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Abstract 22 

Raw carrot is known to have antimicrobial activity against Listeria monocytogenes, but 23 

the mechanism of action has not been fully elucidated. In this study, we examined carrot 24 

antilisterial activity against several strains of Listeria species (including L. grayi, L. innocua, L. 25 

seeligeri, and L. welshimeri) and L. monocytogenes. A representative strain of L. monocytogenes 26 

was subsequently used for further characterizing carrot antilisterial activity. Exposure to fresh-27 

cut carrot for 15 min resulted in a similar loss of cultivability, ranging from 2.5 to 4.7 log units, 28 

across all Listeria strains evaluated. L. monocytogenes recovered from the fresh-cut surface of 29 

different raw carrots was 1.6 to 4.1 log lower than levels obtained from paired boiled carrot 30 

samples with abolished antilisterial activity. L. monocytogenes levels recovered from fresh-cut 31 

carrot were 2.8 to 3.1 log lower when enumerated by culture-dependent methods than by the 32 

culture-independent method of PMAxx-qPCR, a qPCR assay that is performed using DNA pre-33 

treated to selectively sequester DNA from cells with injured membranes. These results suggested 34 

that L. monocytogenes loss of cultivability on fresh-cut carrot was not associated with a loss of L. 35 

monocytogenes cell membrane integrity and putative cell viability. Transmission electron 36 

microscopy imaging revealed that L. monocytogenes rapidly formed mesosome-like structures 37 

upon exposure to carrot fresh-cut surface but not upon exposure to boiled carrot surface, 38 

suggesting there may be an association between the formation of these mesosome-like structures 39 

and a loss of cultivability in L. monocytogenes. However, further research is necessary to 40 

conclude the causality of this association.  41 
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1 Introduction 42 

Listeria monocytogenes is an important foodborne pathogen that remains a significant 43 

public health concern due to its high case-fatality rate, which has been reported to range from 12 44 

to 21% (CDC, 2013; EFSA, 2018). Additionally, it was estimated that in 2010 L. monocytogenes 45 

was responsible for in 23,150 illnesses and 5,463 deaths globally (de Noordhout et al., 2014). 46 

From 2009-2018, there were ten confirmed L. monocytogenes outbreaks associated with the 47 

consumption of ready-to-eat (RTE) fresh produce in the U.S., which resulted in 249 illnesses and 48 

56 deaths (Sheng and Zhu, 2021). Types of fresh produce implicated in these outbreaks included 49 

cantaloupe (McCollum et al., 2013), packaged lettuce (Self et al., 2019), stone fruit (Jackson et 50 

al., 2015), and celery (Gaul et al., 2013).  51 

The FDA draft guidance for control of L. monocytogenes in RTE foods considers RTE 52 

foods that have pH < 4.4, water activity < 0.92, or that are formulated with one or more 53 

inhibitory substances as “listeristatic formulations”.  RTE foods lacking the above characteristics 54 

are considered to have the ability to support the growth of L. monocytogenes and it is 55 

recommended that specific time/temperature control measures are implemented for these food 56 

products to prevent L. monocytogenes proliferation during storage (FDA, 2017). Raw carrot 57 

could be considered a high risk food for supporting L. monocytogenes growth due to its pH 58 

(range of pH 6.43-6.7) and high water activity (aw >0.98) (Chirife and Fontan, 1982; Sant’Ana et 59 

al., 2012; Ziegler et al., 2019). However, several previous studies have shown that raw carrots do 60 

not support the growth (Alegbeleye and Sant’Ana, 2022; Girbal et al., 2021, 2020; Lokerse et al., 61 

2016; Ziegler et al., 2019) and in some cases even suppress the survival (Farber et al., 1998; 62 

Kakiomenou and Tassou, 1998; Kroft et al., 2022; Sant’Ana et al., 2012) of L. monocytogenes 63 

under various storage conditions. It has been hypothesized that raw carrots contain intrinsic 64 
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antimicrobial properties (henceforth referred to as “antilisterial activity”) that can negatively 65 

impact the growth of survival of L. monocytogenes (Babic et al., 1994; Beuchat and Brackett, 66 

1990; Nguyen-the and Lund, 1992). Despite extensive research establishing the antilisterial 67 

activity of raw carrot against L. monocytogenes, the causative substance(s) responsible for this 68 

effect and the mechanism of action have not been fully elucidated. Studies evaluating the 69 

intrinsic characteristics of carrots have suggested that chemicals such as phytoalexins or phenolic 70 

compounds could be responsible for carrot antilisterial activity (Babic et al., 1994; Beuchat and 71 

Brackett, 1990; Nguyen-the and Lund, 1992, 1991; Parreiras, 1994), while others have suggested 72 

the antilisterial activity could be related to antagonistic activities of native carrot microbiota 73 

(Liao, 2007; Schifano et al., 2021). 74 

Conventional culture-dependent enumeration methods were used in most of the previous 75 

studies establishing carrot antilisterial activity (Alegbeleye and Sant’Ana, 2022; Farber et al., 76 

1998; Girbal et al., 2021, 2020; Kakiomenou and Tassou, 1998; Lokerse et al., 2016; Sant’Ana et 77 

al., 2012; Ziegler et al., 2019). It has been well established that microorganisms such as L. 78 

monocytogenes can enter a viable but non-culturable (VBNC) state under stressful conditions 79 

that could render the cells unable to grow on culture media (Highmore et al., 2018; Wideman et 80 

al., 2021). This represents a significant public health concern as cells in such a VBNC state could 81 

potentially be resuscitated and display virulence characteristics (Highmore et al., 2018). 82 

Recently, culture-independent methods such as quantitative PCR (qPCR) have become more 83 

frequently used to aid in the detection of VBNC cells (Gu et al., 2020; Truchado et al., 2021; 84 

Zeng et al., 2016); in these studies, propidium monoazide (PMA) or other DNA intercalator dyes 85 

were used to selectively sequester DNA from lysed cells or cells with injured cell membranes in 86 

order to selectively quantify L. monocytogenes cells with intact cell membranes.  87 
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This study was aimed at assessing L. monocytogenes cellular responses following 88 

exposure to raw carrot to gain insights on the potential mechanisms associated with carrot 89 

antilisterial activity. Transmission electron microscopy (TEM) was used to reveal the 90 

ultrastructural changes of L. monocytogenes in response to raw carrot exposure (Chen et al., 91 

2003; Gao et al., 2019; Grigor’eva et al., 2020).  92 

 93 

2 Materials and Methods 94 

2.1 Bacterial Strains and Inoculum Preparation 95 

Listeria strains were selected from the Environmental Microbial and Food Safety 96 

Laboratory (EMFSL) culture collection to include six strains of L. monocytogenes representing 97 

the three serotypes (1/2a, 1/2b, and 4b), and four non-L. monocytogenes Listeria species (L. 98 

innocua, L. grayi, L. seeligeri, and L. welshimeri) (Table 1). The ten strains were examined for 99 

their survival on the cut surface of carrot. In addition, Escherichia coli strain TVS354 (Tomás-100 

Callejas et al., 2011) was also included to compare the survival of a Gram-negative bacterium to 101 

survival of Listeria on carrot. L. monocytogenes strain FS2025, associated with a 2011 102 

cantaloupe outbreak, was used as a representative L. monocytogenes strain in ensuing 103 

experiments. All strains were obtained from the Environmental Microbial and Food Safety 104 

Laboratory (EMFSL) culture collection. Single colonies of each strain were inoculated into 105 

Tryptic Soy Broth (TSB; Becton, Dickinson and Company [BD]) and incubated for 24 h at 37 °C 106 

with shaking at 150 rpm. Bacterial cultures were harvested by centrifugation at 4,500 x g, 107 

washed three times in 10 % buffered peptone water (BPW; BD), and re-suspended in equal 108 

volume of 10 % BPW, unless otherwise specified, for an approximate inoculum suspension 109 

concentration of ~9 log CFU/mL.  110 
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 111 

2.2 Carrots, bacterial inoculation, and culture-dependent enumeration by plating 112 

Carrots (Daucus carota L.) were obtained from local retail stores in and around 113 

Beltsville, MD, and stored at 4 °C for up to 2 days before being used to carry out experiments. 114 

The experimental workflow is schematically presented in supplemental Figure S1. Carrot 115 

samples were cut into 0.5 cm transverse slices (referred to as “fresh-cut carrots”) and used for 116 

inoculation within 30 min. In some experiments, half of the adjoining slices from the same carrot 117 

were boiled in sterile distilled water (SDW) at 95-100 °C for 10 min to serve as negative controls 118 

for antilisterial activity, as it has previously been shown that the process of boiling can abolish 119 

carrot antilisterial activity (Beuchat and Brackett, 1990). Each fresh-cut carrot or boiled carrot 120 

sample (one or more slices weighing ~3 g) was inoculated with 100 µL (in ten 10 µL droplets) of 121 

individual bacterial strain inoculum suspensions onto the cut surface. Inoculated carrots were air-122 

dried in a biosafety cabinet at ~22 °C for up to 15 min, and then either further incubated for pre-123 

defined timepoints, or immediately retrieved for microbial enumeration.  124 

For processing, each sample was sonicated in a 7-oz Whirl-Pak bag with 0.3 mm filter 125 

(Nasco, Fort Atkinson, WI) containing 10 mL of 10 % BPW in an ultrasonic water bath for 2 126 

min at 40 kHz, along with hand massaging for 30 s prior to and after sonication to recover 127 

inoculated bacterial cells. Carrot rinsates were serially diluted in 10 % BPW, and dilutions were 128 

plated on the selective agars of Harlequin Listeria chromogenic agar (HLA; Neogen, Lansing, 129 

MI) for enumeration of Listeria, and MacConkey agar (MAC, BD) for enumeration of E. coli. In 130 

some experiments, carrot rinsates were also plated on Tryptic Soy Agar supplemented with 50 131 

mg/L 5-bromo-4-chloro-3-indolyl-β-D-glucopyranoside (Chem-Impex, Wood Dale, IL) (TSAG), 132 

to achieve differential enumeration of L. monocytogenes on a non-selective agar. L. 133 
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monocytogenes forms characteristic blue colonies on TSAG due to its β-glucosidase activity, 134 

thus allowing for the differentiation of L. monocytogenes from native carrot microbiota (Guo et 135 

al., 2016). Plating was done by drip plating 20 μL droplets for each dilution onto the surface of 136 

the agar plates (Jett et al., 1997). In addition, undiluted carrot rinsates were plated onto HLA, 137 

MAC, or TSAG by spread plating 250 μL onto the surface of the agar when the microbial counts 138 

were expected to be low. HLA and TSAG plates were incubated for 48 h at 37 °C, and MAC 139 

plates were incubated for 24 h at 37 °C prior to enumeration of colonies. The limit of 140 

quantification (LOQ) for direct plate count enumeration was 1.1 log CFU/g. 141 

 142 

2.3 Microbial enumeration using culture-independent methods 143 

Quantitative real-time PCR (qPCR) was used for culture-independent L. monocytogenes 144 

enumeration. Cells in two 1 mL aliquots of each carrot rinsate were precipitated at 14,000 x g for 145 

10 min, and then one bacterial pellet was subjected to treatment with DNA cross-linker 146 

propidium monoazide (PMAxx; Biotium, Fremont, CA) prior to DNA extraction. PMAxx 147 

treatment of bacterial cells was performed as described previously (Gu et al., 2022) to aid in the 148 

selective enumeration of DNA from cells with intact cell membranes. After removal of residual 149 

PMAxx by centrifugal precipitation and three sequential washings in phosphate buffered saline 150 

(PBS; Corning, NY), both PMAxx treated and untreated cells were re-suspended in 150 µL Tris-151 

EDTA buffer (Thermo Fisher Scientific, Waltham, MA) supplemented with 10 mg/mL lysozyme 152 

(Epicentre, Madison, WI) and 5 mg/mL proteinase K (Epicentre), incubated for 10 min at 37 °C, 153 

followed by DNA extraction using the DNeasy Powersoil kit (Qiagen, Gaithersburg, MD) 154 

according to the manufacturer’s instructions. As a control to gauge the effectiveness of PMAxx 155 

to sequester DNA from cells with compromised membrane integrity, 1 mL aliquots of carrot 156 
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rinsates were heated to 95 °C for 10 min. These “heat-killed” rinsates were similarly subjected to 157 

PMAxx treatment and DNA extraction as described above.  158 

qPCR assays were conducted on a CFX96 Touch Real-Time PCR System (Bio-Rad 159 

Laboratories, Hercules, CA) to estimate populations of L. monocytogenes prepared with and 160 

without PMAxx treatment. For both assays, hly was targeted using primers 161 

(5’GGGAAATCTGTCTCAGGTGATGT and 5’CGATGATTTGAACTTCATCTTTTGC), 162 

reagents, and the amplification procedure described previously (Gu et al., 2020), and each 163 

reaction was run in triplicate. Standard curves were generated for each independent qPCR run 164 

using seven 10-fold serial dilutions of chromosomal DNA extracted from L. monocytogenes 165 

FS2025 inoculum. Based on the standard curve, the effective range of L. monocytogenes 166 

quantification for qPCR was 3.7-8.7 log CFU/g.  167 

 168 

2.4 Transmission Electron Microscopy 169 

The effect of carrot exposure on the ultrastructure of L. monocytogenes FS2025 and E. 170 

coli TVS354 was evaluated through Transmission Electron Microscopy (TEM) imaging. Fresh-171 

cut and boiled carrot slices were inoculated as described in section 2.2. After the pre-defined 172 

time of incubation, 5 plugs of carrot were excised from each sample using a 1.5 mm sterile 173 

biopsy punch and engulfed in 6% agar (at 85 °C) to encapsulate the bacteria on the surface of the 174 

carrot through the duration of the embedding procedure. The agar around the carrot was trimmed 175 

to 3mm cubes and fixed in 2.5 % glutaraldehyde, 0.05 M NaCacodylate, 0.005 M CaCl2 (pH 176 

7.0) for 2 h. Fixed carrot plugs and cell pellets were rinsed with 0.05 M NaCacodylate, 0.005 M 177 

CaCl2 buffer and post-fixed in 1 % buffered osmium tetroxide for 2 h at 22 °C. All samples were 178 

then rinsed again in the same buffer, dehydrated in a graded series of ethanol (25%, 50%, 75%, 179 
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100%), followed by 3 exchanges of propylene oxide, infiltrated in a graded series of LX-112 180 

resin/propylene oxide and polymerized in LX-112 resin at 65 °C for 24 h. Ultrathin sections of 181 

70 nm were cut on a Leica UC7 ultramicrotome with a Diatome diamond knife and mounted 182 

onto 100 mesh carbon/formvar-coated copper grids. Grids containing thin sections were 183 

subsequently stained with 4 % uranyl acetate and 3 % lead citrate and imaged at 80 kV with a 184 

Hitachi HT-7700 transmission electron microscope (Hitachi High Technologies America, Inc., 185 

Schaumburg, IL). For experimental controls, cell pellets from L. monocytogenes and E. coli 186 

inoculum suspensions were also evaluated using a similar embedding procedure as described 187 

above. 188 

 189 

2.5 Statistical analysis 190 

Data were analyzed in R, version 4.0.2 (R Core Team). Linear regression models were fit 191 

using the lme4 package (Bates et al., 2015) to determine the fixed effects of explanatory 192 

variables of bacterial strain (see Table 1), exposure time (in min), and enumeration method used 193 

(i.e., plating on selective media, plating on non-selective media, qPCR, or PMAxx-qPCR) on 194 

bacterial levels recovered from carrot surfaces. Analysis of variance (ANOVA) was performed 195 

on linear regression models, followed by post hoc analysis of estimated marginal means with 196 

Tukey adjustment using the emmeans package in R (Lenth, 2019). An unpaired t-test was used to 197 

compare the levels of L. monocytogenes recovered from boiled carrot surfaces to the levels of L. 198 

monocytogenes recovered from fresh-cut carrots. In addition, two linear mix-effects regression 199 

models were fit using the lme4 package to assess for the random effect of the six different brands 200 

(i.e., carrot packages) on the outcome of L. monocytogenes recovered from the carrot surface, 201 

where one model assessed this outcome for carrots that were boiled prior to L. monocytogenes 202 
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inoculation (boiled carrots), and the other model assessed this outcome for carrots that were not 203 

boiled prior to L. monocytogenes inoculation (fresh-cut carrots). P values of <0.05 were 204 

considered statistically significant. 205 

 206 

3 Results 207 

3.1 Survival of Listeria and E. coli strains on the surface of fresh-cut carrots  208 

 Strains of five different species of Listeria, including L. grayi (1), L. innocua (1), L. 209 

monocytogenes (6), L. seeligeri (1), and L. welshimeri (1), and one strain of E. coli (strain 210 

TVS354) were exposed to fresh-cut carrots for 15 min (Table 1). The levels of each bacterial 211 

strain following incubation on fresh-cut carrot were compared to the levels of each bacterial 212 

strain that were inoculated into 10 % BPW and incubated for the same length of time to evaluate 213 

the effect of exposure to fresh-cut carrot on bacterial survival by selective plating. The levels of 214 

Listeria strains recovered after incubation in 10 % BPW ranged from 6.6 to 7.3 log CFU/mL. In 215 

comparison, all Listeria strains evaluated showed a population reduction of 2.5 to 4.7 log (levels 216 

recovered ranged from 2.0 to 3.4 log CFU/mL) following 15-min exposure to fresh-cut carrot; 217 

these levels were all significantly lower than levels recovered in 10 % BPW (p<0.05) but were 218 

not significantly different from each other across all Listeria strains evaluated (p>0.05). These 219 

results demonstrated that the antilisterial activity of carrot resulted in similar reductions of all 220 

strains of Listeria evaluated here. Based on these observations, L. monocytogenes FS2025, a 221 

strain isolated from a cantaloupe associated outbreak, was used as a representative strain for 222 

Listeria in all ensuing experiments. The level of E. coli recovered in 10 % BPW (6.8 ± 0.1 log 223 

CFU/mL) was not reduced following exposure to fresh-cut carrot.  224 

 225 
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3.2 L. monocytogenes inactivation on fresh-cut carrots compared to boiled carrots 226 

The recovery of L. monocytogenes FS2025 (referred to henceforth as L. monocytogenes) 227 

after exposure to fresh-cut carrots for 15-min was compared to that from boiled carrot samples 228 

evaluated for six different individual packages of carrots obtained from local retailers with 229 

different brand labels on each package (with three biological replicates evaluated per carrot 230 

package per treatment). The average level of aerobic plate count (APC) on fresh-cut carrots not 231 

inoculated with L. monocytogenes was 4.3 ± 0.2 log CFU/g, and no enumerable levels of APC 232 

were able to be recovered from boiled carrots (LOQ of 1.1 log CFU/g). The recovery of L. 233 

monocytogenes from boiled carrots ranged from 7.1 to 7.6 log CFU/g. In comparison, L. 234 

monocytogenes populations were reduced by 1.6 to 4.1 log after 15-min exposure on fresh-cut 235 

carrots, with an average of 4.7 ± 0.3 log CFU/g recovered from fresh-cut carrot samples. An 236 

unpaired t-test showed that the levels of L. monocytogenes recovered from boiled carrot surfaces 237 

were significantly higher than levels of L. monocytogenes recovered from fresh-cut carrot 238 

surfaces (p<0.05). Two linear mixed effects models were generated to compare the random 239 

effect of carrot package on the recovery of L. monocytogenes from (i) boiled carrots and (ii) 240 

fresh-cut carrots separately to account for any random variation that could result from the six 241 

different carrot packages for carrots that were either boiled or left fresh-cut prior to L. 242 

monocytogenes inoculation (Table 2). According to these analyses, for (i) boiled carrots the 243 

variance in L. monocytogenes estimated populations between packages of carrots is 0.2, whereas 244 

as for (ii) fresh-cut carrots the variance in L. monocytogenes estimated populations between 245 

packages of carrots is 1.1. This suggests that predicted L. monocytogenes levels will vary by ~1.1 246 

log CFU/g depending on the package of carrots that is challenged with L. monocytogenes.  247 

 248 
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3.3. L. monocytogenes shows increased decline on fresh-cut carrots over time 249 

The effect of exposure time on L. monocytogenes recovery was examined on fresh-cut 250 

carrots (Figure 1). In general, L. monocytogenes recovery decreased with increased exposure 251 

time on fresh-cut carrots. L. monocytogenes levels after 1 min (8.0 ± 0.1 log CFU/g) and 5 min 252 

(6.3 ± 0.8 log CFU/g) exposures were significantly higher than levels after 30 min (1.9 ± 0.3 log 253 

CFU/g) and 120 min (2.5 ± 0.4 log CFU/g) exposure times (p<0.05). L. monocytogenes levels 254 

recovered after 120 min exposure to fresh-cut carrot were slightly higher than those recovered 255 

after 30 min exposure (by ~ 0.6 log units), but these differences were not considered significant 256 

based on Tukey’s Honestly Significant Difference (HSD) post hoc test (p>0.05) (Figure 1). L. 257 

monocytogenes levels on fresh-cut carrot were also evaluated following 24 h exposure at both 4 258 

°C and 25 °C. After 24 h exposure time, for fresh-cut carrot samples stored at 4 °C, only one of 259 

four biological replicates showed levels of L. monocytogenes above the LOQ, at 3.6 log CFU/g, 260 

and for carrot samples stored at 25 °C, L. monocytogenes levels were below the LOQ (<1.1 log 261 

CFU/g) for all four biological replicates.   262 

 263 

3.4 L. monocytogenes levels recovered from fresh-cut carrots are higher when enumerated 264 

using culture-independent enumeration methods compared to culture-dependent 265 

enumeration methods 266 

After exposure to fresh-cut carrot and boiled carrot surfaces for 30 min, L. monocytogenes 267 

was enumerated using traditional culture-dependent (i.e., plating on selective and non-selective 268 

agar) and culture-independent (i.e., PMAxx-qPCR and qPCR) methods (Table 3). The average 269 

level of APC on fresh-cut carrots not inoculated with L. monocytogenes was 5.4 ± 0.1 log 270 

CFU/g, and no enumerable levels of APC were able to be recovered from boiled carrots (LOQ of 271 
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1.1 log CFU/g). For culture-dependent enumeration, two-way ANOVA and post hoc tests 272 

showed that L. monocytogenes levels recovered from fresh-cut carrots were not significantly 273 

different whether enumerated on selective agar (HLA, average of 4.4 ± 0.2 log CFU/g) or non-274 

selective agar (TSAG, average of 4.1 ± 0.4 log CFU/g) (p>0.05), but were significantly lower 275 

than levels recovered from boiled carrots for both selective (average of 8.1 ± 0.1 log CFU/g) and 276 

non-selective (average of 8.3 ± 0.1 log CFU/g) (p<0.05) agars (Table 3).  277 

For culture-independent methods, L. monocytogenes levels enumerated by qPCR for fresh-278 

cut carrots (average of 8.2 ± 0.1 log CFU/g) were not significantly different from levels obtained 279 

from boiled carrots (average of 7.8 ± 0.2 log CFU/g) (p>0.05). Similarly, for L. monocytogenes 280 

levels enumerated by PMAxx-qPCR, levels obtained from fresh-cut carrot samples (average of 281 

7.2 ± 0.1 log CFU/g) were also not significantly different from levels obtained from boiled carrot 282 

samples (average of 7.2 ± 0.1 log CFU/g) (p>0.05). These observations indicated that the 283 

antilisterial activity of fresh-cut carrots did not result in a loss of membrane integrity in L. 284 

monocytogenes cells. When L. monocytogenes cells in the fresh-cut carrot rinsate were “heat-285 

killed” prior to enumeration, both plating on selective and non-selective agars (LOQ 1.1 log 286 

CFU/g) and PMAxx-qPCR (LOQ 3.7 log CFU/g) did not yield quantifiable levels of L. 287 

monocytogenes, whereas qPCR without PMAxx treatment yielded levels equivalent to an 288 

average of 7.3 ± 0.2 log CFU/g (Table 3). These results demonstrate that the PMAxx treatment 289 

used in this study was effective in sequestering L. monocytogenes DNA with damaged or 290 

otherwise compromised cell membranes.  291 

While there was good agreement between the culture-dependent and culture-independent 292 

enumerations of L. monocytogenes levels recovered from boiled carrots, significant differences 293 

between these two types of enumeration methodologies were observed when examining the 294 
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recovery of L. monocytogenes from fresh-cut carrot samples. L. monocytogenes levels obtained 295 

by plating (on both selective and non-selective agar) were 2.8 to 3.1 log lower than levels 296 

enumerated by PMAxx-qPCR (p<0.05), and 3.8 to 4.1 log lower than levels enumerated by 297 

qPCR without PMAxx treatment (p<0.05) (Table 3). These results indicated a loss of 298 

cultivability in over 99 % (>2 log decrease) of L. monocytogenes cells that were exposed to 299 

fresh-cut carrots.  300 

 301 

3.5 L. monocytogenes shows the presence of mesosome-like structures after exposure to 302 

fresh-cut carrots 303 

Ultrathin sectioning and TEM imaging of L. monocytogenes on carrot surfaces was 304 

performed to assess ultrastructural changes in L. monocytogenes following exposure to fresh-cut 305 

and boiled carrot surfaces (Figure 2). L. monocytogenes cells, irrespective of carrot surface 306 

exposure, did not exhibit obvious morphological changes such as contour distortion, cell 307 

wall/membrane disintegration, or cytoplasm leakage. Nevertheless, compared to L. 308 

monocytogenes cells in the inoculum suspension that was used to inoculate carrot samples, or L. 309 

monocytogenes cells that were inoculated onto boiled carrot surfaces, L. monocytogenes cells 310 

exposed to fresh-cut carrots showed noticeable changes in cellular ultrastructure, characterized 311 

by the presence of one or more large spindle-like structures. These structures seemed indicative 312 

of lamellar membrane invaginations (Figure 2A-C), which were reminiscent of structures that 313 

have been previously described as mesosome-like structures (Greenawalt and Whiteside, 1975). 314 

Notably, L. monocytogenes cells in the inoculum suspension and those exposed to boiled carrot 315 

surfaces did not display these mesosome-like structures (Figure 2D-F). In addition, such 316 
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mesosome-like structures were not present in E. coli TVS354 cells that were inoculated onto 317 

carrot fresh-cut surfaces (Figure 3A-B). 318 

Ultrathin sectioning and TEM imaging was also performed in conjunction with plating 319 

(results described in section 3.3) to examine the effect of exposure time to fresh-cut carrot 320 

surface on changes in L. monocytogenes morphology (Figure 4). The presence of mesosome-like 321 

structures in L. monocytogenes cells were observed at as early as 1 min after exposure to the 322 

surface of fresh-cut carrot (Figure 4B), and at all subsequent sampling timepoints (Figure 4C-I). 323 

This suggested that mesosome-like structures formed rapidly following exposure to fresh-cut 324 

carrot surface. Additionally, the mesosome-like structures seemed to progressively become 325 

denser as the exposure time increased (Figure 4B-I).  326 

 327 

4 Discussion 328 

Although the antilisterial activity of carrot has been recognized for over 30 years (Beuchat 329 

and Brackett, 1990; Nguyen-the and Lund, 1991), its mechanism of action and its potential of 330 

application as an antilisterial tool have remained elusive. In this study, we first showed that 331 

carrot’s antilisterial activity could result in a significant loss of cultivability in several strains of 332 

Listeria when using culture-dependent enumeration methods, then we showed that this loss of 333 

cultivability was not associated with a loss of Listeria cell membrane integrity. Interestingly, this 334 

loss of cultivability was found to be correlated with the formation of mesosome-like structures in 335 

Listeria cells.  336 

The loss of cultivability following brief exposure to carrot fresh-cut surfaces was observed at 337 

comparable levels across ten Listeria strains representing five unique species, indicating that the 338 

antilisterial activity of carrot is not species or strain specific. The differential recovery of L. 339 
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monocytogenes after exposure to fresh-cut and boiled carrots was indicative of the heat-labile 340 

nature of the carrot antilisterial activity, and was consistent with previous studies that have 341 

demonstrated that the antilisterial activity of raw carrots results in a loss of L. monocytogenes 342 

cultivability when using culture-dependent enumeration methods (Babic et al., 1994; Nguyen-the 343 

and Lund, 1992). When six different packages with different brand labels of carrots were 344 

evaluated for their antilisterial activity against L. monocytogenes FS2025, a wide range (1.6 to 345 

4.1) of log reductions were observed after short incubation (15 min) on the fresh-cut carrot 346 

surface, which suggests that carrot antilisterial activity can vary considerably. Carrot antilisterial 347 

activity has been reported to be soluble in aqueous solutions (Beuchat and Brackett, 1990), 348 

which represents a potential explanation for the variance in carrot antilisterial activity observed 349 

in this study. While to date the specific compound(s) associated with the antilisterial activity of 350 

carrot has not been isolated and causally linked to inactivation of L. monocytogenes, several 351 

studies have speculated that this antlisterial activity could be associated with antagonistic 352 

activities of native carrot microflora (Liao, 2007; Schifano et al., 2021), or antimicrobial 353 

chemical compounds produced by plants as a defense mechanism for microbial attacks (also 354 

known as phytoalexins) such as 6-methoxymellein and falcarindiol (Kurosaki and Nishi, 1983; 355 

Parreiras, 1994). Because the kinetics of L. monocytogenes inactivation observed in our study 356 

resulted in high log reductions of up to 4.1 log units over a short exposure time (15 min), we 357 

hypothesize that the antilisterial activity of fresh-cut carrots observed in this study is more likely 358 

to be associated with antimicrobial chemical compound(s) as opposed to the antagonistic 359 

activities of native carrot microflora. For example, in (Liao, 2007) the authors observed that L. 360 

monocytogenes levels decreased 2.8-3.9 log when L. monocytogenes was co-cultured with native 361 

carrot microflora for a long incubation period (48 h at 28 °C), while in (Parreiras, 1994) the 362 
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authors observed a 4-log reduction of L. monocytogenes when L. monocytogenes was cultured in 363 

the presence of 1 % ethanolic extract of carrot for 5 h, which is more consistent with the log 364 

reductions observed in this study. Moreover, the volatile nature of antimicrobial compounds such 365 

as 6-methoxymellein and falcarindiol supports our observations of the wide range of L. 366 

monocytogenes log reductions (1.6 to 4.1) on fresh-cut carrots. Both 6-methoxymellein and 367 

falcarindiol have been shown to change in concentration following exposure to processing 368 

conditions such as exposure to Ultraviolet-C radiation (Mercier et al., 1993), and washing 369 

(Seljåsen et al., 2013). As the previous processing and storage conditions of the six packages of 370 

carrots evaluated in this study were not collected prior to obtaining them from local retail 371 

facilities, speculation related to the effect of such conditions on the antilisterial activity of carrots 372 

is beyond the scope of our investigation here. Regardless, future research should focus on 373 

identifying the causal chemical(s) associated with carrot antilisterial activity and explore their 374 

potential application for mitigating food safety risks associated with L. monocytogenes. 375 

To ensure that the loss of cultivability of L. monocytogenes following exposure to carrot 376 

fresh-cut surfaces was not due to the limitations in our study’s recovery methodology, the carrot 377 

rinsates of both inoculated fresh-cut and boiled carrots were compared for L. monocytogenes 378 

enumeration using culture-dependent (plating on selective and non-selective agars) and culture-379 

independent (qPCR and PMAxx-qPCR) enumeration methods. qPCR enumeration without 380 

PMAxx pre-treatment showed that rinsates from both fresh-cut and boiled carrots contained 381 

comparable levels of L. monocytogenes cells, validating the efficacy of the recovery 382 

methodology used in this study. It also revealed that, while L. monocytogenes in the rinsate from 383 

boiled carrot was enumerated at comparable levels using either culture-dependent or culture-384 

independent enumeration methodologies, L. monocytogenes in the fresh-cut carrot rinsate was 385 
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enumerated approximately 2.8 to 4.1 log lower using culture-dependent methodologies compared 386 

to culture-independent methodologies, indicating that over 99 % of L. monocytogenes cells lost 387 

cultivability. L. monocytogenes counts were comparable on both selective and non-selective 388 

agars, indicating the reduced L. monocytogenes recovery by culture-dependent enumeration was 389 

not due to cell injuries that could be associated with plating cells on non-selective media (Wu, 390 

2008).  391 

Treatment of cells with membrane impermeable DNA crosslinking dyes such as PMAxx has 392 

become a valuable tool for distinguishing bacterial cells with intact cell membranes, and are thus 393 

deemed viable, from cells with compromised cell membrane integrity that are deemed not viable 394 

(Dong et al., 2020). Since PMAxx is cell impermeable, only lysed cells or cells with injured or 395 

compromised cell membranes can be sequestered by PMAxx, and thus unable to be amplified by 396 

subsequent qPCR enumeration (Truchado et al., 2021). In this study, we observed that, despite a 397 

2.8 to 3.1 log differential in L. monocytogenes exposed to fresh-cut carrots by plating and 398 

PMAxx-qPCR, PMAxx-qPCR enumeration from the rinsates of fresh-cut carrots was not 399 

significantly different from the rinsates of boiled carrots. This observation suggested that L. 400 

monocytogenes cells in fresh-cut carrot rinsates did not lose cell membrane integrity and could 401 

hence maintain viability, despite a significant loss of cultivability on selective and non-selective 402 

agars. This may imply that exposure to fresh-cut carrot could lead to the induction of a VBNC 403 

state for L. monocytogenes cells (Wideman et al., 2021).   404 

 Regardless of its chemical nature, the substance underlying carrot antilisterial activity 405 

seemed to trigger rapid cellular response resulting in the formation of mesosome-like structures. 406 

Mesosome-like structures have been previously observed in bacterial cells treated with 407 

antibiotics such as amikacin, ciprofloxacin, gentamicin, oxacillin, penicillin G, rifampicin, 408 
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trimethoprim, and vancomycin (Li et al., 2014; Santhana Raj et al., 2007), and have been 409 

hypothesized to form in response to chemical or physical injuries to cells. However, the process 410 

through which these mesosome-like structures form is not fully understood (Feng et al., 2022; 411 

Morita et al., 2015). Mesosome-like structures have been previously observed in L. 412 

monocytogenes cells that were exposed to linalool (Gao et al., 2019). In this study, mesosome-413 

like structures were absent both in L. monocytogenes cells in the inoculum suspension and those 414 

exposed to boiled carrots.  415 

Several studies have observed the presence of mesosome-like structures in bacteria after 416 

treatment with antimicrobial substances at concentrations that inhibit cell cultivability through 417 

culture-dependent enumeration, including Staphylococcus aureus treated with silver 418 

nanoparticles (Krychowiak et al., 2018), S. aureus treated with cationic peptides (Grigor’eva et 419 

al., 2020), S. aureus treated with retinoids (Kim et al., 2018), Bacillus subtilis treated with 420 

zeylasteral (De León and Moujir, 2008), B. subtilis treated with celastrol (Padilla-Montaño et al., 421 

2021), and S. aureus cells treated with the bactericidal antibiotics (Santhana Raj et al., 2007). 422 

Thus, in this study the presence of mesosome-like structures in ultrastructures of L. 423 

monocytogenes on fresh-cut carrot, and the notable absence of mesosome-like structures in 424 

ultrastructures of L. monocytogenes on boiled carrot, could provide evidence to support that the 425 

antilisterial properties of fresh-cut carrot responsible for reducing L. monocytogenes cultivability 426 

are also responsible for eliciting the formation of these mesosome-like structures.  427 

Interestingly, although membrane invagination was evident in certain cells with such 428 

mesosome-like structures, L. monocytogenes ultrastructures on fresh-cut carrot did not show any 429 

visible damage to the cell membrane. This is in agreement with the PMAxx-qPCR analysis 430 

findings in this study, which showed that the majority of L. monocytogenes cells exposed to 431 
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carrot fresh-cut surfaces likely had intact cell membranes. Two studies have previously reported 432 

the presence of mesosome-like structures in B. subtilis cells that do not display loss of cell 433 

membrane integrity as determined through BacLight live/dead staining assays (De León and 434 

Moujir, 2008; Padilla-Montaño et al., 2021). While to date there is limited knowledge on the 435 

specific functionality of mesosome-like structures in bacterial cells, results shown here as well as 436 

previous observations (De León and Moujir, 2008; Padilla-Montaño et al., 2021) support a 437 

hypothesis that the presence of mesosomes is not necessarily associated with a loss of cell 438 

membrane integrity. Since the observed mesosome-like structures were closely associated with 439 

L. monocytogenes populations losing cultivability but retaining cell membrane integrity, it would 440 

be of significant scientific interest to determine whether such structures could constitute a 441 

physical hallmark indication of cells entering a VBNC state.   442 



21 
 

Acknowledgement: 443 

This research was partially supported by USDA-NIFA SCRI grant Award No. 2016-444 

51181-25403, and conducted in part by a participant of Oak Ridge Institute for Science and 445 

Education (ORISE) Research Participation Program. ORISE is managed by Oak Ridge 446 

Associated Universities (ORAU) under DOE contract number DE-SC0014664.   447 

Mention of trade names or commercial products in this publication is solely for the 448 

purpose of providing specific information and does not imply recommendation or endorsement. 449 

All opinions expressed in this paper are the authors’ and do not necessarily reflect the policies 450 

and views of USDA, DOE, or ORAU/ORISE.  451 

USDA prohibits discrimination in all its programs and activities on the basis of race, 452 

color, national origin, age, disability, and where applicable, sex, marital status, familial status, 453 

parental status, religion, sexual orientation, genetic information, political beliefs, reprisal, or 454 

because all or part of an individual's income is derived from any public assistance program. (Not 455 

all prohibited bases apply to all programs.) Persons with disabilities who require alternative 456 

means for communication of program information (Braille, large print, audiotape, etc.) should 457 

contact USDA's TARGET Center at (202) 720-2600 (voice and TDD). To file a complaint of 458 

discrimination, write to USDA, Director, Office of Civil Rights, 1400 Independence Avenue, 459 

S.W., Washington, D.C. 20250-9410, or call (800) 795-3272 (voice) or (202) 720-6382 (TDD). 460 

USDA is an equal opportunity provider and employer.  461 



22 
 

References: 462 

 463 
Alegbeleye, O., Sant’Ana, A.S., 2022. Survival and growth behaviour of Listeria monocytogenes 464 

in ready-to-eat vegetable salads. Food Control 138, 109023. 465 

https://doi.org/10.1016/j.foodcont.2022.109023 466 

Babic, I., Nguyen-the, C., Amiot, M. j., Aubert, S., 1994. Antimicrobial activity of shredded 467 

carrot extracts on food-borne bacteria and yeast. J. Appl. Bacteriol. 76, 135–141. 468 

https://doi.org/10.1111/j.1365-2672.1994.tb01608.x 469 

Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models using 470 

lme4. J. Stat. Softw. 67, 1–48. https://doi.org/10.18637/jss.v067.i01 471 

Beuchat, L.R., Brackett, R.E., 1990. Inhibitory effects of raw carrots on Listeria monocytogenes. 472 

Appl. Environ. Microbiol. 56, 1734–1742. https://doi.org/10.1128/aem.56.6.1734-473 

1742.1990 474 

CDC (US Center for Disease Control and Prevention), 2013. Vital signs: Listeria illnesses, 475 

deaths, and outbreaks — United States, 2009–2011. Morb. Mortal. Wkly. Rep. 62, 448–476 

452.  477 

Chen, H.M., Chan, S.-C., Lee, J.-C., Chang, C.-C., Murugan, M., Jack, R.W., 2003. 478 

Transmission electron microscopic observations of membrane effects of antibiotic 479 

cecropin B on Escherichia coli. Microsc. Res. Tech. 62, 423–430. 480 

https://doi.org/10.1002/jemt.10406 481 

Chirife, J., Fontan, C.F., 1982. Water activity of fresh foods. J. Food Sci. 47, 661–663. 482 

https://doi.org/10.1111/j.1365-2621.1982.tb10145.x 483 



23 
 

De León, L., Moujir, L., 2008. Activity and mechanism of the action of zeylasterone against 484 

Bacillus subtilis. J. Appl. Microbiol. 104, 1266–1274. https://doi.org/10.1111/j.1365-485 

2672.2007.03663.x 486 

de Noordhout, C.M., Devleesschauwer, B., Angulo, F.J., Verbeke, G., Haagsma, J., Kirk, M., 487 

Havelaar, A., Speybroeck, N., 2014. The global burden of listeriosis: a systematic review 488 

and meta-analysis. Lancet Infect. Dis. 14, 1073–1082. https://doi.org/10.1016/S1473-489 

3099(14)70870-9 490 

Dong, K., Pan, H., Yang, D., Rao, L., Zhao, L., Wang, Y., Liao, X., 2020. Induction, detection, 491 

formation, and resuscitation of viable but non‐culturable state microorganisms. Compr. 492 

Rev. Food Sci. Food Saf. 19, 149–183. https://doi.org/10.1111/1541-4337.12513 493 

EFSA (European Food Safety Authorization), 2018. Listeria monocytogenes contamination of 494 

ready-to-eat foods and the risk for human health in the EU. EFSA J. 16, e05134. 495 

https://doi.org/10.2903/j.efsa.2018.5134 496 

Farber, J.M., Wang, S.L., Cai, Y., Zhang, S., 1998. Changes in populations of Listeria 497 

monocytogenes inoculated on packaged fresh-cut vegetables. J. Food Prot. 61, 192–195. 498 

https://doi.org/10.4315/0362-028X-61.2.192 499 

FDA (U.S. Food and Drug Administration), 2017. Draft guidance for industry: control of 500 

Listeria monocytogenes in ready-to-eat foods. http://www.fda.gov/regulatory-501 

information/search-fda-guidance-documents/draft-guidance-industry-control-listeria-502 

monocytogenes-ready-eat-foods/ 503 

Feng, Z., Luo, J., Lyu, X., Chen, Y., Zhang, L., 2022. Selective antibacterial activity of a novel 504 

lactotransferrin-derived antimicrobial peptide LF-1 against Streptococcus mutans. Arch. 505 

Oral Biol. 139, 105446. https://doi.org/10.1016/j.archoralbio.2022.105446 506 



24 
 

Gao, Z., Van Nostrand, J.D., Zhou, J., Zhong, W., Chen, K., Guo, J., 2019. Anti-listeria activities 507 

of linalool and its mechanism revealed by comparative transcriptome analysis. Front. 508 

Microbiol. 10, 2947. https://doi.org/10.3389/fmicb.2019.02947 509 

Gaul, L.K., Farag, N.H., Shim, T., Kingsley, M.A., Silk, B.J., Hyytia-Trees, E., 2013. Hospital-510 

acquired listeriosis outbreak caused by contaminated diced celery—Texas, 2010. Clin. 511 

Infect. Dis. 56, 20–26. https://doi.org/10.1093/cid/cis817 512 

Girbal, M., Strawn, L.K., Murphy, C.M., Bardsley, C.A., Schaffner, D.W., 2020. ComBase 513 

models are valid for predicting fate of Listeria monocytogenes on 10 whole intact raw 514 

fruits and vegetables. J. Food Prot. 84, 597–610. https://doi.org/10.4315/JFP-20-327 515 

Girbal, M., Strawn, L.K., Murphy, C.M., Schaffner, D.W., 2021. Wet versus dry inoculation 516 

methods have a significant effect of Listeria monocytogenes growth on many types of 517 

whole intact fresh produce. J. Food Prot. 84, 1793–1800. https://doi.org/10.4315/JFP-21-518 

187 519 

Greenawalt, J.W., Whiteside, T.L., 1975. Mesosomes: membranous bacterial organelles. 520 

Bacteriol Rev 39, 405–463. 521 

Grigor’eva, A., Bardasheva, A., Tupitsyna, A., Amirkhanov, N., Tikunova, N., Pyshnyi, D., 522 

Ryabchikova, E., 2020. Changes in the ultrastructure of Staphylococcus aureus treated 523 

with cationic peptides and chlorhexidine. Microorganisms 8, 1991. 524 

https://doi.org/10.3390/microorganisms8121991 525 

Gu, G., Bolten, S., Mowery, J., Luo, Y., Gulbronson, C., Nou, X., 2020. Susceptibility of 526 

foodborne pathogens to sanitizers in produce rinse water and potential induction of viable 527 

but non-culturable state. Food Control 112, 107138. 528 

https://doi.org/10.1016/j.foodcont.2020.107138 529 



25 
 

Gu, G., Kroft, B., Lichtenwald, M., Luo, Y., Millner, P., Patel, J., Nou, X., 2022. Dynamics of 530 

Listeria monocytogenes and the microbiome on fresh-cut cantaloupe and romaine lettuce 531 

during storage at refrigerated and abusive temperatures. Int. J. Food Microbiol. 364, 532 

109531. https://doi.org/10.1016/j.ijfoodmicro.2022.109531 533 

Guo, A., Xu, Y., Mowery, J., Nagy, A., Bauchan, G., Nou, X., 2016. Ralstonia insidiosa induces 534 

cell aggregation of Listeria monocytogenes. Food Control 67, 303–309. 535 

https://doi.org/10.1016/j.foodcont.2016.03.006 536 

Highmore, C.J., Warner, J.C., Rothwell, S.D., Wilks, S.A., Keevil, C.W., 2018. Viable-but-537 

nonculturable Listeria monocytogenes and Salmonella enterica serovar Thompson 538 

induced by chlorine stress remain infectious. mBio 9, e00540-18. 539 

https://doi.org/10.1128/mBio.00540-18 540 

Jackson, B.R., Salter, M., Tarr, C., Conrad, A., Harvey, E., Steinbock, L., Saupe, A., Sorenson, 541 

A., Katz, L., Stroika, S., Jackson, K.A., Carleton, H., Kucerova, Z., Melka, D., Strain, E., 542 

Parish, M., Mody, R.K., 2015. Listeriosis associated with stone fruit — United States, 543 

2014. Morb. Mortal. Wkly. Rep. 64, 282–283. 544 

Jett, B.D., Hatter, K.L., Huycke, M.M., Gilmore, M.S., 1997. Simplified agar plate method for 545 

quantifying viable bacteria. BioTechniques 23, 648–650. 546 

https://doi.org/10.2144/97234bm22 547 

Kakiomenou, K., Tassou, C., 1998. Survival of Salmonella Enteritidis and Listeria 548 

monocytogenes on salad vegetables. World J. Microbiol. Biotechnol. 14, 383–387. 549 

Kim, W., Zhu, W., Hendricks, G.L., Van Tyne, D., Steele, A.D., Keohane, C.E., Fricke, N., 550 

Conery, A.L., Shen, S., Pan, W., Lee, K., Rajamuthiah, R., Fuchs, B.B., Vlahovska, P.M., 551 

Wuest, W.M., Gilmore, M.S., Gao, H., Ausubel, F.M., Mylonakis, E., 2018. A new class 552 



26 
 

of synthetic retinoid antibiotics effective against bacterial persisters. Nature 556, 103–553 

107. https://doi.org/10.1038/nature26157 554 

Kroft, B., Gu, G., Bolten, S., Micallef, S.A., Luo, Y., Millner, P., Nou, X., 2022. Effects of 555 

temperature abuse on the growth and survival of Listeria monocytogenes on a wide 556 

variety of whole and fresh-cut fruits and vegetables during storage. Food Control 137, 557 

108919. https://doi.org/10.1016/j.foodcont.2022.108919 558 

Krychowiak, M., Kawiak, A., Narajczyk, M., Borowik, A., Królicka, A., 2018. Silver 559 

nanoparticles combined with naphthoquinones as an effective synergistic strategy against 560 

Staphylococcus aureus. Front. Pharmacol. 9, 816. 561 

https://doi.org/10.3389/fphar.2018.00816 562 

Kurosaki, F., Nishi, A., 1983. Isolation and antimicrobial activity of the phytoalexin 6-563 

methoxymellein from cultured carrot cells. Phytochemistry 22, 669–672. 564 

https://doi.org/10.1016/S0031-9422(00)86959-9 565 

Lenth, R., 2019. emmeans: Estimated marginal means, aka least-squares means. R package 566 

version 1.3.4. https://CRAN.R-project.org/package=emmeans 567 

Li, X., Yang, L.P., Zhu, W.X., Pang, X.Y., Feng, H.Q., 2014. Mesosomes, unique membranous 568 

structures in bacteria. Adv. Mater. Res. 894, 316–320. 569 

https://doi.org/10.4028/www.scientific.net/AMR.894.316 570 

Liao, C.H., 2007. Inhibition of foodborne pathogens by native microflora recovered from fresh 571 

peeled baby carrot and propagated in cultures. J. Food Sci. 72, M134–M139. 572 

https://doi.org/10.1111/j.1750-3841.2007.00333.x 573 



27 
 

Lokerse, R.F.A., Maslowska-Corker, K.A., van de Wardt, L.C., Wijtzes, T., 2016. Growth 574 

capacity of Listeria monocytogenes in ingredients of ready-to-eat salads. Food Control 575 

60, 338–345. https://doi.org/10.1016/j.foodcont.2015.07.041 576 

McCollum, J.T., Cronquist, A.B., Silk, B.J., Jackson, K.A., O’Connor, K.A., Cosgrove, S., 577 

Gossack, J.P., Parachini, S.S., Jain, N.S., Ettestad, P., Ibraheem, M., Cantu, V., Joshi, M., 578 

DuVernoy, T., Fogg, N.W., Gorny, J.R., Mogen, K.M., Spires, C., Teitell, P., Joseph, 579 

L.A., Tarr, C.L., Imanishi, M., Neil, K.P., Tauxe, R.V., Mahon, B.E., 2013. Multistate 580 

outbreak of listeriosis associated with cantaloupe. N. Engl. J. Med. 369, 944–953. 581 

https://doi.org/10.1056/NEJMoa1215837 582 

Mercier, J., Arul, J., Ponnampalam, R., Boulet, M., 1993. Induction of 6-methoxymellein and 583 

resistance to storage pathogens in carrot slices by UV-C. J. Phytopathol. 137, 44–54. 584 

https://doi.org/10.1111/j.1439-0434.1993.tb01324.x 585 

Morita, D., Sawada, H., Ogawa, W., Miyachi, H., Kuroda, T., 2015. Riccardin C derivatives 586 

cause cell leakage in Staphylococcus aureus. Biochim. Biophys. Acta BBA - Biomembr. 587 

1848, 2057–2064. https://doi.org/10.1016/j.bbamem.2015.05.008 588 

Nguyen-the, C., Lund, B.M., 1992. An investigation of the antibacterial effect of carrot on 589 

Listeria monocytogenes. J. Appl. Bacteriol. 73, 23–30. https://doi.org/10.1111/j.1365-590 

2672.1992.tb04964.x 591 

Nguyen-the, C., Lund, B.M., 1991. The lethal effect of carrot on Listeria species. J. Appl. 592 

Bacteriol. 70, 479–488. https://doi.org/10.1111/j.1365-2672.1991.tb02744.x 593 

Padilla-Montaño, N., de León Guerra, L., Moujir, L., 2021. Antimicrobial activity and mode of 594 

action of celastrol, a nortriterpen quinone isolated from natural sources. Foods 10, 591. 595 

https://doi.org/10.3390/foods10030591 596 



28 
 

Parreiras, J.F.M., 1994. Isolation and characterization of an antimicrobial compound from carrots 597 

(Daucus carota L.). ProQuest Diss. Publ. University of Wisconsin-Madison. 598 

Sant’Ana, A.S., Barbosa, M.S., Destro, M.T., Landgraf, M., Franco, B.D.G.M., 2012. Growth 599 

potential of Salmonella spp. and Listeria monocytogenes in nine types of ready-to-eat 600 

vegetables stored at variable temperature conditions during shelf-life. Int. J. Food 601 

Microbiol. 157, 52–58. https://doi.org/10.1016/j.ijfoodmicro.2012.04.011 602 

Santhana Raj, L., Hing, H.L., Baharudin, O., Teh Hamidah, Z., Aida Suhana, R., Nor Asiha, 603 

C.P., Vimala, B., Paramsarvaran, S., Sumarni, G., Hanjeet, K., 2007. Mesosomes are a 604 

definite event in antibiotic-treated Staphylococcus aureus ATCC 25923. Trop. Biomed. 605 

24, 105–109. 606 

Schifano, E., Tomassini, A., Preziosi, A., Montes, J., Aureli, W., Mancini, P., Miccheli, A., 607 

Uccelletti, D., 2021. Leuconostoc mesenteroides strains isolated from carrots show 608 

probiotic features. Microorganisms 9, 2290. 609 

https://doi.org/10.3390/microorganisms9112290 610 

Self, J.L., Conrad, A., Stroika, S., Jackson, A., Whitlock, L., Jackson, K.A., Beal, J., Wellman, 611 

A., Fatica, M.K., Bidol, S., Huth, P.P., Hamel, M., Franklin, K., Tschetter, L., Kopko, C., 612 

Kirsch, P., Wise, M.E., Basler, C., 2019. Multistate outbreak of listeriosis associated with 613 

packaged leafy green salads, United States and Canada, 2015–2016. Emerg. Infect. Dis. 614 

25, 1461–1468. https://doi.org/10.3201/eid2508.180761 615 

Seljåsen, R., Kristensen, H.L., Lauridsen, C., Wyss, G.S., Kretzschmar, U., Birlouez-Aragone, I., 616 

Kahl, J., 2013. Quality of carrots as affected by pre- and postharvest factors and 617 

processing. J. Sci. Food Agric. 93, 2611–2626. https://doi.org/10.1002/jsfa.6189 618 



29 
 

Sheng, L., Zhu, M.-J., 2021. Practical in-storage interventions to control foodborne pathogens on 619 

fresh produce. Compr. Rev. Food Sci. Food Saf. 20, 4584–4611. 620 

https://doi.org/10.1111/1541-4337.12786 621 

Tomás-Callejas, A., López-Velasco, G., Camacho, A.B., Artés, F., Artés-Hernández, F., Suslow, 622 

T.V., 2011. Survival and distribution of Escherichia coli on diverse fresh-cut baby leafy 623 

greens under preharvest through postharvest conditions. Int. J. Food Microbiol. 151, 216–624 

222. https://doi.org/10.1016/j.ijfoodmicro.2011.08.027 625 

Truchado, P., Gil, M.I., Allende, A., 2021. Peroxyacetic acid and chlorine dioxide unlike 626 

chlorine induce viable but non-culturable (VBNC) stage of Listeria monocytogenes and 627 

Escherichia coli O157:H7 in wash water. Food Microbiol. 100, 103866. 628 

https://doi.org/10.1016/j.fm.2021.103866 629 

Wideman, N.E., Oliver, J.D., Crandall, P.G., Jarvis, N.A., 2021. Detection and potential 630 

virulence of viable but non-culturable (VBNC) Listeria monocytogenes: A review. 631 

Microorganisms 9, 194. https://doi.org/10.3390/microorganisms9010194 632 

Wu, V.C.H., 2008. A review of microbial injury and recovery methods in food. Food Microbiol. 633 

25, 735–744. https://doi.org/10.1016/j.fm.2008.04.011 634 

Zeng, D., Chen, Z., Jiang, Y., Xue, F., Li, B., 2016. Advances and challenges in viability 635 

detection of foodborne pathogens. Front. Microbiol. 7, 1833. 636 

https://doi.org/10.3389/fmicb.2016.01833 637 

Ziegler, M., Kent, D., Stephan, R., Guldimann, C., 2019. Growth potential of Listeria 638 

monocytogenes in twelve different types of RTE salads: Impact of food matrix, storage 639 

temperature and storage time. Int. J. Food Microbiol. 296, 83–92. 640 

https://doi.org/10.1016/j.ijfoodmicro.2019.01.016  641 



30 
 

Figure legends 642 

Figure 1. Kinetics of L. monocytogenes FS2025 levels recovered from fresh-cut carrot 643 

surfaces incubated at 22 °C for 120 min. Each dot is the arithmetic mean level of L. 644 

monocytogenes (reported as log CFU/g), and the error bars represent the calculated standard 645 

error means from all biological replicates (n=4). Arithmetic means that do not share an uppercase 646 

letter are significantly different based on Tukey’s honestly significant difference (HSD) post hoc 647 

test.    648 

 649 

Figure 2. Transmission electron microscopy images of L. monocytogenes FS2025 incubated 650 

on raw vs. boiled carrots for 30 min showing mesosome like structures. (A, B): L. 651 

monocytogenes on the surface of fresh-cut carrot, shown in cross-section and longitudinal views, 652 

with arrowheads indicating the presence of mesosome-like structures. (C): High magnification 653 

image of L. monocytogenes with an arrow indicating a continuous connection between the 654 

mesosome-like structure and the cell membrane, likely forming initially as an invagination of the 655 

cell membrane. (D, E): L. monocytogenes on the cut surface of boiled carrot, shown in cross-656 

section and longitudinal views. (F): Control L. monocytogenes inoculum suspension not exposed 657 

to carrot. 658 

 659 

Figure 3. Transmission electron microscopy images of E. coli TVS354 exposed to the 660 

surface of fresh-cut carrot surface for defined time intervals. (A) E. coli exposed to fresh-cut 661 

carrot for 30 min at 22 °C, showing no mesosome-like structures. (B) E. coli exposed to fresh-cut 662 

carrot for 24 h at 25 °C, showing no mesosome-like structures after an extended duration 663 
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exposed to fresh-cut carrot. (C) Control E. coli inoculum suspension that was not exposed to 664 

carrot. 665 

 666 

Figure 4. Transmission electron microscopy images of L. monocytogenes FS2025 exposed to 667 

the surface of fresh-cut carrot surface for defined time intervals showing kinetics of the 668 

formation of the mesosome-like structures. (A-F): L. monocytogenes exposed to fresh-cut 669 

carrot for 0, 1, 5, 10, 30 min, and 2 h at 22 °C, showing an increase in size and abundance of 670 

mesosome-like structures over time. (G): L. monocytogenes exposed to fresh-cut carrot for 24 h 671 

at 4 °C. (H, I): L. monocytogenes exposed to fresh-cut carrot for 24 h at 25 °C. Arrowheads 672 

indicating the presence of mesosome-like structures, and arrows indicating an apparent 673 

continuous connection between the mesosome-like structure and the cell membrane. 674 

  675 
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Table 1. Bacterial strains used in this study and their log reductions after exposure to fresh-cut 676 
carrot surface for 15 min.  677 
 678 

Strain ID Species Serovar Isolation Source Average Reduction (Log)a 

FS2001 L. grayi NP b NP 4.6 ± 0.4 A 

FS2022 L. seeligeri NP NP 3.8 ± 0.2 A 

FS2023 L. welshimeri NP NP 4.2 ± 0.1 A 

FS2025 L. monocytogenes 1/2b Cantaloupe 4.3 ± 0.1 A 

FS2030 L. monocytogenes 1/2a Cantaloupe 2.5 ± 0.2 A 

FS2061 L. monocytogenes 1/2b Cantaloupe 4.3 ± 0.2 A 

FS2063 L. monocytogenes 4b Cheese 4.5 ± 0.1 A 

FS2064 L. monocytogenes 1/2a Celery 4.7 ± 0.1 A 

FS2065 L. monocytogenes 1/2b Cantaloupe 4.0 ± 0.2 A 

FS2066 L. innocua 6a Bovine 4.3 ± 0.1 A 

TVS354 E. coli NP Lettuce 0.0 ± 0.1 B 
 679 

a Log reduction was calculated by subtracting individual target bacterial counts recovered on fresh-cut 680 

carrot surface (in log CFU/mL) from those recovered in 10 % BPW (in log CFU/mL) after 15-min 681 

incubation under the same condition. Values were represented as arithmetic mean ± standard error (n=3). 682 

Different uppercase letters within the column indicated a significant difference (p<0.05) based on 683 

Tukey’s honestly significant difference (HSD) post hoc test. 684 

b NP: Information not provided. 685 
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 687 
Table 2. Results of linear mixed-effects models that characterized the variance associated with 688 
the random effect of carrot package on the level of L. monocytogenes FS2025 recovered after 15-689 
min incubation on the cut surface of carrots from fresh-cut and boiled carrots. 690 
 691 

Model  Estimatea  
95% Confidence 

interval 
P-value 

Variance of random effect of carrot 
package (SDb) 

I: Boiled carrotc 

 7.4 7.3, 7.6 <0.001 0.02 (0.1) 
 

II: Fresh-cut carrotd 

 4.7 3.8, 5.7 <0.001 1.1 (1.1) 
 

a Parameter estimate of expected level of L. monocytogenes recovered from carrot in each linear mixed-692 

effect model 693 

b Standard deviation 694 

cModel I tests for the random effect of carrot package (i.e., the individual package with different brand 695 

labeling from which carrot samples were obtained) on the outcome of L. monocytogenes levels on boiled 696 

carrots. No fixed effects were evaluated in this model. 697 

dModel II tests for the random effect of carrot package (i.e., the individual package with different brand 698 

labelling from which carrot samples were obtained) on the outcome of L. monocytogenes levels on fresh-699 

cut carrots. No fixed effects were evaluated in this model.  700 

  701 
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Table 3. Levels of L. monocytogenes FS2025 recovered from the cut surface of carrot 702 
enumerated using traditional culture-dependent and culture-independent methods. 703 
 704 

Enumeration methoda Average L. monocytogenes (log CFU/g) on 

Fresh-cut carrots Boiled carrots Heat-killed rinsates 

Culture-dependent enumeration  
    Selective agar 4.4 ± 0.2b Bc 8.1 ± 0.1 Aa <BLOQc Cb 
    Non-selective agar 4.1 ± 0.4 Bc 8.3 ± 0.1 Aa <BLOQ Cb 
    
Culture-independent enumeration  
   qPCR  8.2 ± 0.1 Aa 7.8 ± 0.2 Aa 7.3 ± 0.2 Aa 
   PMAxx-qPCR  7.2 ± 0.1 Ab 7.2 ± 0.1 Aa <BLOQ Bb 

 705 
a Selective agar: samples were plated on Harlequin Listeria chromogenic media, Non-selective agar: 706 

samples were plated on Tryptic Soy Agar supplemented with 50 mg/L 5-bromo-4-chloro-3-indolyl-β-D- 707 

glucopyranoside (TSAG), qPCR: quantitative PCR assay carried out on DNA lysates from carrot rinsates, 708 

PMAxx-qPCR: quantitative PCR assay carried out on DNA lysates from carrot rinsates subjected to pre-709 

treatment with propidium monoazide (PMAxx) before DNA extraction. 710 

b Values are represented as arithmetic mean ± standard error (n=3). Different uppercase letters in the same 711 

row indicate a significant difference (p<0.05) in L. monocytogenes levels for different sample types, and 712 

different lowercase letters in the same column indicate a significant difference (p<0.05) in L. 713 

monocytogenes levels for different enumeration methods based on post hoc multiple-comparison 714 

adjustment with Tukey’s honestly significant difference (HSD) test. 715 

cBLOQ: Below the limit of quantification. For culture-dependent enumeration, the limit of quantification 716 

was 1.1 log CFU/g, and for culture-independent enumeration, the limit of quantification was 3.7 log 717 

CFU/g. 718 

 719 












