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or BHIYE diluted 1:20 in deionized water (dBHIYE). Two hundred 
microliter aliquots of freshly prepared liquid culture were inocu-
lated into three wells of a sterile round-bottomed polystyrene tis-
sue culture plate (Corning, NY, USA). L. monocytogenes strain 2081 
was included as a strong biofilm-forming control and sterile media 
(BHIYE and dBHIYE) as negative controls. The microtiter plates 
were then incubated statically in aerobic conditions for 72 hr at 
18°C and 25°C, chosen to reflect the temperatures at different 
growth stages of the mushroom crop. The wells were then washed 
with a 200 µl aliquot of phosphate-buffered saline (PBS) three 
times to remove unattached cells. The remaining cells were then 
fixed with 95% methanol for 15 min and allowed to air dry. The 
fixed cells were then stained with 150 µl of 0.2% w/v crystal vio-
let solution (Sigma-Aldrich) for 15 min, and then, the excess stain 
was rinsed off under gently running tap water. The stain was then 
resolubilized using 35% acetic acid and the absorbance measured 
at 595 nm using a Multiskan FC Microplate Photometer (Thermo 

Fisher Scientific). Each experiment was then repeated three times. 
The results were interpreted based on the formula of Stepanovic, 
Vukovic, Dakic, Savic, & Svabic-Vlahovic, (2000). The OD cutoff 
for the negative control was calculated by using the mean OD of all 
negative control wells plus three standard deviations (ODNC). The 
strains were then categorized as weak (ODNC < OD ≤2 × ODNC), 
moderate (2 × ODNC <OD ≤ 4 × ODNC), or strong (4 × ODNC <OD) 
biofilm formers.

2.8 | Statistical analysis

The data obtained were processed with SPSS (version 24.0, SPSS 
Inc., Chicago IL, USA) to determine whether there was a significant 
difference between the prevalence of L. monocytogenes before and 
after the application of hygiene practices. Briefly, the data were 
analyzed for normality distribution with descriptive statistics and, 

F I G U R E  3   Temperatures recorded during the first steam cookout in Company 1 (a, substrate temperature on shelves and b, 
floor temperature) and Company 2 (c, substrate temperature on shelves and d, floor temperature). Each point is the average of three 
measurements, and the standard deviation is represented by the error bars
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based on the results, parametric or nonparametric tests (ANOVA 
and Kruskal–Wallis, respectively) were performed.

For the heat inactivation studies, the D-values for each strain 
at each temperature tested were calculated by obtaining the slope 
from plots of log10 CFU/ml against time and then using the nega-
tive reciprocal of the slope from each treatment. One-way ANOVA 
was used to compare the D-values for each strain, followed by the 
Tukey test to determine significant differences between the means 
(p ≤ .05). These tests were also performed using SPSS software.

3  | RESULTS

All the samples analyzed contained < 10 cfu/g of L. monocytogenes as 
determined by direct plating.

3.1 | Occurrence of L. monocytogenes during 
substrate production

Ten samples of Phase II compost and 10 samples of Phase III com-
post, taken at a substrate production facility, were tested for the 
occurrence of L. monocytogenes. All Phase II substrate samples, ob-
tained immediately after pasteurization, showed the absence of L. 
monocytogenes. In contrast, 4 out the 10 samples of Phase III sub-
strate were determined to be positive for L. monocytogenes, an oc-
currence of 40%, indicating a significant difference in the occurrence 
of L. monocytogenes in Phase II and Phase III substrates (p < .05,).

3.2 | Occurrence of L. monocytogenes during 
casing production

The casing production site was initially sampled on three separate 
occasions. From these samplings, a total of 26 casing samples and 
33 swabs were obtained. An overall L. monocytogenes occurrence of 

31% (18 positive samples) was found, with 9 casing samples positive 
(34%) and 9 swabs positive (27%). In order to attempt to improve the 
situation with regard to L. monocytogenes occurrence, a number of 
corrective actions were recommended to the casing producer and 
implemented. The recommendations included washing procedures 
for the conveyor belts and transport lorries, the introduction of 
pools for boot disinfection at the entrance and the exit of all areas, 
and a decrease in the amount of raw materials in stock, refilling the 
bays more frequently. After six months, the suggested procedures 
were implemented and, in addition, structural works were under-
taken to build a new structure that contained more storage bays in-
doors, rather than outdoors.

Following implementation of the corrective actions, a total of 
37 samples were taken of which 8 were positive (22%), with no 
significant difference observed before and after corrective actions 
(p > .05). Looking at the sample types individually, 9 out of 26 casing 
samples were positive (34%) before the corrective actions and 6 out 
of 30 (20%) positive after the corrective actions. The swabs were 9 
out of 33 (27%) positive before and 2 out of 7 (29%) positive after 
the corrective actions. After the hygiene corrective actions were im-
plemented, the first batch of casing samples showed an absence of L. 
monocytogenes, but three months later, the occurrence in the casing 
was 20%.

3.3 | The effectiveness of steam cookout at 
mushroom growing facilities

The mushroom growing facilities were sampled before and after the 
first cookout and again, after the second cookout and sanitization 
(Figure 2). During the first cookout process at Company 1, the tem-
perature reached almost 70°C for 10 hr in the spent growth sub-
strates on the shelves, but less than 50°C on the floor (Figure 3a 
and 3b).

Before cookout in Company 1, the incidence of L. monocytogenes 
was 50% on average, with 100% of the floor swabs and 25% of the 
spent substrate samples positive (Table 1). After the first cookout, 
there was an overall presence of L. monocytogenes of 17%, with 56% of TA B L E  1   The effect of the steam cookout and sanitation in 

Company 1

Company 1
Before
(%)

After
(%)

Final
(%)

Floor swabs total 10 9 15

Floor swabs positives 10 (100%) 5 (56%) 2 (13%)

Substrate samples 
total

20 20 –

Substrate samples 
positives

5 (25%) 0 (0%) –

Total (all) 30 29 15

Total positives 15 (50%) 5 (17%) 2 (13%)

Note: The table shows the occurrence of L. monocytogenes in floor 
swabs and substrate samples before the first steam cookout (“Before” 
column), after the first steam cookout (“After” column), and before 
starting a new mushroom crop (“Final” column).

TA B L E  2   Effect of the cookout and sanitation in Company 2.

Company 2
Before
(%)

After
(%)

Final
(%)

Floor swabs total 16 15 16

Floor swabs positives 12 (75%) 10 (67%) 3 (19%)

Substrate samples 
total

11 10 –

Substrate samples 
positives

5 (45%) 0 (0%) –

Total (all) 27 25 16

Total positives 17 (63%) 10 (40%) 3 (19%)

Note: The table shows the occurrence of L. monocytogenes before the 
first cookout (“Before” column), after the first cookout (“After” column), 
and before starting a new mushroom crop (“Final” column).
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F I G U R E  4   Dendrogram obtained from the PFGE analysis of 61 isolates of L. monocytogenes from samples taken at two mushroom 
production facilities, one casing and one Phase III substrate producers. The fingerprint files were analyzed with BioNumerics, and 36 distinct 
pulsotypes were identified, with a cutoff of 86% similarity
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the floor swabs positive and no positives in the spent substrates. Floor 
swabs taken after the entire process of sanitation, just before the start 
of a new crop, showed 13% were positive for L. monocytogenes.

During the first cookout process at Company 2, the temperature 
also reached almost 70°C for 10 hr in the spent growth substrates on 
the shelves and between 50 and 60°C on the floor for 3 hr (Figure 3c 
and 3d). Before cookout, the incidence of L. monocytogenes was 63% 
on average, with 75% of the floor swabs and 45% of the spent sub-
strates samples positive (Table 2). After the first cookout, there was 
an overall presence of L. monocytogenes of 40%, with 67% of the 
floor swabs positive and no positives in the spent substrates. Floor 
swabs taken after the second cookout, just before the start of a new 
crop, showed that 19% were positive for L. monocytogenes.

3.4 | Initial characterization of the isolates

Sixty-one isolates were recovered from the whole sampling period, 
26 from Company 1 and 29 from Company 2, 4 from the casing pro-
ducer, and 2 from the substrate producer. All the isolates were con-
firmed as L. monocytogenes by PCR. The isolates were serogrouped 
by PCR, with 18 isolates being serogroup 1/2a-3a, 16 isolates being 
serogroup 4b-4d-4e, and 27 isolates being serogroup 1/2b-3b-7.

3.5 | Pulsed Field Gel Electrophoresis 
analysis of the isolates

Sixty-one isolates in total were characterized by PFGE. The pulsotypes 
(n = 36) identified are shown in Figure 4. Four pulsotypes included iso-
lates obtained from the same company before and after the cookout 
process and before and after the sanitation procedure (Figure 5). Two 

of those profiles showed similarity with casing and Phase III substrate 
isolates (Figure 5). All the 61 isolates were compared with a full da-
tabase of about 3,000 L. monocytogenes isolates, obtained from dif-
ferent food sectors and clinical isolates, with the results shown in a 
minimum spanning tree (Figure 6). Three large clusters, in particular, 
were identified and highlighted, where a mixture of isolates obtained 
from different food sectors and clinical isolates shared the same pul-
sotype, including isolates from the current study (Figure 6).

3.6 | Heat tolerance of the isolates

The D-values for heat resistance obtained for all of the L. monocy-
togenes strains tested is shown in Table 3. While there were some 
minor statistical differences between the strains, none of the cookout 
survivors showed excessive survival of heat treatment. The cookout 
survivor strain 3,104 was found to have a significantly higher D50-value 
(550.4 min) compared to the other strains tested (p < .05). Scott A was 
also found to have a significantly higher D50-value (343 min) than the 
mushroom industry isolates (p < .05), except strain 3,104 (p > .05). No 
significant differences (p > .05) were found in the D50-values between 
strain 2081, a mushroom industry persistent isolate, and the remaining 
cookout survivors. There was no significant difference found between 
the D60-values of all strains (p > .05). At 65°C, the cookout survivor 
strain 3,102 was found to be the most heat tolerant with a significantly 
higher D65-value than strains 3,050, 3,104, and 2081 (p < .05).

3.7 | Biofilm formation ability of the isolates

All of the strains isolated after the final cookout/disinfection stage at 
the two mushroom production facilities were tested for their ability 

F I G U R E  5   Dendrogram showing the four pulsotypes where similarities were found between isolates obtained before/after cookout and 
after sanitation. Some of Company 1 and Company 2 isolates showed also similarities with the casing and substrate producers, respectively 
(cutoff at 86% similarity)


