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Size Matters: Biological and Food Safety Relevance of Leaf Damage for Colonization of Escherichia coli O157:H7 gfp+
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This study examined the biological and food safety relevance of leaf lesions for potential invasion of food pathogens into the plant tissue (internalization). This was done by determining the role of artificial leaf damage in terms of damaged leaf area on proliferation of E. coli O157:H7 gfp+. In a two-factorial experiment, unwashed fresh baby leaf spinach (Spinacia oleracea L.) was subjected to four damage levels (undamaged, low, moderate, high damage; factor 1) and three incubation intervals (0, 1, 2 days post-inoculation; factor 2). Individual leaves were immersed for 15 s in a suspension loaded with E. coli O157:H7 gfp+ (106 CFU × mL–1). The leaves were analyzed individually using image analysis tools to quantify leaf area and number and size of lesions, and using confocal laser scanning and scanning electron microscopy to visualize leaf lesions and presence of the introduced E. coli strain on and within the leaf tissue. Prevalence of E. coli O157:H7 gfp+ was assessed using a culture-dependent technique. The results showed that size of individual lesions and damaged leaf area affected depth of invasion into plant tissue, dispersal to adjacent areas, and number of culturable E. coli O157:H7 gfp+ directly after inoculation. Differences in numbers of the inoculant retrieved from leaf macerate evened out from 2 days post-inoculation, indicating rapid proliferation during the first day post-inoculation. Leaf weight was a crucial factor, as lighter spinach leaves (most likely younger leaves) were more prone to harbor E. coli O157:H7 gfp+, irrespective of damage level. At the high inoculum density used, the risk of consumers’ infection was almost 100%, irrespective of incubation duration or damage level. Even macroscopically intact leaves showed a high risk for infection. These results suggest that the risk to consumers is correlated with how early in the food chain the leaves are contaminated, and the degree of leaf damage. These findings should be taken into account in different steps of leafy green processing. Further attention should be paid to the fate of viable, but non-culturable, shiga-toxigenic E. coli on and in ready-to-eat leafy vegetables.
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INTRODUCTION

Consumers, trade, and producers have been repeatedly alerted to the risk of food illness outbreaks related to leafy green vegetables (Mogren et al., 2018). Amongst causal agents, shiga-toxigenic Escherichia coli is of particular interest due to its very low infectious dose (EFSA Panel on Biological Hazards (BIOHAZ), 2013) and impact on public health. Irrigation water, organic manure, soil, domestic and wild animals, and poor hand hygiene and health among processing workers have been listed as main transmission routes (Fan et al., 2009).

Several studies have shown the potential for internalization of foodborne pathogens inside leaves (Brandl, 2008; Holden et al., 2009; Deering et al., 2012; Erickson, 2012; Hirneisen et al., 2012; Wright et al., 2013; Merget et al., 2019). Internalization can occur under conditions mimicking field production (Solomon et al., 2002; Mitra et al., 2009), in processing steps involving bruising, chopping, or slicing, and during packing (Van der Linden et al., 2016). However, there is an ongoing debate on whether internalization is a laboratory artifact or a natural phenomenon (Warriner et al., 2003; Hora et al., 2005; Zhang et al., 2009; Erickson et al., 2010, 2014; Macarisin et al., 2014; Hartmann et al., 2017). In this debate, the “intact” leaf is the common basis for discussion, ignoring the fact that an intact leaf, without any wounds, is not found outside the laboratory (Mulaosmanovic et al., 2020). Plant lesions are localized areas of damaged and dead cells on plant surfaces, and they are characteristic of the plant sessile lifestyle. Lesions can have biotic or abiotic origins, e.g., hail, wind, soil, machines, herbivore grazing, and pest and pathogen damage. In nature and primary plant production, leaf damage is the norm. Injuries are irreversible and lead to cellular and tissue ruptures within the plant, and in more severe form to organ breaking (Luengo et al., 2008). As baby leaf tissue is sensitive, disruption or breaking of the epidermal layer can occur from primary production to consumer. Upon wounding, although unable to close cuticle and epidermis, plants form scar tissue from suberized cells (Kolattukudy, 1981). Once injured, the integrity of the epidermis is compromised and solutes leach onto the leaf surface. This perturbation alleviates local resource scarcity and provides nutrients that can support prolonged survival of microorganisms (Aruscavage et al., 2008) and successful colonization by invaders (Mallon et al., 2015), making injured sites preferred microbial habitats (Brandl, 2008). Pathogens such as E. coli O157:H7 that lack enzymes for degrading plant cell wall components often utilize damaged sites for attachment (Han et al., 2000) and invasion of intact leaf tissues (Deering et al., 2012; Savatin et al., 2014). This provides protection from environmental stresses encountered in the otherwise hostile phyllosphere (Brandl and Mandrell, 2002).

Mulaosmanovic et al. (2020) presented tools for visualizing micro-, meso- and macrolesions on leafy vegetables and confirmed the presence of lesions on leaves macroscopically assumed to be intact. By following field-grown leafy vegetables from a commercial site through the processing chain, Mulaosmanovic et al. [submitted] demonstrated that the level of leaf damage increases from farm to fork. However, from the current literature, it is not clear whether lesion size and total lesion area contribute to the probability of shiga-toxigenic E. coli adhering to leaves. Many previous studies have examined E. coli adhesion (Saldaña et al., 2011; Macarisin et al., 2012, 2013; Rossez et al., 2014), and persistence (Patel et al., 2010; Choi et al., 2011) on leaves, but have rarely or never considered lesions in parallel. While other studies have assessed impact of damage on E. coli growth (Aruscavage et al., 2008; Brandl, 2008; Hartmann et al., 2017), the role of different damage levels for the proliferation of E. coli O157:H7 were not previously evaluated. To our knowledge, this is the first study where the biological and food safety relevance of relative leaf damage and size of individual lesions for E. coli O157:H7 establishment was evaluated on leaf scale. The findings from this study are of interest for the establishment of hurdles and measures preventing transmission within the horticultural value network.

The main research questions considered in the present study were: “Is leaf damage level of biological relevance for the adhesion and internalization of O157:H7 gfp+?” and if so, “Are there concomitant food safety consequences?”. Non-washed, macroscopically “intact” baby spinach leaves obtained from a commercial processing company were subjected to three levels of artificial damage before dip inoculation with E. coli O157:H7 gfp+, reflecting modifications to two fundamental environmental factors, namely nutrient availability/pulse and site. The hypotheses tested were:


(i) Adhesion of E. coli O157:H7 gfp+ on spinach leaf surface is enhanced by increasing lesion area.

(ii) Any size of leaf wound enables E. coli O157:H7 gfp+ to internalize into spinach leaf.

(iii) The number of internalized E. coli O157:H7 gfp+ cells increases with increasing wound size and relative leaf damage.





MATERIALS AND METHODS


Plant Material and Artificial Damage

Spinach (Spinacia oleracea L.) grown in Italy under conventional farming practices and harvested at baby leaf stage (BBCH stage 13) was used in the experiments (January–May 2020). The spinach was imported by the Swedish company Vidinge Grönt AB (Kävlinge, Sweden) as unwashed material. Leaves that showed no visible symptoms of damage were selected for the experiments.

Different levels of standardized artificial damage in known patterns were inflicted upon the spinach leaves using a Derma stamp (HudRoller Of Sweden; 36 microneedles; 1 mm) or a Derma roller (HudRoller Of Sweden; 1 mm). Both of these generate dot-like lesions. Additionally, a scalpel was used to inflict more severe damage to leaves (Figure 1A). The extent of artificial damage was varied to generate four different levels of damage severity: undamaged (U), low (L), moderate (M), and high (H).
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FIGURE 1. (A) Images of artificially damaged and Trypan blue-stained spinach leaves, visualizing the different levels of standardized artificial damage (from an undamaged leaf on the left to a high-damage leaf on the right). This batch of artificially damaged leaves was used for predictions of damage and number of lesions on E. coli O157:H7 inoculated leaves. (B) Plot of leaf weight (g) against leaf area (cm2), with regression line (red) showing the result of the model: yLeaf area = β0+β1xLeaf weight. (C) Predicted damage per leaf (%) on E. coli O157:H7 inoculated leaves (Wilcoxon test; ns: p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). (D) Predicted number of leaf lesions plotted against damaged leaf area (mm2) for different damage levels, where point size in scatter plots denotes leaf area of E. coli O157:H7 inoculated leaves.


Leaves in the undamaged (U) group were not artificially damaged, and only damage to the leaf petiole caused by harvest was considered during damage quantification. Although this treatment served as a control, it did not preclude presence of microscopic damage, as leaves used in all treatments were only macroscopically observed from the abaxial and adaxial sides.

For low-level (L) damage, a total of 108 lesions of the same size were inflicted using the Derma stamp tool (3 × 36), causing total of about 0.1 cm2 damage per leaf. Damage at level L was constant and independent of leaf size, and thus smaller leaves had higher relative damage than large leaves.

In moderate-level (M) damage, a Derma roller tool was used to inflict lesions along the midrib area, with about 0.04 cm2 damage per cm2 leaf area. The amount of damage was not constant, as the number of individual lesions per leaf varied with leaf area (small leaves had fewer lesions than large leaves), but relative damage per leaf was constant and not affected by leaf size. Individual lesions inflicted at damage level M were of same size, and were more numerous than at damage level L, but smaller in size.

For high-level (H) damage, leaves were first damaged as in group M and then damaged further by making three cuts with a scalpel, giving cut-related damage that can potentially occur during harvest and post-harvest processing (Mulaosmanovic et al., submitted). At damage level H, about 0.05 cm2 damage was inflicted per cm2 of leaf area. Number of lesions was not constant, but relative damage per leaf was not affected by leaf size.

As both downstream damage quantification and microorganism extraction methods were destructive, one separate batch of artificially damaged leaves was prepared per method. Measured leaf and lesion areas obtained from batch used for damage quantification were further used as a basis for prediction of leaf-scale damaged area (mm2, %) and number of lesions on E. coli O157:H7 inoculated leaves.



Bacterial Strain, Inoculation, and Growth Conditions

An E. coli O157:H7 strain, lacking virulence factors verotoxin-1 and -2, but expressing eae, was used for the experimental work. This strain hosts the pGLO plasmid, which encodes for ampicillin resistance and green fluorescent protein (GFP), coupled with an arabinose responsive promoter. The bacteria were routinely grown in lysogeny broth (LB; Sigma-Aldrich, United States) supplemented with ampicillin (100 μg mL–1; Sigma-Aldrich, Belgium) and arabinose (0.2%; Merck KGaA, Germany) for approximately 18 h at 37°C. Details of the E. coli O157:H7 inoculum preparation protocol are provided by El-Mogy and Alsanius (2012). The final concentration of inoculum solution was set to 106 CFU of E. coli O157:H7 gfp+ × mL–1 in 0.085% NaCl.

Directly post-damage, spinach leaves used for all damage levels (n = 15) were individually dip-inoculated by immersing them for 15 s in the inoculum suspension using forceps. The leaf petiole was kept outside the inoculum during inoculation, to prevent contact of the inoculant with harvest damage to the basal edge of the petiole. Excess inoculum suspension was removed by holding the leaf tip against a paper towel until all excess suspension had been removed.

E. coli O157:H7 gfp+ was extracted from individual spinach leaves directly post-inoculation for all damage levels (0 days post-inoculation, dpi), in order to determine the amount of bacterial cells added to single leaves. The remainder of the inoculated leaves were incubated in sealed plastic bags at room temperature for 24 h (1 dpi) and 48 h (2 dpi) (Supplementary Figure 1 in Supplementary Material).



Analyses


Leaf Area and Lesion Area Measurement Based on Image Analysis

Visualization and quantification of artificially induced damage followed the protocol devised by Mulaosmanovic et al. (2020). In brief, to enhance contrast between healthy and damaged (later stained) tissue of leaves from the batch used for damage quantification, chlorophyll was removed from the leaf tissue by soaking whole detached leaves in a clearing solution composed of ethanol (Solveco, 95%) and acetic acid (Acros Organics, 99.6%) in a 3:1 (v/v) ratio. Leaves were soaked in clearing solution until they became entirely transparent. To visualize leaf tissue damage, cleared leaves were stained with 0.01% Trypan Blue dye (Sigma-Aldrich) in de-ionized water (diH2O) for 4 h on a rotary shaker (50 rpm), followed by washing with diH2O.

Stained leaves were placed on a LED light table and photographed using a Canon EOS 5D Mark IV camera. A reference standard size object (1 cm2) was included in the image for calibrating the dataset. The camera was fitted with a Canon EF 50 mm 1:1.4 lens, and operated in manual exposure mode (shutter speed 1/125, aperture 6.3, ISO 160).

Leaf and lesion areas were then quantified using the LiMu image analysis program (Mulaosmanovic et al., 2020). Absolute damaged area was expressed in pixels (px), as the sum of individual lesion areas per leaf, and later calibrated to mm2. Relative damage (%) per leaf was calculated as:
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Leaf photographs were taken prior to inoculation, in order to quantify the leaf area of inoculated leaves. Images of leaves were captured as described for the stained leaves. The area was measured using the IMAGEJ open-source image analysis software. By doubling the measured leaf area, the adaxial and abaxial surfaces were considered in the total surface area. The double-sided leaf area was used in all area-related calculations.



Microbial Analysis

In order to assess E. coli O157:H7 gfp+ proliferation and internalization rate on leaves with different levels of artificial damage, bacteria were extracted from individual leaves in a series of steps: detachment, washing, surface sterilization, verification of residual viable counts associated with the leaf surface (leaf print), and maceration.


Detachment

Epiphytically residing E. coli O157:H7 gfp+ cells were detached from individual leaves in 50 mL Tris-buffer (0.01M, pH 8, Tris(hydroxymethyl)aminomethane hydrochloride, Merck, Germany) by centrifuging (Eppendorf AG 5804, Germany) at 3000 × g for 15 min.



Washing

To wash off remaining supernatant on the leaf surface after detachment, leaves were moved to fresh sterile vials with 50 mL Tris buffer and centrifuged at 3000 × g for 2 min.



Surface sterilization

Individual leaves were immersed in 50 mL freshly prepared sodium hypochlorite (Klorin, 27 g L–1, Colgate Palmolive, Sweden) to remove remaining artificially added E. coli potentially residing on the leaf surface after the washing step. This corresponds to the concentration used for disinfection of leaves in commercial settings (150 ppm) (Niemira, 2007). Leaves in disinfectant were mildly agitated for 15 min. Disinfectant residues were removed by submersing leaves in a tube containing 50 mL sterile diH2O and centrifuging at 3000 × g for 2 min, before placing wet leaves on paper towel and allowing them to air-dry.



Leaf imprints

Presence of any surface-residing E. coli O157:H7 post-surface sterilization was determined by pressing surface-sterilized leaves (both abaxial and adaxial sides) onto LB agar plates (20 g LB Broth, and 15 g of Bacto agar, DIFCO, United States), supplemented with ampicillin (100 μg mL–1) and arabinose (0.2%).



Maceration

Leaves were weighed, and leaf macerate was generated with sterile scientific precision blown glass macerators (manufactured at the Department of Chemistry, Lund University, Sweden) in Tris buffer. The amount of maceration buffer was adjusted based on leaf fresh weight:
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To measure the total bacterial counts from the detachment, washing, surface sterilization, and maceration steps, serial dilutions of supernatant or leaf macerate from each sample were plated in triplicate on LBA plates, incubated at 37°C for approximately 18 h, and then enumerated under UV-light (Spectroline EA-160/FE, Spectronics Corporation, NY, United States). Leaf imprint plates were incubated in same manner, and colonies were enumerated.



Scanning Electron Microscopy (SEM)

Leaf discs (Ø 8 mm) were extracted from intact or wounded areas on E. coli O157:H7-inoculated leaves with a coring tool (Harris Uni-Core) at 2 dpi. The discs were immediately immersed in fixative (2% paraformaldehyde and 2% glutaraldehyde) overnight, and washed in 0.1 M sodium cacodylate buffer, with pH adjusted to 7.3. After fixation, each specimen was dehydrated in a graded series of ethanol (70%, 96%, and 100% twice, for 10 min at each step), followed by drying in a critical point dryer (CPD; Bal-Tec CPD 030), using liquid CO2 as transitional fluid and CO2 gas to remove all ethanol remaining in samples. Samples were affixed to aluminum stubs with double-sided adhesive tape, and sputter-coated with gold ions (Sputter coater Cressington 108 auto) at 20 mA for 45 s.

Imaging of the adaxial epidermal surface was performed with a high-resolution Scanning Electron Microscope (SEM; HITACHI SU3500) at 5 kV, using a secondary electron (SE) detector and working distance 5–10 mm.



Confocal Laser Scanning Microscopy (CLSM)

Leaves used for microscopy observation were surface-sanitized by washing in 0.25% sodium hypochlorite for approximately 20 s (Hartmann et al., 2017). Leaf discs (Ø 8 mm) were punched out with a coring tool from intact or wounded areas on GFP-tagged E. coli O157:H7-inoculated leaves at 2 dpi. The discs were placed on glass slides in phosphate-buffered saline solution (0.01 M, pH 7.4), covered with cover slips (1.5H; Carl Zeiss Microscopy) and sealed with paraffin to allow prolonged imaging. The adaxial surface of the leaf, where artificial wounds were inflicted, was observed using a Zeiss LSM880 confocal laser scanning microscope (Carl Zeiss Microscopy) fitted with 40× LD LCI Plan-Apochromat 1.2 water immersion AutoCorr DIC objective. The imaging was focused on the wounded areas and on areas adjacent to wounds. GFP (green) and chlorophyll (red) were excited at 488 and 561 nm, and the emissions were collected using 493–531 and 661–701 nm filters, respectively.



Risk Assessment

To characterize risk, a dose-response model was used to estimate the probability of infection, Pinf, resulting from exposure to consumption of a single serving with a certain pathogen dose d. The model considered only E. coli O157:H7 gfp+ re-isolated from the macerate. Following a review of dose-response curves in relation to environmental exposure, Brouwer et al. (2017) suggested that only biologically plausible functions should be considered. Consequently, this was one of the criteria used in the present study when selecting the dose-response model used for baseline estimation of infection risk. Other criteria were that the endpoint should be infection; that the data used should originate from human disease outbreaks; and that the model should have already been used in other risk assessments. The dose-response model used for baseline estimation of infection risk was an exponential model including data from human disease outbreaks (Strachan et al., 2005) that has been used in other risk assessments (Franz et al., 2010; Boqvist et al., 2015; Brouwer et al., 2017). It takes the form:
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where r = 1.13 × 10–3 (Strachan et al., 2005).

The exposure dose d, i.e., viable cells measured as CFU was modeled for 1 g of contaminated spinach with different degrees of damage to the leaves (undamaged, low, medium, and high) at 0, 1, and 2 dpi. The focus was on the relative change in risk in the different scenarios.



Calculation and Statistical Analysis

The experiment was based on a two-factorial design with four damage levels (factor 1) and three sampling events (dpi; factor 2). The results from viable counts were expressed as mean ± SD after log transformation (Angle et al., 1996). All data were analyzed using a general linear model (damage level; dpi; damage level∗dpi) followed by Tukey B test (p < 0.05) (Minitab vers 17.2.1; www.minitab.com). Further statistical analysis was performed in R studio (version 3.6.1.) (RStudioTeam, 2018) using the packages ggplot2 for plotting and ggpubr for customization in ggplot2 plots. With the function stat_summary(), mean values were added to boxplots (indicated by red symbol within the box). P-values and significance levels were added to plots using the function stat_compare_means(), with one-way Anova used for comparing means for different damage levels. The function geom_smooth() was used to add regression lines to scatter plots. Coefficient of determination (R2) was calculated using the stat_cor() function.



RESULTS AND DISCUSSION


Numbers of E. coli O157:H7 on Artificially Damaged Spinach Leaves

Non-washed spinach leaves retrieved from a commercial processing plant for leafy vegetables were used and the leaves were not decontaminated before starting the experiment, so they were inhabited by an autochthonous (resident) microbiome. Leaf weight and area were correlated, with leaf weight explaining 71% of leaf area variations (p < 0.001) (Figure 1B). Damaged leaf area varied widely between the damage treatments (Figure 1C) and separated the treatments into three distinct groups, i.e., with no (U), low (L), and moderate (M)/high (H) artificial damage. Thus, saturation in damaged leaf area was observed in the moderately damaged leaves, and additional leaf cuts did not significantly alter the damage level (Figure 1C). This might be because the proportion of large leaves was higher for group M than for the high damage group (Supplementary Figure 2), thus leading to more lesions per leaf (Figure 1D).

The design of this study considered pathogen invasion with double perturbation dimensions caused by leaf damage, namely (i) nutrient pulse and (ii) landscape modification (Figure 2). Damaged leaves not only exhibit a richer pool of readily available nutrients, but also, at the damage site, a larger surface to be colonized, free from barriers existing in intact leaves. Different studies have investigated bacterial invasion on leaves (Melotto et al., 2006; Underwood et al., 2007; Barak et al., 2011; Van Elsas et al., 2012). With respect to plants, invasion as a concept has mainly been studied with respect to the microbial community structure of soils and roots (Kinnunen et al., 2016). Several studies have compared altered resource (nutrient) availability (Mallon, 2015; Mallon et al., 2015; Berg and Koskella, 2018), revealing contrasting invasion success. Although there is no such thing as an intact leaf (Mulaosmanovic et al., 2020) in natural or crop production and processing settings [Mulaosmanovic et al., submitted], the impact of modifications in leaf landscape and nutritional conditions can be assessed. The present study examined interactions between leaf damage size and invasion success of the target organism E. coli O157:H7, for which plants are not considered to be a primary habitat (Brandl, 2006), but did not quantify the strength of the nutrient pulse caused by wounding. Changes in the microbial community structure assisted by damage have previously been characterized by Mulaosmanovic et al. [submitted], and were not included in the present assessment of the biological and food safety relevance of leaf damage.
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FIGURE 2. Study conditions and potential processes following inoculation of E. coli O157:H7 gfp+ on leaves with various damage levels (undamaged, U; low damage, L; moderate damage, M; high damage, H). Leaf injury (bruising) modifies both leaf landscape (removal of abiotic barriers, e.g., cuticle; 3D-extension of surface area to colonize, see also Figure 5, Supplementary Figures 5–7, and Supplementary Videos 1, 2) and the pool of readily available nutrients. The nutrient pulse exhibited through bruising (M) alleviates biotic competition for space and nutrients, allowing E. coli to maintain a well-functioning metabolism, to substantially grow (dark green cell shade), and to disperse. In comparison, leaf landscape and resource pool alterations are less pronounced in low- and medium-damaged leaves, leaving E. coli to cope to with varying degrees of abiotic and biotic hurdles, leading to reduced growth rates due to depleted nutrient flux (medium green cells). Resource availability in damaged leaves varies over time. Wounds may not be viewed as a static culture. The nutrient pulse due to high damage is most pronounced directly after wounding, leading to resource utilization and concomitant decreases in growth rates during days after wounding. Under low and moderate damage, cells may be excited by a secondary nutrient pulse due to decaying leaf tissue. This, together with resuscitation of metabolically compromised cells, allows high growth rates. Thus, growth response of E. coli to leaf damage is dependent on the resource phase. Nutrient scarcity (U, L) leads to cell death (open cells with dark green frame) or loss of culturability (viable but not culturable, VBNC; light green cells with dark green frame). Cells may resuscitate from the latter when nutrient availability increases. Thus, reluctant E. coli growth is expected under such conditions (Illustration: B. Alsanius; SEM photos: E. Mulaosmanovic).


Although the inoculum density was standardized to log 6.74 ± 0.03 CFU × mL–1, the sum of culturable E. coli O157:H7 gfp+ × cm–2 detached from spinach leaves directly after inoculation varied between the four damage levels, with the highest numbers on moderately and severely damaged leaves, and the lowest on low damaged and undamaged leaves (M, H > U, L; Supplementary Table 1). This general trend was found throughout the experiment, and at first sight might appear to be a systematic experimental error. However, the inoculated cells were subjected to nutrient stress when transferred from the nutrient-rich propagation conditions to deprived circumstances in the inoculum suspension, and then to leaves with no or low damage. The difference in sum of E. coli attached to the leaves might then be a consequence of physiological changes due to starvation, leading to cell death or viable but not culturable (VBNC) cells (Nyström, 2001) and incapacity to overcome the abiotic and biotic hurdles of the leaf habitat. A limnological invasion study has found that inoculum density is a key factor for successful invasion (Acosta et al., 2015). The considerable load of E. coli O157:H7 does not compare with natural contamination conditions, but with the presence of a severe E. coli shedder (Omisakin et al., 2003). Comparable contamination rates were used in previous studies (Wright et al., 2017) and may occur when storing leafy vegetables at abuse temperature (Söderqvist et al., 2017). Furthermore, studies utilizing different inoculum densities show that inoculum size is not in itself the most decisive parameter for leaf colonization; populations with low densities at the start produce similar outcomes to E. coli populations with high initial densities (Wright et al., 2017). Crop type appears to be more crucial for the fate of E. coli on plants (Hartmann et al., 2017; Darlison et al., 2019).



Impact of Leaf Damage on Leaf Surface Attachment by E. coli O157:H7

Success of leaf surface attachment was monitored indirectly by analyzing the prevalence of E. coli O157:H7 gfp+ in the supernatant suspension after the repeated centrifugation (detachment, washing). The treatments used in this study to remove E. coli O157:H7 gfp+ loosely attached to spinach leaves directly after inoculation showed substantially higher removal rates than approaches using rinsing only (Uhlig et al., 2017) or immersion of leafy vegetables at various water temperatures and storage temperatures using Listeria monocytogenes (Natsou et al., 2012). Of the attached E. coli cells, 97.1–99.3% could be removed by the detachment and washing steps (M > U > L > H; % CFU × cm–2: 99.27A, 98.86A, 97.95A, 97.05A) directly after inoculation (Figure 3). This aligns with results presented by Jensen et al. (2015) and Pezzuto et al. (2016) when using high inoculum density of Salmonella spp. However, the proportion of cells removed from the total population through the two centrifugation (detachment, washing) steps decreased gradually over time in all treatments involving artificial leaf damage, leaving 2–15% of the total E. coli O157:H7 gfp+ associated with the leaves at 2 dpi (Figure 3). With respect to log values in the washed off fraction, the CFU of E. coli × cm–2 increased over time, indicating a greater total population (Supplementary Figure 3 and Supplementary Table 1). Proliferation and loose attachment of the inoculant, or resuscitation from VBNC, might serve as alternative explanations for this observation. The conflicting trends in removal rates of E. coli are puzzling. The lower removal rate of E. coli O157:H7 gfp+ from no and low damaged leaves might indicate better retention of E. coli O157:H7 gfp+ than on leaves with moderate and high damage. However, this was not supported by the results for the latter treatments. An alternative explanation could be that organic nutrients in the rinsate from moderately to highly damaged leaves might have supported reproduction of the inoculant. Interestingly, this effect persisted over time, whereas the initial nutrient influx due to damage should have been exhausted by 1 and 2 dpi. Rinsate nutrients cannot account for the increased number of E. coli O157:H7 gfp+ detached from moderately and highly damaged leaves directly after inoculation. Alternatively, wounding might impact the physiological status of E. coli O157:H7 gfp+ cells, retaining cells on highly wounded tissue in a viable and culturable stage, whereas cells on nutrient-depleted leaves progress to VBNC or die. Furthermore, wounding per se might create conditions more conducive to E. coli O157:H7 gfp+ cells passively adhering to the leaf surface, e.g., increased surface area, altered physical and chemical conditions, or altered net charge of leaf surface. The initial higher recovery is most likely a result of additional inoculation solution adhering the leaves due to change in the hydrophobicity of the leaf surface in damaged area. The total population of E. coli O157:H7 gfp+ undoubtedly grew more on damaged leaves. The numbers of introduced E. coli removed from moderately to severely damaged leaves at 1 and 2 dpi were higher, compared with leaves with no, or low levels of damage. We could speculate that leaves with damage nearing saturation partly supported greater population of E. coli over 24 and 48 h. This is based on the assumption that cells detach and wash off at similar rates, regardless of the level of damage inflicted on leaves. This, however, does not fully explain the magnitudes higher recovery after 1 and 2 dpi, and the explanations provided herein are not mutually exclusive.
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FIGURE 3. Relative distribution of E. coli O157:H7 gfp+ in suspensions after centrifugation (detachment, washing), after surface decontamination (leaf print), and in macerate of non-washed spinach leaves from a commercial leafy vegetable processing plant exposed to three levels of artificial damage (low, moderate, high) and leaves without intentional damage. Leaf analyses were performed directly after inoculation (0), and 1 and 2 days post-inoculation (dpi) of the target strain (n = 15).




Impact of Leaf Damage on Internalized E. coli O157:H7

For surface sterilization, the commercially administered concentration of sodium hypochlorite was used. However, verification of the surface decontamination using abaxial and adaxial leaf printing on agar plates showed that the inoculated strain survived the treatment to a great extent as >90% of the leaf imprints were positive for growth of the artificially introduced strain. In fact, limited efficacy of standard sanitation practices for removal of E. coli has been reported in different studies (Allende et al., 2008, 2009; López-Gálvez et al., 2009; Ölmez, 2010; Keskinen and Annous, 2011; Davidson et al., 2013; Wright et al., 2017). A limitation of surface sterilization followed by maceration and plating is that bacteria which are not internalized, but somehow shielded from surface sanitation, may be classified as internalized. We therefore avoid referring to macerate-associated E. coli as “internalized,” as we could not fully exclude presence of shielded non-internalized bacterial cells on the leaf surface.

Determination of E. coli O157:H7 gfp+ concentrations in the macerate during incubation showed that overall log values varied significantly with respect to dpi (p < 0.001; Figure 3 and Supplementary Figure 3). Leaf damage had a significant impact on log CFU E. coli O157:H7 gfp+ re-isolated from the macerate (Figure 4A). Leaf weight, but not leaf area in all cases, was negatively correlated with the prevalence of E. coli counts in the macerate, and explained between 21 and 80% of the variation in the introduced organism. When exposed to the same level of damage, lighter leaves accumulated higher counts per gram tissue in the macerate. This may be due to leaf age rather than leaf weight (Supplementary Figure 4). By definition for commercially grown baby spinach leaves, younger baby spinach leaves are lighter. For iceberg lettuce, substantially richer nutritional conditions, and hence higher E. coli colonization, has been detected on younger than older leaves (Brandl and Amundson, 2008). This may indicate that young undamaged leaves pose a similar risk of causing food-borne disease outbreaks as young leaves with low or moderate damage.


[image: image]

FIGURE 4. (A) Log CFU E. coli O157:H7 gfp+ × cm– 2 leaf area in leaf macerate as a function of predicted leaf damage (%). Circle size in scatter plots denotes the leaf area of E. coli O157:H7 gfp+ inoculated leaves. (B) Boxplots of log CFU E. coli O157:H7 gfp+ found in leaf macerate after 0, 1, and 2 dpi, calculated per cm2 of leaf area. Different letters above boxes indicate significant differences between damage levels (Tukey, p ≤ 0.05).


Interestingly, already directly after inoculation (0 dpi), the inoculated strain was significantly more prevalent in macerate of severely damaged leaves (H) than in macerate from the other three treatments (Figure 4B). This is particularly surprising as the removal rate of various washing and detachment steps was highest in the treatments with moderate and severe damage (Supplementary Figure 3 and Supplementary Table 1) and might indicate changes in leaf landscape (Figure 5) and environmental and nutritional conditions due to wounding (Figure 2). A gradual change in counts of the introduced strain occurred during the subsequent days. The introduced strain increased in all artificially damaged leaves, but the pace was slower in leaves with a lower damage level. The strongest increase in numbers of macerate-inhabiting E. coli was found within the first day post-inoculation, with significantly higher presence of E. coli in macerate of leaves with higher damage levels than lower levels (U, L). Nevertheless, E. coli counts were more than 36- and 20-fold higher in leaf macerate at damage level L and M, respectively. The increase in culturable E. coli O157:H7 gfp+ in macerate from non-damaged and severely damaged leaves was less dramatic (U: 4.3-fold increase; H: 5.3-fold increase). This might be a consequence of the nutritional limitations between the treatments, where E. coli O157:H7 gfp+ regained its culturability (Cuny et al., 2005), potentially following access to unexploited nutrient pulses in the L and M leaves, but not in undamaged leaves. After 48 h of incubation (2 dpi), no difference in occurrence of the inoculated E. coli strain (log CFU × cm–2) was found between leaves exposed to the three different levels of artificial damage. The increase in E. coli between dpi 1 and 2 was similar in macerate from damaged leaves (1.55- to 1.59-fold). The values all deviated significantly from log values of introduced E. coli in the non-damaged leaves, for which E. coli counts in leaf macerate increased 1.13-fold between dpi 1 and 2.


[image: image]

FIGURE 5. Bacterial colonization of artificially damaged spinach (Spinacia oleracea L.). Whole undamaged leaves (A–C), and leaves with a low (D–F), moderate (G–I), and high (J–L) level of artificial damage were dip-inoculated with 106 CFU × mL– 1 E. coli O157:H7 bacteria and observed 2 dpi. Leaves were surface-sanitized with 0.25% sodium hypochlorite for 20 s before sampling for confocal laser scanning microscopy (CLSM). From scanning electron micrographs (SEM) (A,B,D,E,G,H,J,K) and CLSM images (C,F,I,L), it can be observed that lesion edges, junctions between adjacent epidermal cells, and stomata were the preferred colonization sites (arrows). Red fluorescence (C,F,I,L) indicates autofluorescence of the chlorophyll within chloroplasts, and green fluorescence indicates cells of E. coli O157:H7 bacteria. Lesions are marked with (Y). Scale bars 100 μm (A,D,G,J), 30 μm (B,E,H,K), and 20 μm (C,F,I,L).


As the damaged area did not differ significantly between M and H leaves, a possible explanation for the higher amount of E. coli O157:H7 gfp+ associated with the macerate of highly damaged leaves directly after inoculation could be the type of damage. High damage introduces cuts to edges, changing a considerable part of the leaf to be hydrophilic rather than hydrophobic. This results in higher changes to the physicochemistry of the leaf, hence, more inoculum will adhere to the surface. Indeed, Takeuchi and Frank (2000) showed that E. coli O157:H7 preferably colonizes cut edges as opposed to the intact leaf surface, which is supported by the verification results obtained in the present study using confocal laser scanning microscopy (see section “Verification of Leaf Damage and E. coli O157:H7 Interactions Using Imaging”). By definition, leaf wounds are three-dimensional. In addition to the previously mentioned alteration in leaf landscape and abiotic conditions, the picture might be biased by the fact that quantification of damage area in this study was based on a two-dimensional assessment.



Verification of Leaf Damage and E. coli O157:H7 Interactions Using Imaging

Although plants are not its primary habitat, E. coli O157:H7 is able to colonize leaves of leafy vegetables as both an epiphyte and endophyte (Deering et al., 2012; Hartmann et al., 2017; Wright et al., 2017). Microscopy-based techniques, such as scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) have been used to visualize plant-microbe interactions. Bacterial invasion into stomata or damaged tissue has been studied with SEM (Keskinen et al., 2009; López-Gálvez et al., 2010; Wang et al., 2010). Although SEM micrographs reveal presence of bacteria on leaf surface, with this approach it is not possible to distinguish between artificially introduced and residential bacteria. CLSM is the most common approach for corroborating presence of the particular fluorescent protein-tagged microorganism, and identifying internalized bacteria, where images can be taken at different microscopic depths. It has previously been used for visualization of internalized E. coli cells and colonies, and to determine depth of E. coli penetration into tissue of leafy vegetables (Takeuchi and Frank, 2000; Solomon et al., 2002; Brandl, 2008; Mitra et al., 2009; Hartmann et al., 2017; Wright et al., 2017).

Scanning electron micrographs of intact and artificially damaged and inoculated plant material at 2 dpi (Figure 5) revealed that bacteria on leaf surface preferred junctions between epidermal cells and stomatal openings on undamaged tissue. Edges of artificial lesions were highly colonized compared with undamaged leaf areas, and greater colonization was observed on larger wounds (Supplementary Video 2). CLSM assessment revealed green fluorescence along stomatal openings and in substomatal cavities on both intact and damaged leaves, even after surface sanitation with 0.25% sodium hypochlorite, but surface sanitation may have affected the density of E. coli O157:H7 gfp+ cells. CLSM scans of leaf lesions and adjacent areas at 2 dpi revealed increased surface colonization in the form of fluorescent matrix on the edges of artificial lesions and cells surrounding lesion (Figure 5 and Supplementary Figures 5–7). This indicates that, in addition to stomata, lesion edges may be preferred attachment sites, irrespective of their size, which corroborates previous findings (Takeuchi and Frank, 2000; Brandl, 2008).

Invasion of artificial wounds by E. coli O157:H7 gfp+ was confirmed in our study, and the severity of invasion was affected by the size of individual lesions (Figure 5, Supplementary Figures 5–7, and Supplementary Videos 1, 2), and relative leaf damage (Figure 4A). On leaves without artificial damage (U), E. coli O157:H7 gfp+ was mainly located in junctions between epidermal cells and along stomatal openings (Supplementary Figure 5B), or in sub-stomatal cavities at depth down to 5 μm (Supplementary Figure 5C and Supplementary Video 1). In artificially damaged leaves, invasion of the inoculant was observed in deeper tissue layers, 15–40 μm below the epidermal surface, with invasion depth depending on damage level (Supplementary Figures 5D–L). The greatest accumulation of E. coli O157:H7 gfp+ cells and penetration depth was observed with the high (H) damage level, next to the cut area, where E. coli O157:H7 gfp+ formed 8 μm × 8 μm sized colonies at a depth between 20 and 40 μm in the mesophyll tissue layer, possibly as a result of side internalization via artificial cut in the leaf tissue (Supplementary Figures 5J–L, 6J–L and Supplementary Video 2).

In lesions and adjacent areas in M and H damage leaves, aggregates of E. coli O157:H7 gfp+ were detected in the apoplast (Supplementary Figures 5, 7), a nutrient-rich habitat (Pignocchi and Foyer, 2003; Merget et al., 2019). E. coli O157:H7 gfp+ was found internalized in spaces between cells adjacent to lesions within the mesophyll tissue. This was characteristic for all damage levels, but particularly pronounced for leaves with high damage, where E. coli O157:H7 gfp+ was found at the similar depth in areas adjacent to lesions as in lesions (Supplementary Figures 7G–I). This indicates that, once internalized, E. coli O157:H7 gfp+ can multiply and disperse in apoplastic spaces, and not just persist as previously demonstrated (Deering et al., 2012; Wright et al., 2013). Bacterial invasion into the plant cells was not observed, only into the apoplastic spaces of the leaf and attached to mesophyll cells. This is in agreement with findings for E. coli Sakai (Wright et al., 2017) and for the same E. coli O157:H7 gfp+ strain used in the present study (Hartmann et al., 2017).

From the perspective of biological relevance, presence of leaf lesions and their size were found to affect the prevalence and invasion of E. coli O157:H7 gfp+ into leaf tissue of baby spinach. However, due to rapid proliferation after successfully breaching abiotic and biotic hurdles, the initial differences in CFU leveled out over the observation period at lower damage levels (L, M). As expected, driven by the suitable nutritional conditions, E. coli O157:H7 gfp+ preferentially colonized the edges of fresh wounds. Damage level played a role in depth of invasion and bacterial dispersal, with higher damage levels leading to deeper invasion and dispersal to adjacent areas. The lesion sizes tested were relevant for commercial settings. With respect to biological relevance of damage, new questions arise concerning e.g., the interactions between the persistently lower counts of E. coli O157:H7 gfp+ loosely associated with plant tissue and in macerate, and the presence and fate of VBNC cells. This study provided possible explanations for conflicting results, but we strongly recommend examination of this issue in forthcoming studies. From a consumer perspective, leaves displaying U-M damage levels would be macroscopically judged as immaculate in a shop display, while individual leaves exhibiting the most severe damage level (H) can occur in convenience leafy vegetable packages [Mulaosmanovic et al., submitted]. Mixing injured with macroscopically intact leaves inside the same bag enhances deterioration of intact leaves (Ariffin et al., 2017), which, in light of our results, may be of food safety relevance.



Food Safety Risk Assessment

The starting point for the food safety risk assessment was a scenario with one contaminated leaf of spinach within a retail pack. In this study, contamination with the inoculation O157:H7 was considered. Although the leaves were washed and decontaminated, the inoculant internalized in some leaves. As a result of sodium hypochlorite treatment limitations, inoculated strain survived the sanitation treatment to a great extent (>90% positive leaf imprints). Therefore we acknowledge the presence of shielded non-internalized E. coli O157:H7 gfp+ cells on the leaf surface, retrieved from the macerate together with internalized cells. We considered the risk presented by a bag of spinach leaves (30 g or 70 g) with one or more internally contaminated leaves; whether the risk changed (increased) if the leaves were heavily damaged (macerate measured as undamaged, low, medium, and high); and whether the risk changed if leaves were included in the bag on the day of contamination or 1 or 2 days later.

Based on the geometrical means, the occurrence of culturable E. coli O157:H7 gfp+ in the macerate increased by one order of magnitude within 2 dpi. The risk of consumers’ infection from consumption of 1 g of contaminated spinach is shown in Table 1. The high likelihood of infection indicated by ingesting 1 g of leaves implies that even one contaminated leaf in a bag of 30 or 70 gram would present a high risk to the consumer.


TABLE 1. Risk of infection after consumption of 1 g of contaminated spinach.

[image: Table 1]
Macroscopically intact leaves appeared to represent an infection risk if contaminated at high inoculum densities. This complements the post-EHEC 2011 outbreak debate (European Food Safety Authority [EFSA], 2011), and supports findings in earlier studies of Brandl and Mandrell (2002) for macroscopically intact leaf areas after co-inoculation of Salmonella Thompson and Pantoea agglomerans. It was demonstrated in this study for E. coli O157:H7 (Figures 3–5, Supplementary Figures 3, 5–7, Supplementary Video 1, and Supplementary Table 1).

Based on the risk assessment, the presence of one contaminated leaf in a 70 g pack appears to result in an infection risk of almost 100%, irrespective of leaf damage level. The infection risk remained high even 1 and 2 days after introduction of the inoculant. However, the inoculum density used in this study was very high. The inoculation parameters were chosen in order to retrieve the inoculant in the macerate even of undamaged leaves. It should be recalled that the inoculum density is comparable to the impact of exposure to fecal material from cattle, which are super-shedders (MacCabe et al., 2019). Moreover, the 15 s of submersion in inoculant was shorter than the usual exposure time in the primary washing step (Grudén et al., 2016).

The risk assessment findings extracted from this study are of interest for the establishment of hurdles and measures preventing transmission within the horticultural value network:


(i) The entire bag must be rejected if one contaminated leaf is present.

(ii) Wash water accidentally coming in contact with high loads of E. coli O157:H7 must be discarded at once, and the washing equipment must be cleaned and decontaminated adequately.



The incubation period used in the present experiment can be viewed as the interval between onset of contamination and consumption. To translate these results into prevention measures, two hurdles can be identified, namely:


(i) Interval between contamination and consumption

(ii) Damage level.



Each of these hurdles appear to represent around a one log reduction in bacterial numbers under high inoculum density conditions. Future studies on whether these hurdles represent the same log reduction at lower levels of contamination are needed.

The following food safety insights could be inferred from these results:


- Contamination earlier in the food chain may present a greater risk to the consumer than contamination later in the food chain.

- At high inoculum density, the contaminant load and risk are high in all leaf damage levels.





Conclusion

This study showed that leaf damage has a significant impact on numbers of E. coli O157:H7 gfp+ retrieved from macerate. In order to follow the introduced strain in the different segments of plant tissue, we performed dip inoculation of entire single leaves. Due to the destructive nature of the analyses, the results indicate changes over time, but cannot be translated into growth and survival of the introduced strain. The results showed that:


(i) Adhesion of E. coli O157:H7 gfp+ on spinach leaf surface is enhanced with increasing lesion area and incubation time after inoculation.

(ii) Any size of leaf wound enables E. coli O157:H7 gfp+ to internalize into spinach leaf, but proliferation pattern varies depending on leaf damage area.

(iii) Macroscopically intact spinach leaves can allow internalization of E. coli O157:H7 gfp+.

(iv) Leaf integrity is fundamental to food safety prevention; at high inoculum densities, contamination is independent of leaf damage level.

(v) Damage level and interval between contamination and consumption can be used to suggest two new potential hurdles to enhance food safety.
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Supplementary Figure 1 | Methodology approach: Sampling, inoculation, and extraction of artificially added E. coli O157:H7 from individual spinach (Spinacia oleracea L.) leaves.

Supplementary Figure 2 | Distribution of leaf area grouped by days post-inoculation (dpi) and level of damage. Leaf area of E. coli O157:H7 gfp+ inoculated leaves was measured in image analysis software ImageJ. Dashed horizontal line in the violin plots represents the overall mean across all the dpi and damage levels. Black dot within the violin indicates summary statistics (mean ± SD) within the damage level (n = 15). A GLM with interactions between damage levels and dpi, followed by Tukey test (p < 0.05). Letters above violins indicate which damage levels and dpi differ significantly in leaf area.

Supplementary Figure 3 | Absolute abundance of artificially added E. coli O157:H7 gfp+ in suspensions after centrifugation (detachment, washing), after surface decontamination (leaf print), and in the macerate of spinach (Spinacia oleracea L.) leaves, exposed to three levels of artificial damage (low, moderate, high) and compared with leaves without intentional damage. Leaf analyses were performed directly after inoculation (0), and 1 and 2 days post-inoculation (dpi) of the target strain (n = 15).

Supplementary Figure 4 | Correlation between leaf weight (A) and area (B), and the prevalence of E. coli O157:H7 gfp+ counts re-isolated from leaf macerate.

Supplementary Figure 5 | Colonization of artificially damaged spinach (Spinacia oleracea L.) leaves by E. coli O157:H7 bacteria labeled with GFP. Whole undamaged (A–C), low (D–F), moderate (G–I) and high (J–L) damaged leaves were dip-inoculated with 106 CFU × mL–1 E. coli O157:H7 and observed at 2 dpi. Leaves were surface-sanitized with 0.25% sodium hypochlorite for 20 s before sampling for confocal laser scanning microscopy. Green E. coli O157:H7 channel (A,D,G,J), red chlorophyll auto fluorescence channel (B,E,H,K), and merged channels (C,F,I,L) are shown. Range of z-stacks 25–45 μm. Scale bars 20 μm.

Supplementary Figure 6 | Colonization of artificially damaged spinach (Spinacia oleracea L.) leaves by E. coli O157:H7 bacteria labeled with GFP. Whole undamaged leaves (A–C), and leaves with a low (D–F), moderate (G–I), and high (J–L) level of artificial damage were dip-inoculated with 106 CFU × mL–1 E. coli O157:H7 and observed 2 dpi. Leaves were surface-sanitized with 0.25% sodium hypochlorite for 20 s before sampling for confocal laser scanning microscopy. Red fluorescence indicates autofluorescence of the chlorophyll within chloroplasts, and green fluorescence indicates cells of E. coli O157:H7 bacteria. Lesions are marked with (Y). From z-stack orthogonal projections (A,D,G,J), maximum intensity projections of z-stacks (B,E,H,K), and 3D z-stack projections (C,F,I,L), it can be observed that lesion edges were the preferred colonization sites and entry points. Scale bars 20 μm.

Supplementary Figure 7 | Colonization of tissue adjacent to lesions on artificially damaged spinach (Spinacia oleracea L.) leaves by E. coli O157:H7 bacteria labeled with GFP. Leaves with a low (A–C), moderate (D–F), and high (G–I) level of artificial damage were dip-inoculated with 106 CFU × mL–1E. coli O157:H7 and observed at 2 dpi. For images of undamaged leaves, see Supplementary Figure 5 A–C. Leaves were surface-sanitized with 0.25% sodium hypochlorite for 20 s before sampling for confocal laser scanning microscopy (CLSM). Z-stack orthogonal projections of lesions and adjacent tissue of non-inoculated (A,D,G,J) and E. coli O157:H7-inoculated (B,E,H,K) samples, and 3D z-stack projections of inoculated plant material (C,F,I,L) are shown. Red fluorescence indicates autofluorescence of the chlorophyll within chloroplasts, and green fluorescence indicates cells of E. coli O157:H7 bacteria. Tissue adjacent to lesions is marked with (X) and lesions are marked with (Y). Range of z-stacks 25–35 μm. Scale bars 20 μm.

Supplementary Table 1 | E. coli O157:H7 (log CFU × cm–2) re-isolated from wash water of spinach (Spinacia oleracea L.) leaves from two subsequent washing steps (detachment, washing).

Supplementary Video 1 | 3D rendering/animation of CLSM scans of undamaged spinach (Spinacia oleracea L.) leaves, inoculated with E. coli O157:H7 bacteria labeled with GFP and observed 2 days post-inoculation.

Supplementary Video 2 | 3D rendering/animation of CLSM scans of highly damaged spinach (Spinacia oleracea L.) leaves, inoculated with E. coli O157:H7 bacteria labeled with GFP and observed 2 days post-inoculation.



REFERENCES

Acosta, F., Zamor, R. M., Najar, F. Z., Roe, B. A., and Hambright, K. D. (2015). Dynamics of an experimental microbial invasion. Protocol Natl. Acad. Sci. U S A. 112, 11594–11599.

Allende, A., McEvoy, J., Tao, Y., and Luo, Y. (2009). Antimicrobial effect of acidified sodium chlorite, sodium chlorite, sodium hypochlorite, and citric acid on Escherichia coli O157:H7 and natural microflora of fresh-cut cilantro. Food Control 20, 230–234. doi: 10.1016/j.foodcont.2008.05.009

Allende, A., Selma, M. V., López-Gálvez, F., Villaescusa, R., and Gil, M. I. (2008). Role of commercial sanitizers and washing systems on epiphytic microorganisms and sensory quality of fresh-cutescarole and lettuce. Postharvest Biol. Technol. 49, 155–163. doi: 10.1016/j.postharvbio.2007.12.010

Angle, J. S., Gagliardi, J. V., McIntosh, M. S., and Levin, M. A. (1996). “Enumeration and expression of bacterial counts in the rhizosphere,” in Soil Biochemistry, eds G. Stolzky and J.-M. Bollag (New York, NY: Marcel Dekker Inc), 233–251.

Ariffin, S. H., Gkatzionis, K., and Bakalis, S. (2017). Leaf injury and its effect towards shelf-life and quality of ready-to-eat (RTE) spinach. Energy Procedia 123, 105–112. doi: 10.1016/j.egypro.2017.07.265

Aruscavage, D., Miller, S. A., Lewis Ivey, M. L., Lee, K., and LeJEUNE, J. T. (2008). Survival and dissemination of Escherichia coli O157: H7 on physically and biologically damaged lettuce plants. J. Food Protect. 71, 2384–2388. doi: 10.4315/0362-028x-71.12.2384

Barak, J. D., Kramer, L. C., and Hao, L.-Y. (2011). Colonization of tomato plants by Salmonella enterica is cultivar dependent, and type 1 trichomes are preferred colonization sites. Appl. Environ. Microbiol. 77, 498–504. doi: 10.1128/aem.01661-10

Berg, M., and Koskella, B. (2018). Nutrient- and dose-dependent microbiome-mediated protection against a plant pathogen. Curr. Biol. 28, 2487–2492.e3.

Boqvist, S., Fernström, L. L., Alsanius, B. W., and Lindqvist, R. (2015). Escherichia coli O157: H7 reduction in hamburgers with regard to premature browning of minced beef, colour score and method for determining doneness. Int. J. Food Microbiol. 215, 109–116. doi: 10.1016/j.ijfoodmicro.2015.08.023

Brandl, M. (2006). Fitness of human enteric pathogens on plants and implications for food safety. Annu. Rev. Phytopathol. 44, 367–392. doi: 10.1146/annurev.phyto.44.070505.143359

Brandl, M. (2008). Plant lesions promote the rapid multiplication of Escherichia coli O157: H7 on postharvest lettuce. Appl. Environ. Microbiol. 74, 5285–5289. doi: 10.1128/aem.01073-08

Brandl, M., and Amundson, R. (2008). Leaf age as a risk factor in contamination of lettuce with Escherichia coli O157: H7 and Salmonella enterica. Appl. Environ. Microbiol. 74, 2298–2306. doi: 10.1128/aem.02459-07

Brandl, M., and Mandrell, R. E. (2002). Fitness of Salmonella enterica serovar thompson in the cilantro phyllosphere. Appl. Environ. Microbiol. 68, 3614–3621. doi: 10.1128/aem.68.7.3614-3621.2002

Brouwer, A. F., Weir, M. H., Eisenberg, M. C., Meza, R., and Eisenberg, J. N. (2017). Dose-response relationships for environmentally mediated infectious disease transmission models. PLoS Comput. Biol. 13:e1005481. doi: 10.1371/journal.pcbi.1005481

Choi, S., Bang, J., Kim, H., Beuchat, L., and Ryu, J. H. (2011). Survival and colonization of Escherichia coli O157: H7 on spinach leaves as affected by inoculum level and carrier, temperature and relative humidity. J. Appl. Microbiol. 111, 1465–1472. doi: 10.1111/j.1365-2672.2011.05175.x

Cuny, C., Dukan, L., Fraysse, L., Ballesteros, M., and Dukan, S. (2005). Investigation of the first events leading to loss of culturability during Escherichia coli starvation: future monculturable bacteria form a subpopulation. J. Bacteriol. 187, 2244–2248. doi: 10.1128/jb.187.7.2244-2248.2005

Darlison, J., Mieli, M., Bengtsson, T., Hartmann, R., Mogren, L., Vågsholm, I., et al. (2019). Plant species affects establishment of Escherichia coli O157: H7 gfp+ on leafy vegetables. J. Appl. Microbiol. 127, 292–305.

Davidson, G. R., Buchholz, A. L., and Ryser, E. T. (2013). Efficacy of commercial produce sanitizers against nontoxigenic Escherichia coli O157: H7 during processing of iceberg lettuce in a pilot-scale leafy green processing line. J. Food Protect. 76, 1838–1845. doi: 10.4315/0362-028x.jfp-13-111

Deering, A. J., Mauer, L. J., and Pruitt, R. E. (2012). Internalization of E. coli O157:H7 and Salmonella spp. in plants: a review. Food Res. Int. 45, 567–575. doi: 10.1016/j.foodres.2011.06.058

EFSA Panel on Biological Hazards (BIOHAZ) (2013). Scientific Opinion on the risk posed by pathogens in food of non-animal origin. Part 1 (outbreak data analysis and risk ranking of food/pathogen combinations). EFSA J. 11:3025. doi: 10.2903/j.efsa.2013.3025

El-Mogy, M. M., and Alsanius, B. W. (2012). Cassia oil for controlling plant and human pathogens on fresh strawberries. Food Control 28, 157–162. doi: 10.1016/j.foodcont.2012.04.036

Erickson, M. C. (2012). Internalization of fresh produce by foodborne pathogens. Ann. Rev. Food Sci. Technol. 3, 283–310. doi: 10.1146/annurev-food-022811-101211

Erickson, M. C., Webb, C. C., Diaz-Perez, J. C., Davey, L. E., Payton, A. S., Flitcroft, I. D., et al. (2014). Absence of internalization of Escherichia coli O157: H7 into germinating tissue of field-grown leafy greens. J. Food Protect. 77, 189–196. doi: 10.4315/0362-028x.jfp-13-216

Erickson, M. C., Webb, C. C., Diaz-Perez, J. C., Phatak, S. C., Silvoy, J. J., Davey, L., et al. (2010). Infrequent internalization of Escherichia coli O157: H7 into field-grown leafy greens. J. Food Protect. 73, 500–506. doi: 10.4315/0362-028x-73.3.500

European Food Safety Authority [EFSA] (2011). Urgent advice on the public health risk of Shiga-toxin producing Escherichia coli in fresh vegetables. EFSA J. 9:2274. doi: 10.2903/j.efsa.2011.2274

Fan, X., Niemira, B. A., Doona, C. J., Feeherry, F. E., and Gravani, R. B. (2009). Microbial Safety of Fresh Produce. Ames: Wiley-Blackwell.

Franz, E., Tromp, S. O., Rijgersberg, H., and van der Fels-Klerx, H. J. (2010). Quantitative microbial risk assessment for Escherichia coli O157:H7, Salmonella, and Listeria monocytogenes in leafy green vegetables consumed at salad bars. J. Food Protect. 73, 274–285. doi: 10.4315/0362-028x-73.2.274

Grudén, M., Mogren, L., and Alsanius, B. (2016). “Processing of green leaf produce: microorganisms associated with process water and produce,” in Paper presented at the III International Conference on Fresh-Cut Produce: Maintaining Quality and Safety 1141, (Leuven: International Society for Horticultural Science).

Han, Y., Sherman, D., Linton, R., Nielsen, S., and Nelson, P. (2000). The effects of washing and chlorine dioxide gas on survival and attachment of Escherichia coli O157: H7 to green pepper surfaces. Food Microbiol. 17, 521–533. doi: 10.1006/fmic.2000.0343

Hartmann, R., Fricke, A., Stützel, H., Mansourian, S., Dekker, T., Wohanka, W., et al. (2017). Internalization of Escherichia coli O157:H7 gfp+ in rocket and Swiss chard baby leaves as affected by abiotic and biotic damage. Lett. Appl. Microbiol. 65, 35–41. doi: 10.1111/lam.12742

Hirneisen, K. A., Sharma, M., and Kniel, K. E. (2012). Human enteric pathogen internalization by root uptake into food crops. Foodborne Pathogens Dis. 9, 396–405. doi: 10.1089/fpd.2011.1044

Holden, N. J., Pritchard, L., and Toth, I. (2009). Colonization outwith the colon:plants as an alternative environmental reservoir for human pathogenic enterobacteria. FEMS Microbiol. Rev. 33, 689–703. doi: 10.1111/j.1574-6976.2008.00153.x

Hora, R., Warriner, K., Shelp, B. J., and Griffiths, M. W. (2005). Internalization of Escherichia coli O157:H7 following biological and mechanical disruption of growing spinach plants. J. Food Protect. 68, 2506–2509. doi: 10.4315/0362-028x-68.12.2506

Jensen, D. A., Friedrich, L. M., Harris, L. J., Danyluk, M. D., and Schaffner, D. W. (2015). Cross contamination of Escherichia coli O157:H7 between lettuce and wash water during home-scale washing. Food Microbiol. 46, 428–433. doi: 10.1016/j.fm.2014.08.025

Keskinen, L. A., and Annous, B. A. (2011). Efficacy of adding detergents to sanitizer solutions for inactivation of Escherichia coli O157: H7 on Romaine lettuce. Int. J. Food Microbiol. 147, 157–161. doi: 10.1016/j.ijfoodmicro.2011.04.002

Keskinen, L. A., Burke, A., and Annous, B. A. (2009). Efficacy of chlorine, acidic electrolyzed water and aqueous chlorine dioxide solutions to decontaminate Escherichia coli O157: H7 from lettuce leaves. Int. J. Food Microbiol. 132, 134–140. doi: 10.1016/j.ijfoodmicro.2009.04.006

Kinnunen, M., Dechesne, A., Proctor, C., Hammes, F., Johnson, D., Quintela-Baluja, M., et al. (2016). A conceptual framework for invasion in microbial communities. ISME J. 10, 2773–2779. doi: 10.1038/ismej.2016.75

Kolattukudy, P. T. (1981). Structure, biosynthesis, and biodegradation of cutin and suberin. Ann. Rev. Plant Physiol. 32, 539–567. doi: 10.1146/annurev.pp.32.060181.002543

López-Gálvez, F., Allende, A., Selma, M. V., and Gil, M. I. (2009). Prevention of Escherichia coli cross-contamination by different commercial sanitizers during washing of fresh-cut lettuce. Int. J. Food Microbiol. 133, 167–171. doi: 10.1016/j.ijfoodmicro.2009.05.017

López-Gálvez, F., Gil, M. I., Truchado, P., Selma, M. V., and Allende, A. (2010). Cross-contamination of fresh-cut lettuce after a short-term exposure during pre-washing cannot be controlled after subsequent washing with chlorine dioxide or sodium hypochlorite. Food Microbiol. 27, 199–204. doi: 10.1016/j.fm.2009.09.009

Luengo, R. D. F. A., Calbo, A. G., and Jacomino, A. P. (2008). Vegetable crops deformation assays for package height definition: a new approach. Ciência e Agrotecnol. 32, 180–185. doi: 10.1590/s1413-70542008000100026

Macarisin, D., Patel, J., Bauchan, G., Giron, J. A., and Ravishankar, S. (2013). Effect of spinach cultivar and bacterial adherence factors on survival of Escherichia coli O157: H7 on spinach leaves. J. Food Protect. 76, 1829–1837. doi: 10.4315/0362-028x.jfp-12-556

Macarisin, D., Patel, J., Bauchan, G., Giron, J. A., and Sharma, V. K. (2012). Role of curli and cellulose expression in adherence of Escherichia coli O157: H7 to spinach leaves. Foodborne Pathogens Dis. 9, 160–167. doi: 10.1089/fpd.2011.1020

Macarisin, D., Patel, J., and Sharma, V. K. (2014). Role of curli and plant cultivation conditions on Escherichia coli O157: H7 internalization into spinach grown on hydroponics and in soil. Int. J. Food Microbiol. 173, 48–53. doi: 10.1016/j.ijfoodmicro.2013.12.004

MacCabe, E., Burgess, C. M., Lawal, D., Whyte, P., and Duffy, G. (2019). An investigation of shedding and super-shedding of Shiga toxigenic Escherichia coli O157 and E. coli O26 in cattle presented for slaughter in the Republic of Ireland. Zoonoses and Public Health 66, 83–91. doi: 10.1111/zph.12531

Mallon, C. A. (2015). Soil Microbial Invasions: Patterns, Mechanisms, and Impacts Garnered from Escherichia coli Invasions into Soil. thesis, PhD monography. Groningen: University of Groningen.

Mallon, C. A., Poly, F., Le Roux, X., Marring, I., van Elsas, J. D., and Falcao Salles, J. (2015). Resource pulses can alleviate the biodiversity–invasion relationship in soil microbial communities. Ecology 96, 915–926. doi: 10.1890/14-1001.1

Melotto, M., Underwood, W., Koczan, J., Nomura, K., and He, S. Y. (2006). Plant stomata function in innate immunity against bacterial invasion. Cell 126, 969–980. doi: 10.1016/j.cell.2006.06.054

Merget, B., Forbes, K. J., Brennan, F., McAteer, S., Shepherd, T., Strachan, N. J., et al. (2019). Influence of plant species, tissue type, and temperature on the capacity of shiga-toxigenic Escherichia coli to colonize, grow, and be internalized by plants. Appl. Environ. Microbiol. 85:e00123-19.

Mitra, R., Cuesta-Alonso, E., Wayadande, A., Talley, J., Gilliland, S., and Fletcher, J. (2009). Effect of route of introduction and host cultivar on the colonization, internalization, and movement of the human pathogen Escherichia coli O157:H7 in spinach. J. Food Protect. 72, 1521–1530. doi: 10.4315/0362-028x-72.7.1521

Mogren, L., Windstam, S., Boqvist, S., Vågsholm, I., Söderqvist, K., Rosberg, A. K., et al. (2018). The hurdle approach–a holistic concept for controlling food safety risks associated with pathogenic bacterial contamination of leafy green vegetables. a review. Front. Microbiol. 9:1965. doi: 10.3389/fmicb.2018.01965

Mulaosmanovic, E., Lindblom, T., Bengtsson, M., Windstam, S., Mogren, L., Marttila, S., et al. (2020). High-throughput method for detection and quantification of lesions on leaf scale based on trypan blue staining and digital image analysis. Plant Methods 16:62.

Natsou, A. J., Rhoades, P., Smirniotis, I., Makri, M., and Kontominas, E. L. (2012). Efficacy of household washing treatments for the control of Listeria monocytogenes on salad vegetables. Int. J. Food Microbiol. 159, 247–253. doi: 10.1016/j.ijfoodmicro.2012.09.003

Niemira, B. A. (2007). Relative efficacy of sodium hypochlorite wash versus irradiation to inactivate Escherichia coli O157: H7 internalized in leaves of romaine lettuce and baby spinach. J. Food Protect. 70, 2526–2532. doi: 10.4315/0362-028x-70.11.2526

Nyström, T. (2001). Not quite dead enough: on bacterial life, culturability, senescence, and death. Arch. Microbiol. 176, 159–164. doi: 10.1007/s002030100314

Ölmez, H. (2010). Effect of different sanitizing methods and incubation time and temperature on inactivation of Escherichia coli on lettuce. J. Food Safety 30, 288–299. doi: 10.1111/j.1745-4565.2009.00206.x

Omisakin, F., MacRae, M., Ogden, J. D., and Strachan, N. J. (2003). Concentration and prevalence of Escherichia coli O157 in cattle feces at slaughter. Appl. Environ. Microbiol. 69, 2444–2447. doi: 10.1128/aem.69.5.2444-2447.2003

Patel, J., Millner, P., Nou, X., and Sharma, M. (2010). Persistence of enterohaemorrhagic and nonpathogenic E. coli on spinach leaves and in rhizosphere soil. J. Appl. Microbiol. 108, 1789–1796. doi: 10.1111/j.1365-2672.2009.04583.x

Pezzuto, A., Belluco, S., Losasso, C., Patuzzi, I., Bordin, P., Piovessana, A., et al. (2016). Effectiveness of washing procedures in reducing salmonella enterica and Listeria monocytogenes on a raw leafy green vegetable (Eruca vesicaria). Front. Microbiol. 7:1663. doi: 10.3389/fmicb.2016.01663

Pignocchi, C., and Foyer, C. H. (2003). Apoplastic ascorbate metabolism and its role in the regulation of cell signalling. Curr. Opin. Plant Biol. 6, 379–389. doi: 10.1016/s1369-5266(03)00069-4

Rossez, Y., Holmes, A., Wolfson, E. B., Gally, D. L., Mahajan, A., Pedersen, H. L., et al. (2014). Flagella interact with ionic plant lipids to mediate adherence of pathogenic Escherichia coli to fresh produce plants. Environ. Microbiol. 16, 2181–2195. doi: 10.1111/1462-2920.12315

RStudioTeam (2018). Integrated Development for R (Version version 3.6.1). Boston, MA: RStudio Inc.

Saldaña, Z., Sánchez, E., Xicohtencatl-Cortes, J., Puente, J. L., and Girón, J. A. (2011). Surface structures involved in plant stomata and leaf colonization by Shiga-toxigenic Escherichia coli O157: H7. Front. Microbiol. 2:119. doi: 10.3389/fmicb.2011.00119

Savatin, D. V., Gramega, G., Modesti, V., and Cervone, F. (2014). Wounding in the plant tissue: the defense of a dangerous passage. Front. Plant Sci. 5:470. doi: 10.3389/fpls.2014.00470

Söderqvist, K., Thisted Lambertz, L., Vågsholm, I., Fernström, L. L., Alsanius, B. W., Mogren, L., et al. (2017). Fate of Listeria monocytogenes, pathogenic Yersinia enterocolitica, and Escherichia coli O157:H7 gfp+ in ready-to-eat salad during cold storage: what is the risk to consumers? J. Food Protect. 80, 204–212. doi: 10.4315/0362-028x.jfp-16-308

Solomon, E. B., Yaron, S., and Matthews, K. R. (2002). Transmission of Escherichia coli O157:H7 from contaminated manure and irrigation water to lettuce plant tissue and its subsequent internalization. Appl. Environ. Microbiol. 68, 397–400. doi: 10.1128/aem.68.1.397-400.2002

Strachan, N. J., Doyle, M. P., Kasuga, F., Rotariu, O., and Ogden, I. D. (2005). Dose response modelling of Escherichia coli O157 incorporating data from foodborne and environmental outbreaks. Int. J. Food Microbiol. 103, 35–47. doi: 10.1016/j.ijfoodmicro.2004.11.023

Takeuchi, K., and Frank, J. F. (2000). Penetration of Escherichia coli O157:H7 into lettuce tissues as affected by inoculum size and temperature and the effect of chlorine treatment on cell viability. J. Food Protect. 63, 434–440. doi: 10.4315/0362-028x-63.4.434

Uhlig, E., Olsson, C., He, J., Stark, T., Sadowska, Z., Molin, G., et al. (2017). Effects of household washing on bacterial load and removal of Escherichia coli from lettuce and “ready-to-eat” salads. Food Sci. Nutrit. 5, 1215–1220. doi: 10.1002/fsn3.514

Underwood, W., Melotto, M., and He, S. Y. (2007). Role of plant stomata in bacterial invasion. Cell. Microbiol. 9, 1621–1629. doi: 10.1111/j.1462-5822.2007.00938.x

Van der Linden, I., Llano, K. R. A., Eriksson, M., De Vos, W. H., Van Damme, E. J. M., Uyttendaele, M., et al. (2016). Minimal processing of iceberg lettuce has no substantial influence on the survival, attachment and internalization of E. coli O157 and Salmonella. Int. J. Food Microbiol. 238, 40–49. doi: 10.1016/j.ijfoodmicro.2016.07.029

Van Elsas, J. D., Chiurazzi, M., Mallon, C. A., Elhottovâ, D., Krištùfek, V., and Salles, J. F. (2012). Microbial diversity determines the invasion of soil by a bacterial pathogen. Proc. Natl. Acad. Sci. U S A. 109, 1159–1164. doi: 10.1073/pnas.1109326109

Wang, J., Kim, K. H., Kim, S., Kim, Y. S., Li, Q. X., and Jun, S. (2010). Simple quantitative analysis of Escherichia coli K-12 internalized in baby spinach using fourier transform infrared spectroscopy. Int. J. Food Microbiol. 144, 147–151. doi: 10.1016/j.ijfoodmicro.2010.09.013

Warriner, K., Ibrahim, F., Dickinson, M., Wright, C. W., and Waites, W. M. (2003). Interaction of Escherichia coli with growing salad spinach plants. J. Food Protect. 66, 1790–1797. doi: 10.4315/0362-028x-66.10.1790

Wright, K. M., Chapman, S., McGeachy, K., Humphris, S., Campbell, E., Toth, I., et al. (2013). The endophytic lifestyle of Escherichia coli O157:H7: Quantification and internal localization in roots. Phytopathology 103, 333–340. doi: 10.1094/phyto-08-12-0209-fi

Wright, K. M., Crozier, L., Marshall, J., Merget, B., Holmes, A., and Holden, N. J. (2017). Differences in internalization and growth of Escherichia coli O157:H7 within the apoplast of edible plants, spinach and lettuce, compared with the model species Nicotiana benthamiana. Microbial Biotechnol. 10, 555–569. doi: 10.1111/1751-7915.12596

Zhang, G., Ma, L. M., Beuchat, L. R., Erickson, M. C., Phelan, V. H., and Doyle, M. P. (2009). Lack of internalization of Escherichia coli O157:H7 in lettuce (Lactuca sativa L.) after leaf surface and soil inoculation. J. Food Protect. 72, 2028–2037. doi: 10.4315/0362-028x-72.10.2028

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Mulaosmanovic, Windstam, Vågsholm and Alsanius. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-11-608086-t001.jpg
Level of damage
Undamaged

Low

Medium

High

0.00113

Days post-inoculation

0
0.999993
0.9985
0.999999
1

4 a4 a4

w2 R ek N





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Size Matters: Biological and Food Safety Relevance of Leaf Damage for Colonization of Escherichia coli O157:H7 gfp+



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Material and Artificial Damage



		Bacterial Strain, Inoculation, and Growth Conditions



		Analyses



		Leaf Area and Lesion Area Measurement Based on Image Analysis



		Microbial Analysis



		Detachment



		Washing



		Surface sterilization



		Leaf imprints



		Maceration







		Scanning Electron Microscopy (SEM)



		Confocal Laser Scanning Microscopy (CLSM)



		Risk Assessment



		Calculation and Statistical Analysis











		RESULTS AND DISCUSSION



		Numbers of E. coli O157:H7 on Artificially Damaged Spinach Leaves



		Impact of Leaf Damage on Leaf Surface Attachment by E. coli O157:H7



		Impact of Leaf Damage on Internalized E. coli O157:H7



		Verification of Leaf Damage and E. coli O157:H7 Interactions Using Imaging



		Food Safety Risk Assessment



		Conclusion







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-11-608086-g003.jpg
% CFU cm 2

Undamaged

Moderate

High

100 -

791

50 -

251

}: ........... Fo I

Detachment - -

Wash

0 dpi 1 dpi 2 dpi

Print — Macerate






OPS/images/fmicb-11-608086-e000.jpg
Lesion area
Damage = [ 222 x 100 (1)
Leaf area





OPS/images/cover.jpg
, frontiers
in Microbiology

Size Matters: Biological
and Food Safety Relevance
of Leaf Damage for Colonization
of Escherichia coli O157:H7

afp+





OPS/images/fmicb-11-608086-g004.jpg
Undamaged Low

15

10

5
S 0 © PO NG o o00@ WP G TR @ O® O@IU®DT O
O
S Moderate High
% 15
0

10 "Q’ " .‘ &

~ O °
8
O
5 .
0
2 3 4 5 2 3 4 5
Log CFU cm 2
Leafarea(cm?) © 30 © 40 @ 50 @ 60 @ 70
O dpi 1 dpi 2 dpi
Anova, p = 4e-08 Anova, p = 0.002 Anova, p = 0.00014
5 5
a a
b a ab
_{
¢ b b
=
o b a %
D o
LL b
@) 37 X $ 4 ®
2

3 b
- o

P

14

1 I I [
Undamaged Low Moderate High

[ I [ I
Undamaged Low Moderate High

I I I I
Undamaged Low Moderate High






OPS/images/fmicb-11-608086-g005.jpg
lﬂx S
gl

N

L e - ¢ -
i, G T i SR
M S IR Rk P - M
R X A R A

B N - 7 e

> v
-










OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-11-608086-g001.jpg
Damage (%)

Anova, p < 2.2e-16

+

e

*kk%k

Undamaged

Low

Moderate

High

354 R%*=0.71,p<2.2e-16 N
y=12+14 x ) ° o o
~~ 30-
(q\]
-
)
g 25
©
Y
o
1 20-
154 ..
0.4 0.8 12 16
Leaf weight (g)
1804 R?=0.99,p<2.2e-16
160 - y=-3.5+0.21x
NA _
E 140
~— 120 -
Y
®
%’ 100 -
)
o 80 -
)
% 60
5
O 40-
20~
O
04 @
0 200 400 600 800

Lesions per leaf (n)

Leafarea(cm?) ¢ 15 ® 20 ® 25 @ 30 @ 35

~ Undamaged © Low @ Moderate @ High






OPS/images/fmicb-11-608086-e002.jpg
Piyg = 1—e"[(—rd)]

®)





OPS/images/fmicb-11-608086-g002.jpg
LEAF LANDSCAPE

"

- Intact

p— :
' e .
b & T :
& =
™ ) A

Daniage_d" |

f Establishment l{— resident micro- <

| ted nutrient flux

NUTRITIONAL CONDITIONS

Depleted Rich
Resusci- % % % =
tation g, . I I - During culturing
v : - -
Establishment Biotic adaptation: -
and weak resident micro- &= A 3
growth biota and invader - I ‘

L

4
champetition
Je to amply available
 resources and space

Biotic adaptation:

biota and invader

A EEEEEEEEEEER
; N ~~
1 Q

- -»i:

Establishment

£
y
y

Reduced growth
rate due to deple-

Growth - Dispersal






OPS/images/fmicb-11-608086-e001.jpg
Buffer (mL) = Weight (g) x 2

@)





