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Abstract: Lecanicillium fungicola causes dry bubble disease of the white button mushroom and
produces masses of sticky conidia. Humans are an important vector in the spread of this disease in
mushroom farms. Three hand cleaning treatments (tap water, liquid soap and alcohol-based hand
sanitisers (ABHSs)) were evaluated for their effectiveness at eliminating conidia of L. fungicola from a
contaminated index finger. The hand sanitisers were highly efficacious in reducing the number of
viable L. fungicola conidia on contaminated fingertips, although some variability was encountered.
The tap water and liquid soap treatments had little effect. An in vitro test confirmed that the log10

reduction in viable conidia after 1 min exposure to the different treatments was ≤1 for tap water and
soap and >4 for the ABHSs, which is similar to what is achieved in the medical care field for many
bacteria and viruses. Thus, regular use of ABHSs by staff on mushroom farms may help to reduce
the incidence of dry bubble disease. Their use could also be beneficial in other areas of intensive
horticulture or agriculture where human hands are known to transmit plant pathogens to uninfected
plants.

Keywords: dry bubble disease control; hand hygiene; spore dispersal; sticky spores; integrated pest
management (IPM)

1. Introduction

Lecanicillium fungicola (Pruess) Zare and Gams (synonym: Verticillium fungicola (Pruess)
Hassebrauk) is one of the most important pathogens of the commercially produced mush-
room Agaricus bisporus (Lange) Imbach [1]. The pathogen is found worldwide, wherever
A. bisporus is grown, and causes the disease known as “dry bubble”. It can have a devas-
tating effect on mushroom production levels, and it is estimated to cause annual losses of
2–4% of total revenue for mushroom growers. Infected mushrooms eventually produce
masses of thin-walled Lecanicillium conidia, held together in clusters with sticky mucilage,
and this mucilage enables them to become attached to—and transported by—flies, crop
debris, dust, mites, and people. Conidia will also be dispersed by water-splash during
crop watering [1,2]. Primary infections on farms are usually associated with the casing soil
and equipment becoming contaminated with infected soil or debris, infected mushroom
flies or via the infected footwear, clothing or hands of personnel involved in the casing
operation [1,3,4]. Primary infections can be reduced by the implementation of good hy-
giene practices and good farm management [5,6]. Once a primary infection starts on a
farm, the disease can be spread further by water-splash, the movement of contaminated
flies within and between crops, and the movement of infected debris, dust and personnel
around the farm. All of these activities will build up inoculum reservoirs on the farm that
can lead to further primary infections in new crops. Piasecka et al. [7] surveyed mushroom
farms for reservoirs of L. fungicola conidia and detected viable L. fungicola in samples taken
from mushroom picking accessories/equipment (23–27% of samples), growing room floors
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(35%), door handles (16%) and canteen areas (13%), indicating how the pathogen can be
easily spread by personnel who are in close contact with infected crops. Once the conidia
have been spread onto door handles, floors and canteen areas, then all farm personnel
can become contaminated and facilitate the further spread of the disease around the farm
(Figure 1). Hands contaminated by L. fungicola conidia are not easy to clean, even using
soap and hot water [1], as the sticky mucilage surrounding the conidia enables them
to adhere strongly to the skin. Frequent hand washing using efficacious products and
techniques is essential to reduce the potential spread of L. fungicola on commercial farms.
Although disposable gloves are used when harvesting mushrooms, harvesters can very
easily contaminate their bare hands when disease levels on a farm are high.

 

 

 

Figure 1. Detection of L. fungicola in samples taken from various locations on mushroom farms and tested using selective
media (upper green bar) or real time PCR (lower orange bar) (438 samples in total) * only selective medium tested; ** not
enough samples for comparison. From Piasecka et al. [7].

In recent years, alcohol-based hand sanitisers (ABHSs) have been used in the health
sector to combat the transmission and spread of infectious bacteria and viruses in hos-
pital and health care environments. The antimicrobial activity of solutions containing
60–95% alcohol is due to its ability to penetrate into cells and denature essential cell pro-
teins [8]. Efficacy varies depending on the type of organisms targeted. Boyce and Pittet [8]
reported that alcohols have excellent germicidal activity against Gram-positive and Gram-
negative vegetative bacteria in vitro and in vivo, as well as against various fungi in vitro.
Grayson et al. [9] found that soap and water and ABHSs were both effective at reducing
live H1N1 virus numbers on human hands, but that soap and water hand washing was
statistically more effective. Jabbar et al. [10] reported that hand washing with soap and
water is more effective than ABHSs at removing the resilient spores of the bacterium
Clostridium difficile from hands. More recently, Singh et al. [11] reviewed the literature on
hand sanitisers and hand washing in relation to COVID-19 hand hygiene and found that
ABHSs were less effective if hands were greasy or soiled and that hand washing with soap
and water was more efficacious and convenient. At a practical level, Leslie et al. [12] found
that two commercial ABHSs gave a log10 reduction of >3 for SARS-CoV-2. Few studies
have been performed with ABHSs and fungi, however; Fendler and Groziak [13] reported
a log10 reduction of >4 in vitro for six out of seven fungal species tested. The fact that good
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antifungal activity has been demonstrated in vitro for ABHSs suggests they may be useful
for reducing L. fungicola conidia from the hands of mushroom personnel. The purpose
of this study was to assess the effectiveness of different hand cleaning treatments on the
survival of L. fungicola conidia both in vitro and in vivo.

2. Materials and Methods
2.1. Fungal Culture

Lecanicillium fungicola culture 17A, originally isolated from an infected A. bisporus
mushroom in 2008, was sub-cultured on potato dextrose agar (PDA) containing strepto-
mycin sulphate at 100 ppm (PDA + S) in 90 mm Petri dishes. Cultures were incubated
at 25 ◦C for 14 days, by which time they were producing abundant conidia and were
ready for use in tests. PDA + S or PDA was used for fingertip imprints, as described in
Sections 2.3 and 2.5 below.

2.2. Hand Cleaning Products

Two soap-based and two alcohol-based hand cleaning gel products (Table 1) were
tested for their efficacy in inactivating L. fungicola conidia in vitro and in vivo.

Table 1. Test products and their composition of listed ingredients.

Test Product Product Composition

Liquid soap 1
(Ultimatic N99930, Georgia-Pacific, Nokia, Finland

(Discontinued, similar alternatives at https://www.gppro.com/
accessed on 3 August 2021)

Aqua, Sodium Laureth Sulfate, PEG-4-Rapeseedamide,
Cocamidopropyl Betaine, MEA-Lauryl Sulphate, Sodium
Chloride, Propylene Glycol, Glycerine, 2-Phenoxyethanol,

Sodium Benzoate, Glycol Stearate, Parfum, Dehydroacetic Acid,
Cocamide MEA, Cocamide DEA, Octoxyglycerin, Citric Acid.

Liquid soap 2 1

(Carex Bacteria Protect with Zinc, Cussons, Manchester, UK
https://carex.co.uk/ accessed on 3 August 2021)

Aqua, Sodium Laureth Sulfate, Cocamidopropyl Betaine, Lactic
Acid, Sodium Chloride, Glycerin, Polyquaternium-7, Parfum,

Zinc Coceth Sulfate, Sodium Benzoate, Styrene/Acrylates
Copolymer, Tetrasodium Glutamate Diacetate, Benzotriazol

Dodecyl p-Cresol, Polysorbate 20, Citronellol, Coumarin, Hexyl
Cinnamal, Butylphenyl Methypropional, CI 42090.

Alcohol-based hand sanitiser gel 1 (SteriClean, Advanced
Technology Products, Limerick, Ireland, https://www.atp.ie/

accessed on 3 August 2021)

60–70% ethanol, 1–10% glycerine, 0–0.5% cyclohexane, 0–0.5%
acrylic acid copolymer, 0–0.5% ethylacetate.

Alcohol-based hand sanitiser gel 2 1 (HypaClean, Safety First
Aid Group, London, UK, https://www.safetyfirstaid.co.uk//

accessed on 3 August 2021)

70% denaturated ethanol, Aqua, Glycerin, Lauryl,
Aminopropylglycine, Chlorhexidine Digluconate.

1 The composition of the currently available product is similar, but slightly different, to that used in the study.

2.3. Preliminary In Vivo Assessment of Hand Cleaning Treatments on the Survival and
Transmission of L. fungicola

At the start of the experiment, hands were washed for 1 min using liquid soap 1
according to current World Health Organisation (WHO) guidelines [14], and dried using a
clean paper towel. Hands were disinfected with approx. 3 mL of a 70% ethanol solution
until dry to ensure initial complete hand disinfection. This is an older method for surgical
hand preparation [15] and, given the nature of the experimental work being undertaken, it
was used rather than the WHO-recommended alcohol hand rub treatment. The tip of the
washed and disinfected right index finger was then imprinted onto a PDA + S Petri dish in
ten separate locations (negative control). The same finger was then used to make direct
contact with a sporulating culture of L. fungicola for 1 s and then immediately imprinted,
with no hand washing, onto 10 PDA + S Petri dishes, with ten sequential fingerprints
imprinted on each Petri dish, giving 100 consecutive fingertip imprints (positive control)
(Figure 2). The hands were then washed and disinfected again, as described for the
negative control, and a further negative control plate was taken before proceeding with the
experimental treatments. The temperature of the water was approximately 30 ◦C.

https://www.gppro.com/
https://carex.co.uk/
https://www.atp.ie/
https://www.safetyfirstaid.co.uk//
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Figure 2. Sequential fingertip imprints on PDA immediately following contamination with L. fungicola (positive
control) (imprint numbers 1–10 and 91–100) and after disinfection according to WHO guidelines (negative control)
(imprint numbers 1–10).

Hand cleaning treatments consisted of: (a) tap water only, (b) tap water with liquid
soap 1; (c) tap water with liquid soap 2; (d) ABHS gel 1 and (e) ABHS gel 2 (Table 1). The
quantity of soap and hand gel dispensed was approximately 1.5 mL. Hand cleaning with tap
water only was performed for 30 s; hand cleaning with the soap and ABHS gel products
was performed for 10, 20 and 30 s. The temperature of the water was approximately
30 ◦C. WHO guidelines for hand cleaning were followed as far as possible within the
time constraints [14]. Clean paper towels were used to pat the hands dry after all cleaning
treatments, including after the ABHS treatments, as hands were sometimes still ‘wet’. After
hand disinfection and before each hand cleaning treatment, the index finger was impressed
onto a sporulating culture of L. fungicola. Hands were then subjected to the cleaning
treatment and the index finger was immediately imprinted 100 times onto PDA + S Petri
dishes, as described above. Before starting the next treatment, the hands were again
washed and disinfected, as described for the negative control, and a control fingerprint
plate was taken to ensure that there was no cross contamination between treatments. All
imprint plates were sealed with parafilm and incubated at 25 ◦C for up to 10 days, by
which time any viable L. fungicola conidia had germinated to produce a small white colony.
The experiment was repeated twice for liquid soap 1, ABHS gel 1 and ABHS gel 2, and
once for tap water and liquid soap 2. Imprint plates were photographed and the number
of fingertip imprints out of 100 that were positive for L. fungicola was counted.

2.4. In Vitro Assessment of Antifungal Activity of Hand Cleaning Products against L. fungicola

A modified method, based on the European Standard test method for chemical dis-
infectants and antiseptics, prEN 12054 [16] was used to test the in vitro sensitivity of
L. fungicola conidia to the two soaps and two ABHSs being evaluated. In summary, sporu-
lating cultures of L. fungicola were washed with sterile water to harvest the conidia. The
resulting conidial suspension was adjusted with sterile water to give in the region of
1 × 106 conidia mL−1. The two ABHS gels were used undiluted and the handwash soap
products were prepared as a 55% (v/v) dilution in tap water. A 1 mL aliquot of the
L. fungicola conidia suspension was added to 9 mL of each test product in sterile 50 mL
plastic tubes. Tap water was used as a negative control. After 1 min contact time, a 1:10 dilu-
tion series to 10−1 was prepared using a neutralising solution consisting of 0.0025 mol L−1

phosphate buffer containing: polysorbate 80, 30 g L−1; L-histidine, 1 g L−1; lecithin, 3 g L−1;
and sodium thiosulphate, 5 g L−1. A 100µL aliquot from each serial dilution was spread
onto PDA + S Petri dishes and incubated at 25 ◦C for 3 days. The number of viable conidia
was counted and the log10 reduction was calculated as follows: log10 (initial count at
Timezero)-log10 (count at Time1 min) = log10 reduction.
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2.5. Effect of Two ABHS Gels on the Survival of L. fungicola Conidia on the Hands of
Multiple Subjects

Five adult subjects were invited to participate in this experiment to test the efficacy of
ABHS gels 1 and 2 at two dose rates, 1.5 and 3 mL, against L. fungicola conidia. Prior to
each test, participants washed their hands with soap and water for 1 min at 30 ◦C. They
then used the reference hand disinfection procedure for surgical hand preparation outlined
in CEN standard: EN 12791 [16,17], which consists of rubbing hands with 60% propyl for
3 min, using as many 3 mL quantities as required to keep hands moist for 3 min, then
allowing them to dry naturally. Ten index fingertip imprints were made onto PDA as a
negative control. Participants contaminated their index fingertip with L. fungicola conidia
as described earlier, then performed one of the hand cleaning treatments being tested,
allowing their hands to dry naturally and then proceeding to make 10 consecutive fingertip
imprints on each of 10 PDA Petri dishes. Hands were subsequently washed and disinfected
again, as described above, before moving on to the next treatment. All fingertip imprint
Petri dishes were incubated for 3 days at 25 ◦C and results recorded.

3. Results

Viable L. fungicola conidia were present on 100 fingertip imprints for the positive
control treatments when either no hand cleaning treatment was conducted or following
hand washing in tap water only (30 s) (Figures 2 and 3). After 10 s of hand washing,
viable conidia were still present on 100 fingertip imprints with both liquid soap products,
and more than 50 fingertip imprints on average over two experiments with both ABHSs
(Figures 4 and 5). Liquid soap 2 was marginally more effective after 20 or 30 s of hand
washing, with fewer L. fungicola-contaminated fingertip imprints and fewer colonies per
imprint after 91–100 impressions, while ABHS gel 1 was much more effective than gel 2
over two experiments (Figure 5).
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Figure 5. Number of fingertip imprints out of a 100 producing viable L. fungicola colonies after hand
cleaning with four products and for three hand-cleaning duration times (10, 20 or 30 s). Data are
means + SE of two replicate experiments, Soap 2 data for one experiment only.

The two ABHS products were more effective than the two soaps at reducing the num-
ber and intensity of contaminated fingerprints after 100 imprints, across all time durations,
but there was some variation in the results across the two experiments (Figures 4 and 5).
ABHS gel 1 was consistently more effective than gel 2 in reducing both the number of
contaminated fingerprints and the number of colonies per imprint, especially after a 30 s
cleaning duration.

The quantitative in vitro test recorded a log10 reduction in L. fungicola viability of >4
for both ABHS gel products after 1 min exposure compared to a log10 reduction of <1 for
the two soap products (Table 2).
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Table 2. Percent viability and log10 reduction of L. fungicola conidia after 1 min exposure to different hand cleaning products.

Test Product L. fungicola CFUs/mL
% Viability

after Treatment
(Log10 Reduction)

L. fungicola
conidial

suspension

Test Product solution
(1:10)

Time zero

Test Product
solution (1:10)

Time 1 min

Tap Water Control 1.4 × 106 1.4 × 105

(Log10 = 5.146)
1.4 × 105

(Log10 = 5.146)
100%

(0)

Soap 1 1.4 × 106 1.4 × 105

(Log10 = 5.146)
1.3 × 105

(Log10 = 5.114)
93%

(<1 Log10)

Soap 2 1.4 × 106 1.4 × 105

(Log10 = 5.146)
1.0 × 105

(Log10 = 5)
71%

(<1 Log10)

ABHS gel 1 1.4 × 106 1.4 × 105

(Log10 = 5.146)
≤1.0 × 101

(Log10 = 1)
<0.01%

(>4 Log10)

ABHS gel 2 1.4 × 106 1.4 × 105

(Log10 = 5.146)
≤1.0 × 101

(Log10 = 1)
<0.01%

(>4 Log10)

The results from multiple subjects indicate that the majority of L. fungicola conidia did
not persist on hands that were cleaned with a single 1.5 mL dose of ABHS gel and allowed
to dry naturally, and none persisted when a 3 mL dose was used (Table 3). Hand size and
temperature differed between subjects and the time taken for hands to dry naturally varied
between 25 and 58 s for the 1.5 dose and between 59 and 187 s for the 3 mL dose. ABHS gel
1 was marginally better than ABHS gel 2 at the 1.5 mL dose.

Table 3. Number of fingertip imprints (out of 100) contaminated with L. fungicola conidia for
five subjects after hand cleaning treatments with a single (1.5 mL) or double (3 mL) dose of
two ABHS gels.

Subject Hand Size
(cm2 approx) Hand Temp. ◦C Number of Fingertip Imprints out of 100

with L. fungicola

ABHS gel 1 ABHS gel 2
1.5 mL 3.0 mL 1.5 mL 3.0 mL

1 (female) - 1 - 0 0 3 0
2 (female) 152 27 0 0 0 0
3 (male) 203 32 1 0 1 0

4 (female) 143 21 0 0 1 0
5 (male) 211 32 10 0 81 0

1 No hand data for this subject.

4. Discussion

Good hand hygiene is an important aspect in the control of certain human diseases
caused by bacteria and viruses, which has been dramatically highlighted in recent times
by the worldwide battle to control COVID-19. The advice to wash and disinfect hands
regularly is also appropriate for many food businesses, including intensive horticulture
production facilities where large numbers of people may be working in close proximity
to each other and where the opportunity for cross contamination of shared areas and
equipment is high. In the mushroom sector, we have been aware for some time that
the sticky conidia of the mushroom pathogen Lecanillium fungicola can be transmitted on
hands [1], and a suggestion by a consultant led us to conduct this research on evaluating
hand cleaning methods for hands that may be contaminated with the pathogen. The results
indicate that washing hands in soap and water was ineffective, while ABHS products were
very effective.

The results for soap products indicate that there was minimal eradication of L. fungicola
conidia after hand washing for up to 30 s. These results were confirmed in the in vitro
test, where conidial viability was reduced to 93 and 71% for liquid soap 1, and liquid
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soap 2, respectively (Table 2). This level of reduction would be virtually ineffective with
respect to eliminating L. fungicola contamination on mushroom farms, as there would still
be a high load of conidia on contaminated hands after washing that would facilitate the
spread of L. fungicola around the farm, contaminating any surfaces that individuals came
in contact with, including equipment, door handles, canteen areas and washrooms. Hand
washing with soap is known to be very effective in eliminating certain human viruses and
bacteria [9–12], so it is still an important aspect of hand hygiene in workplaces.

The results for the ABHS products indicate that there is a very significant reduction in
the number of viable L. fungicola conidia remaining on contaminated fingertips following
their use, compared to liquid soaps or tap water, offering excellent potential to reduce
L. fungicola contamination loads on mushroom farms. The in vitro results also confirmed
a log10 reduction of >4, providing good confidence in the ability of the products to kill
the conidia. This level of pathogen reduction with ABHSs is in line with the results for
similar experiments with bacteria and viruses in the medical health care field [8]. ABHSs
are now considered to be the hand cleaning method of choice for patient safety in hospitals
and health care facilities [14]; however, they are not effective in killing some endospore-
forming bacteria such as Clostridium difficile, where soap and water is the preferred means
of hand washing.

During the course of the initial tests, there was variability in the results for the
two ABHS gels tested between two separate initial experiments. In Experiment 1, the
fingertip imprints after 10 s of treatment were more highly loaded with viable conidia
compared with experiment 2. Additionally, in experiment 2, there was no great difference
between the different treatment times for gel 2, compared to experiment 1. This highlights a
recognised problem with qualitative methods of evaluating the in vivo efficacy of antiseptic
handwash and handrub products such as the fingerprint imprint method [17]. In the case of
our study, the confounding results may be due to many factors including: (a) inconsistencies
in the number of conidia adhering to the fingertip after each test contact; (b) inconsistencies
in the hand rubbing technique used from one test to the next and (c) greater or lesser
disaggregation of conidia on the fingertip from one test to the next. During the course
of the initial experiments, hands were patted dry with paper towels after each treatment
as hands were still quite wet after the 10, 20 and 30 s time duration, and this may have
removed, spread and/or dislodged conidia.

A clearer idea of the potential for the ABHS gels for use on mushroom farms is given
by the results for the small group of subjects tested in the study. The five participants
followed a specific hand cleaning protocol where hands were rubbed together with either
a 1.5 (standard) or 3 mL dose of the ABHSs for as long as needed to disperse the product
on the hands, which were then left to air dry. The results were very promising, with the
majority of L. fungicola conidia not persisting on hands that were cleaned with a single
1.5 mL dose of ABHS gel and none persisting when a 3 mL dose was used (Table 3). ABHS
gel 1 was marginally better than ABHS gel 2 at the 1.5 mL dose, but both performed
extremely well, especially compared to the results for gel 2 in the initial experiments.

It was interesting to note that the time taken for hands to dry varied between partici-
pants but for the 1.5 mL dose it was always ≥25 s, meaning the results could be compared
with the 20–30 s treatments in the initial experiments. Although the sample size was small,
at 5 subjects, the results show that there was variability from person to person in terms
of results, but also in terms of size and temperature of the person’s hands, with the small
cold hands of one participant taking longer to dry (58 s) compared with the large warm
hands of another participant (25 s). For the 3 mL dose, both application and drying were
more problematic, as subjects said the volume used was too much to hold comfortably,
especially in smaller hands, and it took 59–187 s to dry. The results suggest that for most
people, the 1.5 mL dose is almost 100% effective, but for those with larger hands, a larger
dose may be required to ensure good hand coverage and efficacy.

Many plant pathogens are dispersed by sticky propagules. In intensive horticulture,
workers may be in close contact with crops at several different stages of growth. They may
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be working in close proximity to others during plant propagation or crop set-up stages,
where plants should be disease-free. Such proximity of workers increases the likelihood
for human transmission between diseased and non-diseased plants to occur and highlights
the need for strict attention to disease-control strategies and management. For example,
the tobacco mosaic virus, the fireblight bacterium Erwinia amylovora and the cocoa pod rot
pathogen Phytophthora palmivora are easily transmitted from diseased to healthy plants on
the hands of farm workers or on pruning tools [18]. Good hand hygiene is a key element in
minimising the spread of pathogen inoculum around facilities.

Since this work was completed, the majority of mushroom farms in Ireland have
installed hand sanitiser stations outside growing rooms and around the farm. Recent
anecdotal feedback from some growers has indicated that disease levels on the farms have
reduced since the implementation of strict hand hygiene and other disinfection measures
on farms to minimise the potential spread of COVID-19. As a result, growers and staff
have a better understanding of how mushroom diseases can be transmitted on farms, and
how good hand hygiene is an important aspect in their control. The practice of using
ABHSs on mushroom farms makes a significant contribution to an effective integrated pest
management (IPM) strategy, as it aims to reduce the spread of a pathogen on the farm,
thereby reducing the potential for disease outbreaks to occur and the need for chemical
control measures to be used.

5. Conclusions

In conclusion, the use of ABHS gel products for hand disinfection purposes has been
shown to have potential as a useful hand-cleaning procedure on mushroom farms with
dry bubble disease. If used routinely when entering and leaving growing rooms, and in
washrooms, canteens, and key target areas and areas of high human activity, it should
reduce the level of background contamination of L. fungicola, one of the most persistent
fungal pathogens of the commercial mushroom, A. bisporus. There is potential to use
ABHSs in other areas of horticulture and agriculture where humans are known to be an
important vector of disease.
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