-5-SB 
52 

Enterococcus 
gallinarum 

6A-11.1-SB 
57 

Enterococcus 
gallinarum 

6A-11.2-SB 
57 

Enterococcus 
gallinarum 

1A-5-SB 5 Enterococcus hirae 

1A-8-SB 
8 Enterococcus hirae 

1A-11-SB 
10 Enterococcus hirae 

6A-9-SB 
56 Enterococcus hirae 

1A-6-SB 
6 Enterococcus lactis 

5A-5.2-SB 
41 Enterococcus lactis 

5A-6-SB 
42 Enterococcus lactis 

5A-13.2-SB 
8 Enterococcus lactis 

7A-4-SB 
42 Enterococcus lactis 

3A-15-SB 
37 Enterococcus mundtii 

5A-15-SB 
48 Enterococcus mundtii 

6A-8-SB 
55 Enterococcus mundtii 

6A-10-SB 
55 Enterococcus mundtii 

6A-12-SB 
55 Enterococcus mundtii 

6A-14-SB 
55 Enterococcus mundtii 

6A-15-SB 
55 Enterococcus mundtii 

7A-7.1-SB 
55 Enterococcus mundtii 

7A-7.2-SB 
55 Enterococcus mundtii 

7A-11-SB 
55 Enterococcus mundtii 

7A-13-SB 
55 Enterococcus mundtii 

7A-14-SB 
55 Enterococcus mundtii 

7A-15-SB 
55 Enterococcus mundtii 

1A-10-SB 
9 

Streptococcus 
macedonicus  

  

2A-8.2-VRBA 
20 Acinetobacter chinensis 

2A-12.2-VRBA 
21 Acinetobacter johnsonii 

6A-6.2-VRBA 
38 Acinetobacter johnsonii 

6A-7.2-VRBA 
41 Acinetobacter johnsonii 

6A-15.2-VRBA 
45 Acinetobacter johnsonii 

7A-4.1-VRBA 
46 Acinetobacter johnsonii 
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6A-1-VRBA 
37 Acinetobacter junii 

6A-4-VRBA 
38 Acinetobacter junii 

6A-8-VRBA 
42 Acinetobacter junii 

6A-10-VRBA 
19 Acinetobacter junii 

6A-13-VRBA 
42 Acinetobacter junii 

7A-1-VRBA 
6 Acinetobacter junii 

3A-1-VRBA 
25 Acinetobacter soli 

3A-3.1-VRBA 
25 Acinetobacter soli 

3A-3.2-VRBA 
25 Acinetobacter soli 

3A-4-VRBA 
25 Acinetobacter soli 

3A-6-VRBA 
25 Acinetobacter soli 

3A-8-VRBA 
25 Acinetobacter soli 

3A-10.1-VRBA 
25 Acinetobacter soli 

3A-11-VRBA 
25 Acinetobacter soli 

3A-12-VRBA 
25 Acinetobacter soli 

3A-13-VRBA 
25 Acinetobacter soli 

3A-14-VRBA 
25 Acinetobacter soli 

1A-12.2-VRBA 
11 Aeromonas caviae 

3A-7-VRBA 
28 Aeromonas caviae 

3A-9-VRBA 
29 Aeromonas caviae 

5A-15-VRBA 
6 Aeromonas caviae 

6A-6.1-VRBA 
12 Aeromonas caviae 

6A-7.1-VRBA 
40 Aeromonas caviae 

6A-12-VRBA 
44 Aeromonas caviae 

6A-15.1-VRBA 
29 Aeromonas caviae 

7A-5-VRBA 
49 Aeromonas caviae 

7A-7-VRBA 
51 Aeromonas caviae 

7A-15-VRBA 
48 Aeromonas caviae 

1A-2-VRBA 
2 Aeromonas hydrophila 

1A-4-VRBA 
3 Aeromonas hydrophila 

1A-5-VRBA 
4 Aeromonas hydrophila 

1A-6-VRBA 
5 Aeromonas hydrophila 

1A-7.1-VRBA 
6 Aeromonas hydrophila 

1A-7.2-VRBA 
10 Aeromonas hydrophila 

1A-12.1-VRBA 
10 Aeromonas hydrophila 

1A-13-VRBA 
12 Aeromonas hydrophila 

1A-15-VRBA 
6 Aeromonas hydrophila 

2A-15-VRBA 
24 Aeromonas hydrophila 

3A-2-VRBA 
6 Aeromonas hydrophila 

5A-11-VRBA 
5 Aeromonas hydrophila 

5A-13-VRBA 
37 Aeromonas hydrophila 

5A-14-VRBA 
4 Aeromonas hydrophila 

6A-5-VRBA 
37 Aeromonas hydrophila 

6A-9-VRBA 
7 Aeromonas hydrophila 

7A-4.2-VRBA 
48 Aeromonas hydrophila 
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7A-13-VRBA 
47 Aeromonas hydrophila 

7A-14-VRBA 
27 Aeromonas hydrophila 

2A-9-VRBA 
4 Aeromonas media 

2A-13-VRBA 
22 Aeromonas media 

5A-5-VRBA 
6 Aeromonas media 

6A-2-VRBA 
38 Aeromonas media 

7A-8-VRBA 
47 Aeromonas media 

2A-11-VRBA 
4 Aeromonas rivipollensis 

7A-6-VRBA 
50 Aeromonas rivipollensis 

2A-8.1-VRBA 
5 

Aeromonas 
salmonicida 

6A-3-VRBA 
39 Aeromonas veronii 

7A-3-VRBA 
47 Aeromonas veronii 

7A-12-VRBA 
54 Aeromonas veronii 

1A-11-VRBA 
9 Citrobacter freundii 

2A-6-VRBA 
18 Citrobacter freundii 

2A-2.2-VRBA 
16 

Comamonas 
testosteroni 

2A-14-VRBA 
23 

Comamonas 
testosteroni 

1A-8.1-VRBA 
7 Enterobacter cloacae 

5A-10-VRBA 
36 Escherichia fergusonii 

1A-10.1-VRBA 
8 Klebsiella grimontii 

2A-7-VRBA 
1 Klebsiella grimontii 

5A-7-VRBA 
34 Klebsiella grimontii 

1A-10.2-VRBA 
8 Klebsiella pneumoniae 

2A-1-VRBA 
14 Klebsiella pneumoniae 

3A-3.3-VRBA 
26 Klebsiella pneumoniae 

3A-5-VRBA 
27 Klebsiella pneumoniae 

3A-10.2-VRBA 
26 Klebsiella pneumoniae 

3A-15-VRBA 
26 Klebsiella pneumoniae 

5A-1-VRBA 
30 Klebsiella pneumoniae 

5A-9-VRBA 
35 Klebsiella pneumoniae 

6A-11-VRBA 
43 Klebsiella pneumoniae 

6A-14-VRBA 
6 Klebsiella pneumoniae 

7A-9-VRBA 
52 Klebsiella pneumoniae 

1A-8.2-VRBA 
1 Klebsiella pneumoniae  

1A-1-VRBA 
1 

Klebsiella 
quasipneumoniae  

1A-9-VRBA 
1 

Klebsiella 
quasipneumoniae  

5A-8-VRBA 
8 Klebsiella variicola 

7A-2-VRBA 
46 Klebsiella variicola 

5A-3-VRBA 
31 Kluyvera intermedia 

5A-6-VRBA 
33 Kluyvera intermedia  

1A-14.1-VRBA 
13 

Leclercia 
adecarboxylata 

1A-14.2-VRBA 
13 

Leclercia 
adecarboxylata 
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2A-4-VRBA 
7 Pantoea agglomerans 

2A-2.1-VRBA 
15 

Raoultella 
ornithinolytica 

5A-12-VRBA 
17 

Raoultella 
ornithinolytica 

2A-5-VRBA 
17 Raoultella planticola 

5A-2-VRBA 
17 Raoultella planticola 

7A-10-VRBA 
53 

Serratia marcescens 
subsp. sakuensis 

2A-3-VRBA 
19 Shigella flexneri 

5A-4-VRBA 
32 Shigella flexneri 

 
Supplementary Table 1. Taxonomic summary of the bacterial collection isolated along a gradient of increasing 

distance from a wastewater treatment plant near the Po River, in Cremona municipality. In the table are depicted 

the ID, the correspondent dereplication group, either by ITS or ERIC molecular dereplication, and the closest described 

relative according to NCBI BLAST. 
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Supplementary results 
 
Supplementary table 1. Assessment of the viable and culturable bacterial cells actually released by spray 

administration on lettuce leaves. Concentration data are expressed as CFUs/ml, in triplicates, for the bacterial strains 

A. baylyi BD413, E. coli DH5α and K. cowanii VR04. Average values and standard deviations are reported for each strain 

below the replicate values. All strains were initially prepared as a cell suspension at the concentration of 108 cell/ml in a 

spray bottle.  

Bacterial strain  CFU/ml  

A. baylyi BD413-1  2.31 × 107  

A. baylyi BD413-2  3.03 × 107  

A. baylyi BD413-3  2.69 × 107  

A. baylyi BD413  2.68 × 107 ± 3.6 × 106  

E. coli DH5α-1  3.44 × 107  

E. coli DH5α-2  2.05 × 107  

E. coli DH5α-3  4.35 × 107  

E. coli DH5α  3.28 × 107 ± 1.16 × 107  

K. cowanii VR04-1  2.5 × 108  

K. cowanii VR04-2  1.63 × 108  

K. cowanii VR04-3  1.4 × 108  

K. cowanii VR04  1.84 × 108 ± 5.8 × 107  
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Supplementary table 2. Comparison between the cell survival in a culturable state shown by the strains A. baylyi 

BD413, E. coli DH5α and K. cowanii VR04. ANOVA (post-hoc Dunnett’s test) has been conducted on the ratio between 

survived culturable cells and administered cells, calculated 1 hour and 24 hours after spray administration on lettuce 

leaves.  

1h  p-value  

BD413 vs DH5α  0.1126  

BD413 vs VR04  <0.0001  

24h  p-value  

BD413 vs DH5α  0.9913  

BD413 vs VR04  0.0521  

  
Supplementary table 3. A. baylyi BD413 transformation frequency values on nitrocellulose membrane filters. The 

assay was conducted in vitro using the pZR80(gfp) plasmid at quantities comprised between 1 and 50 ng.  

Plasmid quantity  
(ng)  

Transformation frequency   

1  5.00 × 10-5 ± 4.29 × 10-6  

2  6.71 × 10-5 ± 2.63 × 10-6  

5  1.10 × 10-4 ± 1.83 × 10-5  

10  1.28 × 10-3 ± 1.77 × 10-4  

20  1.65 × 10-3 ± 1.22 × 10-4  

50  1.74 × 10-3 ± 2.10 × 10-5  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

136 
 

 

 

 

 

 

Supplementary figure 1. Confirmation of strain identity after the reisolation from lettuce leaves. Agarose gel 

electrophoresis of ITS-PCR products of bacterial colonies isolated from lettuce leaf bacterized with (a-c) A. baylyi BD413, 

(d-e) E. coli DH5α RIF-R strain, (f-g) K. cowanii VR04 RIF-R strain. Panels refer to the colonies reisolated from the leaf 

surface 1h (a-d-f) or 24h (b-e-g) after bacterization, while (c) refers to A. baylyi BD413 colonies isolated from the leaf 

endosphere 24h after strain administration. PC = positive control (i.e., ITS  

pattern of A. baylyi BD413, E. coli DH5α and K. cowanii VR04 strains); NC = negative control; M = marker.   
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Supplementary figure 2. Survival in a viable and culturable state shown by A. baylyi BD413, E. coli DH5α and K. 

cowanii VR04 on lettuce phylloplane. For each strain, the ratio between the survived and the administered cells was 

assessed 1 hour (a) and 24 hours (b) after administration. The black line indicates the average value of three biological 

replicates. Different letters (a,b) indicate significant differences according to ANOVA (post-hoc Dunnett’s test), where A. 

baylyi BD413 was considered as control thesis (p value < 0.0001).  

  

  

  

  

Supplementary figure 3. Confirmation of identity and plasmid acquisition by the putative A. baylyi BD413 

transformants isolated from the leaf surface. Agarose gel electrophoresis of ITS-PCR (on the left side) and gfpPCR 

(on the right side) products of transformant colonies reisolated from (a-b) leaf discs and (c-d) in planta at the end of 

natural transformation assays performed using 10 ng of exDNA. Panels (e-f) refer to the colonies reisolated from leaf 

discs using 1 ng of exDNA. Panel (g) shows representative images taken by phasecontrast and epifluorescence 

microscopy assessing the gfp gene expression by randomly selected transformant colonies (Scale bar = 6.8 µm). PC = 

positive control (i.e., ITS pattern of A. baylyi BD413 and plasmid pZR80(gfp)); NC = negative control; M = marker.   
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Supplementary figure 4. Confirmation of identity and plasmid acquisition by the putative A. baylyi BD413 

transformants isolated in the leaf endosphere. Representative agarose gel electrophoresis of (a-b) ITS-PCR and (c-

d) gfp-PCR products of transformant colonies reisolated from leaf endosphere in HPTSO presence (64 isolates, a-c) and 

absence (17 isolates, b-d). PC = positive control [i.e., ITS pattern of A. baylyi BD413 and plasmid pZR80(gfp)]; NC = 

negative control; M = marker.  
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Supplementary figure 5. Cell membrane permeability of A. baylyi BD413 under the influence of 

heptamethyltrisiloxane (HPTSO). Inner membrane permeability assay (a). Total membrane permeability assay (b). For 

both tests,  

each data is the average of three biological replicates. According to Student’s t-test, no statistically significant differences 

(p value > 0.05) between control and HPTSO treatments were detected at each considered time  

point.  

  

  

 

 

 

 

 

 

 

 

Supplementary figure 6. Plasmid DNA entry in the lettuce leaf tissues. Agarose gel electrophoresis of PCR amplified 

fragments of the genes gfp and aphA present on the pZR80(gfp) plasmid. The black arrow indicates the expected length 

of the fragment. 1-4: non-treated lettuce leaves; 5-8: +pZR80(gfp); 9-12: +pZR80(gfp) and +HPTSO; PC = positive control 

[i.e., plasmid pZR80(gfp)]; NC = negative control; M = marker (a). qPCR evaluation of gfp copy numbers per gram of leaf 

tissue in non-treated control leaves (grey bar), leaves receiving the treatment with pZR80(gfp) (green bar) and those 

receiving the treatment with pZR80(gfp) and the HPTSO surfactant (orange bar). Stars indicate the significant differences 

(according to Dunnet’s test) between the negative control and each treatment, confirming the gfp amplification in control 

samples as a background  

signal (b).  
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