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Editorial on the Research Topic

Emerging Frontiers in the Formation of Viable but Non-culturable Microorganisms and

Biofilms During Food Processing

This Research Topic, led by myself and Dr. Yang Deng, together with an editorial team including
Dr. Xihong Zhao, Dr. Nguyen Thi Thanh Hanh, and Dr. Viduranga Y. Waisundara, contains a
total of 24 excellent manuscripts. As the background of this topic was concerned, a viable but
non-culturable (VBNC) state, a unique state in which a number of bacteria respond to adverse
circumstances, was first discovered in 1982 (Xu et al., 1982), and has been extensively studied in
bacteria, characterized by an inability of the cells to grow on culture media, even though they are
still viable and maintain a detectable metabolic activity. Various environmental factors including
temperature, the physiological age of the culture, salinity, the oxygen content, light, and ventilation
can induce the entry of bacterial cells into a VBNC state.

All submitting authors had made an important contribution to this Research Topic.
Exceptionally and importantly, as far as our knowledge can reach, this is the first time that
researchers have validated the “Control” of the VBNC state, which represents a milestone and
breakthrough in the field of VBNC. In a few articles in this Research Topic, relevant studies had
been conducted on Staphylococcus aureus, Escherichia coli, Salmonella, and Pediococcus acidilactici.
First, investigating the key conditions of the VBNC formation of the above organisms, the authors
further based their research on key conditions to prevent, reduce, or even eliminate the VBNC
state formation within such microbes. The VBNC state has been a leading concern in the field
of microbiology, as a major methodology microbiologists have been employing for decades to
study microbes is culturing. Via streaking on a medium plate and further obtaining colonies,
microbiologists are thus able to conduct a large variety of experiments on microbes. However,
one important issue raised here is that the culturing methodology relies on the formation of
colonies which is designated as culturability, and once lost, it is incapable of obtaining colonies
from medium plates. VBNC is a state when microbial cells are not culturable but still viable and
potentially capable of resuscitating to being culturable. As a large proportion of microbiological
routine detections are based on the culturing methodology, capability in acquisition of colonies,
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number, and type of colonies, have determined the test results
as positive and negative. As a critical gap between culturable
(positive) and dead (negative), the VBNC state is an exceptionally
important and eventually unavoidable topic for microbiologists,
but also commonly underestimated and even controversial. Just
lately in 2021, an opinion article entitled “Viable but non-
culturable cells’ are dead,” had been published (Song and Wood,
2021b). Not surprisingly, a few opposing comments/opinions
had been posed subsequently, as firstly a correspondence entitled
“How dead is dead? Viable but non-culturable vs. persister cells”
by Kirschner et al. (2021), with a later response from the original
authors entitled “Waiting for Godot: response to ‘How dead is
dead? Viable but non-culturable vs. persister cells” (Song and
Wood, 2021c); secondly another correspondence entitled “What
do we mean by viability in terms of “viable but non-culturable”
cells?” by Mu et al. (2021), with a later response from the original
authors entitled “Mostly dead and all dead: response to “what
do we mean by viability in terms of ‘viable but non-culturable
cells” (Song and Wood, 2021a). Definitely, VBNC cells are not
dead. However, seen from the aforementioned opinions, the
VBNC field has drawn wide attention and great interest from
microbiologists. Our opinions are as follows. Firstly, what should
the definitions of VBNC and persister cells be? The term VBNC
has perfectly described a specific microbial cellular state when a
cell is not culturable but still viable which is metabolically alive
and has potential to resuscitate back to culturable. We strongly
agree with Kirschner et al. (2021) on the definition of VBNC,
which was firstly proposed by Oliver (2010), as “A bacterial
cell in the VBNC state may be defined as one which fails to
grow at the routine bacteriological cultivation conditions under
which it would normally grow, but which in fact is alive and
has still metabolic activity.” Song et al. had argued that “By
inactivating their ribosomes, persister cells sleep through stress
and resuscitate once (i) the stress is removed, (ii) nutrients are
presented, and (iii) ribosome content reaches a threshold. . . it is
the persister (always-viable) cell population that revives, rather

than the cell husks, which are dead,” however, firstly the authors
had not provided the definition of persister cells (or they had,
but assumably it is similar to VBNC) and then secondly why
not use “VBNC” as this term literally and perfectly describes
the cellular state. Secondly, Song and Wood (2021a,b,c), had
provided considerable evidence that the determination of VBNC
had been conducted in an incorrect way which we strongly agree
with. Unfortunately, a large number of microbiologists have still
been following such procedure to study VBNC cells, for which
the opinion article of Song et al. is very helpful. Remarkably, it is
noteworthy to point out that, in this Research Topic, the idea and
progress in control of VBNC, including prevention, reduction, or
even elimination of VBNC cells based on changes in the critical
conditions of VBNC formation, contains profound importance
and particular interests.

As concluded, the articles in this Research Topic have made
contributions to the relevant field, however, a few opinions
have been proposed as controversial in this topic. It should
not be surprising as in the VBNC field, more studies had been
conducted and previously unclear questions had been better
documented. In contrast, seen from the accepted articles in this
Research Topic and several opinions articles in the relevant field,
the VBNC field has drawn wide attention and great interest
from microbiologists. Based on the intrinsic importance of
the VBNC state, confusion in the definitions between VBNC
and persister cells, as well as the standardization of accurate
determination of VBNC cells, we strongly suggest an urgent
need for a comprehensive article from microbiologists with
expertise in VBNC, to answer essential questions such as “what
is the definition of VBNC and what is the difference between
VBNC and persister cells” and “how to standardly and accurately
determine VBNC cells.”
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Contaminated food-contact surfaces are recognized as the primary reason for recent L. 
monocytogenes outbreaks in caramel apples and cantaloupes, highlighting the significance 
of cleaning and sanitizing food-contact surfaces to ensure microbial safety of fresh 
produce. This study evaluated efficacies of four commonly used chemical sanitizers at 
practical concentrations against L. monocytogenes biofilms on major food-contact 
surfaces including stainless steel, low-density polyethylene (LDPE), polyvinyl chloride 
(PVC), polyester (PET), and rubber. In general, efficacies against L. monocytogenes biofilms 
were enhanced by increasing concentrations of quaternary ammonium compound (QAC), 
chlorine, and chlorine dioxide, or extending treating time from 1 to 5 min. The 5-min 
treatments of 400 ppm QAC, 5.0 ppm chlorine dioxide, and 200 ppm chlorine reduced 
3.0–3.7, 2.4–2.7, and 2.6–3.8 log10 CFU/coupon L. monocytogenes biofilms depending 
on surfaces. Peroxyacetic acid (PAA) at 160 and 200 ppm showed similar antimicrobial 
efficacies against biofilms either at 1- or 5-min contact. The 5-min treatment of 200 ppm 
PAA caused 4.0–4.5 log10 CFU/coupon reduction of L. monocytogenes biofilms on tested 
surfaces. Surface material had more impact on the efficacies of QAC and chlorine, less 
influence on those of PAA and chlorine dioxide, while organic matter soiling impaired 
sanitizer efficacies against L. monocytogenes biofilms independent of food-contact 
surfaces. Data from this study provide practical guidance for effective disinfection of food-
contact surfaces in food processing/packing facilities.

Keywords: biofilm, L. monocytogenes, sanitizers, food-contact surfaces, organic matter, peroxyacetic acid

INTRODUCTION

As a critical foodborne pathogen, Listeria monocytogenes causes approximately 1,600 cases of 
infection and 260 cases of death annually in the United  States (Scallan et  al., 2011). It has 
been implicated in multi-state outbreaks on fresh produce including cantaloupes (CDC, 2012), 
prepackaged caramel apples (CDC, 2015a), bean sprouts (CDC, 2015b), frozen vegetables 
(CDC, 2016a), and packaged salads (CDC, 2016b) since 2011. Contaminated food-contact 
surfaces, packing lines, and environment are incriminated as the primary reasons linked to 
L. monocytogenes outbreaks in fresh produce (McCollum et  al., 2013; Angelo et  al., 2017). 
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Therefore, it is vital to sanitize food-contact surfaces along 
produce production lines effectively to ensure microbial safety 
of fresh produce.

Stainless steel (SS) and plastics are preferably used in the 
fresh produce industry due to their anti-fouling ability (FDA, 
2008). SS, a corrosion-resistant metal, is an excellent material 
for food processing/packing equipment and extensively used 
in food industries such as fresh apple packing facilities (Jellesen 
et  al., 2006). A conveyor belt, one of the most prevalent food-
contact surfaces, directly contacts fresh produce and transports 
it to further processing or packing during post-harvest handling. 
Polyvinyl chloride (PVC), low-density polyethylene (LDPE), 
and rubber are FDA-approved food-contact substances that 
are extensively used as important components of conveyor belts 
(FDA, 2017). The conveyor belts around the optical sorting 
lines have been determined to be  the major contamination 
sites in a minimally processed vegetable plant (Meireles et  al., 
2017). The brush bed, mostly made of polyester (PET), is an 
important and essential processing tool of the packing lines 
of fresh apples and other fruits. The contaminated brush-bed 
spray bar system was implicated in a recent caramel apple L. 
monocytogenes outbreak (Angelo et al., 2017). L. monocytogenes 
form biofilms on SS, PVC, LDPE, PET, and rubber surfaces 
(Krysinski et  al., 1992; Beresford et  al., 2001; Takahashi et  al., 
2010; Doijad et  al., 2015; Papaioannou et  al., 2018), exerting 
enhanced resistances to acid and sanitizer treatments (Ibusquiza 
et  al., 2011; van der Veen and Abee, 2011), which makes 
routine disinfection in a food processing facility more difficult.

Food-contact surfaces are cleaned and disinfected daily with 
different chemical sanitizers in fresh produce processing plants 
and apple packing facilities. Peroxyacetic acid (PAA) is an 
environment-friendly sanitizer that decomposes and produces 
no harmful by-product (Dell'Erba et  al., 2007). Quaternary 
ammonium compound (QAC) and chlorine are the most 
commonly used sanitizers for surface disinfections (Robbins 
et  al., 2005; Olszewska et  al., 2016; Dhowlaghar et  al., 2018). 
Chlorine dioxide is considered as an alternative for chlorine 
due to its high oxidizing capacity (~2.5 times higher than 
that of chlorine) (Benarde et  al., 1965). The bactericidal effects 
of the aforementioned sanitizers against L. monocytogenes 
biofilms on polystyrene surfaces were compromised in the 
presence of organic matter or when biofilm was aged (Korany 
et  al., 2018). Different food-contact surfaces have unique 
physicochemical properties and hydrophobicity, which may 
provide unique harbor sites for L. monocytogenes during sanitizer 
intervention. Therefore, the objective of this study was to 
evaluate antimicrobial efficacies of four FDA-approved sanitizers 
against aged L. monocytogenes biofilms on major food-contact 
surfaces in the absence or presence of organic matter.

MATERIALS AND METHODS

L. monocytogenes Strains and Cocktail 
Preparation
Listeria monocytogenes strain NRRL B-33069, NRRL B-57618, 
NRRL B-33006, NRRL B-33466, NRRL B-33071, and NRRL 

B-33385 were obtained from USDA-ARS culture collection of 
National Center (NRRL) for Agricultural Utilization Research 
(Peoria, IL, United States) and were stored at −80°C in Trypticase 
Soy Broth with 0.6% Yeast Extract (TSBYE, Fisher Scientific, 
Fair Lawn, NJ, United  States) and 20% (v/v) glycerol. Each 
frozen culture was activated in TSBYE at 35 ± 2°C for 24 ± 2 h 
statically, then sub-cultured in TSBYE for additional 24  ±  2  h 
at 35 ± 2°C. The six-strain L. monocytogenes cocktail was prepared 
by mixing equal volumes of each activated strain, then centrifuged 
at 8,000  ×  g for 5  min at room temperature (22°C, RT). The 
resulting pellet was re-suspended in Modified Welshimer’s Broth 
(MWB, HiMedia, West Chester, PA, United  States) to have a 
final population level of ~108  CFU/ml.

Surface Selection, Preparation, and 
Conditioning
The SS (AISI 316, No. 4 brushed finish) was obtained from 
the Washington State University Engineering Shops (Pullman, 
WA, United States). PVC, LDPE, and PET sheets were purchased 
from Interstate Plastics (Sacramento, CA, United  States), and 
silicone rubber sheet was purchased from Rubber Sheet 
Warehouse (Los Angeles, CA, United States). All surface materials 
were cut into coupons of 15 mm × 7.5 mm at the Washington 
State University Engineering Shops.

To clean coupons, the prepared surface coupons were 
immersed in 100% methanol (Fisher Scientific) for 1  h, rinsed 
with sterile water three times, then immersed for 1  h in 70% 
ethanol (Fisher Scientific). The treated coupons were air dried 
under a biosafety cabinet overnight, which were ready for 
biofilm growth. To condition surface coupon with organic 
matter, the above cleaned surface coupons were immersed in 
1:10 diluted apple juice or milk for 1  h at RT (Brown et  al., 
2014). After removing conditioning solution, coupons were air 
dried for 1  h at RT under a biosafety cabinet.

L. monocytogenes Biofilm Formation
The above prepared coupons were subjected to a 15-min UV 
treatment in the biosafety hood to surface decontamination before 
inoculation with 2.0  ml of L. monocytogenes cocktail suspension 
in MWB (~108 CFU/ml). The inoculated coupons in 24-well plates 
were incubated statically at RT for 7 days to grow L. monocytogenes 
biofilms without agitation (Abeysundara et  al., 2018).

Sanitizer Intervention Against  
L. monocytogenes Biofilms
Bioside HS (EnviroTech, Modesto, CA, United States) containing 
15% PAA was used to prepare 160 and 200 ppm PAA solutions 
using sterile water. STOPIT (Pace International, Wapato, WA, 
United  States) was diluted with sterile water to prepare 200 
and 400  ppm QAC solutions. Chlorine solutions at 100 and 
200 ppm were made from Accu-Tab (Pace International, Wapato, 
WA, United  States), while 2.5 and 5.0  ppm chlorine dioxide 
solutions were generated on-site using chlorine dioxide generator 
donated by Pace International (Wapato, WA, United  States). 
Concentration of PAA was verified using a AquaPhoenix 
Preacetic Acid test kit (Hanover, PA, United  States), levels of 
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QAC and chlorine were confirmed by the QAC and Chlorine 
test kits from LaMotte (Chestertown, MD, United  States), and 
the concentration of chlorine dioxide solutions were measured 
by a HACH Chlorine Dioxide test kit (Loveland, CO, 
United  States).

To evaluate the antimicrobial efficacy of sanitizers, 7-day-old 
L. monocytogenes biofilms on each surface coupon were washed 
with 2.0  ml of sterile phosphate buffered saline (PBS) three 
times and then immersed in 2.0  ml of each sanitizer solution 
for 1 or 5  min at RT. Coupons were first rinsed with 2.0  ml 
of Dey-Engley Neutralizing Broth (Oxoid, United  States), then 
2.0  ml sterile PBS immediately after sanitizer treatment. Four 
replicates were used for each surface material and sanitizer 
treatment, and triple independent experiments were conducted 
for each treatment combination.

Biofilm Detachment and Enumeration
To detach and enumerate the L. monocytogenes cells in 
biofilm on the above treated coupons, the coupon in the 
respective well was transferred to 2-ml microtube containing 
1.0  ml of sterile PBS and 3~4 glass beads. The tubes 
containing coupons were vigorously vortexed for 2  min 
using a benchtop mixer at the maximal speed. The detached 
bacterial suspension was 10-fold serially diluted with sterile 
PBS, and appropriate dilution was plated on TSAYE plates 
in duplicate. The plates were incubated at 35  ±  2°C for 
48  h before enumeration.

Statistical Analysis
Data were analyzed by uncorrected Fisher’s Least Significant 
Difference (LSD) to determine significant difference among groups 
at p ≤ 0.05 using Prism (Version 7.0, San Diego, CA, United States). 

Each experiment was repeated three times independently. Data 
were presented as an average from three independent studies 
and mean  ±  standard error mean (SEM) was reported.

RESULTS

Efficacy of Quaternary Ammonium 
Compound Against L. monocytogenes 
Biofilms on Food-Contact Surfaces
In general, increasing the QAC concentration from 200 to 
400  ppm improved its efficacy against L. monocytogenes 
biofilms on different food-contact surfaces except LDPE 
surface for both 1- and 5-min exposures (Figure 1). A 
5-min exposure of QAC at 200 or 400 ppm showed a similar 
efficacy against L. monocytogenes biofilms on SS coupons 
(Figure 1A). Except for rubber surface, the efficacy of QAC 
against L. monocytogenes biofilms on different surfaces was 
enhanced when exposure time increased from 1 to 5  min 
(Figure 1). Among all surfaces, QAC at 5  min exposure 
was the most effective against L. monocytogenes biofilms 
on SS (Figure 1A), least effective against L. monocytogenes 
biofilms on rubber (Figure 1E), while exhibiting a comparable 
efficacy against L. monocytogenes biofilms on LDPE and 
PET (Figures 1B–D). For L. monocytogenes biofilms on PVC 
surface, the 5-min exposure of 400  ppm QAC showed a 
similar efficacy as those of LDPE and PET; however, 200 ppm 
QAC for 5 min of exposure was less effective on PVC surface 
than those of LDPE and PET (Figures 1B–D). QAC at the 
FDA-approved concentration of 400  ppm for 5  min caused 
3.7, 3.2, 3.7, 3.6, and 3.0 log10 CFU/coupon reductions of 
L. monocytogenes biofilms on SS, LDPE, PVC, PET, and 
rubber surface, respectively (Figure 1).

A

C D E

B

FIGURE 1 | Antimicrobial efficacy of quaternary ammonium compound (QAC) against L. monocytogenes biofilms on food-contact surfaces. (A) Stainless steel  
(SS); (B) low-density polyethylene (LDPE); (C) polyvinyl chloride (PVC); (D) polyester (PET); (E) rubber. The 7-day-old biofilms on different surface coupons 
(15 mm × 7.5 mm) were treated with 200 or 400 ppm QAC for 1 or 5 min at 22°C. The surviving bacteria were shown as means ± SEMs, n = 3. a–dBars topped  
with the different letters are significantly different at p ≤ 0.05.

10

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Hua et al. Sanitizer Disinfection of L. monocytogenes

Frontiers in Microbiology | www.frontiersin.org 4 November 2019 | Volume 10 | Article 2462

Efficacies of Chlorine and Chlorine Dioxide 
Against L. monocytogenes Biofilms on 
Food-Contact Surfaces
Chlorine dioxide solution at 2.5 ppm exhibited a limited efficacy 
against L. monocytogenes biofilms on all surfaces tested; 1-min 
treatments only reduced ~1.1, 0.6, 0.9, 1.1, and 0.9 log10 CFU/
coupon L. monocytogenes biofilms on SS, LDPE, PVC, PET, 
and rubber surfaces, respectively (Figure 2). Though the efficacy 
of chlorine dioxide was enhanced with increased concentration 
and contact time, it displayed limited potency to inactivate L. 
monocytogenes biofilms on food-contact surfaces. A 5-min 
treatment of 5.0 ppm chlorine dioxide caused similar bactericidal 
efficacy against L. monocytogenes biofilms on all surfaces with 
2.4–2.7 log10 CFU/coupon reductions (Figure 2).

The efficacy of chlorine against L. monocytogenes biofilms 
on the tested surfaces was enhanced at increased concentration 
and extended contact time except LDPE surface (Figure 3). 
A 1-min treatment of 100  ppm chlorine showed a similar 
efficacy against L. monocytogenes biofilms as 1-min exposure 
of 200  ppm QAC (Figure 1) and was more effective than 
1-min treatment of 2.5 ppm chlorine dioxide (Figure 2), causing 
1.0–2.0 log10 CFU/coupon reductions of biofilms on all surfaces 
tested. Chlorine at 200  ppm for 5.0-min exposure caused 3.8, 
2.7, 3.3, 3.6, and 3.0 log10 CFU/coupon reductions of L. 
monocytogenes biofilms on SS, LDPE, PVC, PET, and rubber 
surfaces, respectively (Figure 3).

Efficacy of Peroxyacetic Acid Against  
L. monocytogenes Biofilms on  
Food-Contact Surfaces
Among all selected sanitizers, PAA was the most effective 
against L. monocytogenes biofilms on all food-contact surfaces 

(Figure 4). One min treatment of 160  ppm PAA reduced  
~4.3, 3.5, 3.8, 4.1, and 3.7 log10 CFU/coupon L. monocytogenes 
biofilms on SS, LDPE, PVC, PET, and rubber surfaces, respectively 
(Figure 4). In general, the bactericidal effects of PAA against 
L. monocytogenes biofilms on all surfaces was not improved when 
the PAA concentration increased from 160 to 200  ppm or when 
the treatment time increased from 1 to 5  min (Figure 4). The 
5-min treatment of 200  ppm PAA caused 4.5, 4.0, 4.4, 4.3, and 
4.4 log10 CFU/coupon reductions of L. monocytogenes biofilms 
on SS, PET, PVC, LDPE, and rubber, respectively (Figure 4).

Effects of Organic Matter on  
Sanitizer’s Efficacy
The anti-Listeria efficacies of all sanitizers were compromised 
by organic matter regardless of surfaces tested; food residues 
from apple juice or milk comparably impacted QAC efficacy 
(Figure 5). Soiling has a greater influence on the antimicrobial 
efficacy of QAC against biofilms on SS and rubber than those 
on LDPE, PET, and PVC (Figure 5A). Among all tested surfaces, 
the anti-Listeria efficacy of chlorine on SS is the most impacted 
by organic matter. Chlorine at 200  ppm and 5-min contact time 
showed a similar anti-Listeria efficacy on soiled SS, LDPE and 
rubber surfaces regardless of organic matter type (Figure 5B). 
The bactericidal effect of chlorine dioxide against L. monocytogenes 
biofilms was compromised by organic matter regardless of surface 
materials or food residue source. Chlorine dioxide at 5.0  ppm 
for 5 min caused 1.0–2.0 log10 CFU/coupon reduction depending 
on surface material (Figure 5C). Though the PAA efficacy against 
L. monocytogenes biofilms on all surfaces was impaired by organic 
soiling as much as other sanitizers, it was still the most effective 
sanitizer, which caused 3.0–3.7 log10 CFU/coupon reductions of 
L. monocytogenes biofilms on different surfaces (Figure 5D).

A

C D E

B

FIGURE 2 | Antimicrobial efficacy of chlorine dioxide against L. monocytogenes biofilms on food-contact surfaces. (A) Stainless steel (SS); (B) low-density 
polyethylene (LDPE); (C) polyvinyl chloride (PVC); (D) polyester (PET); (E) rubber. The 7-day-old biofilms on different surface coupons (15 mm × 7.5 mm) were 
treated with 2.5 or 5.0 ppm chlorine dioxide solution for 1 or 5 min at 22°C. The remaining bacteria post-sanitizer treatment were shown as means ± SEMs, n = 3. 
a–dBars topped with the different letters are significantly different at p ≤ 0.05.
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DISCUSSION

The Effect of Concentration, Contacting 
Time of Sanitizers on Inactivation of  
L. monocytogenes
The concentrations of QAC, chlorine dioxide, chlorine and PAA 
against L. monocytogenes biofilms on common food-contact surfaces 
were selected complying with FDA regulation (FDA, 2017). The 
200  ppm QAC, 2.5  ppm chlorine dioxide, or 100  ppm chlorine 

interventions showed limited efficacies against aged L. 
monocytogenes biofilms on different food-contact surfaces, but 
their efficacies were enhanced with increased concentrations, 
which was consistent with our previous findings on polystyrene 
surface (Korany et  al., 2018) and other studies on SS surface 
(Robbins et  al., 2005; Trinetta et  al., 2012; Dhowlaghar et  al., 
2018). The antimicrobial efficacies of QAC, chlorine dioxide, and 
chlorine at selected concentrations were improved when increasing 
contact time from 1 to 5  min, which is supported by a recent 

A

C D E

B

FIGURE 3 | Antimicrobial efficacy of chlorine against L. monocytogenes biofilms on food-contact surfaces. (A) Stainless steel (SS); (B) low-density polyethylene 
(LDPE); (C) polyvinyl chloride (PVC); (D) polyester (PET); (E) rubber. The 7-day-old biofilms on different surface coupons (15 mm × 7.5 mm) were treated with 100 or 
200 ppm chlorine solution for 1 or 5 min at 22°C. The survivors post-chlorine treatment were enumerated and shown as means ± SEMs, n = 3. a–cBars topped with 
the different letters are significantly different at p ≤ 0.05.

A

C D E

B

FIGURE 4 | Antimicrobial efficacy of peroxyacetic acid (PAA) against L. monocytogenes biofilms on food-contact surfaces. (A) Stainless steel (SS); (B) low-density 
polyethylene (LDPE); (C) polyvinyl chloride (PVC); (D) polyester (PET); (E) rubber. The 7-day-old biofilms on different surface coupons (15 mm × 7.5 mm) were 
treated with 160 or 200 ppm PAA for 1 or 5 min at 22°C. The surviving bacteria were shown as means ± SEMs, n = 3. a,bBars topped with the different letters are 
significantly different at p ≤ 0.05.
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report of QAC and chlorine against L. monocytogenes biofilms 
on SS surface (Dhowlaghar et  al., 2018). Similarly, the efficacy 
of chlorine dioxide in aqueous and gaseous phase against L. 
monocytogenes biofilms on food contact surfaces increased with 
extended contact time (Vaid et  al., 2010; Trinetta et  al., 2012; 
Park and Kang, 2017). Increasing PAA concentration from 160 
to 200  ppm or extending the contacting time from 1 to 5  min 
at selected concentration did not improve its efficacy in general. 
A similar result was obtained for L. monocytogenes biofilms on 
polystyrene surfaces (Korany et  al., 2018). Compared with QAC, 
chlorine, and chlorine dioxide, PAA tested in the present study 
was the most effective sanitizer against aged L. monocytogenes 
biofilms on all surfaces, which was consistent with findings on 
polystyrene (Korany et  al., 2018), SS (Dhowlaghar et  al., 2018), 
and PVC (Berrang et  al., 2008). It could be  due to its high 
reactivity, oxidizing capacity, decomposition rate, and low molecular 
weight, which together allow PAA to penetrate biofilm matrix, 
thus accomplishing bactericidal activity (Ibusquiza et  al., 2011).

Effects of Surface Materials on Efficacy  
of Different Sanitizers Against  
L. monocytogenes
The efficacies of sanitizers against aged L. monocytogenes biofilms 
varied on different surfaces. The 1-min treatment of QAC or 
chlorine at selected concentrations caused comparative efficacies 
against L. monocytogenes biofilms on SS, PET, and rubber, 
which is supported by a previous report on polystyrene surface 
(Korany et  al., 2018). Compared with rubber and LDPE, 
400  ppm QAC and 200  ppm chlorine at 5-min exposure were 
more effective against L. monocytogenes biofilms on SS and 
other surfaces. In support of our finding, L. monocytogenes 

on rubber surface was more difficult to remove by chlorine, 
QAC, and chlorine dioxide than that on SS surface (Ronner 
and Wong, 1993; Park and Kang, 2017). Different from QAC 
and chlorine, the anti-Listeria effects of PAA and chlorine 
dioxide were minimally influenced by surface material at different 
concentration and time combinations. Regardless of surfaces, 
chlorine dioxide at 5.0  ppm showed a 2.5 log reduction after 
5-min treatment, which is a very limited efficacy in contrast 
to 4.0 or more reduction caused by 200  ppm PAA at 5-min 
contact. Similar to our results, the aerosolized PAA exhibited 
similar antimicrobial efficacy against L. monocytogenes biofilms 
on SS and PVC surfaces, though the efficacy was lower than 
our finding (Park et  al., 2012). Each type of surface material 
has different topography and roughness that provide unique 
microcracks/harbor sites for L. monocytogenes and protect the 
entrapped cells from antimicrobial agents (Chaturongkasumrit 
et al., 2011; Schlisselberg and Yaron, 2013), which might explain 
the difference in efficacy against biofilms on different surfaces. 
In support, 20 ppm gaseous chlorine dioxide was more effective 
against attached L. monocytogenes on glossy SS than coarse 
SS, and Salmonella biofilms on smooth SS were more susceptible 
to 50  ppm chlorine treatment than those on a rough surface 
(Schlisselberg and Yaron, 2013). Surface materials with different 
hydrophobicity and hydration levels lead to various sanitizing 
efficacy; hydrophobic surface was more difficult to clean than 
hydrophilic surface (Park and Kang, 2017).

The Antimicrobial Efficacy of Sanitizers in 
the Presence of Organic Matter
Food residues established on food-contact surfaces alter the 
physicochemical property of these surfaces and impact sanitizer 

A B

C D

FIGURE 5 | Efficacy of four commonly used sanitizers against L. monocytogenes biofilms on food-contact surfaces conditioned with organic matters. (A) 
Quaternary ammonium compound (QAC, 400 ppm); (B) chlorine (200 ppm); (C) chlorine dioxide (ClO2, 5.0 ppm); (D) peroxyacetic acid (PAA, 200 ppm); stainless 
steel (SS); low-density polyethylene (LDPE); polyester (PET); polyvinyl chloride (PVC). Apple juice: food-contact surfaces were conditioned with apple juice; milk: 
food-contact surfaces were conditioned with milk. The 7-day-old biofilms on different surface coupons (15 mm × 7.5 mm) were treated with the respective sanitizers 
for 5 min, then survivors were enumerated and shown as means ± SEMs, n = 3. a–cBars topped with the different letters are not significantly different at p ≤ 0.05.
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efficacy (Abban et  al., 2012; Brown et  al., 2014). The present 
study indicated that organic soiling, regardless of sources, 
impaired efficacies of all sanitizers against biofilms on all food-
contact surfaces, which is consistent with the finding on 
polystyrene surface (Korany et  al., 2018). In agreement with 
our findings, protein and fat residues on SS reduced the efficacies 
of chlorine dioxide (Vandekinderen et  al., 2009), hydrogen 
peroxide (Moretro et  al., 2019), acidic electrolyzed water and 
sodium hypochlorite (Ayebah et al., 2006), QAC, chlorine, and 
PAA (Aarnisalo et  al., 2000; Somers and Wong, 2004; Kuda 
et al., 2008) against L. monocytogenes biofilms. Besides attracting 
bacterial cells as an adhesive layer, protein coating reduced 
water contact angle, leading to decreased hydrophobicity of 
food-contact surface (Abban et al., 2012; Park and Kang, 2017). 
In addition, sanitizers may have difficulty reaching bacterial 
cells due to the physical and chemical barriers built up by 
exopolysaccharide substance of biofilm matrix together with 
food residues (Fernandes et  al., 2015).

CONCLUSION

The type of surface material has more dramatic effects on 
anti-Listeria efficacy of QAC and chlorine than those treated 
with chlorine dioxide and PAA. Food residue soiling, regardless 
of sources, reduced anti-Listeria efficacies of all sanitizers against 
biofilms on surfaces in general. Among all sanitizers, PAA 
was the most effective sanitizer against L. monocytogenes biofilms 
on different surfaces. A 5-min treatment of 200  ppm PAA 
resulted in 3.0–3.7 log10 reductions of aged multi-strain L. 
monocytogenes biofilms on major food contact surfaces in the 
presence of organic matter. Data once again highlight the 
importance of thorough cleaning of food-contact surfaces prior 

to sanitizer interventions and provide useful information for 
food industries in selecting appropriate sanitizers for food-
contact surfaces’ decontamination.
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Fungi-forming biofilm would produce various toxins in food. The toxin contamination

will cause great harm to food and human health. Herein, a novel graphene-based

steganographic aptasensor was assembled for multifunctional applications, which

depended on the specific recognition and information encoding ability of DNA aptamers

[mycotoxins, including zearalenone (ZEN) and ochratoxin A (OTA) aptamers, as models]

and the selective absorption and fluorescence quenching capacities of graphene

oxide (GO). The graphene-based steganographic aptasensor can be regarded as an

information encryption and steganographic system using GO as a cover, aptamers

for specific target recognition as information carriers and dual targets (ZEN and OTA)

as special keys. In our work, the fluorescence of capture probes (Cy3 aptamer and

Alexa Fluor 488 aptamer) was quenched by GO to realize information encryption. In

the presence of dual targets in the GO–APT solution, Cy3 aptamer (APT1), and Alexa

Fluor 488 aptamer (APT2) were released from the surface of GO, decrypting the hidden

information. In addition, our work offers a sensor for rapid and sensitive simultaneous

fluorescence determination of ZEN and OTA. The detection limit of the aptasensor

was 1.797 ng/ml for ZEN and 1.484 ng/ml for OTA. In addition, the graphene-based

steganographic aptasensor can be used to construct a molecular logic gate system in

which GO, aptamers, and mycotoxins are employed as the input and compounds and

fluorescence signals were used as the output. This would be helpful to control the biofilm

toxin in the future.

Keywords: aptasensor, graphene oxide, mycotoxin, fluorescence, encryption, steganography

INTRODUCTION

Biofilm is an extracellular matrix (including toxin) secreted by biological flora, which is easy to
adhere to a biological or non-biological surface (Galié et al., 2018; Xu et al., 2019). In other
words, biofilm is a self-protection mechanism of bacteria and fungi. Once biofilm is formed,
it is difficult to remove. Fungi can avoid being damaged by high temperature and pressure in
the closed environment formed by a biofilm. In these circumstances, fungi will produce more
mycotoxins to be discharged outside the biofilm. Mycotoxins are a kind of low-molecular-weight
natural secondary metabolites that possesses strong toxicities to humans and animals (Rong et al.,
2019). Therefore, the existence of biofilms will aggravate food pollution and other safety problems.
Mycotoxins should be detected before biofilm formation to reduce food pollution.
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Mycotoxin toxicity is mainly manifested as the following:
damage to liver and kidney, teratogenicity, cancer, and mutation
(Hussein and Brasel, 2001). Worst of all, mycotoxins not only
lessen crop yield and quality but also cause significant economic
losses (Turner et al., 2009; Sun X. D. et al., 2017). So far,
the traditional detection methods of ochratoxin A (OTA) and
zearalenone (ZEN) mainly include thin-layer chromatography
(TLC), high-performance liquid chromatography (HPLC), gas
chromatography (GC), capillary electrophoresis (CE), and
enzyme-linked immunosorbent assay (ELISA) (Li et al., 2013;
Zhang et al., 2018b;Wu et al., 2019a). These detection approaches
face challenges due to their time-consuming, high-cost, and low-
sensitivity methods. Moreover, there is a great possibility that
foods and animal feeds will be contaminated simultaneously with
several mycotoxins. However, a single detection pattern will not
provide comprehensive monitoring for food safety. Thus, it is
necessary to strengthen the simultaneous detection technology
for mycotoxins in food and feed. Moreover, it is essential
to develop a novel, rapid, low-cost, sensitive, simultaneous
detection biosensor for mycotoxins.

In this internet era of information (text, audio, video, and
image data), information storage and cryptography have crucial
roles for countries and enterprises. To ensure information
security and prevent information leakage, the universally
used methods are information encryption and information
concealment (Zhu et al., 2019). However, the safety level of
these methods is low. Consequently, it is essential to improve
information security and exploit a novel encryption and
steganographic approach for information security. More
interestingly, the processes of molecular interactions and
chemical reactions can allow operation and transmission of
information. Inspired by nature, DNA-based information
encryption and concealment have emerged. In addition, due
to DNA-specific molecular recognition, information encoding
and ultrahigh-information-density capabilities, DNA-based
biosensors, information storage, computing, encryption, and
steganography have received increasing attention (Ejike et al.,
2017; Zhang et al., 2017; Zhou et al., 2018; Lopez et al., 2019).
Moreover, the development of conventional logic circuits based
on semiconductors has reached a bottleneck development
stage because the heat capacity, volume, and operational speed
of semiconductor materials are difficult to further improve.
However, the above issues can be solved perfectly by DNA
molecules. Therefore, traditional logic circuits will give way to
molecular logic gates, and DNA is an optimum alternative to
silicon (Liu et al., 2012; Zhu et al., 2019).

Aptamers are short oligonucleotide sequences, and the ones
used in this study were selected from a nucleic acid random
library using systematic evolution of ligands by exponential
enrichments (SELEX) in vitro (Jayasena, 1999; Wu et al., 2019b).
The three-dimensional structure of an aptamer depends on
the base sequence, the length of the nucleotide sequence, and
the environmental conditions (Hermann and Patel, 2000). Due
to their three-dimensional structure, aptamers possess high
specificity and affinity for targets. Therefore, aptamers are usually
assembled with nanomaterials as biomolecular recognition
components in aptasensors (Pehlivan et al., 2019). Optical

aptamer sensors are the most common aptamer sensors because
the optical signal of the reaction process can be easily detected.
A GO fluorescence resonance energy transfer (FRET) platform
is constructed by fluorescent-modified aptamers and GO, which
can be an ideal candidate for mycotoxin detection (Yugender
Goud et al., 2017). In recent years, GO has attracted much
interest due to its superior fluorescence quenching property
relative to other quenchers (Wu et al., 2012; Kim et al., 2017).
According to the FRET principle, a fluorophore was used as
a fluorescence donor, GO was used as a fluorescence acceptor,
and the fluorescence was blocked by GO. GO-based fluorescence
biosensors have been extensively applied in a variety of detection
fields. In addition, the different measured targets include metal
ions (Qian et al., 2015; Wu et al., 2019c), cells (Wang et al.,
2010), proteins (Zhou et al., 2015), pathogens (Zhu et al.,
2019), mycotoxins (Sun A. L. et al., 2017; Yugender Goud
et al., 2017), and DNA and other small molecules (Wang
et al., 2018; Zhao et al., 2019). It is interesting to note that
GO has different adsorption capacities for single-stranded DNA
(ssDNA), double-stranded DNA (dsDNA), and G-quadruplex
(Sun A. L. et al., 2017). GO has an extraordinary adsorption
capacity for single-stranded oligonucleotides because of π-π
stacking. According to this property, a fluorescence switch-on
detection system has a theoretical basis.

In our work, a graphene-based steganographic aptasensor
was designed for multifunctional applications, simultaneous
fluorescence detection of mycotoxins (ZEN and OTA), and
information computing, encryption, and concealing. The
graphene-based steganographic aptasensor mentioned here can
also be utilized to construct a simple DNA molecule logic gate
system in which materials are the input and the compounds and
fluorescence produced by the material interactions act as dual
outputs. Moreover, graphene-based steganographic aptasensors
will offer a novel model for molecular information encrypting
and concealing technology.

MATERIALS AND METHODS

Reagents and Materials
OTA and ZENwere purchased from Pribolab Co., Ltd. (Qingdao,
China, http://www.pribolab.com). GO was purchased from
Xianfeng Nanomaterials Tech Co., Ltd. (Nanjing, China). The
oligonucleotide sequences of aptamer 1 (APT1, for ZEN) and
aptamer 2 (APT2, for OTA) were taken from previously reported
literature (McKeague et al., 2014; Zhang et al., 2018b). Two
aptamers were purchased from Sangon Biotechnology Co.,
Ltd. (Shanghai, China). DNA probes were modified with the

fluorescence dyes (Cy3 and Alexa Fluor 488) on their 5
′

-end.
The oligonucleotide sequences of APT1 and APT2 are shown in
Table 1. The methanol used in the experiment was analytically
pure reagent. Ultrapure water (18.25 M�/cm) was used in
all experiments.

All fluorescence spectra were scanned using a Hitachi F-
2700 fluorescence spectrophotometer (Hitachi Ltd., Japan). The
slit width was 5 nm, and the voltage of the photomultiplier
tube was 700V. Fluorescence emission spectra were collected at
an excitation wavelength of 512 nm for APT1 and 499 nm for
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APT2. The height trace images of the atomic force microscope
(AFM) were scanned using an SPM-9700 AFM (Shimadzu,
Japan). The dried samples on mica sheets were scanned in phase
imaging mode.

All experiments were repeated at least three times.

Operation Process of Detecting Dual

Targets of Biofilm
Freeze-dried powder of the aptamers was diluted to working
concentration (1µM) in phosphate buffer saline (PBS)
(containing NaCl 136.89mM, KCl 2.67mM, Na2HPO4 8.1mM,
KH2PO4 1.76mM, pH = 7.4). Then, 30-µl GO nanosheets
(250µg/ml) were homogeneously mixed separately with 20
µl of APT1, APT2, and APT 1&2 at room temperature for
5min. Subsequently, different concentrations of ZEN and
OTA (0, 1, 5, 10, 50, 100, and 500 ng/ml) were dropped in
the GO–aptamer mixed solution, and the ultimate volume of
the solution of 1ml was achieved by adding PBS. The final
liquid was incubated at 45◦C for 1 h (reaction temperature
optimization shown in Figure 4). The most important thing
was that the whole experiment was conducted under dark
conditions. Fluorescence intensity was measured using an F2700
fluorescence spectrophotometer. Samples (GO, GO–APT1, GO–
APT2, GO–APT1–ZEN, and GO–APT2–OTA) after incubation
in a water bath were centrifuged for 10min at 8,000 × g to

obtain GO nanosheets. Then, GO nanosheets were diluted to an
appropriate concentration (5µg/ml) with ultrapure water and
dispersed by ultrasonication for 10min. The height trace image
was scanned using an SPM-9700 AFM. Each sample was parallel
scanned 20 times.

Detection of ZEN and OTA in Real Samples
To confirm the practicality of the graphene-based steganographic
aptasensor, wine samples were used for testing in our study.
The wine sample was purchased from a local market (RT-
Mart). First, the sediment was removed by centrifugation for
10min. In addition, the supernatant was adjusted to pH 7.4 and
diluted 20-fold with PBS buffer. Then, ZEN and OTA at known
concentrations were spiked in pretreated samples. According to
the above operation process, wine samples were quantitatively
detected using a fluorescence aptasensor.

RESULTS AND DISCUSSION

The Principle of a Fluorescence

Aptasensor to Simultaneously Detect OTA

and ZEN of Biofilm
The graphene-based steganographic aptasensor was composed
of a ssDNA aptamer and GO. It depends on the high
affinity and specific molecular recognition and information

TABLE 1 | Oligonucleotides used in this study.

Modification Sequences (5
′

-3
′

)

APT1 5
′

Cy3 (for ZEN) CTACCAGCTTTGAGGCTCGATCCAGCTTATTCAATTATACCAGCTTATTCAATTATACCAGC

APT2 5
′

Alexa Fluor 488 (for OTA) AGCCTCGTCTGTTCTCCCGGCGCATGATCATTCGGTGGGTAAGGTGGTGGTAACGTTGGGGAAGACAAGCAGACGT

SCHEME 1 | (A) Aptamer 1 (APT1) and aptamer 2 (APT2) and their specific targets zearalenone (ZEN) and ochratoxin A (OTA). (B) Schematic illustration of ZEN and

OTA assay based on a fluorescence aptasensor using graphene oxide (GO) as a quencher.
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FIGURE 1 | (A) The logical symbol diagram and truth table of the (aptamer “AND” GO) material gate and the “INHIBIT” (aptamer “AND” “NOT” GO) fluorescence gate.

(B) The logical symbol diagram and truth table of the (aptamer–GO “AND” targets) matter gate and the (aptamer–GO “AND” targets) fluorescence gate.

carrier abilities of the ssDNA aptamer and the fluorescence
quenching and ssDNA adsorption capability of GO. The strategy

of simultaneous detection of mycotoxins based on switch-on
fluorescence aptasensors is shown in Scheme 1. Dual aptamers

were regarded as prototypes, where APT1 can specifically
recognize T1 (ZEN) and APT2 can specifically recognize T2

(OTA) (Scheme 1A, sequences in Table 1). In the simultaneous
detection aptasensor system, APT1 and APT2 were adsorbed

by GO due to the presence of oxygen-containing functional
groups and conjugated structures on the GO surface. In addition,
hydrogen bonds and π-π bonds formed between GO and
APT1 and APT2. Accompanying the appearance of non-covalent
bonds, the distance between GO and the aptamers decreased.
In addition, the fluorescence of the aptamers was quenched
by FRET. The GO-FRET platform was assembled by aptamers
and GO. In the absence of the dual targets from the previous
solution, the simultaneous detection system for mycotoxin was
in the switch-off state. Upon the addition of targets, APT1,
APT2, and their specific targets combine due to hydrogen
bonding and electrostatic and hydrophobic interactions. The
interaction forces of the aptamer target were more powerful than

those of the GO aptamer (Zhang et al., 2018a). Subsequently,
the aptamer target was released from GO, recovering the
prominent fluorescence of APT1 and APT2. At this time, the
simultaneous detection system of mycotoxin was in a switch-on
state. Accordingly, with the increased concentration of targets,
the fluorescence intensity recovery value increased. The target
concentration and the restored fluorescence intensity show a
good proportional relationship.

Construction of a Logic Gate
To realize information computing, the feasibility of constructing
a DNA logic gate was verified first. Our constructed APT–GO
FRET platform can implement “AND” and “INHIBIT” logic
gates by using changes in materials and energy. For the truth
table of logic gates, 0 and 1 indicate the absence and presence
of input and output, respectively. On the basis of the principle of
the “AND” logic gate, the simultaneous existence of all the inputs
induces the appearance of the output. This means that when the

input is (1, 1), the output is 1. The output of an “INHIBIT” gate

happens for one and only one specific input. In Figure 1, the
materials (GO, APT, target, and compound) were regarded as the
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FIGURE 2 | (A) The fluorescence emission spectra of APT1 for T1 (ZEN). (B) The fluorescence emission spectra of APT2 for T2 (OTA).

inputs and outputs of the integration circuit. The interaction of
GO and APT (APT1/APT2/APT1&2) can be used to construct
an “AND” logic gate. The GO–APT complex was present only
when GO and APT simultaneously appeared in solution. When
both inputs were 1, we marked the output as 1. In other cases, the
output was 0. Simultaneous appearances of the dual targets (ZEN
and OTA) and the GO-APT complex interacted with each other.
Then, the transfer of the aptamer was accomplished from the
surface of GO to the target, outputting the GO and APT target.
Clearly, there is an “AND” logic gate for material exchange. On
the basis of all cases in the truth table, the output was 1 when
both inputs were 1. The interaction of matter leads to a change in
fluorescence in the system. Therefore, fluorescence was deemed
as the output. For the fluorescence signal, the self-construction
of GO and aptamer can be understood as an “INHIBIT” logic
gate. According to all cases of the truth table, fluorescence was
outputted only when there were aptamers and no GO. In other
words, when the inputs were (0, 1), the output was 1. With
the combination of the GO–APT complex and dual targets, an
“AND” logic gate will be formed, and fluorescence will be the
output when both the GO-APT complex and dual targets exist.

The change of matter and energy can be used to realize
molecular logical operation based on binaries 1 and 0. There
is a close association between the biosensor and the logic
gate. It is essential to further explore molecular logic gates
with more complex combinations. Only in this way can
molecular computing and molecular information technology be
quickly realized.

Verification of Experimental Feasibility
The next work tested and verified whether the principle
of the switch-on fluorescence aptasensor was justified. The
feasibility of the fluorescence aptasensor using GO as a
quencher is demonstrated in Figure 2. The relationship
among the fluorescence intensity of the aptamer, aptamer–
GO, and aptamer–GO–target is shown clearly in Figure 2.
The fluorescence intensity was stronger when there were
aptamers alone (APT1 or APT2) in the solution (blue
curves in Figures 2A,B). When the fluorescent aptamer

was incubated with GO, the fluorescence intensity dropped
sharply (blue and red curves in Figures 2A,B). The results
showed that the fluorescence of the aptamers was blocked
by GO. When the targets appeared in the aqueous solution,
the aptamers (APT1 or APT2) combined with the special
targets and were released from the GO surface, restoring
the prominent fluorescence of the aptamers (red and green
curves in Figures 2A,B). This phenomenon illustrated that the
targets showed a stronger affinity than GO for the aptamers,
resulting in APT1 and APT2 being released from GO and
combining with the target. Therefore, the restored fluorescence
intensity of the aptamer–target complexes was measured by
fluorescence spectroscopy.

An AFM was also used to test the accuracy of the concept
design. The height trace and size of GO were scanned by AFM.
As shown in Figure 3, the average height of the GO sheets
was approximately 1.28 ± 0.01 nm (Figure 3A). This result is
consistent with the theory that GO is a single atomic layer. Then,
the height of the aptamer–GO complexes was 1.80 ± 0.007 nm
(Figure 3B) and 1.87 ± 0.034 nm (Figure 3D). The increased
thickness demonstrated that aptamers were successfully adsorbed
on the surface of GO. Finally, when the GO–APT complex was
incubated with targets, its thickness significantly decreased to
1.58 ± 0.005 nm (Figure 3C) and 1.51 ± 0.008 nm (Figure 3E).
This phenomenon confirmed that the aptamer was released
from the surface of GO because the interaction forces of the
aptamer target were stronger than those of the GO aptamer.
Both of the above methods showed that the experimental design
is correct.

Temperature Optimization for Detection
To improve the efficiency of fluorescence recovery after adding
targets, temperature optimization measures were taken. At
room temperature, the fluorescence intensity did not recover
significantly after adding the target. The interaction of GO and
the aptamer was weakened by increasing the temperature, and
the APT target desorbed. Thus, to enhance the fluorescence
restoration, increasing the temperature is an ideal method. At the
same time, excessively high temperatures will destroy the binding
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FIGURE 3 | Atomic force microscope images of (A) GO, (B) GO–APT1, (C) GO–APT1–T1, (D) GO–APT2, and (E) GO–APT2–T2.

between the aptamer and the target. It is important to optimize
the temperature.

The fluorescence intensity restoration increased with
increasing temperature (30, 35, 40, 45, and 50◦C) in general when
there was no target (blue bars in Figure 4). This phenomenon
confirmed the previous theory that high temperature accelerates
the release of the aptamer from the GO surface. However, the
phenomenon was different when targets were added to the GO–
APT compound. The fluorescence signal increased regularly
below 45◦C (red bars in Figure 4). When the temperature
exceeded 45◦C, the fluorescence intensity restoration was
weakened. Thus, 45◦C is the critical point of the fluorescence
intensity restoration.

Sensitivity Test of the Fluorescence

Aptasensor
To prove the sensitivity of the fluorescence-switch aptasensor,
the targets (ZEN and OTA) at different concentrations (0, 1,
5, 10, 50, 100, and 500 ng/ml) were incubated with the GO–
APT complex. The fluorescence intensity increased, as shown
in Figure 5. With both increasing concentrations of ZEN and
OTA, the fluorescence intensity increased from 83.97 to 139.6
(a.u.) for the GO–APT1 mixed solution and from 85.07 to
172.6 (a.u.) for the GO–APT2 mixed solution. As shown in
Figure 5, the regression equation of ZEN was y = 8.9712 ln(x)
+ 84.532, R2 = 0.9986, and that of OTA was y = 13.352 ln(x)
+ 88.132, R2 = 0.9886. Hence, a conclusion was drawn that
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FIGURE 4 | (A) Fluorescence desorption of the GO–APT complex in the presence and absence of T1 (500 ng/ml) at different temperatures (30–50◦C). (B)

Fluorescence desorption of the GO–APT complex in the presence and absence of T2 (500 ng/ml) at different temperatures (30–50◦C).

the target concentration and the restored value of fluorescence
intensity have a good proportional relationship. The limit of
detection (LOD) of this aptasensor is the target concentration
responding to the fluorescence intensity of the mean blank
value plus 3 standard deviations (SD). For ZEN, the mean
fluorescent intensity of 20 blank experiments was 84.95, and the
SD was 1.612. The responding fluorescence intensity of LOD was
89.786. According to standard equation (Figure 5B), LOD was
1.796 ng/ml. For OTA, the mean fluorescent intensity of 20 blank
experiments was 87.37, and the SD was 2.01. The responding
fluorescence intensity of LOD was 93.4. According to standard
equation (Figure 5D), LOD was 1.484 ng/ml. The quenching and
recovery of fluorescence illustrated that GO played a crucial role
in the fluorescence switch aptasensor. A comparison of the many
sensors for ZEN and OTA detection with the detection limits is
summarized in Table S1.

Specificity Test of the Fluorescence

Aptasensor
The specificity of the fluorescence aptasensor was further checked
using other possible interfering mycotoxins, such as aflatoxin
B1 (AFB1), aflatoxin M1 (AFM1), fumonisin B1 (FB1), and
patulin. ZEN, OTA, AFB1, AFM1, FB1, and patulin were added
separately to the GO–APT1&2 complex at a concentration
of 100 ng/ml each. The value of the fluorescence recovery is
shown in Figure 6. The fluorescence recovery value of interfering
mycotoxins was negligible, as shown in this bar chart. In
comparison, the fluorescence recovery values of ZEN and OTA
were apparent. The results strongly illustrated that APT1&2
possesses a higher specificity for ZEN andOTA, respectively, than
other mycotoxins.

Monitor of Dual Targets in Real Samples
Three different concentrations of ZEN and OTA were monitored
by a fluorescence aptasensor. Reliability was further evaluated
by recovery experiments in real samples using the standard
spiking experiment. The concentrations of ZEN and OTA were

determined using the method described above and calculated by
using the linear equation. The result is shown in Table 2. The
recoveries ranged from 89 to 99.89% for ZEN and from 91.75 to
103.56% for OTA. This method can be used to simultaneously
check ZEN and OTA in real food samples.

Information Steganography of the

Fluorescence Aptasensor Based on GO
In this era of increasing information, the safety of messages
has a crucial role. Information steganography is the method
of hiding information (text, audio, video, and image data)
within other information (text, audio, video, and image
data). Moreover, information steganography is analogous to
the natural camouflage of animals. There is no doubt that
information steganography is a brilliant approach for the process
of information transfer. It is very difficult to find hidden
information within abundant information and to further remove
the cover. Therefore, the information receiver must have the
right key to decode hidden information. To further explore
novel information steganography technology, DNA molecules
and traditional steganography technology were combined in
our work.

The steganographic analysis relied mostly on the adsorption
and release ability of GO for the ssDNA aptamer. The basic
components of the steganography system (Scheme 2) included
three parts: APT, GO, and dual targets (ZEN and OTA). The
aptamer not only was an excellent information carrier (A, T,
G, and C) but also bore a high specific recognition ability. In
addition, GO could be recognized as a cover that could hide
the information of an aptamer. Moreover, dual targets (ZEN and
OTA) could be used as special keys that could decode the hidden
information. In Scheme 1, the fluorescence quenching and
ssDNA adsorption capability of GO were previously confirmed.
This characteristic was applied to hide the information of the
aptamer. Meanwhile, the quenched fluorescence signal could be
used as an indicator signal that the aptamer information was
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FIGURE 5 | (A) Fluorescence emission spectra of the GO–APT1 complex (30µg/ml; 20 nM) in the presence of ZEN (0, 1, 5, 10, 50, 100, and 500 ng/ml). (B)

Calibration plot of ZEN with a concentration range of 1–500 ng/ml. (C) Fluorescence emission spectra of the GO–APT2 complex (30µg/ml; 20 nM) in the presence of

OTA (0, 1, 5, 10, 50, 100, and 500 ng/ml). (D) Calibration plot of OTA with a concentration range of 1–500 ng/ml.

successfully hidden by GO. In this procedure, GO played a role as
a two-dimensional monoatomic layer platform and information
cover. As we all know, a lock can only be opened by the correct
key. In other words, the state of encrypted information would
not change if there is no key or the correct key. Then, APT1

could specifically recognize ZEN, and APT2 could specifically

recognize OTA. Therefore, the dual targets could be defined
as the key to release the aptamer from GO and obtain the
hidden information. The hidden information of APT1 could

only be recovered by ZEN. Similarly, the hidden information
of APT2 could only be recovered by OTA. The hidden double
information of APT1 and APT2 could be recovered by ZEN and
OTA. Thus, the key possessed high specificity for revealing the
concealed information due to the high specificity of the aptamer
to the target.

On a steganography foundation, the base sequences of the
aptamer were further encrypted using complicated cipher texts.
There are four possibilities (A, T, G, and C) for each DNA
base position: the more bases of DNA there are, the higher
the information density. We can use a few adjacent bases to
represent letters or numbers and to further express the true
information behind complicated cipher texts. Therefore, we can
utilize information steganography and encryption technology to
develop a dual-insurance method for information security.

CONCLUSION

We designed a graphene-based steganographic aptasensor
for multifunctional applications, simultaneous fluorescence
detection of toxins (ZEN and OTA) of biofilm, and information
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computing, encryption, and concealment. Our constructed
easy-to-use and efficient sensing platform for the simultaneous
detection of ZEN and OTA may have wide application value in

FIGURE 6 | Selectivity assessment of the aptasensor. Error bars obtained

from three parallel experiments.

food and feed security monitoring. According to the change in
materials and fluorescence, this graphene-based steganographic
aptasensor can be utilized as a DNA-based encryption and
concealment system for strengthening information security.
This information steganographic system used an aptamer as
an information carrier, GO as a cover, and targets as special
keys. In summary, not only does our work offer a convenient
simultaneous detection prototype for varied mycotoxins in
foodstuff and feed safety monitoring, but our proposed model of

TABLE 2 | Real measurements of ZEN and OTA at different concentrations in

wine samples.

Wine sample Added (ng/ml) Founded (ng/ml) Recovery (%)

ZEN 1 0.89 ± 0.003 89

4 3.85 ± 0.010 96.25

16 15.95 ± 0.027 99.89

OTA 1 0.92 ± 0.007 92

4 3.67 ± 0.015 91.75

16 16.57 ± 0.039 103.56

SCHEME 2 | Schematic description of the graphene-based steganographic aptasensor for information encoding and steganography, which consists of GO as a

cover, an aptamer as an information carrier, and ZEN/OTA as the special key.
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a graphene-based steganographic aptasensor is also helpful for
developing a molecular computer and information encryption
and concealment technology.
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The sessile biofilms of Vibrio parahaemolyticus and Listeria monocytogenes have
increasingly become a critical threat in seafood safety. This study aimed to evaluate
the effects of modified atmospheres on the formation ability of V. parahaemolyticus
and L. monocytogenes biofilms. The stress responses of bacterial biofilm formation
to modified atmospheres including anaerobiosis (20% carbon dioxide, 80% nitrogen),
micro-aerobiosis (20% oxygen, 80% nitrogen), and aerobiosis (60% oxygen, 40%
nitrogen) were illuminated by determining the live cells, chemical composition analysis,
textural parameter changes, expression of regulatory genes, etc. Results showed that
the biofilm formation ability of V. parahaemolyticus was efficiently decreased, supported
by the fact that the modified atmospheres significantly reduced the key chemical
composition [extracellular DNA (eDNA) and extracellular proteins] of the extracellular
polymeric substance (EPS) and negatively altered the textural parameters (biovolume,
thickness, and bio-roughness) of biofilms during the physiological conversion from
anaerobiosis to aerobiosis, while the modified atmosphere treatment increased the key
chemical composition of EPS and the textural parameters of L. monocytogenes biofilms
from anaerobiosis to aerobiosis. Meanwhile, the expression of biofilm formation genes
(luxS, aphA, mshA, oxyR, and opaR), EPS production genes (cpsA, cpsC, and cpsR),
and virulence genes (vopS, vopD1, vcrD1, vopP2β, and vcrD2β) of V. parahaemolyticus
was downregulated. For the L. monocytogenes cells, the expression of biofilm formation
genes (flgA, flgU, and degU), EPS production genes (Imo2554, Imo2504, inlA, rmlB),
and virulence genes (vopS, vopD1, vcrD1, vopP2β, and vcrD2β) was upregulated during
the physiological conversion. All these results indicated that the modified atmospheres
possessed significantly different regulation on the biofilm formation of Gram-negative
V. parahaemolyticus and Gram-positive L. monocytogenes, which will provide a novel
insight to unlock the efficient control of Gram-negative and Gram-positive bacteria in
modified-atmosphere packaged food.

Keywords: stress response, Vibrio parahaemolyticus, Listeria monocytogenes, modified atmospheres, biofilms,
extracellular polymeric substance, gene expression
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INTRODUCTION

Vibrio parahaemolyticus and Listeria monocytogenes are
important facultative and food-borne pathogens in the
food industry (Xu et al., 2015; Vazquez-Boland et al.,
2017; Chimalapati et al., 2018). In 2014, 605 cases of
V. parahaemolyticus infections in the United States were
reported according to the Cholera and Other Vibrio Illness
Surveillance (Centers for Disease Control and Prevention
[CDC], 2014). Meanwhile, 675 listeriosis cases were reported
in 47 states and the District of Columbia (Centers for Disease
Control and Prevention [CDC], 2014). In China, 71 outbreaks of
V. parahaemolyticus in Zhejiang Province were monitored from
2010 to 2014, resulting in 933 illnesses and 117 hospitalizations
(Chen et al., 2017). For listeriosis, 253 invasive cases are reported
from 2011 to 2016 in 19 provinces (Li W. et al., 2018).

In natural environments, the formation of bacterial biofilms
is the prevailing microbial lifestyle (Watnick and Kolter, 2000).
Biofilms are complex communities of microorganisms attached
to surfaces and enclosed in firm three-dimensional, multicellular,
complex, and self-assembled extracellular polymeric substances
(EPS) [exopolysaccharides, proteins, extracellular DNA (eDNA),
etc.] (Lamas et al., 2016; Han et al., 2017). EPS immobilizes
biofilm cells, which facilitates their intense interactions including
intercellular communication, horizontal gene transfer, and
the formation of synergistic microconsortia (Flemming and
Wingender, 2010). In addition, EPS contributes to the initial
attachment and nutrient capture of bacteria and the integrity
of the biofilm structures (Han et al., 2017; Tan et al., 2018).
Meanwhile, EPS has been demonstrated to have good resistance
to different environmental stresses including disinfectants,
desiccation, salinity, temperature, heavy metal pollution, etc.
(Xue et al., 2012; Blanco et al., 2019).

During recent decades, there is increasing evidence indicating
that biofilms are involved in contaminating food processing
equipment and food products (Brooks and Flint, 2008),
including V. parahaemolyticus and L. monocytogenes. For
V. parahaemolyticus, it can form biofilms on various biotic
or abiotic surfaces such as oysters, stainless steel (SS), etc.
(Mizan et al., 2016). Moreover, the pathogenic strains of
V. parahaemolyticus, on average, formed more biofilm than
non-pathogenic strains at all tested temperatures (Song et al.,
2016). Additionally, V. parahaemolyticus formed the highest
amount of biofilms at 2% NaCl and the least biofilm at 5% NaCl
(Mizan et al., 2018). For L. monocytogenes, when bacteriocin
from L. plantarum ST8SH, vancomycin (antimicrobial), propolis
(a natural antimicrobial product), and EDTA (chelating agent)
are used individually or combined, the formation of bacterial
biofilms will be inhibited in different degrees (Todorov et al.,
2018). Different strains differ in their biofilm formation ability,
which is closely linked with the resistance of L. monocytogenes to
antimicrobials in food processing environments (Pan et al., 2009;
van der Veen and Abee, 2010). The study suggests that EDTA
influences biofilm formation by affecting the initial adherence of
L. monocytogenes onto abiotic surfaces (Chang et al., 2012).

For Vibrio, extracellular nucleases (Xds and Dns) control the
level of eDNA and are involved in multiple processes including

the development of a typical three-dimensional biofilm structure
(Seper et al., 2011). The exogenous addition of extracellular
flagellin-homologous proteins (rFHPs) significantly increased
the biofilm formation of V. parahaemolyticus, reaching ∼3.8-
fold compared to control (Jung et al., 2019). For timely
expression of EPS under specific conditions, bacterial cells
utilize diverse signal recognition systems and subsequent
regulatory mechanisms, such as quorum sensing and cyclic di-
GMP (c-di-GMP) (Jung et al., 2019). CpsQ is a c-di-GMP-
binding transcription factor that activates the expression of
capsular polysaccharide (CPS) genes, thereby inducing biofilm
development in V. parahaemolyticus (Zhou et al., 2013). For
L. monocytogenes, all genes of the pssA-E operon and a separately
located pssZ gene are required for exopolysaccharide production.
Under environmental conditions, eDNA of L. monocytogenes is
released by lysate bacteria, which enhances the initial attachment
and formation of biofilm (Colagiorgi et al., 2016). Meanwhile,
the bacterial surface or extracellular proteins have been shown to
be responsible for the induction of biofilm formation (Kayal and
Charbit, 2006; Franciosa et al., 2009; Colagiorgi et al., 2016).

The expression of genes related to bacterial biofilm plays a
key role in biofilm formation. Flagella and other filamentous
structures regulated by related genes have clearly been shown
to contribute to the initial approach, attachment, and efficient
biofilm formation on surfaces (Kirov, 2003). The bacterial
gene expression regulated by quorum sensing is caused by
small molecules called autoinducers, allowing bacteria to adapt
efficiently to environmental conditions during growth (Lamas
et al., 2016). For V. parahaemolyticus, the quorum-sensing genes
including opaR and luxS play a critical role in the biofilm
formation. Additionally, the cpsA and cpsC gene-regulated
secretion of CPS is associated with the adhesion ability of
V. parahaemolyticus (Hsieh et al., 2003).

The stress response (such as oxygen starvation stress, etc.) is
an adaptive strategy for bacteria, which allows them to rapidly
cope with changing environmental conditions and ensure their
survival (Schimel et al., 2007; Alvarez-Ordonez et al., 2015).
When the modified atmospheres act on bacteria, they are able to
maintain viability by regulating certain genes (Alvarez-Ordonez
et al., 2015). Previous studies found that V. parahaemolyticus
and L. monocytogenes could grow under aerobic and anaerobic
conditions (Gomez-Gil et al., 2003; Valimaa et al., 2015).
However, the modified atmosphere packaging (MAP) also
dramatically reduced the growth of Gram-negative bacteria
including Vibrio spp. (Paludan-Muller et al., 1998). In addition,
the Gram-positive L. monocytogenes were inhibited under all
MAP compositions [(1): 40% CO2/55% N2/5% O2, (2): 60%
CO2/40% N2, and (3): 50% CO2/50% N2] (Arvanitoyannis et al.,
2011). Therefore, the modified atmospheres are an important
way of affecting the growth of Gram-negative and Gram-
positive bacteria.

The biofilm formation ability of V. parahaemolyticus
and L. monocytogenes in multiple conditions (temperatures,
nutrients, contact surface, or pH) has been well studied in
previous studies (Di Bonaventura et al., 2008; Nilsson et al.,
2011; Bonsaglia et al., 2014; Song et al., 2016). However, few
studies paid attention to the stress responses of the biofilm
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formation of V. parahaemolyticus and L. monocytogenes
to the modified atmospheres. On this basis, the aim
of this study was to evaluate the biofilm formation of
V. parahaemolyticus and L. monocytogenes under the stress
of different modified atmospheres including anaerobiosis
(20% carbon dioxide, 80% nitrogen), micro-aerobiosis (20%
oxygen, 80% nitrogen), and aerobiosis (60% oxygen, 40%
nitrogen), by determining the changes in the EPS, structural
parameters, and the related regulatory genes. The present
study will provide a novel insight to unlock the efficient
control of Gram-negative and Gram-positive bacteria in
modified-atmosphere packaged food.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Four-strain cocktails of V. parahaemolyticus strains (VP-S36,
VP-39, VP-49, and VP-54) were used (Li et al., 2017).
Meanwhile, four-strain cocktails of L. monocytogenes strains
(NO.12, NO.14, NO.51, and NO.66) were used. All of the
genotypes and origins of each strain are listed in Table 1.
Strains of V. parahaemolyticus were stored at −80◦C in tryptic
soy broth (TSB, Land Bridge Technology, China) with 50%
(v/v) glycerol. And the four L. monocytogenes strains in Brain
Heart Infusion (BHI) with 50% glycerol were stored at −80◦C.
Before every experiment, frozen cells of V. parahaemolyticus
were streaked on thiosulfate citrate bile salts sucrose agar
(TCBS agar, Land Bridge Technology, Beijing, China), and
L. monocytogenes were streaked on PALCAM medium base (Land
Bridge Technology, Beijing, China). After that, the working
solutions of V. parahaemolyticus and L. monocytogenes were
incubated in TSB (Beijing Land Bridge streaked on Technology
Company Ltd., Beijing, China) at 37◦C for approximately 12 h
and with shaking at 200 r/min. Subsequently, the cultures of
V. parahaemolyticus and L. monocytogenes were diluted by TSB
to acquire a bacteria population of 8 log CFU/ml.

TABLE 1A | The genotype and origins of Vibrio parahaemolyticus
used in this study.

Strains Genotype Origin

VP-S36 tdh−/trh−/tlh+ Shrimp

VP-C39 tdh+/trh+/tlh+ CDC

VP-C49 tdh+/trh+/tlh+ Clinical isolation

VP-C54 tdh+/trh+/tlh+ Clinical isolation

TABLE 1B | The genotype and origins of Listeria monocytogenes
used in this study.

Strains Genotype Origin Number

NO.12 1/2a Raw pork 4bLM

NO.14 1/2a Human ATCC 7644

NO.51 4b Spinal fluid of child with meningitis ATCC 13932

NO.66 4b Human ATCC 19115

Biofilm Formation in Different Modified
Atmosphere Conditions
Biofilm formation of V. parahaemolyticus and L. monocytogenes
cocktails was carried out as described previously
(Song et al., 2016; Han et al., 2017) with minor modifications.
Static biofilms were grown in 24-well polystyrene microtiter
plates (Sangon Biotech Co., Ltd., Shanghai, China). Ten
microliters of the obtained V. parahaemolyticus and
L. monocytogenes solutions was added into 990 µl fresh
TSB medium, respectively. And then, the OD600nm values of
these two mixtures were determined to be 0.061 and 0.053,
respectively. Finally, the bacterial solutions were employed to
form biofilms. And each 24-well polystyrene microtiter plate
was transferred to sterile sampling bags (32∗20 cm) with poor
atmosphere permeability (Qingdao Hope Bio-Technology
Co., Ltd., Qingdao, China), which were packed by an external
vacuum inflatable packaging machine (Qingpa Food Packaging
Machinery Co., Ltd., Shanghai, China) under three different
atmosphere conditions: anaerobiosis (20% carbon dioxide, 80%
nitrogen), micro-aerobiosis (20% oxygen, 80% nitrogen), and
aerobiosis (60% oxygen, 40% nitrogen), and then sealed with
thermoplastic, respectively. Subsequently, the 24-well plates of
V. parahaemolyticus cocktail were incubated at 25◦C statically
to form biofilms for 48 h, and the L. monocytogenes cocktail was
incubated at 37◦C statically to form biofilms for 72 h.

Crystal Violet Staining Method
Biofilm production was quantified by using the crystal violet
staining method as described previously (Han et al., 2017; Tan
et al., 2018) with some modifications. After incubation, the
supernatant of the plates’ wells was discarded, these plates were
gently washed three times with 1 ml of 0.01 M phosphate buffer
(PBS, pH 7.4) to remove planktonic cells, and then the microtiter
plates were put into the electric blast drying oven for about 20 min
and stained with 1 ml of 0.1% (w/v) crystal violet (Sangon Biotech
Co., Ltd., Shanghai, China) for 30 min at room temperature. The
plates were then gently washed three times with PBS (Sangon
Biotech Co., Ltd., Shanghai, China) to remove excess crystal
violet. The next step was to dissolve the crystal violet-stained
biofilm with 1 ml 95% ethanol for 30 min. Biofilm was solubilized
using 1 ml of 95% ethanol (Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China) for 30 min. The optical density of each
well was measured at a wavelength of 600 nm (Han et al., 2017).
All assays were performed in triplicate in three independent
experiments. And at least 12 wells were tested in each experiment.

Visualization of the Biofilms Using
Confocal Laser Scanning Microscopy
Before the experiment of cultivating biofilm, a sterile glass slide
(1.4 cm in diameter) also needed to be placed into the wells
of the 24-well microtiter plates. The culture process of biofilms
is as described above. The biofilms of V. parahaemolyticus
and L. monocytogenes cocktails for confocal laser scanning
microscopy (CLSM) were pre-treated based on the method of
Han et al. (2017). Subsequently, the next step is to add the
corresponding bacterial solution and fresh culture medium and
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then incubate them following the previous experiment of biofilm
formation conditions. After static incubation, the biofilms of
V. parahaemolyticus and L. monocytogenes formed on the sterile
glass, and then the plates were washed three times with 1 ml of
0.01 M PBS. Next, the plates were fixed with 4% glutaraldehyde
(Sangon Biotech Co., Ltd., Shanghai, China) at 4◦C for 30 min.
Then, the biofilms were gently rinsed three times with 1 ml of
0.01 M PBS. Therefore, after the above operation, SYBR Green I
(Sangon Biotech Co., Ltd., Shanghai, China) was used to stain the
biofilms at room temperature and dark conditions for 30 min.
Before removing the sterile glass from the plate, the plate needs
to be washed three times with 1 ml of 0.01 M PBS. It may
take about 20 min to air-dry the sterile glass before the end
of the experiment. All microscopy images were captured and
acquired using the CLMS machine (LSM710, Carl Zeiss AG,
Germany). A 40 × objective was used to monitor SYBR Green
I fluorescence excited at 488 nm and emitted at 500–550 nm.
Then the most representative place was scanned to provide a
stack of horizontal planar images with a z-step of 1 µm. In order
to compare the change of the biofilms under different modified
atmospheres, the CLSM images were performed by using the ISA-
2 software (Professor Haluk Beyenal, Montana State University,
United States) to determine the structural parameters [such as
biovolume, mean thickness, bio-roughness, and textural entropy
(TE)] of biofilms (Beyenal et al., 2004b). For each sample, the
representative images of nine separate sites on the glass slide were
randomly acquired.

Visualization of the Biofilms Using
Scanning Electron Microscopy
The method of culturing bacterial biofilms is similar to that
described above. The biofilms of V. parahaemolyticus and
L. monocytogenes cocktails for CLSM were pre-treated based
on the method of Han et al. (2017). Next, the plates were
incubated to form bacterial biofilms. After static incubation, the
biofilms were washed three times with 1 ml of 0.01 M PBS
and then were fixed overnight with 2.5% glutaraldehyde at 4◦C.
Next, the biofilms were gently washed three times with 1 ml of
sterile 0.01 M PBS. Then, the biofilms were dehydrated in an
ascending acetonitrile series (30, 50, 70, 80, 90, and 100% twice
for 10 min each). Samples were then dried and finally coated
with a turbomolecular pumped sputter coater (Q150T ES PLUS,
Quorum, United Kingdom). Subsequently, extreme-resolution
analytical field emission SEM (JEOL JSM-7800F Prime, Japan)
was used to observe the biofilms. The images were acquired for
three independent replicates.

EPS Extraction and Chemical Analysis
Extracellular polymeric substance, which consists of bacterial
biofilms, was extracted using the sonication method (Liu et al.,
2007; Gong et al., 2009; Han et al., 2017). Firstly, the density of
the planktonic cells of the suspended cultures was measured by
a BioTek microplate reader at OD595nm. Then, the planktonic
cells were removed and discarded after washing three times
with 1 ml of 0.01 M PBS. Afterward, the mature biofilms
were collected and scrapped in 1 ml 0.01 M KCl solution.

The cells were sonicated by a sonicator (VCX 500, SONICS,
Newtown, CT, United States) for four cycles of 5 s of run
and 5 s of pause at a power level of 3.5 Hz. Afterward,
the sonicated suspensions were centrifuged at 4◦C, 4000 × g
for 10 min, and the supernatant was then filtered through a
0.22 mm membrane filter (Sangon Biotech Co., Ltd., Shanghai,
China). The amounts of protein, carbohydrate, and eDNA in the
filtrate were analyzed. The eDNA was quantified by the Quant-
iTTM PicoGreen R© dsDNA Reagent and Kits (Life Technologies,
Shanghai, China) according to the manufacturer’s instructions
(Grande et al., 2015). For extracellular protein, it was quantified
by the Stable Lowry Protein Assay Kit (Sangon Biotech Co.,
Ltd., Shanghai, China), and bovine serum albumin (BSA) was
used as a protein standard to perform the calibration curve,
which contains slightly more modifications compared with the
Lowry method. A certain amount of extracellular polysaccharide
in the filtrate was quantified by the phenol–sulfuric acid method
(Kim and Park, 2013) and expressed as OD490nm/OD595nm. Each
experiment was carried out at least three times.

Expression of Biofilm Formation, EPS,
and Virulence-Related Genes
After the treatment of V. parahaemolyticus and L. monocytogenes
biofilm under three modified atmospheric conditions, the total
RNA was extracted using the Bacteria RNA Extraction Kit
(Vazyme Biotech Co., Ltd., Nanjing, China) and quantified using
a BioTek microplate reader. Total RNA was then resuspended
in 50 µl of diethyl pyrocarbonate (DEPC)-treated water. RNA
purity and integrity were assessed according to a previous study
(Kim et al., 2016). Complementary DNA (cDNA) was reversely
transcribed from 2 µl of total RNA using a HiScript R© III RT
SuperMix for qPCR (+ gDNA wiper) (Vazyme Biotech Co.,
Ltd., Nanjing, China). The qRT-PCR reactions were executed
via a ChamQTM Universal SYBR R© qPCR Master Mix and
carried out by a 7500 Fast Real-Time PCR system (Applied
Biosystems, Waltham, MA, United States). All the primers were
synthesized by Sangon Biotech (Shanghai, China). All qPCR
reactions were performed in a total volume of 20 µl containing
10 µl of 2× ChamQ Universal SYBR qPCR Master Mix (Vazyme
Biotech Co., Ltd., China), 0.4 µl of 10µ M forward primer,
0.4 µl of 10 µM reverse primer, 2 µl of cDNA, and 7.2 µl
of deionized water. Cycling parameters for qPCR included an
initial denaturation at 95◦C for 5 min, followed by 35 cycles
of 95◦C for 30 s, 58◦C for 30 s, and primer extension at
72◦C for 30 s. The fluorescent products were detected after
the extension step of each cycle. The changes in relative gene
expression were calculated with the 2−11CT method. Primers
used in this study for the detection of V. parahaemolyticus
and L. monocytogenes are listed in Table 2. Genes 1–14 in
Table 2 belong to V. parahaemolyticus, and genes 15–26 belong
to L. monocytogenes. Each experiment was carried out at
least three times.

Statistical Analysis
The experimental data were expressed as the mean ± standard
deviation. Analysis of one-way ANOVA was used to compare the
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TABLE 2 | Primer sequences of the RT-qPCR assay.

Number Gene Primer name Primer sequence
(5′–3′)

References

1. recA recA-F GCTAGTAGAA
AAAGCGGGTG

Ma et al., 2015

recA-R GCAGGTGCTTC
TGGTTGAG

2. oxyR oxyR-F TCGTCAGCT
AGAGGAAGG

Chung et al.,
2016

oxyR-R TGGTCGCGT
AAGCAATGC

3. aphA aphA-F ACACCCAACCGT
TCGTGATG

Wang et al.,
2013

aphA-R GTTGAAGGCG
TTGCGTAGTAAG

4. luxS luxS-F GATGGGATGTC
GCACTGGTTT

Wang et al.,
2014

luxS-R ACTTGCTGTT
CAGAAGGCGTA

5. opaR opaR-F TGTCTACCAAC
CGCACTAACC

Zhang et al.,
2016

opaR-R GCTCTTTCAAC
TCGGCTTCAC

6. mshA mshA-F GGTTTCGT
TTAGGTCACG

Shime-Hattori
et al., 2006

mshA-R CGTCGAAATG
TCGGCGG

7. cpsA cpsA-F GCGCACAACGAAG
AATATCG

This study

cpsA-R CCATCTTATC
GAGCGTGTCG

8. cpsC cpsC-F TCGACCAGGACT
GACGATAGAA

This study

cpsC-R AACCGTGCGC
TGCATACTTA

9. cpsR cpsR-F CCAATATGCG
AACGGACTCA

This study

cpsR-R AGCACGCCAAG
AGACGGTAT

10. vcrD1 vcrD1-F AAGGTAGGGC
AACGCAAAGA

Ding et al.,
2016

vcrD1-R AGCAGCACGAC
AGCAATACT

11. vopS vopS-F TAGAACGCGATTA
CCGTGGG

Ding et al.,
2016

vopS-R TTACCGAGGT
CTTTGTCCGC

12. vopD1 vopD1-F GCGGGTGCAGT
AAAAAGCAA

Ding et al.,
2016

vopD1-R AAGCTCACCCA
TCAGGTTCG

13. vcrD2β vcrD2β-F AGAGAGTTTGGGG
ACAAGCG

Ding et al.,
2016

vcrD2β-R CCTTCAGCCG
AGCTTTGAGA

14. vopP2β vopP2β-F AGAAGGCGGG
GTTAAATGCT

Ding et al.,
2016

vopP2β-R ACCTCCGCAACC
TAAGTTCA

(Continued)

TABLE 2 | Continued

Number Gene Primer name Primer sequence
(5′–3′)

References

15. Gap Gap-F AAAGCTGGCGCTA
AAAAAGTTG

Mattila et al.,
2011

Gap-R TTCATGGTTTACATT
GTAAACGATTG

16. flaA flaA-F GAAGGCATGACTC
AAGCGCA

This study

flaA-R GCAAGACCAGCAG
CGTCATC

17. flgE flgE-F CAGCAGGTTCC
CCGACTTC

This study

flgE-R CGGCCTTGTA
GTGCTGCAT

18. degU degU-F GGAGGAGTAGTCA
TTATGGC

This study

degU-R ACTTCTGGTTG
TTGGTAGCC

19. inlA inlA-F AAGTGACGTAAGCT
CACTTGC

This study

inlA-R TGTTGGTGGTG
TAGGTTCTTG

20. plcA plcA-F TTAGCGAGAAC
GGGACCAT

This study

plcA-R CCTTCAGCCG
AGCTTTGAGA

21. lmo2504 lmo2504-F CGCTAAGAGTGC
CGCTGTTG

This study

lmo2504-R TGGCCTCCACCGG
AACTTAC

22 lmo2554 lmo2554-F AAAGGCGACGAT
GGTTCTGC

This study

lmo2554-R ACATTTGCGAC
ACACAGGGT

23. rmlB rmlB-F TATTTCTGTGGAAGC
GGGTGT

This study

rmlB-R CTTTGCGCGTGAT
TTTAGTGG

24. actA actA-F GGCGAAAGAGT
CACTTGC

This study

actA-R GTTGGAGGCGGT
GGAAAT

25. prfA prfA-F TAACCAATGGGAT
CCACAAG

This study

prfA-R TGCTAACAGCTG
AGCTATGTG

26. hly hly-F TGTAAACTTCGGC
GCAATC

This study

hly-R TAAGCAATGGG
AACTCCTG

value differences (P < 0.05) using SPSS 17.0 (SPSS Inc., Chicago,
IL, United States).

RESULTS

The effects of different modified atmospheres against the biofilm
formation of V. parahaemolyticus and L. monocytogenes cocktails

Frontiers in Microbiology | www.frontiersin.org 5 February 2020 | Volume 11 | Article 2331

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00023 February 18, 2020 Time: 19:36 # 6

Qian et al. Stress Response of Bacterial Biofilms

FIGURE 1 | Difference of the biomass (OD600 nm) of Vibrio parahaemolyticus
and Listeria monocytogenes by crystal violet staining method under different
modified atmospheres: anaerobiosis (20% carbon dioxide, 80% nitrogen),
micro-aerobiosis (20% oxygen, 80% nitrogen), and aerobiosis (60% oxygen,
40% nitrogen). The error bar represents the standard deviation of triplicate
experiments. Different letters represent statistically significant differences
(P < 0.05). Black small letters represent V. parahaemolyticus, and red capital
letters represent L. monocytogenes.

are shown in Figure 1. The crystal violet staining assay
indicated that the biofilms of V. parahaemolyticus were reduced
from 1.66 (OD600nm) under anaerobiosis to 1.52 (OD600nm)
under micro-aerobiosis, and further significantly (P < 0.05)
decreased to 0.82 (OD600nm) under aerobiosis. However, the
biofilms of L. monocytogenes treated by modified atmospheres
were significantly (P < 0.05) increased from 1.12 (OD600nm)
under anaerobiosis to 1.52 (OD600nm) under micro-aerobiosis,
and further significantly (P < 0.05) increased to 2.15 under
aerobiosis. All these facts implied that the modified atmospheres
produced completely opposite effects on the biofilm formation of
V. parahaemolyticus and L. monocytogenes.

In addition, the CLSM was used to perform in situ
characterization of V. parahaemolyticus and L. monocytogenes
biofilms under different modified atmospheres. As shown in
Figure 2I, the biofilms of V. parahaemolyticus presented a
compact and structured biofilm architecture under anaerobiosis.
However, the biofilms became slightly loose and presented
unevenly dispersed structures under micro-aerobiosis
(Figure 2II). Much sparser and lower amounts of biofilms were
observed under aerobiosis (Figure 2III). For the biofilms of
L. monocytogenes, they displayed sparser and looser biofilms
with a patchy coverage on the contact surface under anaerobiosis
(Figure 2IV). Nevertheless, the biofilms presented an increased
amount and compact structures under micro-aerobiosis
(Figure 2V). Furthermore, the biofilms displayed more compact
and dense structures under aerobiosis (Figure 2VI).

Scanning electron microscopy (SEM) is used to directly
observe biofilms (Pan et al., 2016). As shown in Figure 3I, a layer
of mature biofilms of V. parahaemolyticus with well-organized

FIGURE 2 | Representative confocal laser scanning microscopy (CLSM)
images of biofilm formed by V. parahaemolyticus (I–III) and L. monocytogenes
(IV–VI) under different modified atmospheres: anaerobiosis (20% carbon
dioxide, 80% nitrogen), micro-aerobiosis (20% oxygen, 80% nitrogen), and
aerobiosis (60% oxygen, 40% nitrogen). The scale bar represents 100 µm.
The images are representative of three independent replicates.

network structures was observed under anaerobic conditions,
and bacterial biofilm cells were closer to each other. However, few
bacterial cells aggregated, and the ordered biofilm structures were
not found under micro-aerobiosis (Figure 3II). Even much fewer
cells were sporadically scattered on the contact surface under
aerobiosis (Figure 3III). The biofilms of L. monocytogenes also
exhibited an opposite trend of structure changes compared with
V. parahaemolyticus (Figures 3IV–VI). Based on above results,
the modified atmospheres especially for aerobiosis significantly
inhibited the biofilm formation of V. parahaemolyticus, while
the anaerobiosis greatly restrained the biofilm formation of
L. monocytogenes.

The effects of modified atmospheres on the production of
EPS including eDNA, protein, and polysaccharide were examined
in the biofilms of V. parahaemolyticus and L. monocytogenes
(Figure 4). Overall, the eDNA and protein of V. parahaemolyticus
biofilms were greatly reduced from anaerobic to aerobic
conditions. However, the extracellular polysaccharide was
increased. In detail, the eDNA of EPS was significantly (P < 0.05)
decreased from 0.75 µg/ml under anaerobiosis to 0.08 µg/ml
(89%) under aerobiosis (Figure 4A). Meanwhile, the extracellular
protein of EPS was markedly (P < 0.05) reduced from 14.3 µg/ml
under anaerobiosis to 5.0 µg/ml (65%) under aerobiosis
(Figure 4B). Conversely, the extracellular polysaccharide of EPS
in V. parahaemolyticus biofilms was slightly increased from 1.02
to 1.60 (OD490nm/OD595nm) (Figure 4C).

For the biofilms of L. monocytogenes, the eDNA and protein
were dramatically elevated from anaerobic to aerobic conditions.
However, the extracellular polysaccharide was reduced from
anaerobic to aerobic conditions. In Figure 4A, the eDNA
content of EPS was significantly (P < 0.05) increased from
0.32 µg/ml under anaerobiosis to 0.93 µg/ml (73%) under
aerobiosis. Similarly, the extracellular protein of EPS was
markedly (P < 0.05) increased from 6.42 µg/ml under
anaerobiosis to 24 µg/ml (66%) under aerobiosis. Conversely, the
extracellular polysaccharide of EPS in L. monocytogenes biofilms
was gradually reduced from 1.53 under anaerobiosis to 0.93
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FIGURE 3 | Representative scanning electron microscopy (SEM) images of biofilms formed by V. parahaemolyticus (I–III) and L. monocytogenes (IV–VI) under
different modified atmospheres: anaerobiosis (20% carbon dioxide, 80% nitrogen), micro-aerobiosis (20% oxygen, 80% nitrogen), and aerobiosis (60% oxygen, 40%
nitrogen). The scale bar represents 10 µm. The images are representative of three independent replicates.

under aerobiosis (OD490nm/OD595nm). It was concluded that the
modified atmosphere treatment inhibited the biofilm formation
of V. parahaemolyticus, and the inhibition degree values could
be ranked as eDNA > extracellular proteins > extracellular
polysaccharide; however, the modified atmosphere treatment
enhanced the biofilm formation of L. monocytogenes, and the
enhancement degree values could be ranked as extracellular
proteins > eDNA > extracellular polysaccharide.

Subsequently, the morphological and structural changes of
the biofilms of V. parahaemolyticus and L. monocytogenes were
analyzed by ISA software (Figure 5). The quantitative image
analysis (QIA) of V. parahaemolyticus biofilms revealed that the
biovolume of biofilms was greatly (P < 0.05) decreased from
13.49 × 105 µm3 under anaerobiosis to 8.62 × 105 µm3 under
aerobiosis (Figure 5A). The biofilm thickness was significantly
(P < 0.05) reduced from 16.72 µm under anaerobiosis to 9.65 µm
under aerobiosis (Figure 5B). Meanwhile, the bio-roughness was
significantly (P < 0.05) increased from 0.46 under anaerobiosis
to 1.00 under aerobiosis (Figure 5C). Meanwhile, the TE was
slowly increased from 7.16 under anaerobiosis to 7.40 under
aerobiosis (Figure 5D).

For L. monocytogenes, the biovolume of its biofilms was
significantly (P < 0.05) increased from 11.41 × 105 to
20.58 × 105 µm3 during the physiological conversion from
anaerobiosis to aerobiosis (Figure 5A). The biofilm thickness
was dramatically (P < 0.05) increased from 11.63 to 19.63 µm
(Figure 5B). Meanwhile, its bio-roughness was markedly
(P < 0.05) improved from 0.49 under anaerobiosis to 0.27 under

aerobiosis (Figure 5C). The TE was gradually decreased from
7.82 under anaerobiosis to 7.59 under aerobiosis (Figure 5D).

Vibrio parahaemolyticus possesses the ability to form biofilms
and secrete endotoxin, which can lead to serious diseases, and
L. monocytogenes can also form biofilms and cause terrible
listeriosis by secreting exotoxin such as listeriolysin O (LLO)
(Gekara et al., 2008; Hamon et al., 2012; Wang et al., 2015).
In this study, the regulatory genes of biofilm formation (luxS,
aphA, mshA, oxyR, and opaR) and EPS production genes (cpsA,
cpsC, and cpsR) of V. parahaemolyticus were selected to determine
the effects of the modified atmospheres on their transcriptional
levels. In Figure 6A, the expression levels of the biofilm formation
genes and EPS production genes were slightly downregulated by
aerobiosis; however, all the genes were significantly (P < 0.05)
upregulated under anaerobiosis. For the L. monocytogenes cells,
the gene expression levels of the biofilm formation (flgA, flgE, and
degU) and EPS production (Imo2554, Imo2504, inlA, rmlB) were
significantly (P < 0.05) downregulated under the anaerobiosis,
except inlA and rmlB (Figure 6C). However, all the above genes
were slightly upregulated by aerobiosis, except the obviously
upregulated flgA.

To investigate the effects of modified atmospheres on the
expression levels of virulence genes, the genes including vopS,
vopD1, vcrD1, vopP2β, and vcrD2β of V. parahaemolyticus
and actA, plfA, hly, and plcA of L. monocytogenes were
evaluated by RT-qPCR. For V. parahaemolyticus (Figure 7A), the
expression levels of all the virulence genes were downregulated
under aerobiosis, reaching 1.88, 1.30, 1.96, 1.14, and 1.10
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FIGURE 4 | Chemical composition and contents of EPS in V. parahaemolyticus and L. monocytogenes biofilms under different modified atmospheres: anaerobiosis
(20% carbon dioxide, 80% nitrogen), micro-aerobiosis (20% oxygen, 80% nitrogen), and aerobiosis (60% oxygen, 40% nitrogen). (A) Extracellular DNA (µg/ml),
(B) extracellular protein (µg/ml), and (C) polysaccharide (OD490nm/OD595nm) in EPS of V. parahaemolyticus and L. monocytogenes biofilms. Error bars represent the
standard error. And the same letter represents no significant difference (P < 0.05).

times, separately; but all the genes were upregulated under
anaerobiosis, reaching 1.84, 1.36, 1.46, 5.30, and 1.31 times,
respectively. However, the expression levels of all virulence genes
of L. monocytogenes were downregulated under anaerobiosis,
reaching 2.09, 3.58, 1.76, and 1.66 times, respectively; however,
all the genes were upregulated under aerobiosis, reaching 1.37,
1.44, 1.14,and 1.21 times, separately (Figure 7B).

DISCUSSION

Previous studies showed that all the tested modified atmospheres
were effective in reducing V. parahaemolyticus in sea bream
fillets compared with air-packaged samples (Provincial et al.,
2013a). Meanwhile, Provincial et al. (2013b) found that the
modified atmospheres were more effective in decreasing the
Listeria spp. with the increase of CO2 concentrations from
20% to 30%. Rutherford et al. (2007) also found differences
in the amount of Listeria on shrimp which were stored in air,

vacuum, and map packaging (100% CO2) at 3, 7, and 10◦C.
Moreover, V. parahaemolyticus and L. monocytogenes could form
bacterial biofilms to survive on food processing surfaces under
anaerobiosis or aerobiosis (Voidarou et al., 2011; Valimaa et al.,
2015; Perez-Ibarreche et al., 2016; Song et al., 2016). In an early
study, the biofilm formation of Vibrio vulnificus was reduced
due to the lack of oxygen (Phippen and Oliver, 2015). However,
Salmonella spp. produced the highest amount of biofilm under a
CO2-rich atmosphere (Stepanovic et al., 2003). In food products,
Wang et al. (2017) reported that the MAP inhibited the growth
of Pseudomonas fragi strains in meat, and more loose and
less bound EPS were produced by P. fragi in the modified-
atmosphere packaged samples. The present study demonstrated
that V. parahaemolyticus possessed a stronger ability to develop
biofilms under anaerobic conditions in comparison with micro-
aerobiosis and aerobiosis (Figure 1).

For Gram-positive bacteria, compared to the increased CO2
atmosphere and anaerobic condition, the aerobic atmosphere
of methicillin-resistant Staphylococcus aureus was not efficient
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FIGURE 5 | Quantification of structural parameters in biofilm formed by V. parahaemolyticus and L. monocytogenes biofilms under different modified atmospheres:
anaerobiosis (20% carbon dioxide, 80% nitrogen), micro-aerobiosis (20% oxygen, 80% nitrogen), and aerobiosis (60% oxygen, 40% nitrogen). (A) Biovolume, (B)
Mean thickness, (C) Bio-roughness, and (D) Textural entropy. Error bars represent the standard error. And the same letter represents no significant difference
(P < 0.05).

in promoting the biomass of biofilms (Ursic and Tomic,
2008). However, the aerobic biofilms of wild-type S. aureus
were more robust than that under anaerobic conditions (Hess
et al., 2013). Our results showed that the L. monocytogenes
biofilms were increased from 1.01 (OD600nm) under anaerobiosis
to 2.02 (OD600nm) under aerobiosis (Figure 1). In addition,
the biofilms formed by different Gram-negative Salmonella
strains (n = 30) exhibited a different stress response to the
modified atmospheres, indicating the heterogeneity of the biofilm
formation ability of Salmonella strains under the modified
atmospheres (Stepanovic et al., 2003).

It is widely reported that high fluorescence intensities
observed by CLSM are caused by the aggregation of biofilms
in different layers and depths (Webster et al., 2005; Han
et al., 2017). Moreover, SEM images can also be used to
describe the biofilm morphotypes (Simões et al., 2007). In our
study, the results of CLSM and SEM clearly showed that the
biofilm cells of V. parahaemolyticus displayed more compact

aggregates and well-organized structures under anaerobiosis
compared to micro-aerobiosis and aerobiosis (Figures 2, 3).
However, it was observed that few aggregated cells and sparser
structures of L. monocytogenes biofilms formed with a lower
fluorescence intensity under anaerobiosis (Figures 2, 3). Overall,
the results of the CLSM and SEM confirmed the results of crystal
violet staining.

The EPS consists of about 80% dry mass of the biofilms,
mainly including extracellular proteins (3–37%), nucleic acids
(9–50%), and polysaccharides (3–21%) (Andersson et al., 2009),
which plays a major role in mediating biofilm formation (Liu
et al., 2007). It was concluded that the eDNA was essential in
the initial establishment of Pseudomonas aeruginosa biofilms and
perhaps biofilms formed by other bacteria (Whitchurch et al.,
2002). Besides, three matrix proteins contributing to biofilm
stability were identified in Vibrio cholerae, which involved in cell–
cell and cell–surface adhesion (Yildiz et al., 2014). Up to now,
the most descriptive matrix protein was extracellular adhesin
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FIGURE 6 | Fold change normalized to reference gene recA [V. parahaemolyticus (A,B)] and Gap [L. monocytogenes (C,D)] in the expression of biofilm and
extracellular polymeric substance (EPS) genes in: anaerobiosis (20% carbon dioxide, 80% nitrogen) and aerobiosis (60% oxygen, 40% nitrogen) relative to
micro-aerobiosis (20% oxygen, 80% nitrogen). Error bars represent the standard error. Asterisks represent statistically significant differences (P < 0.05) in fold change
relative to micro-aerobiosis.

CdrA, which promoted the aggregate formation through the
interaction of extracellular polysaccharide Psl under planktonic
conditions and helped to stabilize the matrix and maintain
the structural integrity of aggregates (da Silva et al., 2019).
In Figure 4, the eDNA and extracellular proteins of the
V. parahaemolyticus biofilms were significantly (P < 0.05)
reduced from anaerobiosis to aerobiosis, but the extracellular
polysaccharides were gradually increased. However, our results
showed that the eDNA and extracellular proteins of the
L. monocytogenes biofilms were dramatically (P < 0.05) increased
from anaerobiosis to aerobiosis; conversely, the extracellular
polysaccharides were decreased (Figure 4). Our results were
supported by the fact that anaerobic incubation decreased the
production of extracellular polysaccharide in Gram-negative
Escherichia coli 0157:H7 (Dewanti and Wong, 1995). It showed
that the extracellular proteins and eDNA of Gram-positive
S. aureus were significantly decreased under anaerobic conditions
(Hess et al., 2013). The results demonstrated that the anaerobic

conditions induced the highest levels of carbohydrates in biofilms
compared to aerobic conditions (Yang et al., 2006). The reported
results were highly coincident with the changes of EPS of Gram-
positive L. monocytogenes in this study.

Quantitative image analysis was used to characterize the
structure of the biofilms (Tan et al., 2018). The variation
of the textural parameters reflects the changes of biofilm
structure and biofilm adhesion ability (Figures 5A–C). The
biovolume represented the total volume of cells (µm3) in
the biofilms (Bridier et al., 2010). Meanwhile, the mean
thickness (µm) of biofilms was also determined directly from
the confocal stack images. In Figures 5A,B, the decrease
in biovolume and thickness of biofilms suggested that the
total volume of adherent cells was reduced from anaerobiosis
to aerobiosis. Bio-roughness offered a metric of variations
in biofilm thickness and was an indicator of the superficial
biofilm-interface heterogeneity, so the significantly increased bio-
roughness suggested that a high variation of biofilm thickness
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FIGURE 7 | Fold change normalized to reference gene recA [V. parahaemolyticus (A)] and Gap [L. monocytogenes (B)] in the expression of virulence genes in:
anaerobiosis (20% carbon dioxide, 80% nitrogen) and aerobiosis (60% oxygen, 40% nitrogen) relative to micro-aerobiosis (20% oxygen, 80% nitrogen). Error bars
represent the standard error. Asterisks represent statistically significant differences (P < 0.05) in fold change relative to micro-aerobiosis.

means a high superficial biofilm-interface heterogeneity (Bridier
et al., 2010) (Figure 5C). It is now widely accepted that
the texture entropy (TE) is positively correlated with the
heterogeneity of biofilms (Beyenal et al., 2004a), but the
changes of TE of these two bacterial biofilms were not
obvious, indicating that the heterogeneity of biofilms did not
exhibit obvious alteration under modified atmosphere treatment
(Figure 5D). However, the increase in biovolume and thickness
of L. monocytogenes biofilms indicated the increased total
volume of adherent cells from anaerobiosis to aerobiosis. The
bio-roughness, an indicator of variation of biofilm thickness,
was significantly (P < 0.05) decreased, implying the low
superficial heterogeneity of biofilm interface from anaerobiosis
to aerobiosis (Bridier et al., 2010). It was concluded that the
modified atmospheres could highly shape the biofilm formation
of V. parahaemolyticus and L. monocytogenes cocktails. Based
on the above analysis, this study was the first one to evaluate
the potential effects of the modified atmospheres on bacterial
biofilms by monitoring the changes of biofilm architectures,
chemical compositions, etc.

The biofilm formation of V. parahaemolyticus and
L. monocytogenes was regulated by a variety of genes. For
V. parahaemolyticus, the oxyR has been known to regulate the
formation of cell appendages and biofilm formation (Chung
et al., 2016). The expression of quorum-controlled genes aphA
was necessary for the biofilm formation of V. parahaemolyticus
(Wang et al., 2013). Meanwhile, it has been shown that
quorum-controlled genes opaR directly or indirectly regulated
5.2% of genes in the genome of V. parahaemolyticus which
were pertinent to social activities of bacteria such as biofilm
formation (Gode-Potratz and McCarter, 2011). Additionally,
biofilm formation was also regulated by the luxS-dependent
quorum-sensing system in V. parahaemolyticus (Guo et al.,
2018). From anaerobiosis to aerobiosis, our study showed
that the expression levels of oxyR, aphA, opaR, and luxS were

downregulated. Such facts indicated that the bacteria decreased
their physiological activity and mitigated the expression of
essential genes to cut down the energy costs of cells to adapt
the changes of environmental conditions (Bayramoglu et al.,
2017). Therefore, the results suggested a relationship between the
biofilm formation and expression of biofilm and quorum-sensing
genes in V. parahaemolyticus (Lamas et al., 2016).

MshA is a type IV pilin subunit gene that mediates the
adhesion of V. parahaemolyticus to the surface through pili
(Shime-Hattori et al., 2006; Aagesen and Hase, 2012). The
expression of mshA significantly increased (P < 0.05) under
anaerobic conditions but obviously decreased under aerobic
conditions, which might suggest decreased functions of type IV
pili in the adhesion of V. parahaemolyticus. Meanwhile, the cpsA
and cpsC regulated the production and transportation of CPS,
and cpsR was required for the exopolysaccharide production
of V. parahaemolyticus biofilm (Guvener and McCarter, 2003;
Zhang et al., 2018). The downregulation of these genes
(cpsA, cpsC, and cpsR) suggested that the aerobic conditions
inhibited the production of CPS and exopolysaccharide, which
would reduce the adhesion ability and biofilm formation
of V. parahaemolyticus on the target surfaces. Likewise, the
virulence genes of V. parahaemolyticus are also affected by the
modified atmospheres. VcrD1, vopS, and vopD1 are the main
virulence factors of the V. parahaemolyticus type III secretory
system 1 (T3SS1). VcrD1, an inner membrane protein, is a
component of T3SS1 in V. parahaemolyticus (Kwon-Sam et al.,
2004; Noh et al., 2015). VopS is an effector secreted by T3SS1
during infection and can inhibit actin assembly (Yarbrough et al.,
2009). VopD1 is the essential component of the translocation of
T3SS1 (Shimohata et al., 2012). VopP2β and vcrD2β are the main
virulence factors of V. parahaemolyticus type III secretory system
2 (T3SS2). VopP2β inhibits mitogen-activated protein kinases
(MAPK) signal transduction and prevents ATP binding in T3SS2
(Trosky et al., 2007; Tsai et al., 2013). And vcrD2β encodes an

Frontiers in Microbiology | www.frontiersin.org 11 February 2020 | Volume 11 | Article 2337

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00023 February 18, 2020 Time: 19:36 # 12

Qian et al. Stress Response of Bacterial Biofilms

inner membrane protein of T3SS2 (Kwon-Sam et al., 2004; Tsai
et al., 2013). The type III secretion system (T3SS), which consists
of T3SS1 (vcrD1, vopS, vopD1) and T3SS2 (vopP2β, vcrD2β), is
considered to be an important virulence factor for delivering
effectors into host cells (Noh et al., 2015). The downregulation of
these genes (VcrD1, vopS, vopD1 VopP2β, vcrD2β) suggested that
the aerobic conditions inhibited the expression of these virulence
genes, but the anaerobic conditions conversely improved the
expression of virulence genes.

For L. monocytogenes, flgA and flgE are flagellum-related
genes associated with biofilm formation (Li R. et al., 2018).
The degU gene-encoded DegU is essential for flagellar synthesis
and bacterial motility in L. monocytogenes (Gueriri et al., 2008;
Pieta et al., 2014). It is well known that flagellum-mediated
motility plays a predominant role in biofilm formation of
L. monocytogenes (Renier et al., 2011). The upregulation of flgA,
flgE, and degU (P < 0.05) implied that the aerobic conditions
facilitated the initial biofilm formation of L. monocytogenes.
However, the downregulation of flgA, flgE, and degU indicated
that anaerobic conditions caused a decrease in the ability
of biofilm formation. L-rhamnose is widely found in cell
walls and capsules of many pathogenic bacteria including
L. monocytogenes, which can be regulated by rmlB (Giraud and
Naismith, 2000; Eugster et al., 2015). Imo2554 is confirmed to
be involved in the glycolipid synthesis of L. monocytogenes, an
important cell wall polymer in Gram-positive bacteria (Webb
et al., 2009). Imo2504 encodes the binding protein of the cell
wall which participates in the biofilm formation (Lourenco
et al., 2013). InlA encodes InlA (the bacterial surface protein),
which gains invasiveness and invades the L. monocytogenes
cells (Pizarro-Cerda et al., 2012). The anaerobic downregulation
of rmlb, lmo2554, lmo2504, and inlA indicated that the
synthesis of these key proteins was inhibited, indicating the
highly decreased physiological activity of L. monocytogenes.
Conversely, the aerobic upregulation of these genes suggested the
enhanced expression of key proteins and physiological activity
of L. monocytogenes which finally strengthened the biofilm
formation. For the virulence genes, it was concluded that the
pathogenesis was mainly related to the expression of virulence
genes (LIPI-1) (Stelling et al., 2010). The virulence genes were
located in the virulence island, which is a 9-KB-long gene cluster
mainly containing hly, plcA, prfA, and actA (Stelling et al., 2010).
In this study, the anaerobic downregulation of hly, plcA, prfA,
and actA suggested that the toxicity of L. monocytogenes was
decreased, while the aerobic upregulation of these genes indicated
the increased toxicity of L. monocytogenes.

CONCLUSION

The modified atmospheres significantly reduced the eDNA and
proteins of EPS and negatively altered the biofilm structures
of V. parahaemolyticus during the physiological conversion
from anaerobiosis to aerobiosis. The modified atmospheres
also downregulated the expression of biofilm formation genes
(luxS, aphA, mshA, oxyR, and opaR) and EPS production
genes (cpsA, cpsC, and cpsR) and virulence genes (vopS,
vopD1, vcrD1, vopP2β, and vcrD2β) of V. parahaemolyticus.
Conversely, the expressions of biofilm formation genes (flgA,
flgU, and degU), EPS production genes (Imo2554, Imo2504,
inlA, rmlB) and virulence genes (vopS, vopD1, vcrD1, vopP2β,
and vcrD2β) of L. monocytogenes were upregulated during
the same physiological conversion. Therefore, the modified
atmospheres showed significantly different regulation on the
biofilm formation of Gram-negative V. parahaemolyticus and
Gram-positive L. monocytogenes. The generated knowledge
will facilitate our understanding of the stress response of
Gram-negative and Gram-positive pathogens to the modified
atmosphere treatment and hence provide an efficient way to
control the pathogens in modified-atmosphere packaged food.
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Aspergillus exists commonly in many crops and any process of crop growth, harvest,
storage, and processing can be polluted by this fungus. Once it forms a biofilm,
Aspergillus can produce many toxins, such as aflatoxin B1 (AFB1), ochratoxin,
zearalenone, fumonisin, and patulin. Among these toxins, AFB1 possesses the highest
toxicity and is labeled as a group I carcinogen in humans and animals. Consequently,
the proper control of AFB1 produced from biofilms in food and feed has long
been recognized. Moreover, many biosensors have been applied to monitor AFB1
in biofilms in food. Additionally, in recent years, novel molecular recognition elements
and transducer elements have been introduced for the detection of AFB1. This review
presents an outline of recent progress made in the development of biosensors capable
of determining AFB1 in biofilms, such as aptasensors, immunosensors, and molecularly
imprinted polymer (MIP) biosensors. In addition, the current feasibility, shortcomings,
and future challenges of AFB1 determination and analysis are addressed.

Keywords: aflatoxin B1, detection, aptasensors, aptamers, immunosensor, biosensors

INTRODUCTION

A biofilm is an extracellular matrix secreted by biological flora and easily adheres to biological
or non-biological surfaces (Srey et al., 2013; Xu et al., 2019). Biofilm formation represents a
self-protection mechanism of bacteria and fungi. Moreover, the biofilms formed by Aspergillus
intensively produce many toxins in food. It is commonly accepted that the infection and
proliferation of biofilm mycotoxins may occur in any field, harvest, and storage process (Siegel and
Babuscio, 2011). Mycotoxins are low-molecular-weight natural secondary metabolites produced
by certain fungi (Krittayavathananon and Sawangphruk, 2017). AFB1 is the most toxic among
all mycotoxins, posing teratogenic, carcinogenic, and mutagenic risks to humans, and has been
labeled as a group I carcinogen in humans by the International Agency for Research on Cancer
(IARC) (IARC, 2002; Abnous et al., 2017a). In addition, AFB1 commonly exists in many crops
such as grain, peanut, corn, and feed. AFB1 production and pollution can occur during all processes
along the food chain. Because AFB1 results in significant health and economic problems in many
countries, AFB1 contamination is one of the most serious problems threatening food safety (Uludag
et al., 2016; Xue et al., 2019). Therefore, it is necessary to exploit novel, low-cost, and fast on-site
detection technology as well as miniaturized instruments for real-time monitoring of AFB1 and
prevention of AFB1 contamination.

Traditionally, aflatoxin B1 (AFB1) detection is performed by thin-layer chromatography (TLC)
(Var et al., 2007; Casoni et al., 2017), enzyme-linked immunosorbent assay (ELISA) (Lee et al.,
2004), mass spectrometry (MS), gas chromatography (GC), liquid chromatography (LC) (Jin
and Choi, 2007; Fan et al., 2015), and high-performance LC (HPLC) (Ghali et al., 2009). These
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detection assays benefit from having a high sensitivity and
mature technology. However, these methods require high-
cost instruments and equipment, long test times, and skilled
lab researchers for the detection process. These shortcomings
have limited the development of these methods for mycotoxin
detection to a certain extent. Moreover, biological sensors are a
new, emerging technology for the determination of mycotoxins.

A biosensor is a kind of detection method used to convert
biological signals into electrical signals. This detection method
offers an excellent performance, as it is easy-to-use, inexpensive,
very specific, and highly sensitive. Generally, a biosensor
includes three main parts: a bio-recognition component, a signal
converter, and a signal measurement system (Figure 1A). The
bio-recognition element is the core part of a biosensor, and
common bio-recognition elements include aptamers (Alizadeh
et al., 2018; Danesh et al., 2018), antibodies (Eivazzadeh et al.,
2017), molecularly imprinted polymers (MIPs; Ton et al., 2015),
and enzymes (Ricard and Buc, 2005). These bio-recognition
elements possess a high selectivity and specificity for specific
target substances, and only in this way can biological sensors
achieve better selectivity. In addition, the signal converter is
closely connected to the biological recognition component.
First, the target molecules are captured by the biological
recognition component. Then, the signal converter converts
the biological signals into physical signals, including electrical
signals, fluorescence signals, magnetic signals, and so on.
Finally, these signals are detected by the detection system.
Sometimes, the signal generated by the signal converter will be
amplified by the signal amplifier before reaching the detection
system. To date, biosensors have been used in many fields,
including pathogen (Khansili et al., 2018) toxin and pesticide
residue (Shang et al., 2011) detection in food, bio-marker
detection for medical diagnostics, detection in water (Han et al.,
2013), and detection in the atmosphere. In recent years, the
combination of biosensors and nanomaterials [quantum dots
(QDs), carbon nanomaterials, noble metal nanoparticles, and
magnetic nanoparticles] has attracted the attention of researchers
(Farka et al., 2017; Xue et al., 2019).

Based on the differences between the bio-recognition
elements, biosensors have been classified as aptasensors,
immunosensors, and MIP-based biosensors (Figure 1B). Herein,
this review focuses on biosensors developed for AFB1 detection
in the past 5 years. We aim to evaluate the superiority
and limitations of the reported biosensors in overcoming the
challenges and drawbacks of their applications.

APTASENSORS FOR AFLATOXIN B1
FROM BIOFILM

An aptasensor is a biosensor that uses aptamers as the recognition
element. Aptamers are short, single-stranded oligonucleotide
sequences (DNA, RNA, or nucleic acid analogs) selected from
a nucleic acid molecular library using the in vitro systematic
evolution of ligands by exponential enrichment (SELEX) method
(Stoltenburg et al., 2007; Abnous et al., 2017b; Alizadeh et al.,
2018). Owing to their dimensional folded configurations,

aptamers possess a high specificity and affinity for specific
targets, including mycotoxins, pathogens, metal ions, pesticides,
and cells (Meng et al., 2015; Danesh et al., 2018; Liu et al.,
2019; Wu et al., 2019c,d; Yu S.H. et al., 2019). In contrast
to antibodies, aptamers possess a superior sensitivity and
stronger stability toward various pH values, temperatures, and
ions, can be easily synthesized in vitro and modified, and are
inexpensive (Rothlisberger and Hollenstein, 2018; Wu et al.,
2019c). Therefore, the latent recognition ability of aptasensors
for use as biosensors is better than that of immunosensors.
So far, aptasensors have attracted a great deal of attention and
have created new approaches for the sensitive and selective
detection of toxins (Yugender Goud et al., 2017; Qian et al.,
2018; Ma et al., 2019; Wang J. et al., 2019; Wu et al., 2019b).
Additionally, various aptasensors have been utilized for AFB1
detection, including chemiluminescent aptasensors, fluorescent
aptasensors, surface-enhanced Raman scattering (SERS)-based
aptasensors, colorimetric aptasensors, and electrochemical
aptasensors. Herein, we classified and comprehensively evaluated
the reported aptasensors for monitoring AFB1. In addition,
aptamer sequence, LOD and linear range of various aptasensors
were listed in Table 1.

Fluorescent Aptasensors
Fluorescence spectrometry is a practical method for the sensitive
determination of samples with low quantitative amounts (Gao
et al., 2018; Yang Y. et al., 2018). In recent years, coupling
with fluorescent nanomaterials, such as carbon dots (CDs),
fluorescence dyes, up-conversion nanoparticles (UCNPs), QDs,
metal nanoparticles [e.g., gold nanoparticles (AuNPs) and silver
nanoparticles (AgNPs)], has become a trend in fluorescent
aptasensors (Huang et al., 2018; Yang C.Y. et al., 2018; Li Z.
et al., 2019; Wang Y.J. et al., 2019; Zhang M.M. et al., 2019).
The most commonly used strategy of fluorescent aptasensors
is the signal-on method, except for some cases that typically
apply the theory of fluorescence resonance energy transfer
(FRET). On the other hand, signal-off fluorescent aptasensors
usually cannot eliminate the potential experimental uncertainties
and false positives caused by the fluorescence source itself.
According to FRET, fluorophores are used as fluorescence
donors, and quenchers are used as fluorescence acceptors. First,
fluorescence is blocked by the quencher, forming a detection
platform in the fluorescence signal-off state. When the target
analytes are added, the fluorophore-modified aptamer would
release from the quencher surface due to the binding affinity
of the aptamer and target being stronger than that of the
aptamer and quencher, and the aptamer would subsequently
combine with the targets and yield a significant fluorescence
intensity. In addition, metal nanoparticles, humic acid (HA)
(Guo M. et al., 2019), graphene oxide (GO) (Wang et al.,
2020), and a quenching group have frequently been used as
fluorescence quenchers.

Metal nanoparticles (AuNPs or AgNPs) are usually used as
fluorescence acceptors due to their high extinction coefficient
and powerful quenching ability (Farka et al., 2017; Xue
et al., 2019). Recently, Lu et al. (2019) employed fluorescence
switch-on aptasensors for the determination of AFB1 based
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FIGURE 1 | (A) Schematic illustration of the biosensor, including the following three parts: the bio-recognition element, the signal converter, and the signal
measurement system. (B) Outline of the biosensors used for monitoring AFB1. According to the bio-recognition element, the biosensor is divided into aptasensors,
immunosensors, and MIP biosensors in this review.

on the FRET mechanism between CdZnTe QDs and AuNPs
(Figure 2A). Therein, highly fluorescent ternary CdZnTe QDs
were successfully prepared. After incubation of the CdZnTe
QDs-aptamer and AuNPs-cDNA, the fluorescence of the QDs
was blocked by the AuNPs because of the DNA hybridization
that occurred between the aptamer and cDNA. When the target
was added, the aptamer preferred to combine with AFB1 because
the aptamer had a higher affinity for AFB1 than for the target,
resulting in the fluorescence recovery of the CdZnTe QDs and
detachment of cDNA-AuNPs. In addition, the LOD of this
work was shown to be 50 pg/mL. Different metal nanoparticles
have been used for AFB1 detection. For instance, Nasirian
et al. (2017) established a FRET platform for the ultrasensitive
determination of AFB1 that depended on the adsorption and
fluorescence quenching ability of AgNPs-cDNA to a polymer
dots-aptamer. Interestingly, the LOD of that work was shown
to be 0.3 pg/mL.

A material with a strong affinity for single-stranded DNA
(ssDNA), such as HA and GO, can also be employed to
construct FRET platforms. The former, HA, possesses abundant
quinoid units, aromatic rings, and sugar moieties. The latter, GO,
possesses a large amount of oxygen-containing functional groups
on its surface. Owing to π–π stacking, the aptamer is adsorbed

on the GO surfaces. Li et al. developed a novel fluorescence
aptasensor using CD-modified aptamers as the capture probes
and HA as the quencher for AFB1 detection, and the LOD was
70 pg/mL (Guo M. et al., 2019). Compared with conventional
metal QDs, CDs have the following benefits: they are easy to
synthesize, environmentally friendly, green, non-toxic, derived
from abundant sources, inexpensive, biodegradable, and so on.
In addition, Poda’s group assembled a GO-FRET platform by
utilizing a QD-aptamer and GO for AFB1 detection, and the LOD
was 0.004 µg/µL (Kumar et al., 2018).

A quencher group, such as black hole quencher 1 (BHQ1)
and tetramethyl-6-carboxyrhodamine (TAMRA), has also
been used in the quenching system. Generally, fluorophores,
such as FAM (carboxyfluorescein), are modified with an
aptamer, and the quencher group is modified with cDNA.
In the absence of a target, the fluorescence is blocked due
to the base complementary condition of the aptamer and
cDNA. When a target is added, fluorescence is recovered
and cDNA is detached. Taking advantage of these properties,
Xia et al. (2019) constructed a dual-terminal proximity
structure detection platform by utilizing the FAM-aptamer
and anti-aptamer-labeled BHQ1. In this aptasensor, AFB1
competitively combines with the aptamers, resulting in

Frontiers in Microbiology | www.frontiersin.org 3 March 2020 | Volume 11 | Article 40844

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00408 March 26, 2020 Time: 17:32 # 4

Wang et al. Biosensor for Monitoring AFB1

TABLE 1 | Selected examples of aptasensors for detection of AFB1.

Detection methods Aptamer sequence (5′–3′) LOD Linear range References

Fluorescence GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC
CCT TCG CTA GGCCC

20 pg/mL 0.05–100 ng/mL Lu et al., 2019

GT TGG GCA CGT GTT GTC TCT CTG TGT CTC GTG
CCC TTC GCT AGG CCC ACA

0.3 pg/mL 5–1000 pg/mL Nasirian et al., 2017

AAA AAA AAG TTG GGC ACG TGT TGT CTC TCT GTG
TCT CGT GCC CTT CGC TAG GCC CAC AC

70 pg/mL 0.1–0.8 ng/mL Li Z. et al., 2019

ATA TCT TTT CCT ACT CAT CTT TGA ATA ACT ACC GGG
CAT TAC TTT CTG GCC TCC CTG CCT CCT AAA TCA
CCA ATT AAT TCG CGG CCC CCC G

4 ng/mL 0.002–0.2 µg/mL Kumar et al., 2018

Colorimetry GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC
CCT TCG CTA GGC CC

1 pM – Wu et al., 2019a

SERS GTTGG GCA CGT GTT GTC TCT CTG TGT CTC GTG
CCC TTC GCT AGG CCC

3.6 pg/mL 0.01–100 ng/mL Chen et al., 2018

GTTGG GCA CGT GTT GTC TCT CTG TGT CTC GTG
CCC TTC GCT AGG CCC

0.54 pg/mL 0.001–10 ng/mL Yang et al., 2017

SPR TGG GCA CGT GTT GTC TCT CTG TGT CTC GTG CCC T 0.4 nM 0.4–200 nM Sun et al., 2017

GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC
CCT TCG CTA GGC CCA CA

0.19 ng/mL 1.5–50 ng/mL Wu et al., 2018

Electrochemistry GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC
CCT TCG CTA GGC CCA CA

0.01 fg/mL 0.1 fg/mL-0.1 µg/mL Peng et al., 2018

GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC
CCT TCG CTA GGC CCA CA

86 fg/mL 0.1–10 ng/mL Selvolini et al., 2019

GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC
CCT TCG CTA GGC CCA CA

0.13 ng/mL 1-20 ng/mL Mo et al., 2018

the destruction of the dual-terminal proximity structure.
Additionally, the aptasensor can be used to implement
ultrafast determination in one minute. Therefore, this work
produced an immensely successful aptasensor for the rapid
determination of AFB1.

A label-free method can obtain direct evidence by detecting
analytes without a label. Thus, label-free biosensors are one
of the most widely used detection methods. In fact, most of
the reported aptasensors were designed using the label-free
approach. Jia et al. (2019) reported a new label-free fluorescent
aptasensor for monitoring AFB1 in food samples by employing
aggregation-induced emission (AIE) molecules and GO. Jia
et al. considered the possibility of traditional fluorescence dye
self-quenching in an aggregated state. Therefore, quaternized
tetraphenylethene salt (TPE-Z), a kind of AIE molecule, was
used as the label-free fluorescence dye. In this work, the
LOD was 0.25 ng/mL.

Colorimetric Aptasensors
Colorimetry is a convenient method for in situ detection
because the detection results can be observed by the naked
eye without using an instrument. When the targets are added,
the colorimetric aptasensors can convert the target signal
into a color change. To improve the sensitivity, the signal
amplification strategy has been employed in increasingly more
widespread applications in colorimetric biosensors for detecting
low analyte concentrations (Taghdisi et al., 2018; Li C. et al.,
2019). In the colorimetric aptasensor system, noble metal
nanoparticles are usually applied as signal indicators due to
their ability to change color when changing from a dispersion

state to an aggregation state (Danesh et al., 2018; Zhang et al.,
2018). Enzyme catalysis is another common method used to
change the color.

A colorimetric biosensor based on the nuclease-assisted signal
amplification strategy was fabricated for the naked-eye detection
of AFB1 (Figure 2B) (Wu et al., 2019a). In this work, the
domain a∗ of DNA1 and the AFB1 aptamer were hybridized
together in the absence of AFB1, preventing the combination
of DNA1 and the hairpin DNA probe (HP). The HP included
the stem region (domains a, which was the recognition unit,
and a∗, which was complementary to a), and a surrounded
the G-rich sequence lying in the loop domain (domain b). The
aptamer preferred to combine with AFB1 in the presence of this
toxin, releasing DNA1. Then, DNA1 and HP combined based
on the principle of base complementarity, forming the blunt or
recessed 3′ termini of the HP. At this time, Exo III could cleave
duplex DNA, liberating DNA 1 to re-enter the above-mentioned
cycle (cycle I). Moreover, a new DNA fragment (domains a∗
and b of DNA 2) could participate in the next cycle (cycle
II), in which HP catalyzed the cleavage of mononucleotides to
form DNA 2 by Exo III. At the end of the cleavage reaction
of cycles I and II, the G-rich oligomer of the exponentially
growing DNA 2 and co-factor hemin could assemble into active
DNAzyme. Then, the G-quadruplex DNAzyme could catalyze
the oxidation reaction of H2O2 and TMB, and the color of
the system would change from colorless to blue. Note that this
work represented a brilliantly designed colorimetric aptasensor
based on the signal amplification principle. In addition, the
new DNA fragment (DNA 2) played a crucial role in the
recycling process.
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FIGURE 2 | Different assays of optical aptasensors for AFB1 detection. (A) Schematic illustration of ternary QDs based fluorescent assay. (B) Schematic illustration
of G-quadruplex DNAzyme-based colorimetric assay. Modified from Lu et al. (2019) and Wu et al. (2019a).

Another example employed enzyme-free amplified
colorimetric aptasensors based on AuNPs for AFB1
determination (Chen et al., 2016). The signal amplification
system was assembled by three biotinylated hairpin DNA probes
(H1, H2, and H3). In the absence of AFB1, the aptamer-based
T-DNA combined with DNA (B). However, the aptamer-AFB1
complex would activate the signal amplification device when
AFB1 was added. T-DNA subsequently opened the hairpin
structure of H1, H2, and H3, further forming the T–H1–H2–
H3 complex. However, T-DNA would dissociate from the
T–H1–H2–H3 complex, continuing to open the left hairpins.
In this aptasensor, streptavidin functionalized AuNPs were
used as colorimetric indicators. Then, biotinylated H1–H2–H3
complexes would combine with AuNPs via streptavidin–biotin
interaction, forming a crosslinked network of AuNPs. The

ultimate red-to-blue color variation can be distinguished
by the naked eye.

SERS Aptasensors
Surface enhanced Raman scattering (SERS) is an extension of
the spectroscopic method developed on the basis of Raman
spectra and metal nanoparticles (AuNPs or AgNPs) (Lee et al.,
2019; Yu B.R. et al., 2019). Because metal nanoparticles possess
an excellent signal amplification effect, the sensitivity level of
SERS can be equivalent to that of fluorescence (Ding et al.,
2017). The SERS aptasensors not only provide a label-free
approach, which simplifies the steps and saves costs, but also
possess an ultrahigh sensitivity, even down to the single-
molecule level.
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Due to the stability and sensitivity of the SERS signal,
core-shell nanoparticles have been widely employed in SERS
sensors. One SERS aptasensor was assembled by aptamer-CS-
Fe3O4 and AFB1-complementary aptamer-AuNR@DNTB@Ag
nanorods (ADANRs) (Figure 3A) (Chen et al., 2018). ADANRs
are SERS reporter nanoprobes with a core-shell structure
and produce a very sensitive SERS signal. When AFB1 was
added, this compound preferred to combine with the aptamer,
leading to the dissociation of the aptamer-CS-Fe3O4 and
cDNA-ADANRs. In addition, the SERS signal at 1331 cm−1

decreased, and the ADANRs were released. Using this SERS
aptasensor, AFB1 was monitored at concentrations as low as
0.0036 ng/mL. Chen et al. also employed novel core-shell
nanoparticles [gold nanotriangles (GNTs)-DTNB@Ag-DTNB
nanotriangles] as reporters for AFB1 determination (Yang et al.,
2017). The Raman characteristic peak of AFB1 is 1331 cm−1.
The LOD was 0.54 pg mL−1, and the linear range was from
0.001 to 10 ng/mL.

Electrochemical Aptasensors
Due to their outstanding advantages, which include fast
detection, easy operation, and low cost, electrochemical
biosensors have been widely utilized in medical, food, and
environmental fields (Wu et al., 2018). There is growing interest
in employing electrochemical aptasensors that combine aptamers
with electrochemical analysis technology for analyte detection.

A novel AFB1 electrochemical aptasensor based on a
stereoscopic regulated macroporous MoS2-AuNP film (SRM
MoS2-AuNPs) was constructed and used as a horseradish
peroxidase (HRP)-modified electrode (Figure 3B) (Peng et al.,
2018). In this work, the AFB1 aptamer could hybridize
tetrahedral DNA nanostructures (TDNs), which were
immobilized on the modified electrode. In the presence
of AFB1, the aptamer preferentially combined with the
toxin, forming base vacant TDNs. Thus, the TDNs could
bind with the complex of the helper strand (H1)/HRP-
modified nanospheres due to the base complementarity of
H1 and the TDNs. HRP could catalytically reduce H2O2
to produce one electron. There was a linear relationship
between the current response and the AFB1 concentration.
Moreover, the detection limit of this brilliantly designed
aptasensor was 0.01 fg/mL.

Selvolini et al. (2019) reported novel electrochemical
aptasensors based on competitive approaches using AFB1 and
bovine serum albumin (AFB1–BSA). The AFB1–BSA complex
was coupled on the surface of graphite screen-printed electrodes.
In addition, free and immobilized AFB1 molecules competed
to combine with the aptamer, and the streptavidin-alkaline
phosphatase enzyme conjugate monitored this process. The LOD
of AFB1 was 0.086 ng/mL.

A porous anodized alumina (PAA) membrane can be used
to construct nanostructured arrays. Nanochannel sensors are
sensitive to electric charge change. Mo et al. (2018) developed
novel sandwich structures of electrochemical aptasensors using
a PAA membrane, aptamer, and GO to monitor AFB1. In
the presence of AFB1, GO detached from the nanochannel
surfaces, causing a decrease in the steric effect and charge density.

Therefore, the current response increased as Fe(CN)6
3− passed

through the nanochannels.

IMMUNOSENSORS

Immunosensors are the most mature monitoring method for
rapid detection and combine immunoassays and biosensor
technology. Immunosensors can convert the recognition of an
antibody toward a specific antigen into a detection signal.
Normally, the antibody is an immunoglobulin secreted by B
lymphocytes in the immune system when the body is infected by
antigens. Although other recognition elements have been applied
in the detection field, classic antibodies, as the most popular
recognition components, still dominate most markets in the field
of study and commercial affinity assays.

Electrochemical Immunosensors
In electrochemical biosensors, the recognition element is
mostly immobilized on the surface of electrodes. Therefore,
electrochemical immunosensors can convert the recognition
of an antibody toward a specific target into a detectable
electrochemical signal (current, resistance, and potential).
In this part of the review, electrochemical techniques,
including electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV), and photoelectrochemical (PEC)
methods, are discussed.

We found that EIS and CV were frequently used together
in these studies. EIS measures the ratio of voltage to current
at a specific frequency. In this way, it is easier to analyze
the data. EIS is a detection method of the frequency domain,
and this technique can monitor a wide frequency range. CV
is one of the most popular electrochemical techniques and
measures the current response. In addition, the sensitivity of
the biosensor is determined by the sensitivity of the electrode
to a change in the material. To improve the sensitivity
of electrodes, nanomaterials—such as AuNPs, QDs, magnetic
beads, and carbon nanomaterials—are increasingly applied to
electrochemical immunoassays. Among these nanomaterials,
AuNPs are commonly used as signal amplification labels due
to their excellent catalytic, electrical, optical, and chemical
properties. Bhardwaj et al. (2019) described an approach in
which graphene QDs (GQDs) and AuNP-based electrochemical
immunosensors were used to detect AFB1. Here, antibodies
against AFB1 were immobilized on the surface of an ITO
glass electrode coated with the GQD-AuNP composite. CV and
EIS techniques were both used to evaluate the electrochemical
response of this immunosensor. The edge effects of the
GQDs dramatically increased the rate of heterogeneous electron
transport of the composite GQDs-AuNPs. Moreover, the
electrocatalytic activity of the AuNPs improved the electronic
properties of the composite GQDs-AuNPs. In this study, there
was a linear relationship between the concentration of AFB1
and the current signal. In addition, the linear range was 0.1–
3.0 ng/mL. Similarly, Li et al. (2017) constructed a label-free
impedimetric immunosensor based on Au three-dimensional
nanotube ensembles (3DTNEEs) and the AFB1 antibody. The
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FIGURE 3 | Different aptasensors for AFB1 determination. (A) Schematic illustration of AuNPs-based SERS assay. (B) Schematic illustration of HPR based
electrochemical assay. Modified from Chen et al. (2018) and Peng et al. (2018).

AFB1 antibodies were immobilized on the 3DTNEEs using a
staphylococcus protein A layer. In this study, the particular
tube-like structure and the high surface areas of the 3DTNEEs
effectively improved the sensitivity of the immunosensor. The
LOD of AFB1 was 1 pg/mL. In another example, Costa’s
group reported an impedimetric immunosensor based on carbon
nanotubes and an Au electrode for monitoring AFB1 (Costa
et al., 2017). In this immunosensor, the carbon nanotubes

exhibited an exceptional surface/volume ratio and excellent
electrical properties.

PEC can not only translate chemical energy produced by
light into electrical energy but also provide high sensitivity and
a low background signal. In addition, illumination electrodes
play a crucial role in PEC biosensors. Zn3(OH)2V2O7·2H2O,
a photoelectrochemically active material, can produce a
photocurrent under UV light due to its wide band gap, but this
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TABLE 2 | Selected examples of optical immunosensors for detection of AFB1.

Optical strategies Nanometerials LOD Linear range References

Fluorescence Magnetic fluorescent beads 27 ± 3 pg/mL 5-150 pg/mL Guo M. et al., 2019

CdTe/CdS/ZnS quantum dot 0.01 ng/mL 0.08–1.25 ng/mL Zhang M.M. et al., 2019

– 0.21 ng/mL 1.0–1000 ng/mL Shu et al., 2019

Porous g-C3N4 nanosheets 2 pg/mL 0.01–0.5 ng/mL Xie et al., 2019

SPR AuNPs 0.003 nM 0.01–50 nM Bhardwaj et al., 2020

– 0.59 ng/mL – Wei et al., 2019

– 2.51 ppb – Moon et al., 2018

SERS AuNPs 0.06 g/kg – Li et al., 2018

Silica-encapsulated hollow AuNPs 0.1 ng/mL 1–105 ng/mL Ko et al., 2015

Gold nanobipyramids 0.5 µg/L – Lin et al., 2020

PL Gold-coated porous silicon nanocomposite 2.5 pg/ml 0.01–10 ng/ml Myndrul et al., 2017

characteristic is very weak for visible light absorption. Lin et al.
(2017) synthesized novel composites with doped transition metal
ions to improve the performance of Zn3(OH)2V2O7·2H2O.
Moreover, dopamine-loaded liposomes were utilized to upgrade
the photocurrent of Mn2+-doped composites. Considering
the abovementioned advantages, Lin et al. developed a novel
on-site PEC immunosensor based on signal amplification
for monitoring AFB1. Importantly, the LOD of this PEC
immunosensor was 0.3 pg/mL.

Optical Immunosensors
Optical immunosensors used for AFB1 detection have been
fabricated by fluorescence, SERS, surface plasmon resonance
(SPR), and photoluminescence (PL) assays. Nanoparticles play
vital roles in optical immunosensors. The core reasons might
be due to the excellent optical properties of the nanomaterials
and the sensitivity of the immunosensors. In this part, we
compared various immunosensors based on optical monitoring
assays. Optical immunosensors reported for monitoring AFB1
are reviewed in Table 2.

Fluorescence Immunosensors
Guo L. et al. (2019) synthesized bi-functional magnetic
fluorescent beads (MFBs) with a core/shell structure by using iron
oxide nanoparticles and CdSe/ZnS QDs (Figure 4A). Anti-AFB1
antibody-labeled MFBs (MFB-mAbs) were used to fabricate MFB
strips. MFBs were first reported as dual-functional probes for
pre-concentrating the target and increasing the response of the
competitive sensor. Under the optimal detection conditions, the
detection of the biosensor reported in this work ranged from
5 to 150 pg/mL. In another example, Zhang F. et al. (2019)
also employed CdTe/CdS/ZnS QDs for conjugation with an
artificial antigen. Based on a one-step fluorescence immunoassay
(FLISA), this immunosensor was developed for the accurate
detection of AFB1.

SPR Immunosensors
Surface plasmon resonance is a practical and label-free optical
sensing technology based on the differential refractive index
changes of the molecular surface. In essence, SPR is generated
from the resultant force of free charge oscillations and

electromagnetic waves at the interface of the medium and metal
(Zhao et al., 2019). Thus far, SPR biosensors have been employed
in the fields of food (food allergens and mycotoxins), medicine
(biomarkers and genes), and so on (Breveglieri et al., 2019; Jena
et al., 2019; Wei et al., 2019; Zhou et al., 2019).

A new type of SPR immunosensor used for AFB1
determination using nanoparticles integrated into a gold
chip was reported by Bhardwaj et al. (2020). Lipoic acid and
cystamine could form a self-assembled monolayer (SAM) on
the gold chip surface. AuNPs were immobilized on the SAM
gold chip surface by an amine linkage. The SAM gold chip
was carboxylated by EDC-NHS, combined with protein-A, and
finally coupled with AFB1 antibodies. Using this approach, the
linear range for monitoring AFB1 was 0.01–50 nM, with an LOD
as low as 3 pM. In another example, Tao et al. established an SPR
sensor chip based on a SAM for the simultaneous determination
of AFB1, deoxynivalenol, zearalenone, and ochratoxin A in
wheat and corn (Wei et al., 2019). The four antigens were
immobilized on the SAM-SPR chip through a hydrazone linkage.
Upon antibody addition, the binding index of the antibody and
antigen was indicated by the SPR signal. Cross-reaction is a
serious problem for many biosensors applied to simultaneously
detect multiple targets. However, the low cross-reaction rate
of antibodies demonstrates the high selectivity of the antibody
to the antigen in this immunosensor. In addition, the ability
to simultaneously detect multiple targets will become the
development trend of biosensors.

SERS Immunosensors
Surface-enhanced Raman scattering assays have an advantage
in that SERS signals do not exhibit self-quenching. In addition,
Au/Ag nanoparticles are constantly used in SERS sensors. Li
et al. (2018) explored an immunosensor based on SERS for
the multiplexing determination of mycotoxins. In this study,
AuNPs were applied as Raman labels and were combined
with anti-mycotoxin antibodies by 5,5-dithiobis(succinimidyl-2-
nitrobenzoate) (DSNB). The AuNP–DSNB–antibody complexes
were used as SERS nanoprobes in which the Raman intensity
of the DSNBs was greatly improved by AuNPs. The results
showed a negative correlation between the concentration of
AFB1 and the characteristic peak intensity in all spectra. In
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FIGURE 4 | Different immunosensor for AFB1 detection. (A) Schematic illustration of magnetic QDs fluorescence-based assay. (B) Schematic illustration of
QCM-based immunoassay. Modified from Tang et al. (2018) and Guo L. et al. (2019).

another example, a SERS immunosensor based on a sandwich
approach was reported by Ko et al. (2015). Anti-AFB1-
modified magnetic beads were used as the fixation material, and
anti-AFB1-conjugated silica-encapsulated hollow AuNPs were
employed to provide the SERS signal in this immunosensor;
when AFB1 was added, the toxin combined with those

two materials, forming a sandwich structure. The LOD of
AFB1 was 0.1 ng/mL.

PL Immunosensors
Due to their portability and low cost, PL immunosensors are also
very popular. Myndrul et al. (2017) applied a PL immunosensor

Frontiers in Microbiology | www.frontiersin.org 9 March 2020 | Volume 11 | Article 40850

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00408 March 26, 2020 Time: 17:32 # 10

Wang et al. Biosensor for Monitoring AFB1

based on macroporous silicon (PSi) blanketed by a thin gold (Au)
layer to detect AFB1. The PSi/Au structures showed excellent
PL properties. Here, protein A played a key role in coupling
the PSi/Au structures and antibodies against AFB1. The linear
range of the PSi/Au/protein-A/antibody-based immunosensors
for AFB1 detection was from 0.001 to 100 ng/mL.

Quartz Crystal Microbalance
Immunosensors
A quartz crystal microbalance (QCM) is a quality testing
instrument with a high sensitivity and has often been used
as the conduction element in piezoelectric biosensors. The
key technology for QCM immunosensors is to utilize the
piezoelectric characteristics of quartz crystal resonators.

Tang et al. (2018) utilized a signal-on competitive QCM
immunosensor for monitoring AFB1 in food (Figure 4B). In this
method, a complex of AFB1–BSA and Con A was immobilized
on the surface of an Au substrate modified with thiolated
β-cyclodextrin. Anti-AFB1 antibody-marked nanoliposomes
were combined with AFB1-functionalized QCM probes. When
Triton X-100 was added, the encapsulated glucose molecules
would be lysed and released from the nanoliposomes and would
combine with Con A owing to the powerful affinity of glucose for
Con A. Subsequently, anti-AFB1-labeled Con A dissociated from
the QCM probe, leading to an alteration in the QCM frequency.
In the presence of AFB1, the toxin and the immobilized AFB1–
BSA on the probe competed for the anti-AFB1 antibody marked
on the nanoliposome. The more AFB1 that was present, the
more nanoliposomes that could detach from the QCM, thus
causing an increase in the QCM frequency. With the optimal
factors, the LOD of this immunosensor could be as low as
0.83 ng/kg, and the linear range was 1.0 ng/kg–10 mg/kg. In
another example, Chauhan et al. (2015) introduced a novel
electrochemical piezoelectric immunosensor functionalized with
a SAM. The SAM of 4-aminothiophenol (4-ATP) was modified
on an Au-coated quartz crystal (6 MHz). The AFB1 antibody
(aAFB1) was immobilized on the surface of the quartz crystal by
the amide linkage between aAFB1 and 4-ATP. The change in the
QCM frequency indicated the mass of AFB1. This immunosensor
exhibited a linear range of 0.1–4.0 ng/mL. In addition, this
immunoelectrode could be reused up to five or six times.

BIOSENSORS BASED ON MIPS

An MIP is a synthetic polymer with a specific recognition
function for a specific target (Ahmad et al., 2019). The
polymer is self-assembled by a template molecule and functional
monomers via the polymerization of crosslinkers. When the
template molecule is removed, there are holes with multiple
active sites that match the spatial configuration of the template
molecule in the polymer. In this situation, the polymer selectively
identifies the template molecule and its analogs. Therefore,
MIPs can be employed as recognition elements in biosensors
based on MIPs. Conventional MIPs have many advantages,
such as high specificity and sensitivity, ease of operation, and
inexpensiveness. However, incomplete template elimination and

a lower utilization of binding sites are undeniable limitations.
Therefore, developing improved MIPs is attracting growing
interest. The key to the success of an MIP sensor is whether the
MIP is fixed on the converter effectively. At present, there are
three common fixing methods: in situ polymerization, physical
coating, and electropolymerization. In addition, the number of
applications of MIP sensors in mycotoxin detection is limited,
and only two kinds of MIP sensors are introduced in this section.

Fluorescence Biosensors Based on MIPs
Fluorescence analyses have the advantages of being highly
sensitive and selective and thus are broadly used in biological
sensing systems. Chmangui et al. (2019) constructed a
fluorescent probe for aflatoxin (AF) recognition based on MIP-
QDsChmangui et al., 2019. MIPs were synthesized by applying
methacrylic acid (MAA) as a unit and 5,7-dimethoxycoumarin
(DMC) as an artificial template. Mn-doped ZnS QDs, template,
and monomer were mixed together, forming a fluorescent MIP
by the self-assembly method. Therefore, the MIPs were coated
with Mn-doped ZnS QDs, which successfully transformed the
signal of the target into a fluorescence signal. This biosensor
showed a high sensitivity to AF, with an LOD of 0.016 mg/L.

In recent years, the research hotspots of biosensor designs
have been focused on on-site detection methods and technology.
Due to their advantages of easy operation and detection
capability in the field, smartphone-based biosensors have
been reported on many times in the literature. Biosensors
combining novel materials have been well received because this
method avoids tedious instrument operation. Sergeyeva et al.
(2019) reported an MIP biosensor based on a smartphone
for AFB1 detection. MIP membranes with binding sites were
constructed by in situ polymerization with acrylamide (AA)
and 2-(diethylamino)ethylmethacrylate (AMPSA) as functional
monomers. Under UV irradiation, AFB1 binding with MIPs
could emit fluorescence, and the AFB1 concentration was directly
proportional to the fluorescence intensity. In addition, the
fluorescence signal was recorded by obtaining photographs with
a cell phone camera and was analyzed using image analysis
software. Moreover, the LOD of this smartphone-based optical
biomimetic sensor was 20 ng/mL.

QCM Biosensors Based on MIPs
QCM sensing systems consist of a quartz crystal and metal
thin layer electrodes. The combined application of QCM and
MIPs has received much attention in recent years (Baek et al.,
2018; Battal et al., 2018; Gu et al., 2019; Zeilinger et al., 2019).
Gu et al. (2019) developed a QCM-based biosensor for the
determination of AFB1, which was fabricated by AuNPs by
doping a molecularly imprinted layer on an AuNP-modified
electrode (Figure 5). In this biosensor, an MIP membrane was
synthesized by an electropolymerization method on the surface
of the electrode. In addition, the MIP membrane synthesized in
this way showed controllable film thickness and strong adhesion.
The crosslink formed between the AuNPs and MIPs overcame
the shortcomings of the MIPs because the AuNPs exhibited
excellent electrochemical properties, favorable biocompatibility,
and good chemical stabilization. Many recognition sites were
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FIGURE 5 | Schematic illustration for AFB1 determination of QCM-based MIP immonoassay. Modified from Gu et al. (2019).

established on the biosensor owing to the stereoscopic structure
of the imprinted polymer and the large specific surface
area of the AuNP base layer. When AFB1 was added, the
mass changed, leading to a change in the crystal resonance
frequency. Under optimal conditions, a low limit of detection of
2.8 pg/mL was achieved.

CONCLUSION AND FUTURE OUTLOOK

In the past decades, toxin contamination produced by biofilms
has resulted in many negative effects. Moreover, mycotoxin
contamination has become a serious challenge for preserving
food and environmental safety and has received increasing
attention worldwide. Therefore, diverse biosensors have been
established for the detection of different low-concentration
mycotoxins. In this review, the applications of biosensors for
monitoring AFB1 from biofilms in the food field have been
highlighted. Compared to other biosensors, optical biosensors
possess a high selectivity for monitoring analytes with low
concentrations. Moreover, electrochemical biosensors have
received much attention because of their simplicity, ease of
operation, and high selectivity.

In addition, we noticed a strong interest in the use of
nanomaterials (noble metal nanoparticles, QDs, magnetic

nanoparticles, and carbon-based nanoparticles) in biosensors
due to the excellent optical, catalytic, and electrical properties of
these nanomaterials. With the development of nanotechnology,
novel nanomaterials, nanostructures, and the unique properties
characteristic of these nanomaterials have been gradually
discovered. Although the methods used to synthesize
nanomaterials and the ability to control their sizes have attracted
great interest, the above-mentioned factors remain a challenge.
Moreover, the signal amplification strategy of biosensors is
commonly used to detect analytes, specifically, low-concentration
mycotoxins. Common signal amplifiers include hybridization
chain reaction (HCR), the nuclease-assisted signal amplification
strategy, AuNPs, the toehold-mediated DNA strand displacement
reaction, and enzyme (e.g., HRP)-catalyzed amplification.

To date, the field of mycotoxin detection has achieved
outstanding progress as more rapid, sensitive, and accurate
methods have been developed. However, challenges and
drawbacks remain in the application of biosensors for monitoring
mycotoxins from biofilms. So far, researchers in related research
fields seem to focus on constructing highly sensitive and selective
biosensors, seeking simpler equipment and more rapid detection
methods. However, researchers have overlooked an important
detail: the reproducibility of biosensors. It is undeniable that
large-scale instruments have great advantages in this respect.
With the development of miniaturized portable instruments,
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the accuracy and reproducibility of biosensors are facing
increased scrutiny. On the other hand, green detection methods
and systems should be considered to avoid contributing to
further contamination. For example, traditional metal QDs
(CdS/CdTe/CuInS2 QDs) have a few drawbacks, such as
strong toxicity of the metals to cells and difficult recovery.
However, the above-mentioned issues can be avoided by using
CDs as fluorescence probes, as CDs have the advantages of
being non-toxic, environmentally friendly, widely available, and
inexpensive. In addition, it is complicated and tedious to enrich
low concentrations of mycotoxins in multicomponent food
samples. This is a crucial step during the separation of AFB1 from
small-molecule impurities in biofilms and could take a long time.
In practical applications, the extraction process of mycotoxins
from biofilms is still the greatest obstacle to achieving rapid
on-site detection of mycotoxins. Developing multifunctional
biosensors for simultaneous enrichment, separation, and
detection will become an inevitable trend for on-site detection
applications. Moreover, the degradation of AFB1 produced by
biofilms after the end of the sample detection process is not
a negligible task. Microbial fermentation and enzymolysis can
reduce the toxicity of AFB1 in biofilms.

The combination of biosensors and nanomaterials will
continue to expand with further development of this research
field. Owing to the unique electrical, catalytic, and optical
properties and other unknown properties of nanomaterials,
biosensors based on nanomaterials will continue to be a research

hotspot. Regarding the detection of mycotoxins in biofilms, on-
site detection methods, especially dipstick test strip assays, have
attracted the most attention. Biosensors based on dipstick test
strips have many advantages, such as ease of use, user friendliness,
inexpensiveness, and high sensitivity. Moreover, most biosensors
based on dipstick test strips could be used to produce results
observable by the naked eye, achieving qualitative measurements
without large-scale instruments. Therefore, in these processes,
there is much room for improving the sensitivity and accuracy
from the lab to practical applications.
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The significance of viable but non-culturable (VBNC) cells in the food industry is not well
known, mainly because of the lack of suitable detection methodologies to distinguish
them from dead cells. The study aimed at the selection of the method to differentiate
dead and VBNC cells of Listeria monocytogenes in process wash water (PWW) from
the fruit and vegetable industry. Different methodologies were examined including (i)
flow cytometry, (ii) viability quantitative polymerase chain reaction (v-qPCR) using an
improved version of the propidium monoazide (PMAxx) dye as DNA amplificatory
inhibitor, and (iii) v-qPCR combining ethidium monoazide (EMA) and PMAxx. The results
showed that the flow cytometry, although previously recommended, was not a suitable
methodology to differentiate between dead and VBNC cells in PWW, probably because
of the complex composition of the water, causing interferences and leading to an
overestimation of the dead cells. Based on results obtained, the v-qPCR combined with
EMA and PMAxx was the most suitable technique for the detection and quantification
of VBNC cells in PWW. Concentrations of 10 µM EMA and 75 µM PMAxx incubated
at 40◦C for 40 min followed by a 15-min light exposure inhibited most of the qPCR
amplification from dead cells. For the first time, this methodology was validated in an
industrial processing line for shredded lettuce washed with chlorine (10 mg/L). The
analysis of PWW samples allowed the differentiation of dead and VBNC cells. Therefore,
this method can be considered as a rapid and reliable one recommended for the
detection of VBNC cells in complex water matrixes such as those of the food industry.
However, the complete discrimination of dead and VBNC cells was not achieved, which
led to a slight overestimation of the percentage of VBNC cells in PWW, mostly, due to
the complex composition of this type of water. More studies are needed to determine
the significance of VBNC cells in case of potential cross-contamination of fresh produce
during washing.
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INTRODUCTION

Several studies have evidenced that many bacterial species,
including foodborne pathogenic bacteria, develop stress
resistance mechanisms that enable them to enter into a
temporary state of low metabolic activity (Oliver, 2010). Under
these conditions, cells can persist for extended periods without
division, called dormancy or a viable but non-culturable (VBNC)
state. The VBNC state has been defined as a survival strategy,
where bacteria cannot grow on routine culture media but
are alive and capable of renewing metabolic activity (Zhao
et al., 2017; Dong et al., 2020). Recently, Dong et al. (2020)
demonstrated that cells in the VBNC state go through different
changes, including morphological and compositional variations,
which allow them to have a higher resistance to chemical and
physical stresses. Viable but non-culturable cells maintain their
intact cell membrane and are metabolically active, to continue
gene expression, having the ability to become culturable once
resuscitated (Fida et al., 2017; Su et al., 2019). The occurrence
of VBNC bacterial pathogens in food has been identified as
a public risk concern (Makino et al., 2000). The presence
of VBNC enterohemorrhagic Escherichia coli in salmon has
been liked to a food poisoning incident (Dong et al., 2020).
However, the significance of VBNC cells in the food industry
related to cross-contamination during processing has not
been elucidated, mostly because the available methodologies
cannot differentiate dead and VBNC cells correctly in different
matrixes. Therefore, there is a need to optimize the detection
and quantification methods in different matrixes. Process wash
water (PWW) has been recognized as one of the relevant vectors
of microbial cross-contamination in the agro-food industries
(Gil and Allende, 2018). Cross-contamination occurs when
a contaminated product is washed and the pathogens are
transferred from the contaminated product to the water and
from the water to the clean product. Sanitizers are needed
to maintain the microbiological quality of PWW, avoiding
cross-contamination (Gombas et al., 2017). Chlorine is the most
common sanitizer in the fresh produce industry. Generally,
the efficacy of the sanitizers has been evaluated using plate
counts (López-Gálvez et al., 2019). However, recently, Highmore
et al. (2018) have demonstrated that chlorine induces the
VBNC state of the foodborne pathogens Listeria monocytogenes
and Salmonella enterica. Optimized quantification methods
are required to determine the significance of the presence of
VBNC cells in PWW.

The most popular methods to determine the presence and
concentration of VBNC cells are staining techniques (Zhao et al.,
2017). These techniques are based on the cell membrane integrity
to differentiate between dead and VBNC cells, assuming that dead
cells have the membrane damaged while VBNC and viable cells
have an intact membrane (Oliver, 2010). However, as not all the
dead cells have their cell membrane compromised, these methods
can lead to an overestimation in the number of VBNC cells.
The combination of dyes and flow cytometry has been widely
used to determine the cell viability of foodborne pathogenic
bacteria (Léonard et al., 2016), but it is not suitable for all
the matrixes. Instead, viability quantitative polymerase chain

reaction (v-qPCR) has been widely adopted to detect and quantify
the presence of viable bacteria in specific food matrixes and water
(Truchado et al., 2016; Dorn-In et al., 2019). The quantitative
real-time PCR (qPCR) methodology has been combined with the
use of photoreactive dyes such as propidium monoazide (PMA)
and ethidium monoazide (EMA), as PMA-qPCR in food matrix
and water (Codony et al., 2015). This technique is based on the
ability of PMA to penetrate the dead cells which compromised
membrane integrity and bind covalently to the DNA and free
DNA after photoactivation, thus preventing subsequent PCR
amplification (Nocker et al., 2006). On the other hand, EMA
can diffuse across cell membranes using efflux pumps (Codony
et al., 2015). However, these methodologies have to be validated
for each type of matrix to avoid overestimation of the VBNC
cells due to the presence of dead cells with an intact membrane
(Nocker and Camper, 2009).

The objective of the present study was to optimize a
suitable detection and quantification method of VBNC cells
in PWW and the food safety significance for the agro-food
industry. Different methodologies were examined, including
(i) combination of dyes and flow cytometry; (ii) v-qPCR
using PMAxx, an improved version of the PMA dye; and
(iii) v-qPCR combining EMA and PMAxx. Additionally, the
selected methodology was validated for the first time under
industrial settings for PWW treated with chlorine. These studies
were performed using L. monocytogenes as a model foodborne
pathogen, which has been described to enter into the VBNC state
(Highmore et al., 2018) and linked to listeriosis outbreaks in fresh
produce (European Food Safety Authority [EFSA], 2018).

MATERIALS AND METHODS

Bacterial Strains and Cocktail
Preparation
For the inoculation of PWW, a six-strain cocktail of
L. monocytogenes was used in this study. Strains were isolated
from leafy vegetables, as previously described (Truchado
et al., 2020). The L. monocytogenes strains were reconstituted
in Brain Heart Infusion (BHI) broth (Oxoid, Basingstoke,
United Kingdom) and consecutively subcultured twice in
10 ml of BHI, the first time at 37◦C for 24 h and the second
time at 37◦C for 16 h. After the second incubation, 1 ml of
each strain was combined to obtain a six-strain cocktail of
L. monocytogenes (109 cfu/ml).

To assay the suitability of detection methods to differentiate
dead and VBNC cells, bacterial suspensions of dead and viable
cells (109 cfu/ml) were prepared as follows:

1. Heat treatment: The L. monocytogenes cocktail was exposed at
85◦C for 20 min using a laboratory standard heat block.

2. Sanitizing treatment: Sodium hypochlorite was added to
the six-strain cocktail of L. monocytogenes until a residual
of 10 mg/l of free chlorine was reached to guarantee the
complete inactivation of the cells. After a 1-min exposure
time, 0.3 M of sodium thiosulfate pentahydrate (Scharlau,
Barcelona, Spain) was added to quench the residual chlorine.
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Free chlorine concentration was measured with a digital
chlorine colorimeter kit (DPD method; LaMotte model DC
1100, Chestertown, MD).

The cell inactivation after the treatments was confirmed by
plating serial suspension dilutions of the treated L. monocytogenes
cocktail in buffered peptone water (BPW, 2 g/l; Oxoid,
Basingstoke, United Kingdom) on Oxford agar (Scharlau,
Barcelona, Spain) followed by incubation at 37◦C for 24 h. To
inoculate PWW, the initial six-strain cocktail of L. monocytogenes
(109 cfu/ml) was centrifuged at 2,500 g for 5 min, and the
supernatant was eliminated. The obtained pellet was washed
twice with 18 ml of phosphate-buffered saline (PBS; Scharlau,
Barcelona, Spain) using the same conditions as above. The
cocktail was added to PWW to reach the desired concentration
of approximately 105 cfu/ml. The final concentration of the
inoculum in the PWW was confirmed by plating duplicate serial
suspension dilutions on ALOA/OCLA agar (Scharlau, Barcelona,
Spain) followed by incubation at 37◦C for 24 h.

PWW Generated at Laboratory Scale
Process wash water from washing shredded lettuce was generated
in the laboratory, mimicking the industrial conditions previously
described (Tudela et al., 2019). Organic matter was measured
as chemical oxygen demand (COD) determined by the standard
photometric method (APHA, 1998) using the Spectroquant
NOVA 60 photometer. The COD of the PWW was 1,700 mg/l.

Live/Dead Flow Cytometry Analysis
Cell viability was determined by flow cytometry (LSRFortessa
X-20 system) using the Live/Dead BacLight R© bacterial viability
kit (Invitrogen, Waltham, United States) that contains two
nucleic acid stains with different abilities to penetrate the
bacterial cells: SYTO 9 and propidium iodine (PI). SYTO 9
is a cell-permeant green fluorescent dye that enters both live
and dead cells. Propidium iodine is a membrane-impermeant
dye that penetrates only in damaged or dead cells and emits
red fluorescence upon intercalation with double-stranded DNA.
When both dyes are used simultaneously, SYTO 9 is replaced
by PI due to its higher affinity to bind DNA, quenching SYTO
9 fluorescence signal (Stiefel et al., 2015). As a result, red
signals from cells are considered as “dead,” green signals as
“alive,” and the double-staining cells as an intermediate state
of membrane-compromised cells. The staining procedure was
performed according to the manufacturer’s instructions.

Flow cytometry was used for measuring the viability of
L. monocytogenes cells inoculated in PWW after treatment with
chlorine. Untreated inoculated samples of PWW (50 ml) were
used as controls and compared with inoculated PWW treated
with 10 mg/l of free chlorine. This treatment reproduces the
conditions found in industrial washing tanks. One milliliter of
each PWW was mixed with 3 µl of both dyes (5 µM SYTO 9 and
30 µM PI) incubated for 15 min at room temperature in the dark.
The green fluorescence emission of live bacteria was detected in
the cytometer at 520 nm (FL1 channel), while the red fluorescence
emission of compromised (double-stained) or dead bacteria was
detected at 630 nm (FL4 channel). During data acquisition, all

parameters were collected in the log mode, and data analysis
was performed with the EC800 software version 1.3.6. (Sony
Biotechnology Inc., Champaign, IL, United States). Forward and
side scatter gates were established to exclude debris. Unstained
and stained untreated live L. monocytogenes and isopropanol
70% dead L. monocytogenes were used as controls for gating the
different regions and fluorescence adjustment.

PMAxx v-qPCR
PMAxx (Biotium, Hayward, CA, United States), an improved
version of the PMA dye for the selective detection of live bacteria
by qPCR, was used as follows. PMAxx was diluted in sterile water
to obtain a 2 mM stock solution and stored at -20◦C in the
dark until used. Separate flasks of PWW (50 ml) were inoculated
with a cocktail of L. monocytogenes containing live (exponential
phase), heat-treated, and chlorine-treated cells to approximately
104 cfu/ml. From each flask, 10 ml of PWW was centrifuged at
4,000 rpm for 10 min at 4◦C. The supernatant was removed, and
the cell pellets resuspended in PBS at a final volume of 1,000 µl
supplemented with PMAxx to obtain a final dye concentration
of 50, 75, and 100 µM. After PMAxx addition, the samples
were incubated at 200 rpm in the dark at room temperature or
40◦C for 10–60 min. Stained samples were subsequently exposed
to blue-light PMA-Lite LED photolysis (Interchim, Montluçon,
France) for 15 min. In parallel, 10 ml of inoculated PWW was
taken from each flask to determine the level of total bacteria
by qPCR. Bacteria cells were concentrated by centrifugation
(4,000 rpm, 4◦C, 10 min). The supernatant was discarded, and
untreated and PMAxx-treated pellets were kept at -20◦C until
DNA genomic extraction.

EMA + PMAxx v-qPCR
Ethidium monoazide (Biotium, Hayward, CA, United States)
was dissolved in sterile water to obtain 2 mM stock solution
and stored at -20◦C in the dark until used. Following the same
procedure as previously described, three separate flasks of PWW
(50 ml) were inoculated with a L. monocytogenes cocktail of live,
heat-treated, and chlorine-treated cells. Ten milliliters from each
flask was centrifuged, the supernatants discarded, and the pellets
treated with a combination of 10 µM EMA and 75 µM PMA,
incubated at room temperature and 40◦C and activated with
blue-light PMA-Lite LED photolysis as previously described. The
total bacteria were also determined by qPCR, as described above.

Culturable Bacteria
The concentration of L. monocytogenes (cfu/ml) in each of the
different assays was confirmed by plating. Serial 10-fold dilutions
were made in BPW (2 g/l; Oxoid) and plated in Oxford agar
(Scharlau). Colonies were counted after 24 h of incubation
at 37◦C.

PWW From an Industrial Setting
Samples of PWW were taken in an industrial processing line
(Cuenca, Spain) of shredded iceberg lettuce washed in a large
washing tank containing about 3,000 l of PWW. A residual
concentration of 10 mg/l of chlorine was set to maintain
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TABLE 1 | Physicochemical and microbiological characteristics of the process wash water (PWW) at different sampling times including free chlorine (10 mg/l), pH,
chemical oxygen demand (COD), temperature (Ta), oxidation-reduction potential (ORP), and total counts (log cfu/100 ml).

Sampling time Free chlorine (mg/l) pH COD (mg/l) Ta ORP Total count (log cfu/100 ml)

8:00 12.6 6.6 537 ± 11 4.0 818 2.4

10:00 14.6 6.5 503 ± 10 3.8 821 2.3

10:30 10.9 6.6 382 ± 20 3.8 807 2.6

11:00 9.0 6.5 469 ± 19 4.3 783 2.5

the microbiological quality of the water. The washing was
performed by immersion of cut lettuce for 30 s in the chlorinated
water followed by a shower rinse with tap water for 30 s.
The physicochemical and microbiological characteristics of the
PWW were monitored each hour over 4 h (Table 1). The
physicochemical analysis included pH, organic matter measured
as COD, temperature, and oxidation-reduction potential (ORP)
as well as free chlorine measurements determined as previously
described (Tudela et al., 2019).

For microbiological analyses, three water samples (1 l
each) per sampling time were taken. Samples were collected
and processed, and levels of culturable bacterial populations
enumerated as previously described (Tudela et al., 2019). For
viable total bacteria, qPCR of EMA + PMAxx-treated samples
was performed following the protocol previously described.
Water samples (200 ml each) were vacuum filtered through
sterile cellulose nitrate filters (0.45 µm). Filters were placed in
falcon tubes (50 ml) containing 20 ml of PBS + Tween 80
(1 ml/l; Sigma-Aldrich, Saint Louis, United States) and shaken
in a vortex for 2 min. After that, the filters were discarded and
the tubes centrifuged for 10 min at 4,000 rpm. Then, the pellet
was resuspended in sterile distilled water (1 ml) and transferred to
clear transparent microtubes (2 ml). Then, the v-qPCR procedure
was carried out as previously described. Cell pellets were stored at
-20◦C until DNA analysis.

DNA Extraction and qPCR Procedure
Genomic DNA was extracted using the MasterPureTM

complete DNA and RNA Purification Kit (Epicentre, Madison,
United States), according to the manufacturer’s indications. The
quality and concentration of DNA extracts were determined by
spectrophotometric measurement at 260/280 and 260/230 nm
using a NanoDrop R© ND-1000 UV–Vis spectrophotometer
(Thermo Fisher Scientific, Inc., Waltham, MA, United States).
Quantitative real-time PCR and data analysis were performed
using an ABI 7500 Sequence Detection System (ABI, Applied
Biosystems, Madrid, Spain). For L. monocytogenes, the primer
and probe concentrations as well as the cycling parameters and
conditions for reactive quantification were as previously reported
(Rodriguez-Lázaro et al., 2004). In the case of total bacteria,
prime concentrations, cycling parameters, and amplification and
detection conditions were as previously described (Truchado
et al., 2019). The limit of detection (LOD) was based on the cycle
threshold (Ct) value of the last detectable standard.

The samples with Ct values higher than LOQ were classified
as non-determined, while Ct values lower than LOQ were
classified as positive. LOD was determined to be Ct = 37

(23 cfu per reaction) for L. monocytogenes and Ct = 34 (85 cfu
per reaction) for total bacteria.

Statistical Analysis
All experiments were performed at least in duplicate. Calculation
and graphical representation of the median and interquartile
range (IQR) of Ct values were performed using Sigma Plot
13 Systat Software, Inc. (Addlink Software Scientific, S.L.
Barcelona, Spain). Total bacteria levels evaluated by plate count
and molecular techniques were log10 transformed. IBM SPSS
Statistics 25 was used for statistical analyses. Except when stated
otherwise, P values below 0.05 were considered statistically
significant. Shapiro–Wilk test was performed to assess the
normality of the data (P > 0.05). Mann–Whitney U test was used
to examine the differences among treatments.

RESULTS AND DISCUSSION

Viability of L. monocytogenes Cells
Using Flow Cytometry
Flow cytometry was used to determine the proportions of
L. monocytogenes cells at different states (dead, viable, and
intermediate) in untreated and chlorine-treated PWW. Flow
cytometry analysis allows the detection of VBNC cells that appear
as double-stained cells, indicating that they are still alive but
their cell membranes are compromised (Stiefel et al., 2015). This
double staining allowed us to establish clearly the population of
VBNC cells as shown in Figure 1, in which the potential VBNC
cells can be visualized in the Q2 quadrant.

To compare the results obtained by the flow cytometry
method with the plate count method, the values obtained by
the plate count method were transformed into a percentage.
As expected, 100% of culturable cells were obtained for the
untreated PWW samples while in the treated PWW samples,
it was estimated that 99.9% of the treated cells were dead and
not able to grow in the culture medium. However, the flow
cytometry methodology estimated that only 65.7% of the cells
in the treated PWW were dead, 6.9% were VBNC, and 27.4%
of bacteria were completely viable (Table 2). These results could
indicate that by the flow cytometry method, bacteria that are
not viable are estimated as cultivable. Our results are similar
to those obtained by Nocker et al. (2016) with pure cultures of
E. coli, in which a loss of cultivability of the bacteria with the
use of chlorine was detected before any damage in their cell
membrane was shown. This is probably because other cellular
components were affected by chlorine besides the membrane,
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FIGURE 1 | Flow cytometric analysis showing live L. monocytogenes cells stained with green fluorescent SYTO 9 (A), dead L. monocytogenes cells (isopropanol
treated) stained with red fluorescent PI (B) and (C) a mix culture of live and dead L. monocytogenes cells. The Q1 quadrant corresponds with the cells stained with
propidium iodine red fluorescent signal (FL2 at 630 nm; dead cells). The green fluorescent signal (FL1 at 520 nm) of the Q4 corresponds with the live cells. The Q2
quadrant corresponds to the double-stained cells (membrane-compromised cells or VBNC) and the Q3 with the non-stained cells.

TABLE 2 | Percentage of viable, viable but non-culturable (VBNC), and dead cells of a six-strain cocktail of Listeria monocytogenes untreated and treated with chlorine
(10 mg/L) determined by plate count and flow cytometry methods.

Physiological Cell Stage (%)

Methodology Treatments Viable VBNC Dead

Plate Count Untreated 100.0 0.0

Treated 0.0 99.9

Flow cytometry Untreated 89.6 ± 2.3 7.8 ± 1.0 2.6 ± 1.2

Treated 27.4 ± 3.3 6.9 ± 0.1 65.7 ± 3.3

such as proteins and lipids (Ersoy et al., 2019), which already
make the cells non-viable even if their membranes were not
affected. When the two methodologies were compared, the
percentage of viable detected cells was higher in the flow
cytometry method, which could indicate that flow cytometry
could overestimate the percentage of viable cells. For the use of
the flow cytometry method to determine VBNC cells, it could be
necessary to use other markers of cell damage (DNA, proteins,
and lipids) than the membrane. Nocker et al. (2016) observed
that in samples of drinking water from a water treatment plant,
there were cultivable bacteria that appeared as dead or VBNC
by the flow cytometry method, in disagreement with our results.
As these authors indicated, this fact could be due to the more
heterogeneous natural microbiota with different susceptibilities
to the disinfectant in water samples. In our study, due probably
to the differences in the natural microbiota from lettuce, the
results differed.

Taking into account the complex composition of the PWW,
with high organic matter content and interfering compounds,
the fluorescent dyes were not able to differentiate among the
physiological stage of the different bacteria species. Based on
the results obtained, the flow cytometry was not a suitable
methodology to distinguish between viable and dead cells
in PWW. Several studies have suggested the use of flow
cytometry as an accurate analytical tool to determine the viability
against sanitizers of the foodborne pathogenic bacteria (Nocker
et al., 2016; Ersoy et al., 2019). However, these studies were

mostly performed using tap water or pure cultures, without
considering the complex composition of PWW in industrial
settings (Gombas et al., 2017).

Viability of L. monocytogenes Cells
Using v-qPCR Techniques Combined
With PMAxx
In general, PMA concentrations of 50 µM have been reported
to be the optimal concentration for the efficient differentiation
between live and dead cells without affecting the viability of
L. monocytogenes cells (Kragh et al., 2020). However, when
complex matrixes, such as PWW, are used, the concentration
of PMAxx needs to be optimized to avoid any impact on cell
viability. Preliminary experiments performed to determine the
optimal concentration of PMAxx showed that when 50 µM of
PMAxx was added to PWW, the PCR signal of dead cells was
not fully discriminative (data not shown). One reason could
be the presence of organic matter in the PWW, which might
interfere with the photoreactive DNA dye, reducing its ability to
bind to the DNA of the dead cells. Based on these results, two
higher concentrations of PMAxx (75 and 100 µM) were tested.
The quantitative PCR Ct values of heat-killed L. monocytogenes
treated with 75 and 100 µM PMAxx concentrations were not
significantly different (Figure 2A). However, a toxicity effect was
observed in the live cells when a higher concentration of the dye
was used (Figure 2B). Therefore, to avoid any impact on the
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FIGURE 2 | Cycle threshold (Ct) values obtained by PMAxx-qPCR at different
concentrations with DNA extracted from live (A) or heat-killed (B) cells of a
six-strain cocktail of Listeria monocytogenes inoculated in process wash
water. The bottom and top of the boxes represent the quartiles (25th and 75th
percentiles, respectively), with the line inside the box representing the median.
Whiskers show the highest values (defined as values more than 3/2 times the
corresponding quartile). Different letters indicate significant difference at
P < 0.05.

viability of the L. monocytogenes cells, the lowest concentration
(75 µM) of PMAxx was selected for further analysis.

Several studies have focused on the optimization of
methodologies able to discriminate between live and dead
cells of pathogenic bacteria such as Xylella fastidiosa,
Vibrio parahaemolyticus, and Clavibacter michiganensis ssp.
michiganensis in complex matrixes such as plants, shrimp, and
seed tomato, respectively (Han et al., 2018; Cao et al., 2019b;
Sicard et al., 2019). Most of these studies evidence the good
discriminative effect of PMAxx when compared to PMA between
live and dead cells in complex matrixes. However, as far as we
know, differentiation between live and dead L. monocytogenes in
PWW has not been accomplished.

v-qPCR Combined With PMAxx + EMA
Laboratory-scale experiments were performed to study the
mode of action by which chlorine killed L. monocytogenes

cells and whether or not the membrane integrity of the
cells was affected. It has been accepted that chlorine and
other chemical sanitizers usually inactivate the bacterial cell
by the disruption of the cytoplasmic membrane (Venkobachar
et al., 1997; Nocker et al., 2007). However, it is essential to
determine the suitability of PMAxx to differentiate between
live and dead cells when chlorine treatments are applied. In
these experiments, PCR amplification of dead L. monocytogenes
cells killed by heat treatment was compared with those killed
by chlorine. The initial conditions used for this comparison
were those previously recommended to discriminate dead
L. monocytogenes, including 30 min of dye incubation at 40◦C
(Nkuipou-Kenfack et al., 2013). As expected, L. monocytogenes
DNA activated with PMAxx (75 µM) and isolated from
heat-treated L. monocytogenes did not show amplification in
the qPCR. However, the PCR signal of L. monocytogenes
DNA activated with PMAxx (75 µM) obtained from chorine-
treated cells was not completely inactivated, showing a Ct
value below the LOD (Figure 3). Our results agree with a
previous study that observed that PMA-qPCR assay (PMA
at 50 µM for 20 min of incubation at 37◦C) did not
reduce the signal of chlorine-killed cells of E. coli O:157 H7
(104 cfu/ml) artificially inoculated in drinking water (Cao
et al., 2019a). Based on these results, new experiments were
performed under different conditions of time/temperature for
the incubation of the DNA with the dye. However, none of
the tested combinations improved previous results obtained
(data not shown).

FIGURE 3 | Cycle threshold (Ct) values obtained by PMAxx-qPCR with DNA
extracted from cells of a six-strain cocktail of Listeria monocytogenes
inoculated in heat-treated or chlorine-treated process wash water. The box
plot represents three replicates of two independent assays (n = 6). The
bottom and top of the boxes represent the quartiles (25th and 75th
percentiles, respectively), with the line inside the box representing the median.
Whiskers show the highest values (defined as values more than 3/2 times the
corresponding quartile).
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FIGURE 4 | Effect of EMA + PMAxx incubation time on cycle threshold values obtained in qPCR with DNA extracted from dead cells of a six-strain cocktail of Listeria
monocytogenes inoculated in heat-treated or chlorine-treated process wash water. Time of incubation was 40 min (A) and 60 min (B). Different letters denote
significant differences (P < 0.05). The box plot represents three replicates of two independent assays (n = 6). The bottom and top of the boxes represent the
quartiles (25th and 75th percentiles, respectively), with the line inside the box representing the median. Whiskers show the highest values excluding outliers, and
dots represent outliers (defined as values more than 3/2 times the corresponding quartile).

The results indicated that there was an overestimation of the
live cells because some dead cells could still be quantified (false-
positive results) after the chlorine treatment, mostly due to the
presence of an intact membrane. A similar conclusion was also
achieved by Virto et al. (2005) who observed that membrane
damage is not the only event involved in the inactivation
of bacteria by chlorine. These authors also highlighted that
the presence of organic matter could play an important role
in the accessibility of chlorine to the bacteria, influencing
their resistance. Based on these findings, the PMAxx-qPCR
method was not considered a suitable approach to differentiate
between live and dead L. monocytogenes cells present in PWW
treated with chlorine.

The alternative method studied was EMA combined
with PMAxx, to detect both membrane integrity and active
metabolism (Codony, 2014; Codony et al., 2015; Agustí et al.,
2017). Several authors have suggested that cell viability should
include cells that have intact, functional, and active membranes
(Codony et al., 2015). Some studies related to membrane
integrity reported that the combination of EMA and PMA
reduced the DNA signal from dead cells (intact and damage

TABLE 3 | Listeria monocytogenes counts inoculated in process wash water
detected by qPCR combined or not with EMA + PMAxx at two incubation times.

Time of incubation (min) L. monocytogenes (log cfu/ml)

qPCR EMA + PMAxx-qPCR

40 4.14 ± 0.10a 3.83 ± 0.11a

60 4.34 ± 0.02a 3.29 ± 0.06b

Values represent the mean ± standard deviations for three independent replicates.

membrane) and live cells with inactive membranes (Codony
et al., 2015). This method is based on the EMA properties, which
accumulate in dormant cells that lack the metabolic ability to
offset its uptake using active mechanisms such as efflux pumps.
Concentrations of 75 µM of PMAxx and 10 µM of EMA were
used followed by incubation at 40◦C at two incubation times

FIGURE 5 | Populations of total bacteria (log cfu or cells/100 ml) in
chlorine-treated process wash water used for washing shredded lettuce after
2 and 3 h from the beginning of the washing, corresponding to time 1 and
time 3, respectively. Levels of culturable bacteria were obtained by plate
count, levels of total bacterial by qPCR, and viable bacteria by
EMA + PMAxx-qPCR. Levels of VBNC were calculated by the differences
between viable and culturable bacteria and dead cells by the differences
between total bacteria and viable bacteria.
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(40 and 60 min) and a 15-min light exposure. The results
showed that, independently of incubation time, the combination
of the two photoreactive dyes (PMAxx and EMA) reduced the
amplification of dead cells after chlorine treatment above the
LOD (Ct value > 37; Figure 4). When the two incubation
times were compared, a slight increase in the Ct values was
observed when 60 min was applied versus 40 min (Ct value = 39
and 37, respectively). However, it should be considered that
a long incubation time might have a negative effect on the
viability of L. monocytogenes cells inoculated in PWW. The
differences between the levels of L. monocytogenes enumerated
by qPCR and EMA + PMAxx-qPCR are shown in Table 3.
Based on these results, an incubation time of 40 min was
selected. The latest studies demonstrated that the commercial
PEMAX reagent (a new commercial reagent that combines
both EMA and PMA) is suitable in food matrixes and
complex environmental samples, avoiding the overestimation
of the most common methodologies (Agustí et al., 2017;
Daranas et al., 2018).

Validation of the Detection and
Quantification Method for VBNC Cells
The detection method selected, EMA + PMAxx-qPCR, was
validated in PWW samples obtained in an industrial processing
line where shredded lettuce was washed with chlorine. Based on
the results obtained, no significant changes in the concentration
of free chlorine and pH were observed along with the sampling
interval that was able to control the accumulation of bacteria
in the PWW, maintaining a total count below 3 log units
(Table 1). Similar results have been previously described in
several industrial washing lines (López-Gálvez et al., 2019;
Tudela et al., 2019).

When the levels of total bacteria present in PWW were
quantified, the results obtained by cultivation-based methods
were very different than those based by molecular-based
techniques (both qPCR and EMA + PMAxx-qPCR). Several
studies have reported that the use of plate count methods
leads to an underestimation of the total bacterial levels in
environmental samples, mostly due to the presence of cells
in the VBNC state (Rastogi et al., 2010; Truchado et al.,
2019). The results obtained indicate that chlorine (10 mg/l)
induced bacteria into a VBNC state (Figure 5). Only slight
differences were observed between the two sampling points
(1 and 3 h). These results agree with those of Highmore
et al. (2018) who demonstrated that the use of chlorine
induced cells of Salmonella enteritidis and L. monocytogenes
into a VBNC state. However, the conditions applied in this
referenced study (Highmore et al., 2018) did not represent
real conditions of a fresh-cut processing line, which include
the presence of high concentrations of organic matter and
background microbiota in the PWW. This is the first study
showing the induction of the VBNC state of bacteria cells
present in PWW when water was disinfected with chlorine in
industrial settings.

CONCLUSION

The v-qPCR combined with the two DNA amplificatory
inhibitors (EMA and PMAxx) represents the optimization
technique for the detection and quantification of cells in
the VBNC state. The use of these photoreactive DNA–dye
combinations (EMA and PMAxx) yields a more accurate
estimation of the L. monocytogenes viable cells present in PWW
than other methodologies tested, such as flow cytometry and
PMAxx-qPCR. Concentrations of 10 µM EMA and 75 µM
PMAxx and incubation at 40◦C for 40 min followed by a 15-
min light exposure allowed the inactivation of most of the
dead cells. The validation of the method in an industrial setting
showed that the methodology optimized could significantly
distinguish dead and VBNC cells in PWW treated with chlorine.
This method can be considered as a rapid and reliable one
recommended for the detection of VBNC cells in complex
water matrixes such as those of the food industry. However,
complete discrimination between dead and VBNC cells was not
achieved, which led to a slight overestimation on the percentage
of VBNC cells in the PWW, mostly due to the complex
composition of this type of wash water. The verification of the
methodology optimized with different sanitizers is worthy of
being investigated.
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Filamentous yeast species belonging to the closely related Saprochaete clavata and
Magnusiomyces spicifer were recently found to dominate biofilm communities on the
retentate and permeate surface of Reverse Osmosis (RO) membranes used in a whey
water treatment system after CIP (Cleaning-In-Place). Microscopy revealed that the two
filamentous yeast species can cover extensive areas due to their large cell size and
long hyphae formation. Representative strains from these species were here further
characterized and displayed similar physiological and biochemical characteristics. Both
strains tested were able to grow in twice RO-filtrated permeate water and metabolize the
urea present. Little is known about the survival characteristics of these strains. Here, their
tolerance toward heat (60, 70, and 80◦C) and Ultraviolet light (UV-C) treatment at 255 nm
using UV-LED was assessed as well as their ability to form biofilm and withstand cleaning
associated stress. According to the heat tolerance experiments, the D60

◦C of S. clavata
and M. spicifer is 16.37 min and 7.24 min, respectively, while a reduction of 3.5 to >4.5
log (CFU/mL) was ensured within 5 min at 70◦C. UV-C light at a dose level 10 mJ/cm2

had little effect, while doses of 40 mJ/cm2 and upward ensured a ≥4log reduction in
a static laboratory scale set-up. The biofilm forming potential of one filamentous yeast
and one budding yeast, Sporopachydermia lactativora, both isolated from the same
biofilm, was compared in assays employing flat-bottomed polystyrene microwells and
peg lids, respectively. In these systems, employing both nutrient rich as well as nutrient
poor media, only the filamentous yeast was able to create biofilm. However, on RO
membrane coupons in static systems, both the budding yeast and a filamentous yeast
were capable of forming single strain biofilms and when these coupons were exposed to
different simulations of CIP treatments both the filamentous and budding yeast survived
these. The dominance of these yeasts in some filter systems tested, their capacity to
adhere and their tolerance toward relevant stresses as demonstrated here, suggest that
these slow growing yeasts are well suited to initiate microbial biofouling on surfaces in
low nutrient environments.
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INTRODUCTION

Filamentous yeasts are emerging as highly potent biofilm-
forming microorganisms in water distribution systems (Doggett,
2000; Babič et al., 2017), residential dishwashers (Zalar et al.,
2011; Döğen et al., 2013; Gümral et al., 2016; Zupančič et al.,
2016) and in food industrial equipment (Tang et al., 2009; Tarifa
et al., 2013; Stoica et al., 2018; Vitzilaiou et al., 2019). These
findings indicate that filamentous yeasts can disperse efficiently,
attach strongly to different surfaces and create robust hyphal
networks capable of surviving several stresses. According to
the study of Paramonova et al. (2009), an increase in hyphae
content will strengthen the fungal biofilm and the resistance to
such stresses as compression, vortexing and sonication. It has
also been shown that filamentous yeasts can develop synergistic
relationships with bacteria, leading to vigorous polymicrobial
biofilm structures (Shirtliff et al., 2009; De Brucker et al., 2015;
Zupančič et al., 2018).

Spiral wound RO membranes are widely used in the food
industry and the recovered watery permeate may be used
for different purposes. The membranes offer high filtration
efficiency, but they are susceptible to biofouling causing flux
reduction and shortening of membrane life (Herzberg and
Elimelech, 2007; Tang et al., 2009; Anand et al., 2012, 2013;
Stoica et al., 2018). Biofouling may also become an issue for
final product quality, if microbial cells from the biofilms are
capable of proliferating further down the processing line or in the
water permeate during storage, since the water may be used for
cleaning or for direct/indirect product contact processes (Casani
and Knøchel, 2002; Casani et al., 2005).

Over the last decades, there has been an increasing interest in
spiral wound RO membrane biofouling in the food processing
industry (Tang et al., 2009; Hassan et al., 2010; Anand et al.,
2012, 2013; Sánchez, 2018; Stoica et al., 2018; Vitzilaiou
et al., 2019). Up to now, research has been mainly focused
on bacterial contamination. In 2009, however, a filamentous
yeast isolate was observed among the bacterial isolates on RO
membranes from a dairy industry in New Zealand. It was isolated
from the retentate side of RO elements used for processing
casein water permeate and identified as the filamentous yeast
Blastoschizomyces capitatus (Tang et al., 2009), later renamed
Magnusiomyces capitatus (Sybren De Hoog and Smith, 2011a).

We have recently documented that filamentous yeasts
belonging to the closely related species Saprochaete clavata and
Magnusiomyces spicifer may dominate biofilms found after CIP
treatment on both sides of RO membranes filtering whey water
(Stoica et al., 2018; Vitzilaiou et al., 2019). Although these biofilms
may have a great impact on RO filtration efficiency, little is
known about these isolates and their response to the stress
encountered. Here, our aim is to characterize two representative
strains of these filamentous yeasts (S. clavata and M. spicifer)
isolated from RO elements (Stoica et al., 2018; Vitzilaiou et al.,
2019) with focus on properties of importance for survival
and growth in the processing environment. Morphological and
physiological–biochemical tests were conducted and the heat and
UV-C (255 nm) light tolerance of the filamentous yeasts was
investigated. The ability of one of the filamentous yeasts to create

biofilms on polystyrene flat-bottomed microwells and on peg lids,
respectively, was assessed and compared to that of a budding
yeast strain, Sporopachydermia lactativora, found on the same
biofilm structures. The tolerance of biofilms on RO membrane
coupons was tested toward different industrial CIP-mimicking
treatments in lab-scale experiments to broaden our knowledge
about these RO membrane biofouling agents and facilitate future
development of targeted cleaning operations.

MATERIALS AND METHODS

Yeast Strains’ Isolation
The filamentous yeast strains belonging to S. clavata and
M. spicifer and the budding yeast strain belonging to
S. lactativora, investigated here, are representative strains
from the total number of yeast species previously isolated
from a RO membrane filtration line for water reuse in a dairy
industry (Stoica et al., 2018; Vitzilaiou et al., 2019). S. clavata
and M. spicifer found to be the dominant yeast species and
S. lactativora the most commonly found budding yeast in
the detected biofilm structures. In the set up investigated, the
whey was up-concentrated through Ultrafiltration (UF) and
the permeate solution further subjected to two consecutive RO
filtrations and two UV-C (Ultraviolet) light steps before reuse.
Sampling, isolation and sequencing procedures are described in
Stoica et al. (2018) and Vitzilaiou et al. (2019).

Macroscopic and Microscopic
Characterization
Phase-contrast microscopy using the upright microscope
Olympus BX43 (Olympus Scientific Solutions Americas Corp.)
was used to observe the yeast cells grown in YPG broth (20 g/L
Glucose, 20 g/L Peptone, 10 g/L Yeast Extract, pH 5.6 ± 0.2)
at 25◦C with shaking at 225 rpm (orbital shaker: IKA KS 130
control) and Malt Extract Agar (MEA) at 25◦C (CM0059/Oxoid).

Strains Used for
Physiological–Biochemical Tests
An isolate from each of the two dominant filamentous yeast
species was selected for physiological–biochemical tests. These
isolates will be referred to as SC, for Saprochaete clavata and
MS, for Magnusiomyces spicifer, throughout the rest of the paper.
Growth at different temperatures (5, 25, 30, 35, 37, 40, and
45◦C) without shaking was assessed in 10 mL YPG broth tubes,
inoculated with an individual colony (MEA agar plates/25◦C)
with triplicates for each isolate and temperature. Fermentation
of carbohydrates (D-glucose, D-galactose, sucrose, maltose,
lactose, raffinose, and trehalose) and assimilation of carbon
compounds (D-glucose, D-galactose, sucrose, maltose, lactose,
raffinose, trehalose, D-xylose, L-sorbose, cellobiose, salicin, DL-
lactate, succinate, citrate) and nitrate were tested in tubes,
in triplicates, incubated at 25◦C without shaking, according
to the experimental procedure of Kurtzman et al. (2011).
Growth at different temperatures and results of fermentation
and assimilation experiments were assessed after 1, 2, 3, and
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4 weeks of incubation, respectively, using the Wickerham
card. Urease activity was tested using Christensen’s urea broth
(Kurtzman et al., 2011).

Growth in Twice RO-Filtrated Water
The ability of SC and MS to grow in the twice RO-filtrated
permeate water was assessed. One individual colony from SC and
MS, respectively, was inoculated in tubes containing 10 mL of
twice RO-filtrated permeate water from the same line (stored in
the fridge/4◦C). After inoculation, the tubes were incubated for
3 days at 25◦C with shaking at 225 rpm. These tubes and the non-
inoculated control sample (twice RO-filtrated permeate water)
were analyzed to determine the urea and ammonia concentration
using an enzyme assay as described by the manufacturer
(Megazymes, United Kingdom).

Heat Tolerance Assay
Planktonic cell suspensions of SC and MS in Saline Peptone
Solution (SPS) [1 g/L Bacto Peptone (Difco 211677), 8.5 g/L
sodium chloride, pH 7.2± 0.2] were exposed to 60, 70, and 80◦C
for 5, 10, 15, and 20 min, and the CFU/mL determined on MYPG
agar (10 g/L glucose, 5 g/L peptone, 3 g/L yeast extract, 3 g/L
malt extract, 20 g/L agar, pH 5.6 ± 0.1) in order to assess the
heat tolerance. For the inocula, the two filamentous yeast isolates
(SC and MS) were incubated separately on MYPG agar plates at
25◦C for 3 days. For each of them, material from an individual
colony was inoculated into 20 mL YPG broth tubes and incubated
with shaking at 25◦C for 2 days. Cells were harvested from
the liquid cultures by centrifugation (3,000 g/5 min/4◦C). The
supernatant was removed, cold (4◦C) SPS added, and the pellet
washed by vortexing, followed by centrifugation. This procedure
was repeated twice, and the pellet was re-suspended in 20 mL
SPS and vortexed. The Neubauer counting chamber was used to
create a 107 cells/mL inoculum in SPS. For each temperature-time
interval, 1.5 mL sterile eppendorf tubes with 990 µL SPS were
inserted in the pre-heated heating blocks and the temperature
monitored in a control tube. When the solution reached the
desired temperature, 10 µL from the initial inoculum was added
to the eppendorf tubes for a final concentration of 105 cells/mL.
Triplicates were made for each isolate and temperature-time
interval. After each designated temperature-time interval, tubes
were placed in ice and serial dilutions made in SPS followed by
spread plating on MYPG agar plates. Initial inocula were also
validated on MYPG agar. Colonies were counted after 10 days of
incubation at 25◦C, to allow for growth of injured cells. D-values
for 60◦C for SC and MS were calculated using linear regression
analysis (Murphy et al., 2000, 2002; McCormick et al., 2003).

UV-C Light Treatment
UV-C light treatment at 254 nm of 40 mJ/cm2 is commonly
applied to RO permeate water in the finishing steps before storage
and reuse. The tolerance of the two filamentous yeast isolates
to UV-C light treatment was investigated, using PearlLab Beam
Device from AquiSense Technologies (Kentucky, United States),
a compact Collimated Beam Device employing UV-LEDs and
emitting UV-C irradiation at 255 nm, following the Bolton and
Linden (2003) and Bolton et al. (2015) protocols. The inoculum

was prepared as described in Section “Heat Tolerance Assay”
and the inoculum concentration set at 106 cells/mL. The (%) UV
transmittance of the SPS microbial suspension at 255 nm (UV-Vis
1800 spectrophotometer, Shimadzu) was measured to calculate
the water factor. The center point irradiance [Eo, (mW/cm2)]
of the UV-C LED device was determined (radiometer ILT2400,
International Light Technologies) and used together with the
water factor, petri factor, divergence factor, and sensor factor to
calculate the average germicidal fluence rate (E′avg). To obtain
the exposure time (sec) for a desired UV dose, this dose (mJ/cm2)
was divided by the average fluence rate (mW/cm2). The selected
UV doses were 10, 20, 40, 60, and 100 mJ/cm2. The exposure
time (sec) needed to achieve the desired UV-doses was calculated
according to the protocol. Four individual trials were conducted
with two replicates within each trial. For each UV dose, 20 mL
inoculum (4◦C) were transferred to a 50 mm sterile petri dish
and exposed to UV-C light for specific time (sec) to achieve
the desired dose. The cell suspensions were continuously stirred
during the experiments. UV doses were applied in a random
order. For each trial, there was a control UV-untreated sample.
UV treated and untreated samples were spread-plated in MYPG
agar and incubated up to 10 days at 25◦C. CFU/mL were counted
and survival graphs were made. Two Sample Welch t-test was
applied with a significance level of 0.05 (P < 0.05), using R
studio software (Version 3. 6. 1), to assess the differences between
the two strains’ inactivation profile for the same UV dose. One-
way analysis of variance (ANOVA) and post hoc Tukey test
with a significance level of 0.001 (P < 0.001) were conducted
to assess the differences among the different doses in microbial
population reduction for both strains, using R studio software
(Version 3. 6. 1).

Cleaning-In-Place (CIP) Tolerance Assay
The tolerance of the filamentous yeast strain MS toward CIP
treatments was compared to that of the budding yeast strain,
S. lactativora, SL, both isolated from the RO membrane biofilms,
by forming biofilms of single cultures on RO membrane coupons
and exposing them to the different industrial CIP treatments
on a lab-scale experiment. The coupons of 0.5 × 1.5 cm were
aseptically cut from an unused RO membrane, which had been
stored at 4◦C in sodium metabisulfite solution (1.0% w/w). The
coupons were flushed by pipetting three times from each side
with autoclaved water to remove chemical traces and placed
into sterile 1.5 mL eppendorf tubes. Inocula of 105 cells/mL
were prepared for each strain with YPG broth as the suspension
solution (see section “Heat Tolerance Assay”). For each isolate,
1 mL of the inoculum was poured into a tube, covering the
coupon, and incubated for 1, 5, or 12 days at 25◦C. For
each incubation period, a positive (inoculated) and a negative
control (non-inoculated) were made for the two isolates (MS
and SL) (Figure 1). In order to mimic a CIP program, the
operating cleaning agents and time-temperature combinations
from industrial CIP programs were used (Figure 1 and Table 1).
The experiment consisted of four different treatments. The first
involved only the application of the acidic solution and the
second only the alkaline. The third treatment applied the acidic
solution before the alkaline, while the fourth applied the alkaline
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FIGURE 1 | Experimental design of the CIP tolerance assay.

first, followed by the acidic. In the third and fourth treatment,
there was a rinsing step by pipetting 1 mL of autoclaved water
from each side of each coupon three times between the acidic
and alkaline solution. At the end of all the treatments, there was a
rinsing step by pipetting 1 mL of Phosphate Buffer Solution from
each side of the coupon three times in a standardized manner
before placing on agar (PBS: 8.00 g/L NaCl, 0.20 g/L KCl, 1.44 g/L
Na2HPO4 and 0.24 g/L of KH2PO4, pH 7.4 ± 0.2). The CIP
solutions were prepared according to the protocol of the producer
using autoclaved water for dilution (Figure 1 and Table 1). For
each treatment, three replicate coupons in inoculated YPG broth
and one coupon in non-inoculated YPG broth (control) were
made for each isolate (MS and SL) and for each incubation period
(1, 5, and 12 days) (Figure 1).

The biofilm formation on the coupons was assessed by
placing the inoculated coupons from each incubation period and
isolate on MYPG/antibiotics agar along with the non-inoculated
control with the permeate side facing downward. For the CIP
tolerance assay, the triplicate coupons tested for each incubation
period and isolate combination as well as the non-inoculated
controls were exposed to the four different treatments (Figure 1).
Eppendorf tubes were filled with 1 mL of the appropriate
CIP solutions, corresponding to the treatment, and pre-heated
to 50◦C in heating blocks to mimic the temperature of the
cleaning solutions during industrial CIP. The incubated RO

membrane coupons were placed in these tubes and exposed to
the various treatments. After each treatment the coupons were
placed on MYPG/antibiotics agar supplemented with 0.1 g/L
chloramphenicol (Sigma C0378) and 0.5 g/L chlortetracycline
(Sigma C4881) with the permeate side facing downward. For both
the biofilm forming potential and the CIP tolerance assays, the
coupons were removed from the agar after 1 day and the plates
were further incubated at 25◦C for 5 days. Growth/no growth
was macroscopically assessed on the agar plates after 5 days of
incubation (Figure 1 and Table 1).

Biofilm Formation on Polystyrene
Microtiter Plates and Peg Lids
Biofilm formation on flat-bottomed polystyrene microtiter plates
(Thermo ScientificTM NuncTM MicroWellTM) was assessed using
0.1% Crystal Violet (CV) staining, indicative of biomass level,
and tetrazolium salt (XTT) (Sigma, cat.no.X4251) staining with
1 µM menadione (Sigma, cat.no.M5625), indicative of metabolic
activity. Inocula of the filamentous yeast SC and the budding
yeast SL were prepared (105 cells/mL) as in Section “Heat
Tolerance Assay.” Three different broth media were used for
the final suspension: a low nutrient broth (R2B) containing
0.5 g/L yeast extract, 0.5 g/L proteose peptone, 0.5 g/L casein
hydrolysate, 0.5 g/L glucose, 0.5 g/L starch, 0.5 g/L di-potassium
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TABLE 1 | The four different CIP treatments applied in the lab-scale experiment
for the filamentous and budding yeast biofilm removal.

CIP treatments

1 Acidic cleaning solution (nitric acid and
citric acid)

PBS buffer rinse

45 min/50◦C

pH 1.8–2.0

2 Alkaline cleaning solution (potassium
hydroxide, EDTA, and sodium

hydroxide)

PBS buffer rinse

35 min/50◦C

pH 11.0–11.5

3 Acidic cleaning
solution (nitric acid

and citric acid)
45 min/50◦C
pH 1.8–2.0

Autoclaved
water rinse

Alkaline cleaning
solution (potassium

hydroxide, EDTA, and
sodium hydroxide)

35 min/50◦C
pH 11.0–11.5

PBS buffer
rinse

4 Alkaline cleaning
solution (potassium

hydroxide, EDTA, and
sodium hydroxide)

35 min/50◦C
pH 11.0–11.5

Autoclaved
water rinse

Acidic cleaning
solution (nitric acid

and citric acid)
45 min/50◦C
pH 1.8–2.0

PBS buffer
rinse

phosphate, 0.024 g/L magnesium sulfate, 0.3 g/L sodium pyruvate
(pH 7.2 ± 0.2); R2B + with 100 mg/L urea and lactose,
respectively (approx. concentrations found in the twice filtered
RO membrane permeate samples), and a high nutrient broth,
YPG. Three incubation periods were applied: 1, 4, and 7 days.
For each isolate, incubation period and staining method, a
microtiter plate was inoculated with the three different media
(200 µL/triplicate rows/eight wells). After 1, 4, and 7 days of
incubation with shaking (25◦C, 140 rpm), broth media were
aspirated from the microplates, where after the microplates were
washed (200 µL PBS/three times) and stained with 0.1% CV
[protocol of Kirchhoff et al. (2017)] and 1 µM XTT/menadione
[protocol of Pierce et al. (2008)]. For the 0.1% CV assay, 125 µL of
0.1% CV solution were poured into each well and the microplates
were incubated for 20 min in room temperature (RT). After
three additional washing steps with 200 µL PBS, the microplates
were air-dried in inverted position at room temperature (RT)
(22◦C) for 3 h and 200 µL 30% (v/v) acetic acid were added
in each well. After 30 min incubation at RT, 150 µL from each
well were transferred to new microplates for each yeast strain
and OD was measured at 600 nm. For the XTT/menadione
assay, 100 µL of the prepared 1 µM XTT/menadione solution
were added to the microplates after draining. After incubation
for 3 h at 25◦C/dark conditions, 80 µL from each well were
transferred to new microplates for each yeast strain and the
OD was measured at 490 nm. OD was measured using the
microtiter plate reader BioTeck ELx808. For both assays, the
average OD value for each of the inoculated media wells was
calculated by subtraction of the average OD value from the non-
inoculated media wells. Student’s paired t-test was conducted
with a significance level of 0.001 (P < 0.001) to assess the
differences for each medium between the different incubation

periods. R studio software (Version 3. 6. 1) was used for the
statistical analysis.

Biofilm formation was also assessed on peg lids (MBECTM

P&G Assay/Innovotech) for both single and dual SC and SL yeast
suspensions, applying three sonication times (10, 15, and 20 min).
The method was adapted from Harrison et al. (2010). Inocula of
105 cells/mL were prepared for the single yeast and dual yeast
biofilms, using YPG broth for the final suspension (see section
“Heat Tolerance Assay”). For each sonication time: a microplate
was prepared for the single yeast biofilm by inoculation of
columns 1–6 with 150 µL of SC inoculum and of columns 7–
12 with 150 µL of SL inoculum (48 wells for each strain). For
the dual yeast biofilm, 75 µL of SC and SL inocula, respectively,
were added to a microplate (final volume: 150 µL, columns 1–
12, 96 wells). The peg lids were inserted into the two inoculated
microplates and incubated for 48 h at 25◦C with shaking
(140 rpm). After incubation, the peg lids were removed from
the single and dual yeast microplates and rinsed by submerging
subsequently for 1 min in two microplates containing Rinse
Solution (PBS: 200 µL/well), then submerged into microplates
containing Recovery Solution (YPG broth: 200 µL/well) and
sonicated for 10 min (sonicator: Branson 2210R-MT Ultrasonic
Cleaner, frequency: 40 kHz). The same procedure was repeated
for the 15- and 20- min sonication time. After each sonication
time, 20 µL from 12 wells of the single SC sonicated microplate
were diluted into the first row of a microplate for dilutions,
containing 180 µL of Recovery solution. Four dilutions were
made in total (A-D/columns 1–12). Control wells were also
prepared, using non-inoculated YPG broth. 10 µL from each well
(rows A–D) and from the control wells were spotted on YPG agar.
The same procedure was repeated for SL and for the dual biofilm
microplate. The YPG agar plates were incubated at 25◦C for 2–
3 days. Log10 (CFU/mL) was calculated for the single and dual
biofilms for the three different sonication times, by calculating
the average of 12 wells from the colonies of countable dilutions.
Student’s paired t-test was conducted to assess individually the
differences for the SC single and the dual SC&SL biofilm cultures
for the different sonication times with a significance level of 0.001
(P < 0.001). Two Sample Welch t-test was applied to assess
the differences between SC single and the dual SC&SL biofilm
cultures for the same sonication time with a significance level of
0.001 (P < 0.001). R studio software (Version 3. 6. 1) was used for
the statistical analysis.

RESULTS

Macroscopic and Microscopic Analysis
of the Filamentous Yeast Isolates
On MEA agar, after 12 days incubation at 25◦C, SC colonies
were circular with a 2–7 mm diameter, glassy, tough, hirsute,
white, convex, and filiform with 1–4 mm mycelium length,
while MS colonies were circular with a 1–3 mm diameter,
butyrous, glistening, soft, whitish, convex, and filiform with 1 mm
mycelium. Overall, MS developed a much shorter mycelium
than SC. On MEA agar, after 4 days of incubation at 25◦C, the
budding yeast SL strain formed circular, glistening, butyrous,
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creamy colonies without mycelium and approx. 2 mm in
diameter (Table 2). Microscopically, SC and MS developed
septate branching hyphae that elongated by continuous growth
of the hyphal tip followed by formation of septa after 6 days
of incubation in YPG broth. Septa were refractive and thick
with little or no constriction and arthroconidia were rectangular-
rounded. They both had large vacuoles, while MS developed
swollen terminal cells or semi-circle cells (Figure 2). Cell size
was measured for at least 20 cells for each yeast strain in the
microscope and the minimum-maximum values were 10 and
350 µm in length and 3 and 7.5 µm in width. SL cells were ovoid-
ellipsoid with minimum-maximum cell values of 4 and 6 µm
in length and 2 and 4 µm in width. Multilateral budding on a
narrow base was observed for SL (Table 2).

Physiological and Biochemical Tests
Both SC and MS grew at all temperatures tested in YPG broth.
They could not ferment the sugars tested (glucose, sucrose,
lactose, galactose, raffinose, trehalose, and maltose), but they
assimilated several carbon compounds, corresponding to the
species’ definition of Sybren De Hoog and Smith (2011b) for

S. clavata and of Sybren De Hoog and Smith (2011a) for
M. spicifer. Christensen’s urea broth reaction for urease activity
was negative for both isolates (Table 3).

Growth in Twice Filtrated-RO Permeate
Water
Although both filamentous yeast isolates were negative for the
Christensen’s urea broth reaction, they both grew in the twice
RO-filtrated permeate water containing urea and decreased
the level of urea by more than 50 mg/L while producing
ammonia (Table 4).

Heat Tolerance Assay
The initial inoculum for SC (S. clavata) and MS (M. spicifer)
was approx. 105 cells/mL (Figure 3). The cell suspensions of
SC and MS were tolerant to heat treatment at 60◦C, being
reduced less than 2 and 3 log10 (CFU/mL), respectively, after
20 min SC was still detectable after exposure at 70◦C for up to
10 min, while MS became undetectable after 5 min. At 80◦C,
SC also became undetectable within 5 min. The D-value for SC

TABLE 2 | The selected strains for the different physiological–biochemical tests and stress tolerance assays.

Isolates Colony morphology Colony morphology Cell morphology 1,000×

magnification
Cell morphology

SC Saprochaete clavata
Synonym: Geotrichum
clavatum (Sybren De Hoog
and Smith, 2011b)

Circular Glassy Convex
Tough White Mycelium

Anamorph of
Magnusiomyces spp.
Asexual reproduction:
True hyphae branched,
disarticulating into
arthroconidia.

MS Magnusiomyces
spicifer
Synonym: Dipodascus
spicifer (Sybren De Hoog
and Smith, 2011a)

Circular Butyrous Convex
Soft Whitish Mycelium

Teleomorph Asexual
reproduction: True hyphae
branched, disarticulating
into arthroconidia.

SL Sporopachydermia
lactativora
Synonym: Cryptococcus
lactativorus (Lachance,
2011)

Circular Butyrous Glistening
Convex Creamy

Teleomorph Asexual
reproduction: multilateral
budding on a narrow base,
ovoid-ellipsoid cells, single,
in pairs or clusters. No true
or pseudohyphae.

S. clavata and M. spicifer: colonies in MEA agar/12 days incubation/25◦C, cells in YPG broth/12 days incubation/25◦C/shaking at 225 rpm, Sporopachydermia lactativora:
colonies and cells in MEA agar/4 days/25◦C.
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FIGURE 2 | (A) Saprochaete clavata (SC) and Magnusiomyces spicifer (MS) cells incubated in YPG broth for 2 and 6 days. (B) Characteristic cell structures found in
MS isolate. 1: semi-circle cell structure observed after 6 days in YPG broth. 2: Swollen cells at the apex of the filament, observed after 9 days in YPG broth.
Incubation at 25◦C with shaking at 225 rpm.

at 60◦C was D60◦C = 16.37 min, while the D-value of MS was
D60◦C = 7.24 min.

UV-C Light Treatment
The survival bars in log10 (CFU/mL) for MS and SC, respectively,
for the different UV doses are presented in Figure 4. Both
isolates exhibited high tolerance to UV-C treatment. Exposure
to 10 mJ/cm2 resulted in less than 1.00 log10 (CFU/mL) and
exposure to 20 mJ/cm2 in less than 4.00 log10 (CFU/mL)

reduction. A UV dose of 40 mJ/cm2, usually applied in the
industrial UV-C water treatment lines, resulted in approx. 4.00
log10 (CFU/mL) reduction for MS and 5.00 log10 (CFU/mL)
reduction for SC. Exposure to 60 mJ/cm2 resulted in approx. 1
log10 (CFU/mL) further reduction for both strains. There was
no higher decrease in population by applying 100 mJ/cm2. After
doses of 200 and 400 mJ/cm2, applied in two of the trials, sporadic
survivors were found (Data not shown). Two Sample Welch t-test
with a significance level of 0.05 showed that the differences in
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TABLE 3 | Assimilation of carbon compounds and nitrate*, urease activity** and sugar fermentation*** for S. clavata and M. spicifer.

Assimilation of carbon compounds Sugar fermentation

Strains S. clavata
(This study)

S. clavata
(Sybren De
Hoog and

Smith, 2011b)

M. spicifer
(This study)

M. spicifer
(Sybren De
Hoog and

Smith, 2011a)

S. clavata
(This study)

S. clavata
(Sybren De
Hoog and

Smith, 2011b)

M. spicifer
(This study)

M. spicifer
(Sybren De
Hoog and

Smith, 2011a)

S. clavata
(This study)

2-5 Glucose + + + + − − − − −

Sucrose − − − − − − − − −

Lactose − − − − − − − − −

Galactose + + + + − − − − −

Raffinose − − − − − − − − −

Trehalose − − − − − − − − −

Maltose − − − − − − − − −

D-Xylose Weak − + +

L-Sorbose Slow + Slow +

Cellobiose + + Slow +

Salicin + + Slow +

DL-Lactate Weak +/Weak Weak +

Succinate Weak + Weak +

Citrate Weak + Weak +

Nitrate − − − −

Urease activity
(Christensen’s urea
broth)

− − − −

Triplicates were made for each compound and strain (n = 3) *Tubes were assessed after 1, 2, 3, and 4 weeks with the Wickerham card. +: growth after 1–2 weeks. Slow:
growth after 3 weeks. Weak: growth after 4 weeks. −: no growth during incubation. **Although negative for urease activity, the strains may metabolize urea through other
pathways. ***Inverted Durham tubes were assessed for gas accumulation after 1, 2, 3, and 4 weeks. −: no accumulation of gas.

population level reduction between the two strains for each dose
applied were no significant (P > 0.05). One-way ANOVA and
post hoc Tukey test conducted, showed that for both strains, there
was significant reduction in microbial population after 20 and
40 mJ/cm2 (P < 0.001), compared to dose 0. However, there was
not significant difference in the reduction among the doses of 40,
60, and 100 mJ/cm2 (P > 0.001).

CIP Tolerance Assay
Biofilms developed already after the 1st day on the membrane
coupons for both the filamentous (MS) and the budding (SL)
yeast isolate, and later increased further in biomass, as seen in
the upper row of Table 5. Exposure to individual and combined
treatments with the alkaline and the acidic cleaning solution
did not eliminate the biofilms of neither SL nor MS strain.
However, the combined treatments were more effective than
the individual ones in biofilm removal, especially after 1 day of

TABLE 4 | Urea reduction and ammonia production in twice RO-filtrated permeate
water by growth of the two filamentous species.

Control (not
inoculated RO

water)

Saprochaete
clavata in RO

water

Magnusiomyces
spicifer in RO

water

Urea* (mg/L) 130.7 78.2 66.9

Ammonia* (mg/L) 0.0 24.7 35.2

*Detection limit: ammonia: 2.8 ppm, urea: 5.1 ppm.

coupon incubation while the more mature biofilms were difficult
to eradicate. This was especially true for the SL. Changing the
succession of the acidic and alkaline solution during CIP did not
seem to improve biofilm removal.

Biofilm Formation on Polystyrene
Microplates
Saprochaete clavata created strong biofilm in the flat-bottomed
polystyrene microtiter well assay in all the different media,
according to both staining methods used (Figure 5). The
biomass (CV) increased significantly from the first to the fourth
day of incubation in all the different media (Figures 5A,C,D)
(P < 0.001), while at the same time the metabolic activity (XTT)
decreased significantly in R2B + and R2B (Figures 5B,D)
(P < 0.001). In XTT/YPG, there were no statistically
significant differences found throughout incubation (Figure 5F)
(P < 0.001). From Days 4 to 7, both biomass (CV) and metabolic
activity (XTT) decreased, indicating cell death. SL did not attach
and create biofilms on polystyrene. OD was between 0.000–0.092
in 0.1% CV and between 0.000–0.058 in XTT/menadione for the
different media and incubation days.

The biofilm formation on peg lids also supported that the
filamentous SC had the ability to form biofilm, while no biofilm
formation was detected for the tested budding yeast SL (Table 6).
The filamentous yeast SC biofilm had high recovery numbers
for all tested sonication times, while SL was below the detection
limit of the method (100 cells/mL). The biofilm recovery numbers
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FIGURE 3 | Heat inactivation of (A) S. clavata (SC) and (B) M. spicifer (MS) in SPS at 60, 70, and 80◦C for 5, 10, 15, and 20 min. Phantom lines indicate that
population level was below the LOD (10 cells/mL). Mean value and standard deviation were calculated from three technical replicates for each temperature-time
interval and strain (n = 3). Medium: MYPG agar. Incubation: 10 days/25◦C.

were statistically significantly lower in the dual SC&SL biofilm
compared to the single SC biofilm for 10 and 15 min (P < 0.001).
However, no differences were observed between the single and
the dual biofilm after 20 min (P > 0.001). Regarding the different
sonication times, 15 min were more efficient in biofilm cell
recovery numbers. The decrease in cell recovery numbers after
20 min could be due to inactivation of the yeast after prolonged
sonication at 40 kHz.

DISCUSSION

Isolation and Characterization of the
Filamentous Yeast Isolates
The filamentous yeast species S. clavata andM. spicifer dominated
the biofilm communities on the retentate and permeate side
of RO membranes used in a dairy operation line for treating
whey water. These filamentous yeasts were isolated after CIP
application on several occasions from elements having been in

use for 6 months and up to 4 years. Interestingly, the biofilms on
the permeate side of most of these elements, consisted exclusively
of the filamentous yeast strains. Since biofouling can interfere
with flux and may potentially affect the quality of the retentate
and permeate, there is clearly an interest in characterizing these
yeasts and obtain an understanding of their persistence and role.
It has already been established that they may cover large areas
and still go relatively unnoticed unless selective media are used
for their detection, since they are often present in lower numbers
and grow slower than bacteria, causing them to be out-grown on
non-selective media (Stoica et al., 2018; Vitzilaiou et al., 2019).

The yeasts S. clavata and M. spicifer have a high degree
of similarity in physiology, cell-colony morphology and
biochemical profile. They both developed mycelium on agar
after long incubation and their cells elongated and created
septate branching hyphae. They had the same temperature
growth range and assimilated the same carbon compounds,
while they did not assimilate nitrate. According to taxonomy,
they are closely related species. Saprochaete and Magnusiomyces
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FIGURE 4 | Population level in Log10 [CFU/mL of M. spicifer (MS) and S. clavata (SC)] after exposure to UV doses of 0, 10, 20, 40, 60, and 100 mJ/cm2. Inoculation
level: 106 cells/mL. LOD: 1 CFU/mL. The average and standard deviation has been calculated from four different trials with two replicates within each trial (n = 8).
Sporadic survivors were found when applying 200 and 400 mJ/cm2 (Data not shown). No significant differences were found (P > 0.05) between the two strains for
each dose. The different letters indicate the significant differences in microbial reduction among the different doses for both isolates (P < 0.001). Agar medium:
MYPG, 10 days incubation at 25◦C.

genera belong to the same phylum, class and order (Ascomycota,
Saccharomycetes, and Saccharomycetales). Saprochaete is
the anamorph of Magnusiomyces and Magnusiomyces and
Saprochaete are sister genera to Galactomyces, Dipodascus and
their anamorph Geotrichum (Sybren De Hoog and Smith,
2004, 2011a,b). The differentiation between Saprochaete and
Magnusiomyces is difficult as also reported by Del Principe et al.
(2016). The identification results in the NCBI Database, based
on 26S and ITS rRNA sequencing, were often giving similar
matches in terms of (%) coverage, (%) similarity rates and
E-values for M. spicifer and S. clavata. Thus, we believe that there
is a need to increase the diversification of the existing databases
on fungal species, as well as to develop new methods for fungal
species identification.

Urea Metabolism
Ultrafiltration followed by RO membrane filtration will, in
theory, remove the fouling agents and microbial cells, while
small molecules may pass through the membrane pores. Urea
from whey can pass the RO membranes (Skou et al., 2017,
2018) and may therefore be a source of nitrogen and energy
for some microorganisms in the low-nutrient RO permeate. The
filamentous yeast strains, S. clavata and M. spicifer, were initially
tested for urease using Christensen’s Urea Broth assay. The
principle is based on the presence of urease, which converts urea
in a one-step reaction producing ammonia thereby increasing
the pH of the broth resulting in a color change. Rapid urease-
positive organisms can change the medium’s color to pink
within 2–4 h (Kurtzman et al., 2011). Both the filamentous
yeast strains tested were negative in this assay. However, when
grown in the twice RO-filtrated permeate water, they both
metabolized urea and produced ammonia. Both M. spicifer and

S. clavata belong to Hemiascomycetes, which include one class
and order (Saccharomycetes and Saccharomycetales). It has been
observed that yeasts belonging to Hemiascomycetes contain
urea amidolyase, instead of urease (Souciet et al., 2000; Sybren
De Hoog and Smith, 2004, 2011a,b; Strope et al., 2011). Urea
amidolyase is an enzyme that breaks down urea into ammonia
and carbon dioxide through a two-step process. Although a
slower mechanism of urea metabolism, it may be advantageous
in some settings, since urea amidolyase, in contrast to urease, is
not dependent on the concentration of Ni2+ and Co2+ (Booth
and Vishniac, 1987; Navarathna et al., 2010; Strope et al., 2011).

Heat Tolerance Assay in Saline Peptone
Solution
The D-values can be affected by several parameters such as
strain differences, growth phase and conditions prior to heating
as well as the matrix and recovery methods (Doyle et al.,
2001) and comparison between different experiments should
therefore be done with caution. Nevertheless, if the D-values of
the S. clavata strain (D60◦C = 16.37 min) and the M. spicifer
(D60◦C = 7.24 min) are compared with previously published
average values for common bacterial foodborne pathogens such
as Listeria monocytogenes (D60◦C = 4.56 min) and E. coli
O157:H7 (D60◦C = 3.37 min) (Buzrul and Alpas, 2007) in a
similar matrix (1% peptone solution), both filamentous yeast
strains seem markedly more tolerant to heat treatment. The
more heat resistant S. clavata has three to four times higher
D60◦C than the strains of L. monocytogenes and four times
or more than the strains of E. coli O157:H7 reported by
Buzrul and Alpas (2007). Although the two yeasts were very
close in taxonomy, morphology and physiology, S. clavata
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TABLE 5 | Tolerance toward different CIP treatments at 50◦C of single filamentous and budding yeast biofilms, formed on RO membrane coupons.

Coupon incubation period 1st day 5th day 12th day

Control (no treatment)

Acidic agent pH 1.8–2.0 (50◦C/45 min)

Alkaline agent pH 11.0–11.5 (50◦C/35 min)

Acidic (50◦C/45 min) followed by alkaline agent (50◦C/35 min)

Alkaline (50◦C/ 35 min) followed by acidic agent (50◦C/45 min)

Neg, negative coupon-control in non-inoculated YPG broth/no treatment. Pos, positive coupon-control in inoculated YPG broth/no treatment. SL, budding yeast
(S. lactativora); MS, filamentous yeast (M. spicifer). Triplicates were made for each CIP treatment and strain. Initial inoculum: 105 cells/mL. Agar plates’ incubation:
MYPG/antibiotics, 12 days, 25◦C. Negative controls for CIP treatments for rows 2–5 not shown.

was markedly more heat tolerant, indicating that important
functional characteristics may vary considerably.

In terms of the CIP programs applied in this type of food
industry, cleaning solutions and water flushes are often applied
at a temperature of 50◦C for 35–45 min for each step (Table 1),
since most of the RO membrane elements used in these lines

cannot stand higher temperatures (Stoica et al., 2018; Vitzilaiou
et al., 2019). Although the CIP cleaning may last more than 2 h,
our results indicate that a temperature of 50◦C will not ensure
inactivation of biofilms containing these yeasts. According to the
assay, temperatures of 70◦C and higher for more than 10 min
ensured at least 4 log reductions. This could explain previously
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FIGURE 5 | Biofilm quantification of the filamentous yeast S. clavata and budding yeast S. lactativora using 0.1% CV and XTT/menadione stains in R2B + with urea
and lactose (A,B), R2B (C,D), and YPG broth (E,F) after 1, 4, and 7 days of incubation (25◦C, shaking at 140 rpm). Mean value and standard deviation are calculated
from 24 replicate wells for each medium. Significant differences for the filamentous yeast are presented for each graph with the different letters (a, b, c) (P < 0.001).

reported observations (Stoica et al., 2018; Vitzilaiou et al., 2019)
from some heat tolerant elements being exposed to high heat
(78◦C/20 min) where no filamentous yeasts were detected.

UV-C Tolerance
A UV dose of 40 mJ/cm2, usually applied in industrial scale
water treatment, reduced the population of both S. clavata
and M. spicifer by approx. 4 log10 (CFU/mL), but not below
the LOD of the method. Moreover, higher doses of 60 and
100 mJ/cm2, did not result in significantly higher inactivation,
according to one way ANOVA conducted (P > 0.001). Bowker

et al. (2011), using a similar UV-C LED set-up at 255 nm
and phosphate buffer, needed a dose of 9 mJ/cm2 to decrease
a 108 cells/mL inoculum of E. coli by 2.7 log10 (CFU/mL).
In this study, doses of 20–40 mJ/cm2 were needed to obtain
the same decrease in the filamentous yeast isolates. UV-C is
a well-recognized treatment for water and there is extensive
information available for bacteria and viruses as summarized in
several reviews (Song et al., 2016; Li et al., 2019). However, there
is limited knowledge on fungal tolerance toward UV treatments
and the results reported here expands our knowledge of the
sensitivity of filamentous yeast.
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TABLE 6 | Biofilm cell counts on peg lids obtained from Recovery Solution (YPG)
at 10-, 15-, and 20-min sonication time for S. clavata (SC), S. lactativora (SL)
single biofilms, and SC/SL dual biofilms.

Sonication time (min) 10 15 20

Log10 (CFU/ml)

SC (Single biofilm) 4.73 ± 0.17a 5.25 ± 0.22b 4.16 ± 0.20c

SL (Single biofilm) <LOD <LOD <LOD
SC&SL (Dual biofilm) 4.33 ± 0.11d 4.45 ± 0.12d 3.90 ± 0.34c

Data from control wells was negative (not shown). Mean values and standard
deviation were calculated from 12 replicates. Significant differences within SC and
SC&SL biofilms for the different sonication times and between SC and SC&SL
biofilms for the same sonication time are indicated with different letters (a, b, c, d)
(P < 0.001). LOD was 100 cells/mL.

Biofilm Tolerance to CIP Assay
The budding yeast strain S. lactativora (SL) was found in some of
the biofilm structures on the RO membrane elements together
with the filamentous yeasts, but in lower numbers. When this
strain and the filamentous strain, M. spicifer (MS), were tested
for their tolerance toward CIP treatments, by forming biofilms
on RO membrane coupons and exposing them to the industrial
CIP solutions, they both displayed a considerable tolerance.
Combination treatments inactivated more cells than acid or
alkaline solutions individually. No difference in survival was
found due to the order of application of the acidic and the alkaline
solution. In production lines, the chemically dependent effect of
the CIP solutions will only be exerted on the retentate side of
the RO. According to our previous work examining RO elements
from production, filamentous yeasts were detected on both the
retentate and the permeate side when CIP treatments applied the
acidic solution first, followed by the alkaline while yeasts were
only detected on the retentate surface of one RO element in which
the alkaline solution was applied first and the acidic at the end
(Stoica et al., 2018; Vitzilaiou et al., 2019). Since the inactivating
effect of the combinations seems to be similar, it could indicate
that the membranes become more prone to hyphae breakthrough
when the treatment finishes with alkali and it has been suggested
that alkaline solutions can lead to membrane pore expansion
(Simon et al., 2013). This merits further investigation.

The biofilm of the budding yeast isolate during the membrane
coupon experiments was less affected by the CIP treatment in the
laboratory-based experiments. However, the filamentous yeasts
found to be the dominant microorganisms on the retentate
side of RO membrane elements from industry and the only
biofilm former on the RO permeate surfaces after CIP. When
the individual cultures of the filamentous and the budding yeast
isolate were tested for biofilm formation on polystyrene flat-
bottomed microplates with high and low nutrient broth, only the
filamentous yeast was able to attach and form biofilm. This was
also evident when biofilm formation was assessed on peg lids.
The budding yeast biofilm was hardly noticeable and recovery cell
numbers after sonication were below detection level. It is likely
that the filamentous yeasts may survive shear and chemical stress
better due to a tighter adhesion, greater coverage and potential for
making mature biofilms and they may use their hyphae to exploit
temporarily induced changes of the membranes.

The recent reports on the isolation of Saprochaete and
Magnusiomyces genera from household dishwashers in multi-
genera biofilms (Zalar et al., 2011; Döğen et al., 2013; Gümral
et al., 2016; Zupančič et al., 2016) confirm their ability to colonize
and persist on surfaces exposed to extreme conditions like heat,
and periods of desiccation. They also suggest that these yeasts
are commonly found in the general environment and it may
be speculated that they are spread by a water transmission
route. Although they may be common contaminants, S. clavata
and species belonging to Magnusiomyces genera are sometimes
referred to as opportunistic pathogens, since they have been
associated with nosocomial outbreaks in immunocompromised
patients (Gurgui et al., 2011; Birrenbach et al., 2012; Camus
et al., 2014; Picard et al., 2014; Vaux et al., 2014; Ulu-
Kilic et al., 2015; Del Principe et al., 2016; Favre et al.,
2016; Durán Graeff et al., 2017). An association with hospital
vacuum flasks was found in one outbreak, but in general,
little is known about the occurrence, ecology and routes of
transmission.

The data obtained from this study can serve as a new insight
to understand the role that filamentous yeast may play in dual
or multispecies biofilms and points toward a harboring role of
the filamentous yeast species within some biofilm structures,
potentially having an impact on the presence and survival of other
species. In the specific setting investigated, both the retentate and
the permeate were subjected to further treatment downstream
before being used and in this environment the role is likely
limited to occasional flux problems. However, there could be
many membrane processes where these yeasts play a role and it is
suggested that future investigations of biofouling should include
methods targeting fungal contamination in order to clarify their
relevance in different systems.

CONCLUSION

Filamentous yeast species identified as the closely related
species S. clavata and M. spicifer, found to dominate biofilms
on whey water associated CIP treated RO membrane
retentate and permeate surfaces, were characterized by
physiological/biochemical tests, stress tolerance assays and
biofilm formation potential. These yeasts develop long hyphae
and may cover large areas on the RO membranes compared with
bacteria and budding yeasts, although they grow much slower
than bacteria. Physiological and biochemical tests showed that
they share similar colony and cell morphology and biochemical
characteristics. The tested isolates of S. clavata and M. spicifer
were found to be tolerant to heat with less than 1 log10 (CFU/mL)
reductions of S. clavata at 60◦C after 15 min. Temperatures above
70◦C ensured a substantial reduction of both filamentous yeasts.
UV-C light at a dose level of 10 mJ/cm2 had little effect, while
doses of 40 mJ/cm2 and upward ensured a 4 log or higher
reduction in a static laboratory scale set-up. Both filamentous
isolates were able to metabolize urea and grew in the low nutrient
twice RO-filtrated permeate.

Magnusiomyces spicifer and S. lactativora formed robust
biofilms on RO membrane coupons that survived sanitizing
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treatments applied in lab-scale experiments, mimicking
industrial CIP treatments. When a filamentous S. clavata
isolate and a budding yeast S. lactativora isolate, both isolated
from a RO membrane, were tested for biofilm formation on
polystyrene microtiter plates, the filamentous yeast formed a
copious biofilm according to 0.1% CV and XTT/menadione
staining, as well as on peg lids, while the budding yeast
S. lactativora isolate did not. When both yeasts were combined,
a robust mixed biofilm was formed on peg lids indicating
that the filamentous yeast can act as a harbor for the
attachment and proliferation of other microorganisms. There
has previously been little focus on these filamentous yeasts
and the existing sequencing databases reflect the current
limitations regarding taxonomy. Their ability, demonstrated
here, to attach and proliferate in stressful, nutrient poor
environments helps to explain how they persist on membrane
surfaces despite regular CIP treatments and is thus a step
towards understanding their role in membrane biofouling
and flux as well as a potential impact on the quality of
retentates and permeates.
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The extracellular polymeric substances (EPS) construct the three-dimensional (3-D)
structure of biofilms, but their respective roles are still not clear. Therefore, this
study aimed to illuminate the role of key chemical components [extracellular DNA
(eDNA), extracellular proteins, and carbohydrates] of EPS in biofilm formation of
Vibrio parahaemolyticus. The correlations between each key chemical component
and biofilm formation were first determined, showing that the biofilm formation of
V. parahaemolyticus was strongly positively correlated with both eDNA and protein
content (P < 0.01), but not with carbohydrates. Subsequently, individual DNase I or
protease K treatment markedly reduced the initial adhesion and structural stability of the
formed biofilms by hydrolyzing the eDNA or extracellular proteins, but did not induce
significant dispersion of mature biofilms. However, the combination of DNase I and
protease K treatment induced the obvious dispersion of the mature biofilms through the
concurrent destruction of eDNA and extracellular proteins. The analysis at a structural
level showed that the collapse of biofilms was mainly attributed to the great damage of
the loop configuration of eDNA and the secondary structure of proteins caused by the
enzyme treatment. Therefore, this study provides a deep understanding of the role of
key chemical components of EPS in biofilm development of V. parahaemolyticus, which
may give a new strategy to develop environmentally friendly methods to eradicate the
biofilms in food industry.

Keywords: Vibrio parahaemolyticus, biofilm, eDNA, extracellular proteins, EPS

INTRODUCTION

Vibrio parahaemolyticus is recognized as a leading cause of seafood-derived food poisoning
worldwide (Raszl et al., 2016), and it is ubiquitous in coastal waters or estuarine environments
(Urmersbach et al., 2015; Mizan et al., 2016). V. parahaemolyticus has the high capacity to adhere
to food-contact surfaces (aquaculture equipment, aquatic products, and food processing facilities)
and forms biofilm (Han et al., 2016; da Rosa et al., 2018; Mougin et al., 2019). Biofilms are complex
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communities of microorganisms, which provides the encased
microbial cells higher ability to tolerate environmental stresses
such as antibiotics and disinfectants compared to planktonic cells
(Costerton et al., 1999; Costa et al., 2013; Elexson et al., 2014;
DeFrancesco et al., 2017). All these properties are attributed
to bacterial cells embedded in firm three-dimensional (3D),
multicellular, self-assembled structures that contain extracellular
polymeric substances (EPS) (Costa et al., 2013; Flemming
et al., 2016). EPS are the primary ingredient in bacterial
biofilms, which typically accounts for greater than 90% dry
mass of the biofilm (Brown et al., 2015). Of which, the key
matrix components—DNA, proteins, and exopolysaccharides—
are crucial for maintaining the structural integrity of biofilms
providing a shelter for cells (Flemming and Wingender, 2010;
Dragos and Kovacs, 2017).

Recent studies have shown that exopolysaccharides appear to
be important for initiating and maintaining cell–cell interactions
in biofilms, as well as protecting encased bacterial cells (Ophir
and Gutnick, 1994; Colvin et al., 2011; Cugini et al., 2019).
Proteins can provide 3D architectural integrity and surface
adhesion for various bacterial biofilms, such as Escherichia
coli, Vibrio cholerae, Bacillus subtilis, and Vibrio vulnificus
(Hobley et al., 2015; Jin et al., 2016). More importantly, the
groundbreaking discovery of extracellular DNA (eDNA) by
Whitchurch et al. (2002) showed that eDNA is required for the
initial establishment of Pseudomonas aeruginosa biofilms. Since
this report, the roles of eDNA in biofilm formation, structural
integrity, and tolerance to antibiotics have been widely described
in other species (Okshevsky and Meyer, 2013; Rose et al., 2015;
Ibanez de Aldecoa et al., 2017). Moreover, eDNA can be used
as a source of nutrients for live cells and facilitate the spread
of genetic traits in the biofilm and the planktonic populations
(Chimileski et al., 2014; Brown et al., 2015). However, the
chemical composition of EPS varies greatly depending on the
bacterial species and the environment that the biofilm formed.

During the last decades, many studies mainly investigated
the roles of exopolysaccharides and capsular polysaccharide
(CPS) in the V. parahaemolyticus biofilm. Thereinto,
Guvener and McCarter (2003) found that the mutants of
V. parahaemolyticus, failing to produce CPS, formed defective
biofilms. Nevertheless, Chen et al. (2010) proposed that the
mutants mentioned above were related to exopolysaccharide
production rather than CPS. Furthermore, they revealed
the genes responsible for exopolysaccharide production in
V. parahaemolyticus were located on chromosome II, that
is, the VPA1403-1412 (cpsA-J) operon, whereas the loci
VP0219-0237 in chromosome I was the capsule genes (K-
antigen). Subsequently, Wang et al. (2013) showed that
exopolysaccharides-deficient mutant of V. parahaemolyticus
stained with much less crystal violet than wild type. Therefore,
it can be concluded that the importance of exopolysaccharides
and CPS in V. parahaemolyticus biofilm formation needs to
be further clarified. Meanwhile, the exogenous addition of
extracellular recombinant proteins significantly increased the
biofilm formation of V. parahaemolyticus reaching ∼3.8-fold
compared to control (Jung et al., 2019). However, the role of
eDNA in the biofilm formation of V. parahaemolyticus is rarely

reported. In addition, the role of chemical components of EPS in
the biofilm formation of V. parahaemolyticus is still controversial.

In this study, V. parahaemolyticus was selected as a model
organism to investigate the role of key chemical components
(eDNA, extracellular proteins, and carbohydrates) of EPS in
the biofilm development. To achieve this purpose, the dynamic
process of biofilm formation was monitored by crystal violet
staining, confocal laser scanning microscopy (CLSM) and
scanning electron microscopy (SEM). The respective importance
of chemical components of EPS in biofilm formation was revealed
by Pearson correlation analysis and enzymatic hydrolysis
treatment. Furthermore, the ISA-2 software analysis and Raman
spectroscopy were used to characterize the structure changes of
the biofilm treated by DNase I, proteinase K, and the combination
of DNase I and proteinase K (DNase I–proteinase K). This
study will reveal the role of chemical components of EPS in
the biofilm formation of V. parahaemolyticus and hence provide
effective strategy to design environmental-friendly, non-chemical
methods to control biofilm formation in food industry.

MATERIALS AND METHODS

Bacterial Strains and Cultivation
Vibrio parahaemolyticus ATCC17802 was used in this study
and maintained in 50% (vol/vol) glycerol at −80◦C. The
single colony was inoculated in 9 mL tryptic soy broth (TSB;
Beijing Land Bridge Technology Company Ltd., Beijing, China)
supplemented with 3% (wt/vol) NaCl and incubated at 37◦C
for 12 h with shaking at 200 revolutions/min. After incubation,
the broth culture was adjusted to OD600 = 0.4 corresponding
to 4.1 × 107 colony-forming units/mL, which was used for
subsequent experiments.

Biofilm Formation
Biofilm formation was performed according to the protocol
previously described by Song et al. (2016) and Han et al. (2017). In
detail, 24-well plates were filled with 990 µL of fresh TSB medium
(3% NaCl) and then inoculated with 10 µL of the bacterial
cultures (OD600 = 0.4). Then, the 24-well plates were incubated at
25◦C statically to form biofilms under different times (2, 6, 12, 24,
36, and 48 h), and the wells containing TSB without inoculation
were used as blank control. All plates were sealed with plastic
self-sealing bags to prevent evaporation of water.

Enzyme Treatment of Biofilms
Biofilms incubated at different times (2, 12, 24, 36, and 48 h)
were washed once with 1 mL of 1 × phosphate-buffered saline
(PBS). Subsequently, the biofilm samples were treated with
DNase I (Roche), proteinase K (Sigma-Aldrich Co. LLC, Louis,
United States), and the combination of DNase I and proteinase
K at 37◦C for 30 min. After static incubation, the wells were
washed twice with 1 × PBS and stained with crystal violet to
quantify the biofilm. For the experiments of enzyme treatment,
all DNase I, proteinase K, and DNase I–proteinase K were
used at a final concentration of 100 µg/mL unless otherwise
stated. The biofilm without addition of enzymes was selected
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as control. All the experiments were repeated in at least three
independent experiments.

Crystal Violet Staining Assay
Biofilms of V. parahaemolyticus were quantified by crystal violet
staining method (Crofts et al., 2018). Following static incubation,
planktonic cells were removed from the wells before washing with
1× PBS gently. After drying at 60◦C for 15 min, the biofilms were
stained with 1 mL of 0.1% (wt/vol) crystal violet (Sangon Biotech
Co., Ltd., Shanghai, China) for 30 min at room temperature. The
staining solution was removed via pipette, and then 1× PBS was
used to remove the non-bound dye at least three times. Stained
and washed biofilms were air dried for 30 min, and then 1 mL
of 95% ethanol was added to dissolve the bound crystal violet
for 30 min. The optical density of each well was measured at
wavelength of 600 nm using the BioTek Synergy 2 (Winooski,
VT, United States).

Visualization and Structural Analysis of
the Biofilms Using Confocal Laser
Scanning Microscopy
The V. parahaemolyticus biofilms were observed by CLSM.
The biofilms on sterile glass were rinsed with 1 × PBS to
remove loosely attached bacterial populations before fixed in 4%
glutaraldehyde for 30 min at 4◦C. Afterward, the staining solution
of SYBR Green I (Sangon Biotech Co., Ltd.) was added to the
well to completely submerge the glass, and then the biofilm was
incubated for 30 min in the dark at room temperature. After that,
all excessive staining solution was removed and air dried.

The confocal laser scanning microscope (TCS SP8; Leica
Biosystems AG, Wetzlar, Germany) was employed to acquire
biofilms images with 40 × objective. Excitation at 488 nm with
an argon laser in combination with a 525 ± 25 nm band-pass
emission filter was used for SYBR Green I signal visualization.
Then, the volumetric parameters and textural parameters
(biovolume, mean thickness, biofilm roughness, and porosity)
were calculated from 3D CLSM images by the ISA-2 software
to quantify the structural characteristics of V. parahaemolyticus
biofilms (Beyenal et al., 2004a). The biovolume represents the
overall volume of the biofilm in the observation field. Mean
thickness provides a measure of the spatial size of the biofilm
and is the common variable used in biofilm research. Roughness
is calculated from the thickness distribution of the biofilm and
gives a measurement of the variations in biofilm thickness and
is an indicator of the superficial biofilm interface heterogeneity
(Heydorn et al., 2000). Porosity is defined as the ratio of void area
to total area (Beyenal et al., 2004b). For each sample, the image
stacking was acquired with a 1-µm thickness at six random sites.

Visualization of the Microstructure of the
Biofilms Using Scanning Electron
Microscopy
Biofilm samples formed on glass were washed by immersing in
1 mL of 1 × PBS and then mixed with 2.5% glutaraldehyde
for overnight at 4◦C (Tan et al., 2018; Chen et al., 2020).
Subsequently, biofilm samples were dehydrated with increasing
concentrations of ethanol at 30, 50, 70, and 90% for 10 min,

respectively, followed by twice immersion in 100% ethanol
for 10 min each (Liao et al., 2014). After air drying, biofilm
samples were covered by using gold–palladium in an automatic
sputter coater (Polaron SC7640 sputter coater; VG Microtech,
East Sussex, United Kingdom) and visualized with the extreme-
resolution analytical field emission scanning electron microscope
(SM-7800F Prime; JEOL, Tokyo, Japan). The length of the
biofilm cells was quantified by the ImageJ software (Rasband,
W.S., ImageJ, US National Institutes of Health, Bethesda, MD,
United States1, 1997–2014).

Extraction and Chemical Components
Analysis of EPS
The EPS of V. parahaemolyticus biofilms were extracted using
the sonication method (DeFrancesco et al., 2017; Tan et al.,
2018). Briefly, the medium was aspirated, and the remaining
adherent cells were washed with sterile PBS. Biofilms were then
resuspended in 1 mL 0.01M KCl solution and collected by
vortexing and scraping. Next, V. parahaemolyticus biofilm cell
clumps were dispersed with a Scientz-IID sonicator (Ningbo
Scientz, Ningbo, Zhejiang, China) for six cycles of 5 s of operation
and 5 s of pause at a power level of 20k Hz (45w) (Ding
et al., 2019; Chen et al., 2020). The sonicated suspension was
pelleted by centrifugation for 10 min at 7000 × g at 4◦C,
and then the supernatant was removed and filtered by using
a 0.22-mm membrane filter (Sangon Biotech Co., Ltd.). The
amounts of DNA, proteins, and carbohydrates in the filtrate
were analyzed. DNA was detected by using the Quant-iTTM

PicoGreen R© dsDNA Assay Kit (InvitrogenTM Ltd., Paisley, United
Kingdom) according to manufacturer’s instructions (Grande
et al., 2015). The protein content was determined using Lowry
method by Stable Lowry Protein Assay Kit (Sangon Biotech
Co., Ltd.). The concentration of carbohydrate was quantified by
the phenol–sulfuric acid method using glucose as a stand (Kim
and Park, 2013). After that, the correlation analysis was created
based on the OD600 value versus the content of three chemical
components after the biofilm was incubated at different times
(2, 6, 12, 24, 36, and 48 h). Meanwhile, the correlation analysis
between the contents of three different chemical components
was also performed. Per experiment was tested in at least
three replicates.

Raman Spectroscope Analysis
The EPS of mature biofilms after DNase I, proteinase K, and
DNase I–proteinase K treatment were extracted as described
in the extraction and chemical component analysis of EPS.
Additionally, the EPS of mature biofilms without enzyme
treatment were used as control. The Raman spectra of four
EPS samples were recorded with a Senterra R200-L Dispersive
Raman Microscope (Bruker Optics, Ettlingen, Germany) at room
temperature. A diode laser at 633 nm and 50 × objective with a
laser power of 3 mW was used for all Raman experiments. The
Raman spectrum of each sample was calculated as the average of
five measurements at different arbitrary sites on the biofilm. All
Raman measurements were recorded with an accumulation time
of 60 s in the range of 400–1520 cm−1. The acquisition of Raman

1http://imagej.nih.gov/ij/
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spectrum and preprocessing of preliminary data were conducted
using the Bruker OPUS software.

Statistical Analysis
The experimental data were expressed as the mean ± standard
deviation. Statistical analysis was carried out by one-way analysis
of variance using SPSS version 21.0 (SPSS Inc., Chicago, IL,
United States) to compare the value differences (P < 0.05).

RESULTS

The Dynamic Process of Biofilm
Formation
The dynamic process of V. parahaemolyticus biofilm formation
was monitored in terms of the absorbance of the dissolved
crystal violet dye from microtiter plates (Figure 1A). In the
initial attachment phase (2–6 h), the biofilm formation was not
obvious, and then a rapid increase in biofilm formation was
tested in 6–12 h. After 12 h, the development of biofilms slowed
down gradually. Subsequently, the biofilms further developed
and reached the maximum at 24 h with an OD600 of 2.44. After
24 h, the biofilms entered the dispersion stage leading to a sharp
decrease of biomass.

The changes of V. parahaemolyticus biofilms were visualized
using CLSM (Figure 1B), and their structural parameters were
quantified in Table 1. Almost all cells were distributed as a
single cell at 2 h, and then the biofilm cells gradually increased
and formed scattered aggregates from 2 to 6 h, indicating the
ongoing colonization of bacterial cells on the surfaces. At 6 h,
the surface was covered by a slightly dense biofilm, with its
biovolume and mean thickness being only 4.38 × 105 µm3

and 2.47 µm. When the time was prolonged to 12 h, the cells
formed large clusters; furthermore, the architectures of biofilm
developed from a single-layer planar structure to a multilayer
3D structure. Accordingly, the biovolume and mean thickness
of the biofilm significantly increased to 6.57 × 105 µm3 and
5.32 µm. Conversely, the biofilm roughness and porosity were
greatly reduced to 0.96 and 0.82, respectively. Mature biofilm
with minimum roughness and porosity (0.89 and 0.77) was
detected at 24 h. Meanwhile, the biovolume and mean thickness
of biofilm reached the maximum, values of 9.36 × 105 µm3

and 8.44 µm, respectively. After 36 h of cultivation, the biofilm
appeared disaggregated morphology where its biovolume and
mean thickness decreased to 5.24 × 105 µm3 and 4.10 µm.
After 48 h, further disaggregation of the biofilm led to a
reduction in the biovolume and mean thickness, indicating the
low concentration of microorganisms on the surface. Therefore,
the biofilm roughness and porosity markedly increased compared
to mature biofilm.

Scanning electron microscopy was used to observe the
changes of microstructures during the biofilm development
(Figure 1C), and the length of biofilm cells is shown in
Table 2. In the initial adhesion stage, the biofilm was mainly
composed of individual cells, and the morphology of cells
became filamentous shape to better colonize on the contact
surfaces. Simultaneously, the mean length and maximum length

of biofilm cells increased to 2.64 and 15.50 µm at 6 h,
respectively. The cells further elongated themselves toward
the center of microcommunity to form large aggregates after
12-h incubation. Likewise, the maximum length exhibited a
great increase ranging from 15.50 to 34.23 µm, and the mean
length decreased slightly from 2.64 to 2.36 µm. The mature
biofilm with dense and complex 3D structures was acquired
at 24 h, and most of the cells adhered closely and were held
together by EPS, and therefore, the mean length and maximum
length were not measurable. At 36 h, the 3D structures of
the V. parahaemolyticus biofilms dissipated releasing individual
cells. Obviously, the mean length and maximum length of
biofilm cells decreased dramatically to 2.01 and 6.81 µm. The
dynamic processes of biofilm development characterized by
CLSM and SEM were consistent with the results of crystal
violet staining.

Correlation Between EPS and Vibrio
parahaemolyticus Biofilm Formation
The relationship between biofilm formation and EPS was
investigated using Pearson correlation analysis. The contents
of eDNA, extracellular proteins, and carbohydrates were
determined in Figure 2A. The results showed that the
extracellular proteins and carbohydrates were the main
components of EPS of the mature biofilm, followed by eDNA,
which accounted for 72, 26, and 2% by mass, respectively.
Interestingly, the three major components in EPS showed
different changes during biofilm development. Of which,
the amount of eDNA and extracellular proteins presented
positively linear correlation with the biofilm formation, and the
corresponding Pearson correlation coefficients (rp) reached 0.99
(R2 = 0.9805) and 0.983 (R2 = 0.9664), respectively. However,
no linear correlation was observed for carbohydrate content
and biofilm formation (Figures 2B–D). Meanwhile, there was
a strong positive correlation between eDNA and extracellular
proteins (rp = 0.972, P < 0.01) (Figure 3A). However, there was
no correlation between carbohydrates and eDNA (rp = -0.387,
P > 0.05), as well as extracellular proteins (rp = -0.436, P > 0.05)
(Figures 3B,C). These results suggested that there should be
collaborative functions of eDNA and extracellular proteins on
the biofilm formation of V. parahaemolyticus.

Effect of eDNA and Extracellular Proteins
on Biofilm Formation of
V. parahaemolyticus
To determine the role of eDNA and extracellular proteins in
biofilm formation of V. parahaemolyticus, DNase I, proteinase
K, and their combination were added to the biofilms incubated
at different times (2, 12, 24, 36, and 48 h). The amount of
biofilm after DNase I, proteinase K, and DNase I–proteinase K
treatment was determined by crystal violet staining (Figure 4),
and their eradication efficiency is listed in Table 3. At the early
stage (2 and 12 h), the addition of DNase I or proteinase K greatly
decreased the initial attachment and destroyed the stability
of formed biofilms (P < 0.05), proving that the eDNA and
extracellular proteins were important for both initial attachment
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FIGURE 1 | The dynamic process of V. parahaemolyticus biofilm formation. (A) Biofilm biomass was measured by crystal violet binding at an OD600 after static
culture for different times (2, 6, 12, 24, 36, and 48 h). Error bars show standard deviations of three independent experiments. (B) Confocal laser scanning
microscopic images of V. parahaemolyticus biofilm development process. The scale bar represents 100 µm. (C) Scanning electron microscopic images of
microstructure during the development of V. parahaemolyticus biofilm. The scale bar represents 5 µm. I–VI represent 2, 6, 12, 24, 36, and 48 h, respectively. Pictures
are representative of three independent experiments with at least three replicates each.
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TABLE 1 | Quantification of the biofilm structure of V. parahaemolyticus after 2, 6, 12, 24, 36, and 48 h of incubation.

Structural parameters Time points (h)

2 6 12 24 36 48

Biovolume × 105 (µm3) 3.39 ± 0.80 4.38 ± 0.46 6.57 ± 0.26 9.36 ± 0.85 5.24 ± 0.68 3.73 ± 0.38

Mean thickness (µm) 1.55 ± 0.37 2.47 ± 0.34 5.32 ± 0.37 8.44 ± 0.75 4.10 ± 0.27 3.59 ± 0.50

Biofilm roughness 1.49 ± 0.09 1.21 ± 0.10 0.96 ± 0.06 0.89 ± 0.12 1.26 ± 0.10 1.27 ± 0.09

Porosity 0.92 ± 0.01 0.86 ± 0.01 0.82 ± 0.01 0.77 ± 0.01 0.87 ± 0.01 0.92 ± 0.02

TABLE 2 | Quantification of the length of biofilm cells of V. parahaemolyticus after 2, 6, 12, 24, 36, and 48 h of incubation.

Cell length (µm) Time points (h)

2 6 12 24 36 48

Mean length 2.05 ± 0.62 2.64 ± 2.14 2.36 ± 4.27 Not measurable 2.01 ± 0.76 1.59 ± 0.45

Maximum length 4.48 15.50 34.23 Not measurable 6.81 2.77

FIGURE 2 | Determination of chemical component contents in EPS and the correlation analysis between chemical component contents and V. parahaemolyticus
biofilm formation. (A) The contents of eDNA, extracellular proteins, and carbohydrates in EPS were determined after 2, 6, 12, 24, 36, and 48 h of cultivation. The
color of red, green, and blue represent eDNA, carbohydrates, and extracellular proteins, respectively. The intensity of the color represents the level of chemical
component contents in EPS. Correlation analysis between chemical component contents in EPS and biofilm formation: (B) eDNA, (C) extracellular proteins, and (D)
carbohydrates.

of cells and subsequent biofilm development. However, the 24-h-
incubated biofilms with dense 3D structures were more resistant
to individual DNase I and proteinase K treatment. However,
great damage of biofilm treated by the combination of DNase

I and proteinase K was obtained during all stages compared
to individual enzyme treatment. Therefore, the combination of
DNase I and proteinase K could effectively remove the mature
biofilms, resulting in a reduction of 62.86% of the biomass.
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FIGURE 3 | Correlation analysis between eDNA, extracellular proteins, and carbohydrates of EPS in biofilm development of V. parahaemolyticus. (A) eDNA and
extracellular proteins, (B) eDNA and carbohydrates, and (C) carbohydrates and extracellular proteins.

FIGURE 4 | Effect of eDNA and extracellular proteins on biofilm formation of
V. parahaemolyticus. To confirm whether the eDNA and extracellular proteins
serve as structural components in biofilms of V. parahaemolyticus, DNase I,
proteinase K, and their combination were added to the biofilms incubated at
different times (2, 12, 24, 36, and 48 h). Error bars show standard deviations
of three independent experiments, and the different letters represent
significant differences among treatments (P < 0.05).

Effects of eDNA and Extracellular
Proteins on Architectures of the
V. parahaemolyticus Biofilms
Confocal laser scanning microscopy was employed to verify the
effects of eDNA and extracellular proteins on the architectures
of V. parahaemolyticus biofilms in combination with ISA-2
software. The morphology differences of treated and untreated
biofilms in development (12 h), maturation (24 h), and
dispersion stage (48 h) are shown in Figures 5, 6. The
biofilms in development stage (12 h) were corroded and showed
irregular black holes after individual DNase I or proteinase K
treatment. More sparse and decreased biofilms were observed
after DNase I–proteinase K treatment. Likewise, the 48-h-
incubated biofilms almost disappeared after DNase I, proteinase
K, and DNase I–proteinase K treatment. However, there were
no significant differences in the morphology of mature biofilms
treated by individual enzyme compared to control samples.
However, the DNase I–proteinase K-treated biofilms presented
the markedly reduced amount and unevenly dispersed structures.
Quantitative analysis revealed that the biovolume of biofilms

was 6.4 × 105 µm3 in control samples (Figure 6A). After
treatment of DNase I, proteinase K, and DNase I–proteinase K,
the biovolume of 12-h-incubated biofilms was highly decreased
to 4.6 × 105, 4.3 × 105, and 3.6 × 105 µm3, respectively.
However, the individual DNase I or proteinase K lost the ability
to destroy the mature biofilms (24 h), although these DNase I–
proteinase K could still greatly decrease the biomass of mature
biofilms. When the biofilms entered the dispersion stage, the
changes in the structural parameters were similar to those
of 12-h-incubated samples under different enzyme treatment.
Furthermore, the biofilm thickness of 12-h-incubated biofilms
treated with different enzymes exhibited a great (P < 0.05)
decrease ranging from 5.0 to 2.1 µm (Figure 6B). Such similar
changes also occurred in 48-h-incubated biofilms. However,
only the mature biofilms (24 h) treated by DNase I–proteinase
K showed a reduction of 6-µm thickness and disappearance
of multilayer structures. In Figure 6C, the biofilm roughness
values of 12-h-incubated biofilms markedly (P < 0.05) increased
from 0.96 to 1.58 after different enzyme treatment. When
the biofilms entered the maturation stage, the mature biofilms
presented intensively distributed architectures, which effectively
prevented the actions of the individual DNase I or proteinase
K. Nonetheless, the mature biofilms treated with DNase I–
proteinase K showed a higher biofilm roughness (1.18 > 0.77)
than the control samples. For the 48-h-incubated samples,
the changes in their roughness were similar to those of 12-
h-incubated samples. In addition, the porosity significantly
(P < 0.05) increased in both 12- and 48 h-incubated biofilms
treated by different enzymes (Figure 6D). For mature biofilms
(24 h), their porosity did not present significant change after
individual enzyme treatment. However, the porosity obviously
increased from 0.72 µm in control samples to 0.90 µm in
DNase I–proteinase K-treated samples. All the results suggested
that eDNA and extracellular proteins were the key structural
components of biofilm maintaining the mechanical stability of
the mature V. parahaemolyticus biofilms.

Raman Analysis of Enzyme-Treated
Mature Biofilms of Vibrio
parahaemolyticus
Raman spectrum was used to monitor the chemical structure
changes of eDNA and extracellular proteins in mature biofilms
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TABLE 3 | Clearance of biofilm by different enzymes (%).

Enzyme treatment (30 min) Time points (h)

2 12 24 36 48

DNase I 21.49i
± 1.82 46.35f

± 1.37 6.87j
± 0.23 27.46g

± 0.80 66.85c
± 1.99

Proteinase K 18.11i
± 0.54 50.98e

± 2.38 6.04j
± 0.21 37.41h

± 0.43 65.64cd
± 3.34

DNase I + proteinase K 46.70f
± 3.82 88.69a

± 2.38 62.86d
± 2.6 87.78a

± 0.52 71.57b
± 2.78

The different letters represent significant differences among treatments (P < 0.05).

FIGURE 5 | Representative CLSM images of V. parahaemolyticus biofilms treated with DNase I, proteinase K, and their combination at 12, 24, and 48 h of
cultivation. The scale bar represents 50 µm. Pictures are representative of at least three individual scans from three independent experiments.

treated by different enzymes. The representative Raman spectra
of eDNA and extracellular proteins are shown in Figure 7,
and the tentative peak assignments are summarized in Table 4.
The typical bands of 561 to 582 cm−1 could be assigned to
glycosidic ring deformation vibration (COC) in carbohydrates.

In this region, the band intensity of the EPS were dramatically
weakened after DNase I–proteinase K treatment. Similar change
trends were also observed in the region of 780–788 cm−1 (O-P-O
stretching; cytosine, uracil) corresponding to DNA. Amide III
(1200–1300 cm−1, associated with C-N stretching and N-H
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FIGURE 6 | Structural characteristics changes of V. parahaemolyticus biofilms treated with DNase I, proteinase K, and their combination at 12, 24, and 48 h of
cultivation. (A) Biovolume, (B) mean thickness, (C) biofilm roughness, and (D) porosity. Error bars show standard deviations of three independent experiments, and
the different letters represent significant differences among treatments (P < 0.05).

bending) bands were the indicator of the secondary structure
of proteins. No significant change in the peak intensity of
proteins was observed after individual DNase I or proteinase K
treatment, but the intensity was obviously decreased after DNase
I–proteinase K treatment, indicating that the enzymes induced
the changes of secondary structure of proteins.

DISCUSSION

Vibrio parahaemolyticus has been considered as the main human
pathogen in marine bacteria because of the increasing number of
outbreaks and infections and the ability to form biofilms easily on
various surfaces (Martinez-Urtaza et al., 2013; Mizan et al., 2016).
Biofilm formation is a serious problem in food industries where
the biofilms can be a persistent source of contamination (Van
Houdt and Michiels, 2010). Biofilm development is a complex

physiological process guided by a series of physical, chemical, and
biological factors, and the importance of EPS are well established
for biofilm formation (Flemming et al., 2016; Dragos and Kovacs,
2017; Koo et al., 2017). Although EPS provide structural support
to maintain the biofilm stability of V. parahaemolyticus, their
respective functional role is still unclear (Han et al., 2017;
Tan et al., 2018

The production of high amount of EPS and the formation
of densely distributed architectures were the predominant
characteristics of the mature biofilms (Gupta et al., 2015; Zhang
et al., 2015). After 24 h incubation, the biofilms with 3D
structures and multilayers formed (Figure 1B). Moreover, a large
amount of EPS secreted by V. parahaemolyticus was observed
(Figure 1C). All these results indicated that the biofilm formation
of V. parahaemolyticus reached maturation stage after 24-h
incubation. Tan et al. (2018) reported that the biofilm formation
of V. parahaemolyticus VPS36 entered the maturation stage after
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FIGURE 7 | Raman spectrum and intensity changes of mature biofilms of V. parahaemolyticus after treatment with DNase I, proteinase K, and their combination.
(A) Raman spectrum and (B) intensity changes. Error bars show standard deviations of three independent experiments with five measurements each, and different
letters represent significant differences among treatments (P < 0.05).

TABLE 4 | Peak assignment for Raman spectra of EPS in biofilms.

Peak position (cm−1) Assignment Macromolecular assignment References

561–582 C-O-C glycosidic ring def;
COO- wag; C-C skeletal

Carbohydrates Guicheteau et al., 2008; Ivleva
et al., 2008; Han et al., 2017

780–788 O-P-O str; cytosine (C), uracil
(U)

Nucleic acids Ivleva et al., 2009; Samek et al.,
2010; Liu et al., 2014;
Ramirez-Mora et al., 2019

1200–1300 Amide III Proteins Notingher, 2007; Samek et al.,
2014

def, deformation vibration; str, stretching.

48-h incubation, in which the mature cycle was twice the fold
of that of V. parahaemolyticus ATCC17802. Such significant
difference was collectively contributed by the following factors
including the bacterial species, the type of attachment surfaces,
and the environmental conditions (pH, temperature, nutritional
conditions) (Whitehead and Verran, 2015). Among these factors,
the bacterial species appears to act a pivotal role in biofilm
formation owing to the heterogeneity of Vibrio strains (Song
et al., 2016; Odeyemi and Ahmad, 2017; Mougin et al., 2019).

Once a mature biofilm community is established, the
resistance to the harsh environments will be strengthened due
to the functions of EPS (Nilsson et al., 2011). It is now widely
accepted that three chemical components of the EPS, namely,
eDNA, proteins, and exopolysaccharides, are assigned to specific
structural roles in biofilm formation (Dragos and Kovacs, 2017).
The quantitative analysis of the EPS from V. parahaemolyticus
showed that the extracellular proteins and carbohydrates were
the main components of EPS of the mature biofilm, followed
by eDNA (Figure 2). Furthermore, the amount of eDNA and
extracellular proteins was highly correlated with the biofilm
formation of V. parahaemolyticus, but the carbohydrate content
showed no correlation (Figure 2). Meanwhile, a significant
correlation (rp = 0.972, P < 0.01) was observed between eDNA
and extracellular proteins (Figure 3). All these facts suggested
that the eDNA and extracellular proteins acted a leading role
in biofilm formation. Such results were consistent with previous

studies. For example, eDNA and DNABII proteins were central
to the overall architecture and structural integrity of the non-
typable Haemophilus influenzae biofilms (Goodman et al., 2011;
Jurcisek et al., 2017). Additionally, eDNA acted as an electrostatic
net to interconnect cells surrounded by positively charged matrix
proteins in the Staphylococcus aureus biofilms (Dengler et al.,
2015). Likewise, Huseby et al. (2010) found that eDNA-medicated
cross-linking of β toxin facilitated the formation of the skeletal
framework during the biofilm development of Staphylococcus.
However, in this study, the amount of carbohydrates did not seem
to have an effect on biofilm formation, despite its high content.
Similar results were obtained by Ding et al. (2019), who reported
that the polysaccharide content showed no correlation (rp = 0.61,
P > 0.05) to biofilm growth. In addition, the group demonstrated
that proteins rather than polysaccharides in the EPS from
strain XL-2 played the dominant role in biofilm formation. In
Helicobacter pylori, eDNA may not be the main component
of biofilm matrix, but studies have shown that eDNA played
an important role in biofilm formation by “bridging” OMV–
OMV (outer membrane vesicles) and OMV–cell interactions
(Grande et al., 2011, 2015). Hence, we speculated that the above
phenomenon was due to that the components of EPS exhibited
different roles in the biofilm formed by different bacteria.

Extracellular DNA has been reported to possess a significant
effect on the initial attachment and stability of biofilm structure
in Gram-positive and Gram-negative bacteria (Das et al., 2013;
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Okshevsky et al., 2015). In this study, the DNase I treatment
induced different degrees of damage to the biofilm (Figure 4).
In particular, the addition of DNase I significantly decreased the
amount of eDNA at early stage (2 and 12 h) leading to an obvious
collapse of biofilms (Figure 4), which indicated that eDNA
was crucial for initial attachment and development of biofilms.
Previously, Godeke et al. (2011) applied DNase I to investigate
the functions of eDNA in the biofilm formation; their results
suggested that eDNA enhanced the initial surface attachment
of bacterial cells and was the key structural component in all
stages of Shewanella oneidensis biofilm formation. Meanwhile,
Harmsen et al. (2010) found that eDNA played an essential role
in the attachment and development of the Listeria monocytogenes
biofilms. In addition, Das et al. (2010, 2011) revealed that eDNA
contributed to the bacterial adhesion and aggregation mainly by
the attractive Lifshitz–van der Waals and acid–base interactions.

Extracellular proteins, the main component of EPS, were
proved to be an indispensable functional component for
biofilm formation of V. parahaemolyticus. It was reported
that extracellular proteins were structural elements of biofilm
and exerted important functions during biofilm formation
(Karunakaran and Biggs, 2011). Additionally, the present results
were also supported by both Kumar Shukla and Rao (2013)
and Ding et al. (2019), finding that the biofilm hydrolyzed
with proteinase K showed a significant decrease in biomass.
However, individual protease K treatment did not induce the
dispersion of mature biofilm. Similar results were also observed
for DNase I treatment (Figure 4). Notably, DNase I–protease K
treatment induced the dispersion of 62.86% biofilm compared to
control samples (Table 3). Therefore, the eDNA and extracellular
proteins collectively played a critical role in the development and
structure integrity of the V. parahaemolyticus biofilm. Moreover,
Lappann et al. (2010) found that the crude chromosomal DNA
could readily promote the biofilm formation and structure of
Neisseria meningitidis, whereas pure DNA or DNase I-treated or
proteinase K-treated crude DNA lost the improvement ability.
The above phenomenon suggested that there should be a coaction
of DNA and proteinaceous constituents, which promoted the
biofilm formation and mechanical stability.

Structural parameters analysis showed that the density of
biofilm cells decreased and the porosity of biofilm increased after
DNase I–protease K treatment, indicating that the biomass of
biofilm was decreased and the structure stability was destroyed
(Figures 5, 6). The results of Raman spectrum also supported
above facts. Compared with individual enzyme treatment, the
DNase I–protease K treatment destroyed the loop configuration
of eDNA and the secondary structure of proteins, which caused
the collapse of EPS leading to the dispersion of biofilm (Figure 7).
A similar finding was reported by Jung et al. (2014), who observed
that the destruction of DNA ring structure and conformational
changes of proteins decreased DNA and proteins when the
biofilms were treated with antibiotics. In addition, Chen et al.
(2020) revealed the degradation of DNA (guanine, cytosine,
and uracil) and proteins (amide III phenylalanine), or altering
the conformation of functional groups destroyed the chemical
composition of EPS under photodynamic inactivation treatment.
Previously, Das et al. (2011) proposed that when the loop

configuration of the eDNA in Streptococcus was changed into
a more trainlike configuration, no specific adsorption sites
were available for cross-linking with other bacteria on the cell
surface, which led to the decrease of aggregation. Moreover,
Liu et al. (2008) and Das et al. (2011) also found that the
loop configuration of the eDNA played a vital role in biofilm
formation and aggregation. In addition, the key role of protein
secondary structures in promoting adhesion, aggregation, and
biofilm formation has been widely reported (Wang et al.,
2018; Ding et al., 2019). Although this study has clarified
that eDNA and extracellular proteins collectively contributed
to the mature biofilm formation of V. parahaemolyticus, the
interactions between these two components are needed to be
further investigated. Swinger and Rice (2004) reported that
IHF (DNABII proteins) binds DNA, depending on significant
sequence specificity. Additionally, Kavanaugh et al. (2019)
suggested that extracellular proteins facilitated S. aureus biofilm
formation by linking individual bacterial cells together through
non-covalent cross-links with eDNA.

CONCLUSION

The EPS, mainly composed of eDNA, extracellular proteins,
exopolysaccharides, and so on, directly mediate the adhesion
of microorganisms to surfaces to develop the complex 3D
structure of biofilms. In this study, the amount of eDNA and
extracellular proteins was positively correlated with the biofilm
formation of V. parahaemolyticus, but the carbohydrates showed
no correlation. The destruction of the eDNA or extracellular
proteins greatly decreased the attachment and stability of
the formed biofilms in early stage, but did not produce
obvious destruction on mature biofilms. However, the concurrent
destruction of the eDNA and extracellular proteins induced the
dispersion of the mature biofilms after DNase I–protease K
treatment. Further analysis showed that the collapse of biofilms
was mainly attributed to the damage of the loop configuration
of eDNA and the secondary structure of proteins caused by the
enzymes. Therefore, the illumination of the role of chemical
components in EPS may provide a further understanding of
biofilm formation mechanisms of V. parahaemolyticus and also
give novel insight to establish environmentally friendly cleaning
methods to eliminate the biofilms in food industry.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in
this manuscript.

AUTHOR CONTRIBUTIONS

YZ, JW, YP, and HL conceived and supervised the study. WL and
HQ designed the experiments. WL performed the experiments,
analyzed the data, and wrote the manuscript. JW, LT, ZZ, and YZ
revised the manuscript.

Frontiers in Microbiology | www.frontiersin.org 11 May 2020 | Volume 11 | Article 81393

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00813 May 15, 2020 Time: 17:32 # 12

Li et al. eDNA and Extracellular Proteins in V. parahaemolyticus Biofilm

FUNDING

This research was supported by the National Natural Science
Foundation of China (31972188 and 31671779), National

Key R&D Program of China (2018YFC1602205), Shanghai
Agriculture Applied Technology Development Program
(T20170404), and Innovation Program of Shanghai Municipal
Education Commission (2017-01-07-00-10-E00056).

REFERENCES
Beyenal, H., Donovan, C., Lewandowski, Z., and Harkin, G. (2004a). Three-

dimensional biofilm structure quantification. J. Microbiol. Methods 59, 395–413.
doi: 10.1016/j.mimet.2004.08.003

Beyenal, H., Lewandowski, Z., and Harkin, G. (2004b). Quantifying
biofilm structure: facts and fiction. Biofouling 20, 1–23. doi: 10.1080/
0892701042000191628

Brown, H. L., Hanman, K., Reuter, M., Betts, R. P., and van Vliet, A. H.
(2015). Campylobacter jejuni biofilms contain extracellular DNA and are
sensitive to DNase I treatment. Front. Microbiol. 6:699. doi: 10.3389/fmicb.2015.
00699

Chen, B., Huang, J., Li, H., Zeng, Q.-H., Wang, J. J., Liu, H., et al. (2020).
Eradication of planktonic Vibrio parahaemolyticus and its sessile biofilm by
curcumin-mediated photodynamic inactivation. Food Control 113:107181. doi:
10.1016/j.foodcont.2020.107181

Chen, Y. S., Dai, J. L., Morris, J. G., and Johnson, J. A. (2010). Genetic analysis of the
capsule polysaccharide (K antigen) and exopolysaccharide genes in pandemic
Vibrio parahaemolyticus O3:K6. BMC Microbiol. 10:274. doi: 10.1186/1471-
2180-10-274

Chimileski, S., Dolas, K., Naor, A., Gophna, U., and Papke, R. T. (2014).
Extracellular DNA metabolism in Haloferax volcarm. Front. Microbiol. 5:57.
doi: 10.3389/fmicb.2014.00057

Colvin, K. M., Gordon, V. D., Murakami, K., Borlee, B. R., Wozniak, D. J., Wong,
G. C., et al. (2011). The pel polysaccharide can serve a structural and protective
role in the biofilm matrix of Pseudomonas aeruginosa. PLoS Pathog. 7:e1001264.
doi: 10.1371/journal.ppat.1001264

Costa, E. M., Silva, S., Tavaria, F. K., and Pintado, M. M. (2013). Study of the
effects of chitosan upon Streptococcus mutans adherence and biofilm formation.
Anaerobe 20, 27–31. doi: 10.1016/j.anaerobe.2013.02.002

Costerton, J. W., Stewart, P. S., and Greenberg, E. P. (1999). Bacterial biofilms: a
common cause of persistent infections. Science 284, 1318–1322. doi: 10.1126/
science.284.5418.1318

Crofts, A. A., Giovanetti, S. M., Rubin, E. J., Poly, F. M., Gutierrez, R. L., Talaat,
K. R., et al. (2018). Enterotoxigenic E. coli virulence gene regulation in human
infections. Proc. Natl. Acad. Sci. U.S.A. 115, E8968–E8976. doi: 10.1073/pnas.
1808982115

Cugini, C., Shanmugam, M., Landge, N., and Ramasubbu, N. (2019). The role of
exopolysaccharides in oral biofilms. J. Dent. Res. 98, 739–745. doi: 10.1177/
0022034519845001

da Rosa, J. V., da Conceicao, N. V., da Conceicao, R. D. D., and Timm, C. D.
(2018). Biofilm formation by Vibrio parahaemolyticus on different surfaces and
its resistance to sodium hypochlorite. Cienc. Rural 48:e20180612. doi: 10.1590/
0103-8478cr20180612

Das, T., Krom, B. P., van der Mei, H. C., Busscher, H. J., and Sharma, P. K. (2011).
DNA-mediated bacterial aggregation is dictated by acid-base interactions. Soft
Matter. 7, 2927–2935. doi: 10.1039/c0sm01142h

Das, T., Sehar, S., and Manefield, M. (2013). The roles of extracellular DNA in the
structural integrity of extracellular polymeric substance and bacterial biofilm
development. Environ. Microbiol. Rep. 5, 778–786. doi: 10.1111/1758-2229.
12085

Das, T., Sharma, P. K., Busscher, H. J., van der Mei, H. C., and Krom, B. P.
(2010). Role of extracellular DNA in initial bacterial adhesion and surface
aggregation. Appl. Environ. Microbiol. 76, 3405–3408. doi: 10.1128/AEM.031
19-09

DeFrancesco, A. S., Masloboeva, N., Syed, A. K., DeLoughery, A., Bradshaw,
N., Li, G. W., et al. (2017). Genome-wide screen for genes involved
in eDNA release during biofilm formation by Staphylococcus aureus.
Proc. Natl. Acad. Sci. U.S.A. 114, E5969–E5978. doi: 10.1073/pnas.170454
4114

Dengler, V., Foulston, L., DeFrancesco, A. S., and Losick, R. (2015). An
electrostatic net model for the role of extracellular DNA in biofilm formation
by Staphylococcus aureus. J. Bacteriol. 197, 3779–3787. doi: 10.1128/jb.00
726-15

Ding, X. S., Zhao, B., An, Q., Tian, M., and Guo, J. S. (2019). Role of extracellular
polymeric substances in biofilm formation by Pseudomonas stutzeri strain
XL-2. Appl. Microbiol. Biotechnol. 103, 9169–9180. doi: 10.1007/s00253-019-
10188-4

Dragos, A., and Kovacs, A. T. (2017). The peculiar functions of the bacterial
extracellular matrix. Trends Microbiol. 25, 257–266. doi: 10.1016/j.tim.2016.12.
010

Elexson, N., Afsah-Hejri, L., Rukayadi, Y., Soopna, P., Lee, H. Y., Tuan Zainazor,
T. C., et al. (2014). Effect of detergents as antibacterial agents on biofilm of
antibiotics-resistant Vibrio parahaemolyticus isolates. Food Control 35, 378–385.
doi: 10.1016/j.foodcont.2013.07.020

Flemming, H. C., and Wingender, J. (2010). The biofilm matrix. Nat. Rev. Microbiol.
8, 623–633. doi: 10.1038/nrmicro2415

Flemming, H. C., Wingender, J., Szewzyk, U., Steinberg, P., Rice, S. A., and
Kjelleberg, S. (2016). Biofilms: an emergent form of bacterial life. Nat. Rev.
Microbiol. 14, 563–575. doi: 10.1038/nrmicro.2016.94

Godeke, J., Paul, K., Lassak, J., and Thormann, K. M. (2011). Phage-induced lysis
enhances biofilm formation in Shewanella oneidensis MR-1. ISME J. 5, 613–626.
doi: 10.1038/ismej.2010.153

Goodman, S. D., Obergfell, K. P., Jurcisek, J. A., Novotny, L. A., Downey, J. S.,
Ayala, E. A., et al. (2011). Biofilms can be dispersed by focusing the immune
system on a common family of bacterial nucleoid-associated proteins. Mucosal
Immunol. 4, 625–637. doi: 10.1038/mi.2011.27

Grande, R., Di Giulio, M., Bessa, L. J., Di Campli, E., Baffoni, M., Guarnieri, S., et al.
(2011). Extracellular DNA in Helicobacter pylori biofilm: a backstairs rumour.
J. Appl. Microbiol. 110, 490–498. doi: 10.1111/j.1365-2672.2010.04911.x

Grande, R., Di Marcantonio, M. C., Robuffo, I., Pompilio, A., Celia, C., Di
Marzio, L., et al. (2015). Helicobacter pylori ATCC 43629/NCTC 11639 outer
membrane vesicles (OMVs) from biofilm and planktonic phase associated with
extracellular DNA (eDNA). Front. Microbiol. 6:1369. doi: 10.3389/fmicb.2015.
01369

Guicheteau, J., Argue, L., Emge, D., Hyre, A., Jacobson, M., and Christesen, S.
(2008). Bacillus spore classification via surface-enhanced Raman spectroscopy
and principal component analysis. Appl. Spectrosc. 62, 267–272. doi: 10.1366/
000370208783759623

Gupta, P., Sarkar, S., Das, B., Bhattacharjee, S., and Tribedi, P. (2015). Biofilm,
pathogenesis and prevention–a journey to break the wall: a review. Arch.
Microbiol. 198, 1–15. doi: 10.1007/s00203-015-1148-6

Guvener, Z. T., and McCarter, L. L. (2003). Multiple regulators control capsular
polysaccharide production in Vibrio parahaemolyticus. J. Bacteriol. 185, 5431–
5441. doi: 10.1128/jb.185.18.5431-5441.2003

Han, N., Mizan, M. F. R., Jahid, I. K., and Ha, S. D. (2016). Biofilm formation by
Vibrio parahaemolyticus on food and food contact surfaces increases with rise
in temperature. Food Control 70, 161–166. doi: 10.1016/j.foodcont.2016.05.054

Han, Q., Song, X., Zhang, Z., Fu, J., Wang, X., Malakar, P. K., et al. (2017). Removal
of foodborne pathogen biofilms by acidic electrolyzed water. Front. Microbiol.
8:988. doi: 10.3389/fmicb.2017.00988

Harmsen, M., Lappann, M., Knochel, S., and Molin, S. (2010). Role of extracellular
DNA during biofilm formation by Listeria monocytogenes. Appl. Environ.
Microbiol. 76, 2271–2279. doi: 10.1128/AEM.02361-09

Heydorn, A., Nielsen, A. T., Hentzer, M., Sternberg, C., Givskov, M., Ersboll,
B. K., et al. (2000). Quantification of biofilm structures by the novel computer
program COMSTAT. Microbiology 146, 2395–2407. doi: 10.1099/00221287-
146-10-2395

Hobley, L., Harkins, C., MacPhee, C. E., and Stanley-Wall, N. R. (2015). Giving
structure to the biofilm matrix: an overview of individual strategies and

Frontiers in Microbiology | www.frontiersin.org 12 May 2020 | Volume 11 | Article 81394

https://doi.org/10.1016/j.mimet.2004.08.003
https://doi.org/10.1080/0892701042000191628
https://doi.org/10.1080/0892701042000191628
https://doi.org/10.3389/fmicb.2015.00699
https://doi.org/10.3389/fmicb.2015.00699
https://doi.org/10.1016/j.foodcont.2020.107181
https://doi.org/10.1016/j.foodcont.2020.107181
https://doi.org/10.1186/1471-2180-10-274
https://doi.org/10.1186/1471-2180-10-274
https://doi.org/10.3389/fmicb.2014.00057
https://doi.org/10.1371/journal.ppat.1001264
https://doi.org/10.1016/j.anaerobe.2013.02.002
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1073/pnas.1808982115
https://doi.org/10.1073/pnas.1808982115
https://doi.org/10.1177/0022034519845001
https://doi.org/10.1177/0022034519845001
https://doi.org/10.1590/0103-8478cr20180612
https://doi.org/10.1590/0103-8478cr20180612
https://doi.org/10.1039/c0sm01142h
https://doi.org/10.1111/1758-2229.12085
https://doi.org/10.1111/1758-2229.12085
https://doi.org/10.1128/AEM.03119-09
https://doi.org/10.1128/AEM.03119-09
https://doi.org/10.1073/pnas.1704544114
https://doi.org/10.1073/pnas.1704544114
https://doi.org/10.1128/jb.00726-15
https://doi.org/10.1128/jb.00726-15
https://doi.org/10.1007/s00253-019-10188-4
https://doi.org/10.1007/s00253-019-10188-4
https://doi.org/10.1016/j.tim.2016.12.010
https://doi.org/10.1016/j.tim.2016.12.010
https://doi.org/10.1016/j.foodcont.2013.07.020
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1038/ismej.2010.153
https://doi.org/10.1038/mi.2011.27
https://doi.org/10.1111/j.1365-2672.2010.04911.x
https://doi.org/10.3389/fmicb.2015.01369
https://doi.org/10.3389/fmicb.2015.01369
https://doi.org/10.1366/000370208783759623
https://doi.org/10.1366/000370208783759623
https://doi.org/10.1007/s00203-015-1148-6
https://doi.org/10.1128/jb.185.18.5431-5441.2003
https://doi.org/10.1016/j.foodcont.2016.05.054
https://doi.org/10.3389/fmicb.2017.00988
https://doi.org/10.1128/AEM.02361-09
https://doi.org/10.1099/00221287-146-10-2395
https://doi.org/10.1099/00221287-146-10-2395
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00813 May 15, 2020 Time: 17:32 # 13

Li et al. eDNA and Extracellular Proteins in V. parahaemolyticus Biofilm

emerging common themes. FEMS Microbiol. Rev. 39, 649–669. doi: 10.1093/
femsre/fuv015

Huseby, M. J., Kruse, A. C., Digre, J., Kohler, P. L., Vocke, J. A., Mann, E. E., et al.
(2010). Beta toxin catalyzes formation of nucleoprotein matrix in Staphylococcal
biofilms. Proc. Natl. Acad. Sci. U.S.A. 107, 14407–14412. doi: 10.1073/pnas.
0911032107

Ibanez de Aldecoa, A. L., Zafra, O., and Gonzalez-Pastor, J. E. (2017). Mechanisms
and regulation of extracellular DNA release and its biological roles in microbial
communities. Front. Microbiol. 8:1390. doi: 10.3389/fmicb.2017.01390

Ivleva, N. P., Wagner, M., Horn, H., Niessner, R., and Haisch, C. (2008). In situ
surface-enhanced raman scattering analysis of biofilm. Anal. Chem. 80, 8538–
8544. doi: 10.1021/ac801426m

Ivleva, N. P., Wagner, M., Horn, H., Niessner, R., and Haisch, C. (2009).
Towards a nondestructive chemical characterization of biofilm matrix by
Raman microscopy. Anal. Bioanal. Chem. 393, 197–206. doi: 10.1007/s00216-
008-2470-5

Jin, H. P., Lee, B., Jo, Y., and Sang, H. C. (2016). Role of extracellular matrix protein
CabA in resistance of Vibrio vulnificus biofilms to decontamination strategies.
Int. J. Food Microbiol. 236, 123–129. doi: 10.1016/j.ijfoodmicro.2016.07.032

Jung, G. B., Nam, S. W., Choi, S., Lee, G.-J., and Park, H.-K. (2014).
Evaluation of antibiotic effects on Pseudomonas aeruginosa biofilm using
Raman spectroscopy and multivariate analysis. Biomed. Opt. Express 5, 3238–
3251. doi: 10.1364/boe.5.003238

Jung, Y. L., Lee, M. A., and Lee, K. H. (2019). Role of flagellin-homologous
proteins in biofilm formation by pathogenic Vibrio species. Mol. Biol. Physiol.
10:e01793-19. doi: 10.1128/mBio.01793-19

Jurcisek, J. A., Brockman, K. L., Novotny, L. A., Goodman, S. D., and Bakaletz,
L. O. (2017). Nontypeable Haemophilus influenzae releases DNA and DNABII
proteins via a T4SS-like complex and ComE of the type IV pilus machinery.
Proc. Natl. Acad. Sci. U.S.A. 114, E6632–E6641. doi: 10.1073/pnas.1705508114

Karunakaran, E., and Biggs, C. A. (2011). Mechanisms of Bacillus cereus biofilm
formation: an investigation of the physicochemical characteristics of cell
surfaces and extracellular proteins. Appl. Microbiol. Biotechnol. 89, 1161–1175.
doi: 10.1007/s00253-010-2919-2

Kavanaugh, J. S., Flack, C. E., Lister, J., Ricker, E. B., Ibberson, C. B., Jenul, C.,
et al. (2019). Identification of extracellular DNA-binding proteins in the biofilm
matrix. mBio 10:e01137-19. doi: 10.1128/mBio.01137-19

Kim, H. S., and Park, H. D. (2013). Ginger extract inhibits biofilm formation by
Pseudomonas aeruginosa PA14. PLoS One 8:e76106. doi: 10.1371/journal.pone.
0076106

Koo, H., Allan, R. N., Howlin, R. P., Stoodley, P., and Hall-Stoodley, L. (2017).
Targeting microbial biofilms: current and prospective therapeutic strategies.
Nat. Rev. Microbiol. 15, 740–755. doi: 10.1038/nrmicro.2017.99

Kumar Shukla, S., and Rao, T. S. (2013). Dispersal of Bap-mediated Staphylococcus
aureus biofilm by proteinase K. J. Antibiot. 66, 55–60. doi: 10.1038/ja.2012.98

Lappann, M., Claus, H., van Alen, T., Harmsen, M., Elias, J., Molin, S., et al.
(2010). A dual role of extracellular DNA during biofilm formation of Neisseria
meningitidis. Mol. Microbiol. 75, 1355–1371. doi: 10.1111/j.1365-2958.2010.
07054.x

Liao, S., Klein, M. I., Heim, K. P., Fan, Y., Bitoun, J. P., Ahn, S. J., et al.
(2014). Streptococcus mutans extracellular DNA is upregulated during growth
in biofilms, actively released via membrane vesicles, and influenced by
components of the protein secretion machinery. J. Bacteriol. 196, 2355–2366.
doi: 10.1128/JB.01493-14

Liu, H., Xu, Q., Huo, L., Wei, X., and Ling, J. (2014). Chemical composition of
Enterococcus faecalis in biofilm cells initiated from different physiologic states.
Folia Microbiol. 59, 447–453. doi: 10.1007/s12223-014-0319-1

Liu, H. H., Yang, Y. R., Shen, X. C., Zhang, Z. L., Shen, P., and Xie, Z. X.
(2008). Role of DNA in bacterial aggregation. Curr. Microbiol. 57, 139–144.
doi: 10.1007/s00284-008-9166-0

Martinez-Urtaza, J., Baker-Austin, C., Jones, J. L., Newton, A. E., Gonzalez-
Aviles, G. D., and DePaola, A. (2013). Spread of Pacific Northwest Vibrio
parahaemolyticus Strain. N. Engl. J. Med. 369, 1573–1574. doi: 10.1056/
NEJMc1305535

Mizan, M. F., Jahid, I. K., Kim, M., Lee, K. H., Kim, T. J., and Ha, S. D. (2016).
Variability in biofilm formation correlates with hydrophobicity and quorum
sensing among Vibrio parahaemolyticus isolates from food contact surfaces

and the distribution of the genes involved in biofilm formation. Biofouling 32,
497–509. doi: 10.1080/08927014.2016.1149571

Mougin, J., Copin, S., Bojolly, D., Raguenet, V., Robert-Pillot, A., Quilici, M.-L.,
et al. (2019). Adhesion to stainless steel surfaces and detection of viable but
non cultivable cells of Vibrio parahaemolyticus and Vibrio cholerae isolated from
shrimps in seafood processing environments: Stayin’ alive? Food Control 102,
122–130. doi: 10.1016/j.foodcont.2019.03.024

Nilsson, R. E., Ross, T., and Bowman, J. P. (2011). Variability in biofilm production
by Listeria monocytogenes correlated to strain origin and growth conditions. Int.
J. Food. Microbiol. 150, 14–24. doi: 10.1016/j.ijfoodmicro.2011.07.012

Notingher, I. (2007). Raman Spectroscopy cell-based Biosensors. Sensors 7, 1343–
1358. doi: 10.3390/s7081343

Odeyemi, O. A., and Ahmad, A. (2017). Population dynamics, antibiotics
resistance and biofilm formation of Aeromonas and Vibrio species isolated
from aquatic sources in Northern Malaysia. Microb. Pathog. 103, 178–185.
doi: 10.1016/j.micpath.2017.01.007

Okshevsky, M., and Meyer, R. L. (2013). The role of extracellular DNA in the
establishment, maintenance and perpetuation of bacterial biofilms. Crit. Rev.
Microbiol. 41, 341–352. doi: 10.3109/1040841X.2013.841639

Okshevsky, M., Regina, V. R., and Meyer, R. L. (2015). Extracellular DNA as a target
for biofilm control. Curr. Opin. Biotechnol. 33, 73–80. doi: 10.1016/j.copbio.
2014.12.002

Ophir, T., and Gutnick, D. L. (1994). A role for exopolysaccharides in the
protection of microorganisms from desiccation. Appl. Environ. Microbiol. 60,
740–745. doi: 10.1128/aem.60.2.740-745.1994

Ramirez-Mora, T., Dávila-Pérez, C., Torres-Méndez, F., and Valle-Bourrouet, G.
(2019). Raman Spectroscopic Characterization of Endodontic Biofilm Matrices.
J. Spectrosc. 2019:1307397. doi: 10.1155/2019/1307397

Raszl, S. M., Froelich, B. A., Vieira, C. R., Blackwood, A. D., and Noble, R. T. (2016).
Vibrio parahaemolyticus and Vibrio vulnificus in South America: water, seafood
and human infections. J. Appl. Microbiol. 121, 1201–1222. doi: 10.1111/jam.
13246

Rose, S. J., Babrak, L. M., and Bermudez, L. E. (2015). Mycobacterium avium
possesses extracellular DNA that contributes to biofilm formation, structural
integrity, and tolerance to antibiotics. PLoS One 10:e0128772. doi: 10.1371/
journal.pone.0128772

Samek, O., Al-Marashi, J. F. M., and Telle, H. H. (2010). The potential
of Raman spectroscopy for the identification of biofilm formation by
Staphylococcus epidermidis. Laser Phys. Lett. 7, 378–383. doi: 10.1002/lapl.20091
0154

Samek, O., Mlynarikova, K., Bernatova, S., Jezek, J., Krzyzanek, V., Siler, M., et al.
(2014). Candida parapsilosis biofilm identification by Raman spectroscopy. Int.
J. Mol. Sci. 15, 23924–23935. doi: 10.3390/ijms151223924

Song, X., Ma, Y., Fu, J., Zhao, A., Guo, Z., Malakar, P. K., et al. (2016). Effect
of temperature on pathogenic and non-pathogenic Vibrio parahaemolyticus
biofilm formation. Food Control 73, 485–491. doi: 10.1016/j.foodcont.2016.08.
041

Swinger, K. K., and Rice, P. A. (2004). IHF and HU: flexible architects of bent DNA.
Curr. Opin. Struct. Biol. 14, 28–35. doi: 10.1016/j.sbi.2003.12.003

Tan, L., Zhao, F., Han, Q., Zhao, A., Malakar, P. K., Liu, H., et al. (2018).
High correlation between structure development and chemical variation during
biofilm formation by Vibrio parahaemolyticus. Front. Microbiol. 9:1881. doi:
10.3389/fmicb.2018.01881

Urmersbach, S., Aho, T., Alter, T., Hassan, S. S., Autio, R., and Huehn, S. (2015).
Changes in global gene expression of Vibrio parahaemolyticus induced by cold-
and heat-stress. BMC Microbiol. 15:13. doi: 10.1186/s12866-015-0565-7

Van Houdt, R., and Michiels, C. W. (2010). Biofilm formation and the food
industry, a focus on the bacterial outer surface. J. Appl. Microbiol. 109, 1117–
1131. doi: 10.1111/j.1365-2672.2010.04756.x

Wang, L., Ling, Y., Jiang, H. W., Qiu, Y. F., Qiu, J. F., Chen, H. P., et al. (2013).
AphA is required for biofilm formation, motility, and virulence in pandemic
Vibrio parahaemolyticus. Int. J. Food Microbiol. 160, 245–251. doi: 10.1016/j.
ijfoodmicro.2012.11.004

Wang, X., An, Q., Zhao, B., Guo, J. S., Huang, Y. S., and Tian, M. (2018). Auto-
aggregation properties of a novel aerobic denitrifier Enterobacter sp. strain
FL. Appl. Microbiol. Biotechnol. 102, 2019–2030. doi: 10.1007/s00253-017-
8720-8

Frontiers in Microbiology | www.frontiersin.org 13 May 2020 | Volume 11 | Article 81395

https://doi.org/10.1093/femsre/fuv015
https://doi.org/10.1093/femsre/fuv015
https://doi.org/10.1073/pnas.0911032107
https://doi.org/10.1073/pnas.0911032107
https://doi.org/10.3389/fmicb.2017.01390
https://doi.org/10.1021/ac801426m
https://doi.org/10.1007/s00216-008-2470-5
https://doi.org/10.1007/s00216-008-2470-5
https://doi.org/10.1016/j.ijfoodmicro.2016.07.032
https://doi.org/10.1364/boe.5.003238
https://doi.org/10.1128/mBio.01793-19
https://doi.org/10.1073/pnas.1705508114
https://doi.org/10.1007/s00253-010-2919-2
https://doi.org/10.1128/mBio.01137-19
https://doi.org/10.1371/journal.pone.0076106
https://doi.org/10.1371/journal.pone.0076106
https://doi.org/10.1038/nrmicro.2017.99
https://doi.org/10.1038/ja.2012.98
https://doi.org/10.1111/j.1365-2958.2010.07054.x
https://doi.org/10.1111/j.1365-2958.2010.07054.x
https://doi.org/10.1128/JB.01493-14
https://doi.org/10.1007/s12223-014-0319-1
https://doi.org/10.1007/s00284-008-9166-0
https://doi.org/10.1056/NEJMc1305535
https://doi.org/10.1056/NEJMc1305535
https://doi.org/10.1080/08927014.2016.1149571
https://doi.org/10.1016/j.foodcont.2019.03.024
https://doi.org/10.1016/j.ijfoodmicro.2011.07.012
https://doi.org/10.3390/s7081343
https://doi.org/10.1016/j.micpath.2017.01.007
https://doi.org/10.3109/1040841X.2013.841639
https://doi.org/10.1016/j.copbio.2014.12.002
https://doi.org/10.1016/j.copbio.2014.12.002
https://doi.org/10.1128/aem.60.2.740-745.1994
https://doi.org/10.1155/2019/1307397
https://doi.org/10.1111/jam.13246
https://doi.org/10.1111/jam.13246
https://doi.org/10.1371/journal.pone.0128772
https://doi.org/10.1371/journal.pone.0128772
https://doi.org/10.1002/lapl.200910154
https://doi.org/10.1002/lapl.200910154
https://doi.org/10.3390/ijms151223924
https://doi.org/10.1016/j.foodcont.2016.08.041
https://doi.org/10.1016/j.foodcont.2016.08.041
https://doi.org/10.1016/j.sbi.2003.12.003
https://doi.org/10.3389/fmicb.2018.01881
https://doi.org/10.3389/fmicb.2018.01881
https://doi.org/10.1186/s12866-015-0565-7
https://doi.org/10.1111/j.1365-2672.2010.04756.x
https://doi.org/10.1016/j.ijfoodmicro.2012.11.004
https://doi.org/10.1016/j.ijfoodmicro.2012.11.004
https://doi.org/10.1007/s00253-017-8720-8
https://doi.org/10.1007/s00253-017-8720-8
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00813 May 15, 2020 Time: 17:32 # 14

Li et al. eDNA and Extracellular Proteins in V. parahaemolyticus Biofilm

Whitchurch, C. B., Tolker-Nielsen, T., Ragas, P. C., and Mattick, J. S. (2002).
Extracellular DNA required for bacterial biofilm formation. Science 295, 1487–
1487. doi: 10.1126/science.295.5559.1487

Whitehead, K. A., and Verran, J. (2015). Formation, architecture and functionality
of microbial biofilms in the food industry. Curr. Opin. Food Sci. 2, 84–91.
doi: 10.1016/j.cofs.2015.02.003

Zhang, Y., Wang, F., Zhu, X., Zeng, J., Zhao, Q., and Jiang, X. (2015).
Extracellular polymeric substances govern the development of biofilm
and mass transfer of polycyclic aromatic hydrocarbons for improved
biodegradation. Bioresour. Technol. 193, 274–280. doi: 10.1016/j.biortech.2015.
06.110

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

Copyright © 2020 Li, Wang, Qian, Tan, Zhang, Liu, Pan and Zhao. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 14 May 2020 | Volume 11 | Article 81396

https://doi.org/10.1126/science.295.5559.1487
https://doi.org/10.1016/j.cofs.2015.02.003
https://doi.org/10.1016/j.biortech.2015.06.110
https://doi.org/10.1016/j.biortech.2015.06.110
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01202 June 14, 2020 Time: 20:51 # 1

ORIGINAL RESEARCH
published: 16 June 2020

doi: 10.3389/fmicb.2020.01202

Edited by:
Xihong Zhao,

Wuhan Institute of Technology, China

Reviewed by:
Hengyi Xu,

Nanchang University, China
Wensen Jiang,

Cedars Sinai Medical Center,
United States

Yuting Tian,
Fujian Agriculture and Forestry

University, China

*Correspondence:
Junyan Liu

jliu81@uthsc.edu
Kan Wang

120384746@qq.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Food Microbiology,
a section of the journal

Frontiers in Microbiology

Received: 23 March 2020
Accepted: 12 May 2020

Published: 16 June 2020

Citation:
Li Y, Huang T-Y, Ye C, Chen L,

Liang Y, Wang K and Liu J (2020)
Formation and Control of the Viable

but Non-culturable State
of Foodborne Pathogen Escherichia

coli O157:H7.
Front. Microbiol. 11:1202.

doi: 10.3389/fmicb.2020.01202

Formation and Control of the Viable
but Non-culturable State of
Foodborne Pathogen Escherichia
coli O157:H7
Yanmei Li1†, Teng-Yi Huang2†, Congxiu Ye3, Ling Chen4, Yi Liang5, Kan Wang6* and
Junyan Liu7*

1 Department of Haematology, Guangzhou Women and Children’s Medical Center, Guangzhou Medical University,
Guangzhou, China, 2 Department of Laboratory Medicine, The Second Affiliated Hospital of Shantou University Medical
College, Shantou, China, 3 Department of Dermato-Venereology, Third Affiliated Hospital of Sun Yat-sen University,
Guangzhou, China, 4 School of Food Science and Engineering, Guangdong Province Key Laboratory for Green Processing
of Natural Products and Product Safety, South China University of Technology, Guangzhou, China, 5 Guangdong Zhongqing
Font Biochemical Science and Technology Co. Ltd., Maoming, China, 6 Research Center for Translational Medicine, The
Second Affiliated Hospital, Medical College of Shantou University, Shantou, China, 7 Department of Civil and Environmental
Engineering, A. James Clark School of Engineering, University of Maryland, College Park, MD, United States

As a common foodborne pathogen, Escherichia coli O157:H7 produces toxins causing
serious diseases. However, traditional methods failed in detecting E. coli O157:H7 cells
in the viable but non-culturable (VBNC) state, which poses a threat to food safety. This
study aimed at investigating the formation, control, and detection of the VBNC state of
E. coli O157:H7. Three factors including medium, salt, and acid concentrations were
selected as a single variation. Orthogonal experiments were designed with three factors
and four levels, and 16 experimental schemes were used. The formation of the VBNC
state was examined by agar plate counting and LIVE/DEAD R© BacLightTM bacterial
viability kit with fluorescence microscopy. According to the effects of environmental
conditions on the formation of the VBNC state of E. coli O157:H7, the inhibition on VBNC
state formation was investigated. In addition, E. coli in the VBNC state in food samples
(crystal cake) was detected by propidium monoazide–polymerase chain reaction (PMA-
PCR) assays. Acetic acid concentration showed the most impact on VBNC formation of
E. coli O157:H7, followed by medium and salt concentration. The addition of 1.0%
acetic acid could directly kill E. coli O157:H7 and eliminate its VBNC formation. In
crystal cake, 25, 50, or 100% medium with 1.0% acetic acid could inhibit VBNC state
formation and kill E. coli O157:H7 within 3 days. The VBNC cell number was reduced by
adding 1.0% acetic acid. PMA-PCR assay could be used to detect E. coli VBNC cells
in crystal cake with detection limit at 104 CFU/ml. The understanding on the inducing
and inhibitory conditions for the VBNC state of E. coli O157:H7 in a typical food system,
as well as the development of an efficient VBNC cell detection method might aid in the
control of VBNC E. coli O157:H7 cells in the food industry.

Keywords: E. coli O157:H7, VBNC, food system, control, detection

Frontiers in Microbiology | www.frontiersin.org 1 June 2020 | Volume 11 | Article 120297

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2020.01202
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2020.01202
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2020.01202&domain=pdf&date_stamp=2020-06-16
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01202/full
http://loop.frontiersin.org/people/923181/overview
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01202 June 14, 2020 Time: 20:51 # 2

Li et al. Formation and Control of the VBNC State of E. coli

HIGHLIGHTS

– The induction of the VBNC state of Escherichia coli by
nutritional conditions, acetic acid concentration, and salt
concentration was investigated.

– In crystal cake, the VBNC state of E. coli could be
inhibited by adding 1.0% acetic acid in volume fraction at
4 or−20◦C.

– Propidium monoazide–polymerase chain reaction (PMA-
PCR) assays could be applied in detection of the VBNC
state of E. coli.

INTRODUCTION

Escherichia coli is one of the major bacterial contaminants
associated with foodborne infections worldwide (Zhao et al.,
2010b; Sayad et al., 2016; Bao et al., 2017a,b; Xie et al., 2017a;
Liu et al., 2018a,b; Renuka et al., 2018; Xu et al., 2020). Since
food safety accident caused by E. coli was first reported in the
United States in 1982, various reports have been posted in China,
the United Kingdom, Japan, Australia, and other countries. In
recent years, E. coli has gradually developed into a health and
safety issue of worldwide concern (Xu et al., 2007, 2008a,b,
2011b, 2016a,b; You et al., 2012; Lin et al., 2016; Miao et al.,
2016, 2017a,b, 2018; Zhao et al., 2018a,b). The high incidence
rate of E. coli in food products underlies the urgent need of
appropriate strategies for early detection (Zhao et al., 2010b,c,
2011, 2014 2018; Wang et al., 2011; Xu et al., 2011c, 2012b;
Lin et al., 2017; Miao et al., 2017c; Liu et al., 2019; Miao et al.,
2019). E. coli O157:H7, capable of producing Shiga toxin or
Shiga-like toxin, can cause hemorrhagic colitis and hemolytic
uremic syndrome in human beings (Neil et al., 2012). Shiga toxin
causes various diseases including bloody diarrhea and severe
hemolytic uremic syndrome, leading to kidney failure. E. coli
O157:H7 is a typical foodborne pathogen, colonizing in food
systems and drinking water (Ercumen et al., 2017; Bourely et al.,
2018; Zeinhom et al., 2018).

The standard detection method for foodborne pathogens is
agar plate counting (Xu et al., 2008a,b, 2009; 2010; 2011a; 2012a;
2016c; 2017a; 2017b; 2018; Zhong et al., 2013; Zhang et al.,
2015; Bao et al., 2017c; Xie et al., 2017b; Jia et al., 2018; Wen
et al., 2020). However, this method fails in detecting viable but
non-culturable (VBNC) state cells that were first reported in
1982 (Xu et al., 1982). Up to now, 85 types of microorganisms
have been found to enter the VBNC state, including 18 non-
pathogenic bacteria and 67 pathogenic bacteria (Ramamurthy
et al., 2014). Studies have shown that E. coli has the ability to
enter the VBNC state (Yaron and Matthews, 2002; Zhang et al.,
2015; Liu et al., 2017b; Afari et al., 2019). VBNC cells differ
from normal cells in both physiology and morphology. However,
VBNC cells acquire high ATP concentrations (Lindback et al.,
2010) and metabolic activity based on the expression of certain
genes (Yaron and Matthews, 2002).

Bacteria in the VBNC state fail to form colonies in routine
detection agar plates under certain environmental stresses.
However, these cells have food spoilage and pathogenic capacity
(Liu et al., 2017b). Factors including adverse nutrition levels,

temperatures, and osmotic pressures, which are frequently
encountered during food processing and storage environments,
have been reported to induce bacteria entering the VBNC state.
With the failure in detection by routine method and the capability
in causing food safety problems, the VBNC state of E. coli O157:H7
is a major concern in the food industry (Liu et al., 2017b).

Crystal cake is a traditional Chinese snack that has the
characteristics of rich nutrition. Its rich nutrients and sufficient
water make it a natural medium for various pathogenic bacteria
and spoilage bacteria, including E. coli. In this study, crystal
cake was applied as a representative food system to study the
formation, control, and detection of the VBNC state of E. coli
O157:H7 under food processing and storage conditions.

MATERIALS AND METHODS

Cultivation of E. coli O157:H7
Escherichia coli O157:H7 ATCC25922 was stored at -80◦C in
Luria-Bertani (LB) broth containing 20% (v/v) glycerol. It was
streaked on LB agar plate and grown at 37◦C for 24 h. Then, a
single colony was inoculated into 2 ml of LB broth and incubated
at 37◦C for 12 h using a shaker incubator set at 150 r/min.
The bacteria suspension was diluted 1:100 in fresh medium and
cultured for 4 h to the log phase upon further experiments.

Induction of the VBNC State
According to the optimal culture conditions of E. coli O157:H7,
and the principle of reverse adjustment, conditions that are
unfavorable to bacterial growth were selected as candidate factors
to induce the VBNC state. Three factors including nutritional
state, salt concentration, and acidity were taken as a single
variable. To investigate possible VBNC induction conditions,
three factors and four levels of orthogonal experiments were
designed, and 16 protocols (Table 1) were applied. Log
phase cells were centrifuged for 10 min at 5000 r/min and
the pellet was washed once with 1 × phosphate buffer
solution and then resuspended in the induced solution. The
initial concentration of the bacterial solution was diluted
to approximately 107 CFU/ml. To avoid the effects of
repeated freezing and thawing, the bacterial suspension under
each condition was mixed and divided into multiple 1.5-ml
centrifuge tubes, followed by induction in refrigerators at 4 and
−20◦C, respectively.

Determination of Culturable Cell Number
During Storage
The culturable cell number in each of the VBNC inducing
bacterial culture was determined every 3 days by a plate counting
method. Briefly, the culture of E. coli O157:H7 was serial diluted
in 0.9% NaCl, spread on LB agar plates, and incubated at 37◦C
for 24 h. When the culturable number is 1 CFU/ml, the cells were
considered non-culturable and possibly enter the VBNC state
(Piao et al., 2019).

Determination of Viable Cell Number
To determine if the non-culturable cells are in the VBNC
state after exposure to the respective treatment conditions, the
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TABLE 1 | The experimental methods of orthogonal array design of VBNC
induction of E. coli O157:H7.

Protocol
number

LB medium
concentration (%)

NaCl
concentration

(m/v) (%)

Acetic acid
concentration

(v/v) (%)

1 0 0.9 0

2 25 0.9 0.3

3 50 0.9 0.7

4 100 0.9 1

5 25 5 0

6 0 5 0.3

7 100 5 0.7

8 50 5 1

9 50 10 0

10 100 10 0.3

11 0 10 0.7

12 25 10 1

13 100 15 0

14 50 15 0.3

15 25 15 0.7

16 0 15 1

TABLE 2 | Inhibition assay of acidity on the formation of VBNC state of
E. coli O157:H7.

Protocol
number

LB medium
concentration (%)

NaCl
concentration

(m/v) (%)

Acetic acid
concentration

(v/v) (%)

1 100 10 0.7

2 1

3 100 15 0.7

4 1

5 50 15 0.7

6 1

LIVE/DEAD R© BacLightTM bacterial viability kit (Thermo Fisher
Scientific, China) was used. Five hundred microliters of the non-
culturable bacterial cell sample was centrifuged at 5000 r/min
for 15 min, washed with saline twice, and resuspended in saline.
Subsequently, 1.5 µl of SYTO 9 dye and 1.5 µl of propidium
iodide were added to the sample, followed by mixing and
30 min incubation in the dark. After incubation, 5-µl cells
were captured between a slide and a coverslip and used for
fluorescence microscopy. The appearance of green cells indicates
the existence of VBNC cells.

Inhibition of VBNC State by Acidity and
Nutritional Conditions
According to the VBNC state induction process, appropriate
conditions were selected to inhibit the formation of the VBNC
state. The configured medium was resuspended, and the initial
concentration of E. coli O157:H7 was adjusted to 107 CFU/ml.
The bacterial solution with a volume of 30 ml was stored at 4
and −20◦C, respectively. The number of cultivable bacteria was
measured by plate counting every 3 days (Tables 2, 3).

TABLE 3 | Inhibition assay of nutritional status on the formation of VBNC state of
E. coli O157:H7.

Protocol
number

LB medium
concentration (%)

NaCl
concentration

(m/v) (%)

Acetic acid
concentration

(v/v) (%)

1 0 10 0.3

2 25

3 0 15 0

4 25

5 0 15 0.3

6 25

Elimination of the VBNC State in Crystal
Cake
According to the National Food Safety standards (GB4789.3-
2016) in China, 25 g of crystal cake was added to 225 ml of saline,
and the concentration of this medium was determined to be 100,
25, and 50% of the food sample culture medium and is configured
by dilution and used after autoclaving. Subsequently, E. coli
O157:H7 was cultured to the logarithmic phase and centrifuged
at 4◦C, the supernatant was discarded, and the suspension was
resuspended three times with physiological saline. The bacterial
cells were resuspended using the sterilized food sample medium,
and the concentrations of E. coli O157:H7 were adjusted to
107 CFU/ml, respectively, and a sterile acetic acid solution was
added to fix the volume fraction of acetic acid to 1.0%. The
induction solution was stored at 4◦C, and the culturable number
and activity were detected by a plate method combined with a
LIVE/DEAD R© BacLightTM bacterial viability kit.

PMA-PCR Assays
Twenty-five grams of crystal cake was mixed with 225 ml of
physiological saline and sterilized, and E. coli in the VBNC state
was added. Bacterial suspensions with initial concentrations
of 106, 105, 104, 103, 102, and 10 CFU/ml were obtained. Five
hundred microliters of the bacteria suspension was added
to a 1.5-ml centrifuge tube, and the PMA working solution
was added to a final concentration of 5 µg/ml (to distinguish
between the VBNC state and dead cells). After mixing, the
samples were kept at room temperature for 10 min in the
dark. Subsequently, the centrifuge tube was placed on ice,
and 15 cm away from a 650 W halogen lamp for 5 min to
complete the binding of PMA and DNA. The PMA–DNA was
centrifuged at 10,000 r/min for 5 min, and the supernatant
was discarded. DNA was then extracted using a bacterial
group DNA extraction kit (Dongsheng Biotech, Guangzhou).
The extracted DNA was detected by PCR. PCR assay was
performed in a 25-µl volume and with 0.6 µM primers (rfbE-F:
TTGGCATCGTGTGGACAGGGTAGGACCGCAGAGGAAAG
A; rfbE-R: TGGGACAGGTGTGCTACGGTTTCCACGCC
AACCAAGATC). The thermal profile for PCR mixtures was
94◦C for 5 min, followed by 30 cycles of 94◦C for 30 s, 52◦C for
60 s, and 72◦C for 90 s and a final extension cycle at 72◦C for
7 min. The amplified products (5 µl/well) were analyzed by gel
electrophoresis in 2% agarose gels and stained with ethidium
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FIGURE 1 | The culturable number of E. coli O157:H7 stored under 16 different conditions (4 and −20◦C). (A–H) The cell viability of E. coli O157:H7 when stored at
4 and −20◦C under protocols 2, 10, 13, and 14, respectively.

bromide for 10 min. A negative control was included using sterile
water instead of culture or DNA template.

RESULTS AND DISCUSSION

Formation of the VBNC State
To induce the formation of the VBNC state, 16 induction
solutions were applied (Table 1). In induction solution 1, when
stored at 4◦C, the culturable cell number of E. coli O157:H7
was reduced to 5 × 104 CFU/ml in 66 days. When stored at
−20◦C, the culturable cell number of E. coli O157:H7 dropped
to 0 in 3 days (Figure 1A). In induction solution 2, the number
of culturable cells reduced to 0 after 18 days of storage at 4◦C,
and the number of culturable cells reduced to 0 within 3 days
of storage at −20◦C (Figure 1B). In induction solution 10, the
number of culturable cells reduced to 0 after storing at 4 and
−20◦C for 39 and 33 days, respectively (Figure 1F). In induction
solution 13, the culturable cell number reduced to 0 in 48 and
39 days of storage at 4 and −20◦C, respectively (Figure 1G).
In induction solution 14, the culturable cell number reduced to
0 in 57 and 66 days when stored at 4 and −20◦C, respectively
(Figure 1H). In induction solution 5, 7, and 9, although with a
downtrend within 66 days, the number of culturable cells did not
decrease to 0 (Figures 1C–E). In addition, in induction solutions
3, 4, 6, 8, 11, 12, 15, and 16, the number of culturable cells of E. coli
O157:H7 reduced to 0 in 3 days.

For the induction solutions that were capable of inducing
the culturable cell number of E. coli O157:H7 to 0 (Table 4),
the existence of viable cells was determined. When the E. coli
O157:H7 culture in induction solution 2 was stored at 4◦C for
18 days, the cells were all dead, indicating that E. coli O157:H7
did not enter the VBNC state (Figure 2). The fluorescence results
of E. coli O157:H7 in induction solutions 1, 10, 13, and 14 showed

that both dead and viable cells were detected, indicating that
E. coli O157:H7 entered the VBNC state under these conditions.

Factors Affecting the Survival of E. coli
O157:H7 Cells
In the 16 induction solutions, factors including salt, acetic acid,
and medium concentrations were applied and analyzed on the
effect on the survival of E. coli O157:H7 cells. First, the effect of
salt and acid concentrations on the survival of E. coli O157:H7
cells was investigated. In induction solutions 3, 8, 9, and 14, the
medium concentration is 50%. In induction solutions 3 (acid:
0.7%, salt: 0.9%) and 8 (acid: 1%, salt: 5%), the culturable cell
number of E. coli O157:H7 reduced to 0 in 3 days. However,
in induction solutions 9 (acid: 0, salt: 10%) and 14 (acid: 0.3%,
salt: 15%), E. coli O157:H7 cells survived for more than 57 days.
Especially in induction solution 9, the E. coli O157:H7 cells

TABLE 4 | The time of culturable number of E. coli O157:H7 decreased to 0
stored at different methods.

Protocol
number

4◦C −20◦C Protocol
number

4◦C −20◦C

1 + 45 days 9 + +

2 18 days / 10 39 days 33 days

3 / / 11 / /

4 / / 12 / /

5 + + 13 48 days 39 days

6 / / 14 57 days 66 days

7 + + 15 / /

8 / / 16 / /

“+” stands for E. coli is culturable and “/” stands for the number of cultivable E. coli
in 3 days has dropped to 0.
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FIGURE 2 | The viability of un-culturable E. coli O157:H7 stored at different conditions with fluorescence. (A–H) E. coli O157:H7 inoculated in the medium
configured according to the method 2, 10, 13, 14, and stored at 4 or −20◦C, respectively.

survived for more than 66 days. In induction solutions 4, 10, and
13, the medium concentration is 100%. In induction solution 4
(acid: 1%, salt: 0.9%), E. coli O157:H7 all died in 3 days and did
not enter the VBNC state. In induction solutions 10 (acid: 0.3%,
salt: 10%) and 13 (acid: 0, salt: 15%), E. coli O157:H7 cells were
able to survive for 33–48 days. These results suggest that the effect
of acetic acid concentration on the survival of E. coli O157:H7 is
stronger than that of salt concentration.

Second, the effect of acid and medium conditions on the
survival of E. coli O157:H7 cells under a certain salt concentration
were investigated. In induction solutions 1, 2, 3, and 4, the
salt concentration is 0.9%. In induction solutions 1 (medium:
0, acid: 0) and 2 (medium: 25%, acid: 0.3%), E. coli O157:H7
cells survived for more than 66 and 18 days at 4◦C, respectively.
However, in induction solutions 3 (medium: 50%, acid: 0.7%)
and 4 (medium: 100%, acid: 1%), the E. coli O157:H7 cells all
died in 3 days. It showed the effect of acid on the survival of
E. coli O157:H7 is stronger than that of nutrients. In addition,
when the acid concentration is 1% in induction solutions 4, 8,
12, and 16, E. coli O157:H7 cells died in 3 days regardless of the
medium and salt concentrations. Especially in induction solution
4 (medium: 100%, acid: 0.9%) with the premium centration of
medium and acid, E. coli O157:H7 cells still died in 3 days,
indicating that acidity has the most significant effect on the
survival of E. coli O157:H7 cells.

Third, under the same acetic acid concentration, the effects
of salt and medium concentrations on the survival of E. coli
O157:H7 were investigated. In induction solutions 6, 10, and 14,
the acetic acid concentration is 0.3%. In induction solution 6
(medium: 0, salt: 5%), E. coli O157:H7 cells died within 3 days.
However, in induction solutions 10 (medium: 100%, salt: 10%)
and 14 (medium: 50%, salt: 15%), although the salt concentration
increased, E. coli O157:H7 cells were able to survive from 33
to 66 days due to the high medium concentration. It indicated
that the increase in the medium concentration eliminated the
adverse effect of the increase in salt concentration. Among
the factors on the survival of E. coli O157:H7, the effect of
the medium concentration might be greater than that of the
salt concentration.

When the environment changes, porin is crucial for the
survival of E. coli. The major external protein omp (ompF,
ompC) of E. coli is regulated by envZ (osmotic pressure sensor
protein) and ompR. Studies have showed that wild-type, ompF,
and ompC mutant strain of E. coli can enter the VBNC state under
environmental pressure (pH, osmotic pressure, and starvation
stress conditions), but in the envZ mutant strain, they cannot
enter the VBNC state. This shows that the envZ mutant strains
cannot sense changes in the external environment. When the
strains are exposed to adverse conditions, they cannot enter
the VBNC state (Pienaar et al., 2016). The expression of (p)
ppGpp (guanosine pentaphosphate or guanosine tetraphosphate)
synthetic genes relA and spoT are identified to upregulate in
the VBNC state of E. coli O157:H7 (Magnusson et al., 2005;
Mishra et al., 2012). Compared with normal strains, mutants that
failed to synthesize (p) ppGpp lost culturability more quickly, and
their ability to enter the VBNC state was significantly reduced.
When (p) ppGpp was overexpressed, the number of VBNC cells
was significantly increased (Boaretti et al., 2003). When bacteria
suffered from amino acid starvation, the expression of RelA or
SpoT increased. (p) ppGpp synthesis increased and degradation
decreased. In addition, exopolyphosphatase (PPX) was degraded
by (p) ppGpp of polyphosphates (Ayrapetyan et al., 2018).

Effects of Acidity and Nutrition on
Formation of the VBNC State
Among the factors affecting the survival of E. coli O157:H7,
acetic acid concentration plays a major role, followed by medium
and salt concentrations. Considering the actual situation in the
food system and in the process of food processing, exploring the
concentration of acetic acid and culture medium to control the
normal state of E. coli O157:H7 and VBNC is meaningful.

When the acetic acid concentration is 1%, the E. coli O157:H7
cells died within 3 days in induction solutions 3 (medium: 100%,
salt: 10%), 4 (medium: 100%, salt: 15%), and 6 (medium: 50%,
salt: 15%). When the acetic acid concentration is 0.7%, E. coli
O157:H7 could survive in induction solutions 1 (medium: 100%,
salt: 10%) and 3 (medium: 100%, salt: 15%). In induction solution
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TABLE 5 | Inhibition of acidity on the formation of VBNC state of E. coli O157:H7.

Protocol number Culturable Viable

4◦C −20◦C 4◦C −20◦C

1 + + ND ND

2 / / − −

3 + + ND ND

4 / / − −

5 / / − −

6 / / − −

“+” stands for E. coli is culturable, “/” stands for E. coli is not culturable, “-” stands
for E. coli is not active, and “ND” stands for E. coli activity not detected.

TABLE 6 | Inhibition of nutritional status on the formation of VBNC state of
E. coli O157:H7.

Protocol number Culturable Viable

4◦C −20◦C 4◦C −20◦C

1 / / − −

2 + + ND ND

3 + + ND ND

4 + + ND ND

5 / / − −

6 + + ND ND

“+” stands for E. coli is culturable, “/” stands for E. coli is not culturable, “-” stands
for E. coli is not active, and “ND” stands for E. coli activity not detected.

5 (medium: 50%, salt: 15%), E. coli O157:H7 cells died within
3 days. When the medium concentration is higher than 50%,
treatment with 1.0% acetic acid directly killed E. coli O157:H7
without entering the VBNC state (Table 5).

When the medium concentration is 25%, E. coli O157:H7 cells
survived more than 3 days in induction solutions 2 (salt: 10%,
acid: 0.3%), 4 (salt: 15%, acid: 0), and 6 (salt: 15%, acid: 0.3).
When the medium concentration is 0, in induction solutions 1
(salt: 10%, acid: 0.3%) and 5 (salt: 15%, acid: 0.3%), the number
of culturable and viable cells was both 0 in 3 days. In induction
solution 3 (salt: 15%, acid: 0), E. coli O157:H7 cells were able
to survive for more than 3 days. Under weak acid and high salt
conditions, the formation of the VBNC state of E. coli O157:H7
was controlled by changing the nutritional condition (Table 6).

In induction solutions 2, 3, 4, and 6, the culturable cell number
of E. coli O157:H7 did not decrease to 0 in 3 days. However,
the culturable cell numbers of E. coli O157:H7 reduced to 0
after storing at 4 and −20◦C for 3 days in induction solutions
1 and 5, and the cells were not viable. Thus, changing the acid
concentration with cold storage might be efficient to control the
formation of the VBNC state of E. coli O157:H7.

Elimination of the VBNC State in Crystal
Cake
In the crystal cake food system with 100, 50, and 25% nutrient
concentrations and 1.0% acetic acid, the culturable cell numbers
of E. coli O157:H7 were 0 after storing at 4 and−20◦C for 3 days.
The results of fluorescence microscopy showed that all the E. coli

FIGURE 3 | The viability of un-culturable E. coli O157:H7 stored at different
conditions with fluorescence.

O157:H7 cells died, suggesting E. coli O157:H7 was not capable of
entering into the VBNC state under these conditions (Figure 3).
In the food system, without affecting the flavor and quality of
the food, the normal and the VBNC state of E. coli O157:H7 was
controlled and eliminated by adding 1% acetic acid.

The foodborne microorganisms in the VBNC state have food
spoilage ability. Compared with normal state, VBNC state cells
have reduced metabolic activity and increased resistance of
the cell wall to external environmental stress, including high
concentrations of antibiotics, heavy metal ions, high temperature,
high salt, and higher acidity (Ayrapetyan and Oliver, 2016; Shekar
et al., 2017; Schottroff et al., 2018). Due to the presence of
resistance, E. coli O157:H7 in the VBNC state is more difficult
to be completely eliminated. Under favorable conditions, E. coli
O157:H7 in the VBNC state might be able to overcome this
inactive state and become active again, thus being able to
reproduce in the food system. During the processing of crystal
cake, the surface of the processing equipment and the inside
of the pipeline should be cleaned in time to ensure no residual
nutrients, thereby inhibiting the survival of E. coli O157:H7. In
addition, combined with a certain concentration of acetic acid
treatment equipment surface (1.0% acetic acid), it ensures the
elimination of E. coli O157:H7 and its VBNC state and avoid
potential food safety risks.

Detection of the VBNC State of E. coli in
Crystal Cake
The risk of food safety issues can be partially reduced by the
efficient detection of the VBNC state of E. coli in food system.
Propidium monoazide (PMA) is a photoreactive DNA-binding
dye. Dead microorganisms lose their capability to keep their
membranes intact, which leaves the “naked” DNA in the cytosol
ready to react with PMA. DNA of living organisms are not
exposed to the PMA, as they have a complete cell membrane.
DNA extraction and PCR amplification of PMA-treated samples
can effectively detect bacteria in the VBNC state. The detection
limit was determined by detecting different concentrations of
E. coli O157:H7 in the VBNC state. In this study, the detection
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limit of the VBNC state E. coli O157 in the crystal cake food
system using PMA–polymerase chain reaction (PMA-PCR) was
104 CFU/ml, which can effectively avoid the potential threat
brought by VBNC state bacteria.

CONCLUSION

The effect of external environmental conditions on the formation
of the VBNC state of E. coli O157:H7 was as follows:
acidity > nutritional state > salt concentration. When the
nutrient concentration is higher than 50%, E. coli O157:H7 was
killed by adding 1.0% acetic acid. In the crystal cake system, when
the nutrient concentration is 25, 50, and 100%, E. coli O157:H7
cells died in 3 days by adding 1.0% acetic acid with no VBNC cells
identified. In the food system, the VBNC state formation of E. coli
O157:H7 was inhibited by adding 1.0% acetic acid. In addition,
PMA-PCR assays can be utilized in the detection of the VBNC
state of E. coli in the food system.
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Cronobacter sakazakii is an opportunistic Gram-negative pathogen that could cause
meningitis and necrotizing enterocolitis. Several Gram-negative bacteria use the
PmrA/PmrB system to sense and adapt to environmental change by resistance
to cationic antimicrobial peptides of host immune systems. The PmrA/PmrB two-
component system regulates several genes to modify LPS structure in the bacterial
outer membrane. The role of PmrA/PmrB of C. sakazakii has been studied within the
current study. The results suggest that PmrA/PmrB plays a crucial role in modifying LPS
structure, cationic antimicrobial peptide susceptibility, cell membrane permeability and
hydrophobicity, and invading macrophage.

Keywords: PmrA/PmrB two-component system, Cronobacter sakazakii, LPS, lipid A, polymyxin B

INTRODUCTION

Cronobacter sakazakii is a Gram-negative pathogen that can be isolated from contaminated infant
formula. C. sakazakii infection may cause bacteremia, septicemia, necrotizing enterocolitis, and
other serious diseases (Chenu and Cox, 2009). Invading the intestinal cells and surviving within
macrophage are the main infective characteristics with C. sakazakii (Forsythe et al., 2014). The
outer membrane protein OmpA and efflux operon gene cluster cusA, cusB, cusC, and cusR were
previously characterized as the virulence markers that associated with neonatal infections (Jaradat
et al., 2014). More regulatory systems and virulence factors need to be identified in C. sakazakii.

Lipopolysaccharide (LPS) is the main constituent of the outer leaflet of the outer membrane
of Gram-negative bacteria (Raetz and Whitfield, 2002). Lipid A is the biologically active
component of LPS, which can be recognized by the innate immune system through TLR4
(Wang et al., 2010). It triggers an inflammatory response with the production of a large
number of cytokines and even leads to septic shock or death (Wang B. et al., 2015). In
C. sakazakii, the backbone of the lipid A general structure is a hexa-acylated β-1′, 6′-
linked disaccharide of glucosamine, which has phosphate groups at the 1 and 4′ positions,
3-hydroxymyristate (3-OH C14:0) at the 2 and 3′ positions, and secondary fatty acid
derivatives at the 2′b (C14:0) and 3′b (C12:0 or C14:0) positions (Li et al., 2016; Jia
et al., 2018). Interestingly, the structure of lipid A can be modified with hydrophobic or
hydrophilic groups to adapt to the change of environment. The phosphoethanolamine (pEtN)
modification of lipid A was observed in C. sakazakii under low-pH conditions in 2016
(Liu et al., 2016). The modification contributes to the bacteria’s resistance to antimicrobial
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agents and, hence, to influence the ability of the host cell
invasion. Currently, the lipid A modification in C. sakazakii has
not been well characterized, and this might provide important
information in terms of understanding the mechanism of
bacterial infection and virulence.

Two-component regulatory systems (TCS) are quite
important in regulating the virulence determinant of a lot of
bacterial pathogens, which consist of sensor kinases and response
regulators. The TCS PmrA/PmrB has been identified in a large
amount of bacterial species, such as Yersinia pestis (Winfield
et al., 2005), Salmonella enterica (Gunn, 2008), Escherichia
coli (Hagiwara et al., 2004; Winfield and Groisman, 2004),
Klebsiella pneumonia (Mitrophanov et al., 2008), Citrobacter
rodentium (Viau et al., 2011), and Pseudomonas aeruginosa
(McPhee et al., 2006). The TCS PmrA/PmrB of Salmonella
enterica serovar Typhimurium encodes products with a
sequence similarity to DNA binding response regulators and
autophosphorylatable histidine kinases, respectively. It governs
resistance to polymyxin B by controlling transcription of the
4-aminoarabinose biosynthetic genes (Wosten and Groisman,
1999). The TCS PmrA/PmrB of Legionella pneumophila triggered
by acidity has a global effect on gene expression and is required
for the intracellular proliferation of Legionella pneumophila
within human macrophages and protozoa (Al-Khodor et al.,
2009). The TCS PmrA/PmrB of Escherichia coli, also called the
BasS–BasR system, is essential for iron-dependent induction
of the yfbE operon, which is implicated in the modification of
LPSs (Hagiwara et al., 2004). Briefly, PmrA/PmrB is located
in the pmrCAB operon (Roland et al., 1993) and consists of a
response regulator PmrA, a sensor kinase PmrB (Gunn, 2008;
Chen and Groisman, 2013) and a pEtN transferase PmrC
(Zhou et al., 2001; Lee et al., 2004; Murray et al., 2007). When
bacteria lives at low pH, it is important to modify the pEtN of
lipid A. The modification of pEtN increases bacteria resistance
to cationic antimicrobial peptides (CAMPs) to maintain the
bacterial infection in host cells. The effect of the pmrA gene
in PmrA/PmrB on biofilm formation has been investigated
(Bao et al., 2017). The pmrA gene may cause inhibition in
biofilm formation. During biofilm formation, the pmrA gene
may function at induction in biomass and inhibition in viability
(Bao et al., 2017).

To investigate the role of PmrA/PmrB in C. sakazakii, we
studied how pH affects pmrA on lipid A modification, cationic
antimicrobial peptide susceptibility, cell membrane permeability
and hydrophobicity, and invading macrophage. A pmrA-related
mutant was generated under different pH conditions. The effect
of environmental pH in lipid A modification is identified,
and a pmrA-related mutant is generated. The pmrA mutant
transcriptome is used to study all the gene regulations at the
transcription level as compared to the wild type C. sakazakii.

MATERIALS AND METHODS

Bacterial Strains and Growth Condition
The related bacterial strains and plasmids in this research are
listed in Table 1. C. sakazakii strains and other strains were

TABLE 1 | Bacterial strains and plasmids used in this study.

Strains and plasmids Description Source

E. coli JM109 recA1 endA1 gyrA96
thi-1 hsdR17 supE44
relA11(lac-proAB)/F’
[traD36 proAB + lac Iq

lacZ1M15]

Labatory strain

BAA894 wild type C. sakazakii
ATCC BAA894

Labatory strain

BAA894 pKD46 BAA894 harboring
pKD46

Labatory strain

BAA894 1 pmrA BAA894 mutant with
deletion of pmrA

This study

W3110/pWSK29-pmrAB W3110 harboring
pWSK29-pmrAB

This study

W3110/pWSK29-pmrA W3110 harboring
pWSK29-pmrA

This study

BAA8941pmrA/
pWSK29-pmrA

BAA894 mutan
harboring
pWSK29-pmrA

This study

BAA894/pWSK29-pmrAB BAA894 harboring
pWSK29-pmrAB

This study

Plasmids pWSK29 Low copy vector Cai et al., 2013

pKD46 ParaBγβ exo, Repts,
AmpR

Datsenko and Wanner, 2000

pKD-Cre ParaB cre, Repts,
AmpR

Datsenko and Wanner, 2000

pBlueScript II SK+ Cloning vector, ColE1,
lacZ, AmpR

Stratagene

pDTW202 loxPLE-kan-loxPRE,
AmpR, KanR

Datsenko and Wanner, 2000

grown in Luria Bertani media (LB) (Zhang et al., 2018) at 37◦C.
If required, 30 µg/mL kanamycin or 100 µg/mL ampicillin
was included in the medium. Strains containing the plasmid
pKD46 that was temperature-sensitive were grown at 30◦C, and
plasmid pKD46 was cured when cells were grown at the high
temperature 42◦C.

Construction of C. sakazakii
BAA894/pWSK29-pmrA/pmrB
pmrA and pmrB (ESA_RS16430/16435) genes were amplified
by PCR, taking the genome of C. sakazakii BAA894 (Kucerova
et al., 2010) as a template. There was an XbaI site in the
forward primer, and there was an XhoI site in the reverse primer.
The PCR product was purified, digested with XbaI and XhoI,
and ligated into the digested vector pWSK29. The pWSK29
expression vector that contains the T3/T7 lacZ operon on a
replicon was induced by isopropyl-β-D-thiogalactopyranoside
(IPTG). The constructed plasmid, designated pWSK29-pmrAB,
was transformed into C. sakazakii BAA894, resulting in the strain
C. sakazakii/pWSK29-pmrA.

Construction of pmrA Knockout Mutant
To knock out pmrA in C. sakazakii, the upstream and
downstream fragments of the genes were amplified by PCR.
pmrA-U-F/pmrA-U-R primers were used for amplifying the
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upstream fragments of pmrA. pmrA-D-F/pmrA -D-R primers
were used for obtaining the downstream fragments of pmrA.
The kan-loxP-F and kan-loxP-R primers were used to amplify
the DNA fragment loxP-kan-loxP, which contains the kanamycin
resistance gene kan from pDTW202. The upstream PCR
fragment was digested using PstI and BamHI, and the
downstream PCR fragment was digested using XhoI and XbaI.
PCR product of loxP-kan-loxP was digested using BamHI and
XbaI. The digested loxP-kan-loxP upstream and downstream
fragments of pmrA were cloned into pBlueScript II SK,
which was digested using PstI and XhoI, constructing the
plasmid pBS- pmrA, carrying the knockout fragment pmrA
U-loxP-kan-loxP-pmrA D.

pmrA in the chromosomes of C. sakazakii BAA894 was
removed by knockout fragment pmrA U-loxP-kan-loxP-pmrA
D via Red recombination. First, the plasmid pKD46 was
transformed into C. sakazakii BAA894; then, taking pBS-pmrA
as the temple, the knockout fragment pmrA U-loxP-kan-loxP-
pmrA D was amplified and transformed into the cells. With the
expression of Red enzymes from pKD46, the DNA fragment
loxP-kan-loxP was used to substitute the pmrA gene in the
chromosome. Cells were cultured on LB plates with 30 µg/mL
kanamycin to select the correct transformants, and the plasmid
pKD46 was cured by culturing bacteria at 42◦C. After which,
the plasmid pKD-Cre was transformed into the bacterial cells,
whose loxP recombinase Cre removed the kan gene previously
inserted into the C. sakazakii chromosome. Then, the plasmid
pKD-Cre was cured by growing bacteria at 42◦C to obtain the
pmrA deletion mutant strain C. sakazakii1pmrA. Table 1 shows
the plasmids and mutants mentioned in this research.

Isolation of Lipid A
Lipid A of C. sakazakii was isolated with the Bligh-Dyer method
(Wang X. et al., 2015; Liu et al., 2016). Specifically, overnight
culture was inoculated into 250-mL cultures, in which the initial
OD600 was 0.02, and then cells grew to an OD600 of 1.0. All
C. sakazakii cells were harvested by centrifugation at 4000 rpm
for 30 min and then washed with ddH2O twice. The cell
pellet was first suspended with 76 mL of mixture containing
chloroform/H2O/methanol (1:0.8:2 v/v/v). The insoluble debris
was then collected and washed with 60 mL mixture. The
debris was heated and suspended with 12.5 mM sodium acetate
(pH 4.5) by boiling water bath for 30 min. The suspension
was mixed with methanol and chloroform and the mixture
containing suspension/methanol/chloroform (27:30:30 v/v/v).
The final mixture was centrifuged to remove its lower phase
containing lipid A, which was used to extract lipid A with a
rotary evaporator.

Mass Spectrum Analysis
All the mass spectra of C. sakazakii lipid A samples were obtained
from a Waters SYNAPT mass spectrometer, which contains an
electrospray ionization (ESI) source. ESI/MS in the negative
ion mode was performed to detect lipid A samples, which
were dissolved in chloroform (Raetz and Whitfield, 2002). The
instrument was calibrated with sodium formate. ESI/MS was
performed at −80 V, and its collisional activation of ions was

carried out at−8 V. MassLynx V4.1 software was used to acquire
and analysis data.

MIC Assay of Cationic Antimicrobial
Peptides
The minimum inhibitory concentrations (McPhee et al., 2006)
of CAMPs susceptibility were determined by a twofold serial
dilution method of polymyxin B (from 1000 to 0.095 µg/mL)
and polymyxin E (colistin) (from 1000 to 0.45 µg/mL). Overnight
culture was inoculated in a 96-well plate and grown at 37◦C.
The media for dilutions of polymyxin B and E was the used
LB broth. By adding 100 µL per well in the 96-well plate, the
overnight bacteria culture suspension was diluted 500 times with
OD600 = 0.5. If the culture was significantly cloudy, the growth
was rated positive. For two different occasions, each test was
performed three times (Wang Z. et al., 2015).

Membrane Permeability Assay
The outer membrane permeability (Wang et al., 2014) was
detected by fluorescent probe 1-N-phenylnaphthylamine (NPN)
access assay (Helander and Mattila-Sandholm, 2000). Briefly, C.
sakazakii BAA894 was grown overnight in LB medium, and
1.5 ml cells were first harvested by centrifugation at 12,000 rpm
for 3 min, then washed twice with potassium phosphate buffer
(PBS, 50 mM, pH 7.4). The PBS buffer was used to adjust
the OD600 to 0.5. A fluorescence spectrophotometer (650–
660, Hitachi, Japan) whose widths, excitation, and emission
wavelengths were set as 5, 350, and 420 nm, respectively, was
used to monitor the fluorescence of the mixture of 1.92 mL
of cell suspension (OD600 = 0.5) and 80 µL NPN (1 mM)
(Wang et al., 2014).

Surface Hydrophobicity Assay
The surface hydrophobicity of cells was determined according to
a surface hydrophobicity assay involving the method of Zavaglia
et al. (2002) and (Wang et al., 2014). Briefly, the bacteria were
collected from overnight culture and resuspended with PBS. After
being washed twice by PBS (pH 7.4), the OD600 of the culture was
adjusted to 0.5. The mixture of 2 mL bacterial suspension and
800 µL xylene was incubated at room temperature for 3 h, which
obtained the aqueous phase. The OD600 of the aqueous phase was
recorded as A, and the value of [(0.5 - A)/0.5] × 100 represents
the surface hydrophobicity of the bacterial.

Macrophages Infection
RAW264.7 macrophage cells were seeded in 96-well plates and
were grown in Phenol red-free DMEM with 10% fetal bovine
serum at 37◦C with 5% CO2. The bacteria was grown in
LB (pH 5.0) broth and added into the wells to adjust the
macrophage:bacteria ratio of 1:100. After infection for 2 h, culture
supernatant was removed and cells were washed with warm PBS
four times to remove extracellular bacteria. Afterward, fresh,
antibiotic-free media was added to wells. At a desired time point,
intracellular bacteria were harvested by adding an equal volume
of 0.5% Triton X-100 into wells and left at 37◦C and 5% CO2 for
5 min. To detach cells from wells, a pipette was used to scrape
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out cells. Bacterial number was determined by serial dilution
plating onto LB plates.

RNA Sequence
The RNA sequence of cells was conducted according to the
manufacturer’s protocol. Briefly, the cells were collected from
the logarithmic phase at pH 5.0; DNA and rRNA were then
removed from the total RNA with a kit (Dongsheng Biotech,
Guangzhou, China). First, the mRNA was broken into short
fragments; then cDNA was synthesized by taking the disrupted
mRNA as template. Double-stranded cDNA was synthesized by
a two-strand synthesis reaction system. The double-stranded
cDNA was purified with QiaQuick PCR kit (QIAGEN, Hamburg,
Germany). Next, cohesive ends were repaired. The base “A” was
added to the 3′ end of the cDNA, and products were ligated to
the sequencing adapter; then suitable fragments were selected
by agarose electrophoresis, and finally, PCR amplification was
performed. In the quality control steps, an ABI StepOnePlus
Real-Time PCR System and an Agilent 2100 Bioanaylzer were
used for quantification and qualification of the sample library,
which was prepared to be sequenced by Illumina HiSeqTM 2000.

RNA Extraction and Transcriptional
Analysis Through RT-PCR
Ten DEGs relevant to phenotype were selected to verify the
RNA-seq data by the quantitative mRNA transcripts with real-
time polymerase chain reaction (qRT-PCR) using the ABI Step
One RT-PCR System (Applied Biosystems, CA) according to the
manufacturer’s instructions. Total RNA samples were extracted
using an RNA extraction kit (BioFlux, China). Then RNase-free
DNase I was used to remove DNA contamination. Transcription
of 500 ng RNA into cDNA was performed using a Revert AidTM

First Strand cDNA synthesis kit (Fermentas, Shanghai, China)
with random hexamer primers. Primers for detection of various
genes are listed in Table 4. 16S rRNA gene was used as an internal
control for quantification of relative gene expression. Each qRT-
PCR reaction was conducted in a final volume of 50 µL. The
thermal cycling profile was as follows: 94◦C for 1 min, followed by
40 cycles of 94◦C for 10 s, 55◦C for 30 s, and 68◦C for 15 s. Sterile
water was used as negative control samples. The cycle threshold
values (CT) were determined, and the 2−11CT method (Livak
and Schmittgen, 2001) with 16S rRNA as the reference gene was
used to calculate the relative fold differences. This experiment was
repeated three times.

RESULTS AND DISCUSSION

Identification of the Genes Encoding
PmrA/PmrB in C. sakazakii
The PmrA/PmrB two-component system involved in S.
typhimurium was activated directly by the existing iron in the
culture medium and indirectly through the PhoP/PhoQ and
PmrA/PmrB signal systems at a low magnesium concentration
or low pH (Wosten et al., 2000; Gibbons et al., 2005).
Phosphoethanolamine (pEtN) is incorporated to lipid A

when bacteria are grown under low pH conditions in S.
typhimurium. The pEtN modification of BAA894 lipid A can
increase the resistance to CAMPs and reduce recognition and
lethality by the host innate immune system (Liu et al., 2016).
To identify C. sakazakii genes that are responsible for the
PmrA/PmrB regulatory system, the amino acid sequence of the
S. typhimurium PmrA, PmrB, PmrC protein was used as the
query to perform a BLASTp search of the BAA894 genome.

The C. sakazakii BAA894 ESA_RS16430 showed 56.31%
identity to pmrA in S. typhimurium, and ESA_RS16435 exhibited
46.43% identity with pmrB in S. typhimurium. In the genomes
of S. typhimurium, eptA (pmrC) locates in the same operon
with pmrA and pmrB (Lee et al., 2004), and the gene expression
is controlled by PmrA (Wosten and Groisman, 1999). In
the genome of C. sakazakii BAA894 (Joseph et al., 2012),
ESA_RS16425 under the same operon with pmrAB showed
82.14% identity to dacB from S. typhimurium. Another gene
of ESA_ RS09200, which is outside of the operon, shows
identity to pmrC in C. sakazakii. The functional relationship
between ESA_RS16425 and pmrA/pmrB is unknown. The gene
organization of C. sakazakii is different with the pmrCAB
operon identified in S. typhimurium and E. coli. The pmrAB
overexpression and pmrA deletion strains were generated to
study the function and regulation mechanism.

The Effect of PmrA/PmrB on Lipid A
Structure Modification in C. sakazakii
To investigate the PmrA/PmrB effect on the lipid A structure
in C. sakazakii, pmrAB were co-overexpressed and the pmrA
mutant was generated in C. sakazakii. The lipid A was extracted
from wild-type C. sakazakii BAA894 at pH 7.0 and pH 5.0,
respectively (Figures 1A,B), and pmrAB overexpression stain
C. sakazakii/pWSK29-pmrAB (Figure 1C) at pH 7.0 by the
Bligh-Dyer method (Gunn et al., 2000; Bengoechea et al., 2003;
Townsend et al., 2007; Wang X. et al., 2015). ESI/MS was used to
analyze the extracted lipid A.

The lipid A from C. sakazakii BAA894 at pH 7.0 showed
five major peaks at m/z 1716, 1744, 1796, 1824, and 1846 in the
spectrum. The ions at m/z 1796 and 1824 are the [M–H]− ions
of the two lipid A molecules, which are the backbone of the
lipid A general structure (Li et al., 2016). The minor peaks at
m/z 1716 and 1744 are the monophosphorylated form of lipid
A (Helander and Mattila-Sandholm, 2000). The peak at m/z 1846
was generated from the sodium adduct of the ion at m/z 1824
(Figure 1A). The lipid A ions at pH 5.0 showed five additional
peaks at m/z 1839, 1867, 1919, 1947, and 1970 (Figure 1B). All
these ions with 123 amu higher m/z suggested the addition of a
pEtN group into lipid A. The low pH condition upregulated the
pmrC gene expression.

The lipid A isolated from pmrAB overexpression strain C.
sakazakii/pWSK29-pmrAB at pH 7.0 also showed five additional
peaks at m/z 1839, 1867, 1919, 1947, and 1970 with higher
123 amu compared to the wild-type grown at pH 7.0. In addition,
the relative intensity of these peaks was also much higher
than that of the wild-type grown at pH 5.0 (Figure 1C). The
results suggest that the overexpression of pmrAB boosted the

Frontiers in Microbiology | www.frontiersin.org 4 June 2020 | Volume 11 | Article 903109

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00903 June 16, 2020 Time: 14:52 # 5

Hua et al. PmrA/PmrB in C. sakazakii

FIGURE 1 | Mass spectrometry analysis of lipid A isolated from C. sakazakii
and C. sakazakii/pWSK29-pmrAB. (A) C. sakazakii grown at pH 7.0. (B) C.
sakazakii grown at pH 5.0. (C) C. sakazakii/pWSK29-pmrAB grown at pH 7.0.

pEtN modification in lipid A. The overexpression of pmrAB
likely upregulated the pmrC gene transcription level and, hence,
resulted in the modification of lipid A with the addition of the
pEtN group. Compared to the wild-type grown at pH 7.0, the
pmrA mutant did not show a significant difference in the lipid
A profile, and there was no lipid A modification found as well.

PmrA/PmrB-Mediated Lipid A
Modification Increases the Resistance to
Cationic Antimicrobial Peptides
The PmrA/PmrB is the major regulator of LPS-modified genes
in S. typhimurium and E. coli. The phosphate groups on the
surface of the bacteria would be neutralized by the modification
of pEtN on lipid A and, hence, become negatively charged and
could interact with CAMPs, such as Polymyxin B and colistin
(Anandan et al., 2016). To study whether pmrAB-mediated pEtN
modification of lipid A in C. sakazakii BAA894 alters the bacterial

TABLE 2 | The minimal inhibitory concentrations of mutants derived from BAA894
cultured in pH 7.0 and pH 5.0.

Polymyxin B MIC Polymyxin E MIC
Strain pH (µg/mL) (µg/mL)

C. sakazakii pH 7.0 0.39 ± 0.1 0.45 ± 0.1

pH 5.0 17.5 ± 2.5 35 ± 2.5

C. sakazakii1pmrA pH 7.0 0.39 ± 0.1 0.45 ± 0.1

pH 5.0 6.5 ± 1.0 4.0 ± 1.0

BAA894/pWSK29-pmrAB pH7.0 0.39 ± 0.1 0.45 ± 0.1

pH5.0 280 ± 20 560 ± 35

C. sakazakii1pmrA pH7.0 0.39 ± 0.1 0.45 ± 0.1

complemented pH5.0 17.5 ± 2.5 35 ± 2.5

The values represent the mean ± SD of results from three
independent experiments.

resistance to CAMPs (Liu et al., 2016), MIC of C. sakazakii
wild-type strain, pmrA mutant strain, and pmrAB overexpressed
strain grown at pH 7.0 and 5.0 to polymyxins B and colistin
were investigated (Table 2). C. sakazakii BAA894 cells grown at
pH 5.0 were highly resistant to CAMPs compared to the cells
grown at pH 7.0; the MIC of polymyxin B increased from 0.39
to 17.5 µg/mL, and the MIC of polymyxin E increased from 0.45
to 35 µg/mL. When grown at pH 5.0, the MIC of polymyxin
B and colistin of the pmrA mutant strain were 6.5 µg/mL and
4 µg/mL, respectively. The result was still higher than that
of the wild-type strain (Table 2). Compared to the BAA894
grown at pH 7.0, the MIC of C. sakazakii BAA894/pWSK29-
pmrAB to polymyxin B and colistin grown at pH 5.0 were
higher, which were increased to 280 and 560 µg/mL, respectively.
Complementation of BAA8941pmrA and pWSK29-pmrA, its
MIC to polymyxin B and colistin returned to wild-type levels at
pH 7.0 or 5.0. According to our study, pEtN modification of lipid
A at acidic pH can improve bacteria resistance ability to CAMPs.
On the minimal inhibitory concentrations table (Table 2), we
found that C. sakazakii BAA894/pWSK29-pmrAB showed the
highest resistance ability to CAMPs at pH 5.0, but remained at the
same resistance level to CAMPs when compared with BAA894
at pH 7.0. The results suggested that the PmrA were related to
the resistance to CAMPs, and PmrA/PmrB also influenced the
resistance to CAMPs at acidic pH.

PmrA/PmrB-Mediated Lipid A
Modification Changes the Cell Surface
Properties of C. sakazakii
It has been shown previously that the OM permeability of
Gram-negative bacteria is correlated with the structure of LPS
(Bengoechea et al., 2003). Lipid A is the important hydrophobic
component of LPS, which is the major component of the
outer membrane; the structure changes of the lipid A might
influence the cell membrane properties (Raetz and Whitfield,
2002; Bengoechea et al., 2003). Since our research suggested that
the overexpression of pmrAB boosted the pEtN modification
in lipid A, the OM permeability and hydrophobicity might be
influenced through the change of structure of the LPS and outer
menmrane. The characteristics of the outer membrane, including
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FIGURE 2 | The cell surface properties of mutants derived from BAA894
cultured in pH 7.0 and pH 5.0. (A) Membrane permeability assay.
(B) Hydrophobicity assay. The values represent the mean ± SD of results from
three independent experiments. The data were analyzed by one-way analysis
of variance. Statistically significant differences between the mutants in pH 7.0
and pH 5.0 and wild strains BAA894 in pH 7.0: *p < 0.05; **p < 0.01; and
***p < 0.001.

the permeability and hydrophobicity of mutants cells (Lehner
et al., 2005) were evaluated (Figure 2).

When compared to the C. sakakzakii BAA894 wild-type strain
cultured at pH 7.0, the membrane permeability of BAA894
cultured at pH 5.0 slightly decreased. In comparison with
the BAA894 wild-type strain, the membrane permeability of
pmrA mutant strains cultured at pH 7.0 and pH 5.0 increased
by twofold and threefold, respectively (Figure 2A). Compared
with BAA894 grown at pH 5.0, the membrane permeability
of BAA894/pWSK29-pmrAB cultured at pH 7.0 was slightly
increased while the one that was cultured at pH 5.0 increased
by 1.8-fold. Under the pH 7.0 or pH 5.0 condition, the
pmrA overexpressed strain restored the membrane permeability
to the wild-type levels. The PmrA/PmrB system-mediated
lipid A modification changed the structure of the LPS and
reduced outer membrane permeability. These results suggest
that the pmrA and PmrA/PmrB system have an influence on
membrane permeability.

The cell surface hydrophobicity of the pmrA mutant strain
was essentially the same at pH 7.0 and pH 5.0. However, the
cell surface hydrophobicity of the BAA894 wild-type strain
and BAA8941pmrA complementation strain under pH 5.0
was twofold higher than at pH 7.0 (Figure 2B). Meanwhile,
compared with the BAA894 wild-type strain, the cell surface
hydrophobicity of BAA894/pWSK29-pmrAB cultured at pH
7.0 and pH 5.0 increased by 1.5- and 1.6-fold. These results
suggest that modification of pEtN in lipid A might change the

characteristics of the outer membrane by increasing the surface
hydrophobicity of cells.

PmrA/PmrB Inhibits the Ability to Invade
and Survive in Macrophage
To invade microorganisms, macrophages utilize antimicrobial
defense mechanisms (i.e., nutrient deprivation and oxidative
burst) to eliminate harmful pathogens. The ability of bacteria to
survive and replicate in immune cells provides them protection
from the host immune response (Townsend et al., 2007). Some
C. sakazakii can avoid the host immune response by exploiting
immature dendritic cells and then persisting within human
macrophages (Liu et al., 2016). The pmrA mutant strain grew
faster than the BAA894 wild-type strain at pH 5.0, and more
mutants were recovered from macrophage after infection for 6,
12, and 24 h. The intracellular numbers of the wild-type strain

TABLE 3 | List of the genes related to phenotype between BAA894 and pmrA
mutant in pH 5.0.

gene ID 5.0WT
RPKM

5.0pmrA
RPKM

Fold
change

P value Level

pmrA 90.13 0.00 0.00 P < 0.01 Down

pmrB 107.56 47.24 0.44 P < 0.01 Down

phoP 286.85 313.69 1.09 P < 0.01 Up

phoQ 175.54 134.05 0.76 P < 0.01 Down

eptA 158.65 184.59 1.16 P < 0.01 Up

eptB 425.35 334.12 0.79 P < 0.01 Down

pagP 145.53 132.29 0.91 P < 0.01 Down

lpxA 458.78 449.40 0.98 P < 0.01 Down

cpxA 224.27 141.26 0.63 P < 0.01 Down

cpxR 634.07 536.28 0.85 P < 0.01 Down

marA 29.74 22.07 0.74 P < 0.01 Down

acrA 382.12 377.03 0.99 P < 0.01 Down

acrB 228.82 210.03 0.92 P < 0.01 Down

tolC 315.09 316.41 1.00 P < 0.01 Up

ramA 87.80 74.79 0.85 P < 0.01 Down

ompF 7971.55 8755.51 1.10 P < 0.01 Up

phoE 58.84 80.38 1.37 P < 0.01 Up

ompC 11281.95 17012.45 1.51 P < 0.01 Up

ESA_RS01970 743.76 818.06 1.10 P < 0.01 Up

ESA_RS03645 61.54 131.54 2.14 P < 0.01 Up

ESA_RS08640 172.73 314.67 1.82 P < 0.01 Up

ESA_RS19800 50.24 138.89 2.77 P < 0.01 Up

ESA_RS19805 18.28 52.33 2.86 P < 0.01 Up

ESA_RS11615 23194.65 26474.44 1.14 P < 0.01 Up

ompX 3.08 3.63 1.18 P < 0.01 Up

ESA_RS16175 1.18 1.39 1.18 P < 0.01 Up

ESA_RS17575 12.88 14.19 1.10 P < 0.01 Up

ESA_RS18760 40.25 45.60 1.13 P < 0.01 Up

ESA_RS18775 27.72 35.70 1.29 P < 0.01 Up

fliR 69.80 100.78 1.44 P < 0.01 Up

ESA_RS05890 110.76 351.83 3.18 P < 0.01 Up

fliS 90.79 244.40 2.69 P < 0.01 Up

fliJ 39.00 21.21 0.54 P < 0.01 Down

ESA_RS05905 649.94 307.50 0.47 P < 0.01 Down
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TABLE 4 | Primers used in RT-PCR.

Primers Nucleotide sequence (5′ → 3′)

RT-16SrDNA- F CCTTACGACCAGGGCTAC

RT-16SrDNA-R GACTACGACGCACTTTATGAG

RT-pmrB- F GCTCGGCGGATAATCTT

RT-pmrB- R GATGTGGCTTCGTCGTGAG

RT-phoP- F CTGGTCGTCGAGGATAACG

RT-phoP- R TGTGAAACGGCTTGGTG

RT-phoO- F GAGCGTCTGGAACTGGTTTAT

RT-phoO- R GGTGAGCGTTGTGCGGT

RT-eptA- F AACAGAACTATTCGCTTGGC

RT-eptA- R GCAGGAGCCCTCTTTACAC

RT-pagP- F ACCAGCGGAATCGGGAT

RT-pagP- R GCCTGGGCTTCTGTGCTT

RT-eptB- F GATACGGCGACCAAACTCT

RT-eptB- R TCAACTCCTGACGGCTAC

RT-ESA-RS01970- F GAGCGACGAAGACAAACG

RT-ESA-RS01970- R AGAGTGCCACAGGACCAC

RT-ESA-RS19805- F ACCGTCTGTTGCAGGTC

RT-ESA-RS19805- R TGCCGCCACATCAATACC

RT-fliS- F TCAGGGTTTCAACTTCATTG

RT-fliS- R CCTGGAAAGTGCGGTAAT

RT-fliJ- F CGCCTGATCGACTTTGGT

RT-fliJ- R ACGCTTAAAGATATGGCTG

increased 2.56-fold and 6.65-fold over T12 and T24, respectively,
while those of the mutant strains were 4.15-fold and 10.4-fold
over T12 and T24, respectively (Figure 3). However, the growth
state of C. sakazakii BAA894/pWSK29-pmrAB in macrophage
was worse than that of the BAA894 wild-type strain at pH
5.0. In addition, compared with BAA894 grown at pH 5.0,
the intracellular numbers of the mutant decreased to 41% and
34% over T12 and T24, respectively (Figure 3). These results
demonstrate that the pmrA mutant increased cell invasion and
replication ability, which was restored to wild-type levels by
complementation. All these suggested that the PmrA/PmrB two-
component system in C. sakazakii BAA894 was important in
regulating the system for host cell invasion and replication.

RNA-Sequencing of C. sakazakii pmrA
Mutant
In our study, PmrA/PmrB shows influences on CAMPs, cell
membrane permeability and hydrophobicity, and macrophage
invasion. To verify the results, further analysis by RNA-
sequencing were conducted (Table 3).

The gene expression levels related to phenotype were between
the BAA894 and pmrA mutant at pH 5.0. RPKM is short for
reads per kilobase transcriptome per million mapped reads; it is
used to calculate the expression level of the gene. Fold change
represents the ratio of pmrA mutant to wild-type gene RPKM;
p value represents the significance level of the hypothesis test.

Similar transcriptional levels of some key genes relevant
to phenotype were also observed by using RT-PCR analysis
(Figure 4). This suggests that the transcriptomic analysis used in
this study is reliable.

FIGURE 3 | Survival and replication in RAW264.7 macrophages. Results are
presented as the percentage of the initial inoculum that was intracellular. The
values represent the mean ± SD of results from three independent
experiments. The data were analyzed by one-way analysis of variance.
Statistically significant differences between the mutants and C. sakazakii wild
strain: **p < 0.01 and ***p < 0.001.

FIGURE 4 | RT-PCR analysis for transcriptional levels of genes related to
phenotype in C. sakazakii pmrA in pH 5.0, using C. sakazakii wild strain in pH
5.0 as the control.

In Salmonella enterica, PmrB can sense environmental stimuli
directly and can initiate a cascade to phosphorylate and
activate PmrA. LPS modifications mediated by PmrA/PmrB and
PhoP/PhoQ systems aid in survival in host cells and in the
environment (Gunn, 2008). In the pmrA mutant, genes (pmrB,
phoQ, pagP, and eptB) of PmrA/PmrB and PhoP/PhoQ were
downregulated, which indicated that the pmrA mutant without
a complete PmrAB regulon might weaken survival in host and
non-host environments. In C. sakazakii and E. coli, PmrA/PmrB
and PhoP/PhoQ changed the resistance to CAMPs by modifying
fatty acid chains and phosphoric acid groups of lipid A
(Townsend et al., 2007; Wang X. et al., 2015; Liu et al., 2016).
In the pmrA mutant, some of the PmrAB-regulated genes were
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downregulated while eptA and phoP were upregulated. Besides,
genes (lpxA, cpxA, cpxR, marA, acrA, and acrB) involved in
CAMPs resistance were downregulated in the pmrA mutant while
tolC was upregulated. Most of the genes involved in CAMPs
resistance were downregulated, which indicated that the pmrA
mutant was weakly resistant to CAMPs.

Genes (marA, ramA, ompF, phoE, and ompC) are involved in
regulating membrane permeability by changing the production
of porin and the expression of bacterial envelope efflux pump
systems (Bishop, 2005; Anne et al., 2008). In transcriptome
data, genes (ompF, phoE, and ompC) were upregulated in pmrA
mutant while marA and ramA were downregulated, suggesting
the variation of membrane permeability.

Due to the difference in modification of LPS, cell
hydrophobicity changed (Kim et al., 2010). Also, genes associated
with hydrophobicity, such as eptB, pagP, were downregulated
in pmrA mutant while eptA was upregulated, suggesting the
variation of hydrophobicity.

Other influence factors for macrophage invasion include both
virulence factors and bacterial motility (Delcour, 2009; Kim
et al., 2010). Genes (ESA_RS01970, ESA_RS03645, ESA_RS08640,
ESA_RS19800, and ESA_RS1980) involved in toxins were
upregulated in pmrA mutant. Genes (ompX) involved in bacterial
motility can promote bacterial adhesion and attachment to
the host (Delcour, 2009). Fimbriae proteins (ESA_RS12900,
ESA_RS16175, ESA_RS17575, ESA_RS18760, and ESA_RS18775)
and flagellum proteins (fliR, ESA_RS05890, and fliS, except for
fliJ and ESA_RS059i05) were upregulated in the C. sakazakii
pmrA mutant. Because of the impact of virulence and bacterial
adhesion, the pmrA mutant increased the ability of cells to invade.

According to KEGG pathway enrichment analysis,
“lysine biosynthesis,” “metabolic pathways,” “biosynthesis of
secondary metabolites,” and “microbial metabolism in diverse
environments” were significantly enriched. In the pmrA mutant,
most differentially expressed genes (DEGs) in “microbial
metabolism in diverse environments” were downregulated. DEGs
(ESA_RS15995, ESA_RS17800, and ESA_RS18990) involved in
the “pentose phosphate cycle” were also downregulated, which
indicated that the pmrA mutant without a complete PmrAB
regulon might weaken survival in diverse environments.

CONCLUSION

The PmrA/PmrB-regulated genes were identified and
characterized in C. sakazakii. The pEtN is modified to lipid
A in C. sakazakii when grown at a weak acid condition. The

enzyme encoded by C. sakazakii eptA could transfer pEtN to
lipid A and was affected by acidic condition. More studies
indicate that the eptA is not completely but partially regulated
by PmrA/PmrB in C. sakakzakii BAA894, and the PmrA/PmrB
two-component system in C. sakazakii were involved in the lipid
A structure modification.

Non-polar deletion was constructed in the pmrAB gene of
the PmrA/PmrB, and the effect of this mutation on CAMPs
resistance were measured. Negative-ion mass spectra revealed
the presence of pEtN in lipid A isolated from the pmrAB
overexpressed strain under the pH 7.0 condition. Meanwhile,
we also tested mutant and wild-type strains for susceptibility
to CAMPs and demonstrated the PmrA and PmrA/PmrB were
related to the resistance of CAMPs. A defect of the pmrA gene and
co-overexpression of pmrAB in C. sakazakii increased the outer
membrane permeability and hydrophobicity at pH 5.0, which
might improve the transmembrane capacity of antibiotics and
then affect the outer membrane permeability and hydrophobicity.

Cronobacter sakazakii can utilize immature dendritic cells and
remain in human macrophages, which indicates that C. sakazakii
has certain immune evasion properties and can protect itself
from host immune response and then reach and even penetrate
the blood–brain barrier (Townsend et al., 2008; Emami et al.,
2011; Wang X. et al., 2015). The BAA894 wild-type strain showed
lower invasion ability than the pmrA mutant strain and higher
invasion ability than BAA894/pWSK29-pmrAB under the pH 5.0
condition, suggesting that the PmrA/PmrB system is important
in toxicity control in C. sakazakii. When pmrA was deleted, the
bacteria showed a trend of increased toxicity and provided a
survival advantage to bacteria in the host.
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The use of nitrite as a colorant and preservative in meat processing is associated
with health risks. This study aimed to isolate nitrite-substituting lactic acid bacteria for
use as natural biological colorants and preservatives. Among the 106 strains isolated
from fermented foods, two strains with excellent ability to convert myoglobin and
metmyoglobin (Met-Mb) to red nitrosylmyoglobin (Mb-NO) were selected. The superior
ability to form Mb-NO was confirmed through UV-visible spectrophotometry, Fourier
transform infrared spectrometry, electron spin resonance analysis, nitric oxide synthase
activity assay, and Met-Mb reductase activity assay. The potent antibacterial activity
was confirmed through biofilm and cytomembrane breakage of the indicator bacteria.
Though performing 16S rDNA sequencing, they were identified as two different strains
of Lactobacillus plantarum. Based on their favorable characteristics, their applications
in the meat industry were further evaluated. This study identified a novel dual-function
natural biological colorant and preservative to substitute nitrite in meat products. The
application of the two strains would decrease the hazardous of nitrite to health.

Keywords: lactic acid bacteria, nitrosylmyoglobin, antibacterial activity, meat, nitrite, colorant

INTRODUCTION

Color is a very important sensory property for meat processing since it affects the freshness and
quality of meat and meat products (Ramanathan et al., 2011; Biswas et al., 2012). The most common
approach to retain color and freshness of meat products is to add food additives like nitrite to the
meat products. Addition of nitrite can cure the red color of meat products and extend their shelf life.
Unfortunately, the use of nitrite as a food additive can lead to the formation of strong carcinogens,
resulting in the development of esophageal and stomach cancers on long-term consumption
(Rosato et al., 2019). Consequently, the demand for nitrite-free meat products has increased, and
the effort to develop nitrite substitutes for the curing of meat products has intensified.

Lactic acid bacteria (LAB) are a group of gram positive, non-spore forming, micro-aerophilic
cocci and rods, which produce lactic acid (Domingos-Lopes et al., 2017). Since previous studies
(Arihara et al., 1993) have reported the ability of Lactobacillus fermentum JCM1173 to convert
brown metmyoglobin (Met-Mb) to bright red myoglobin derivatives, numerous researchers have
demonstrated the chromogenic ability of LAB in meat products such as fresh meat, dry meat, etc.
(Luo et al., 2013; Chen et al., 2016; Deraz and Khalil, 2018). The characteristic pink color of nitrite-
free sausages can be achieved by using 108 CFU/g of L. fermentum AS1.1880 as starting culture in
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meat batters (Zhang et al., 2007). Studies have also reported
the beneficial effect of Lactobacillus salivarius on the color
stability of fresh pork (Luo et al., 2013). The nitrite reductase
activity of the strains promotes nitrozation of myoglobin and
intensifies the formation of nitrosylmyoglobin (Mb-NO), which
provides a typical pink color to meat products (Chen et al.,
2016). Furthermore, the role of Nitric Oxide (NO) was studied
while substituting nitrite with three lactic acid bacterial strains.
The results showed that both nitrate reductase and nitric oxide
synthase (NOS) participated in the formation of Mb-NO (Gou
et al., 2019). All the aforementioned studies have demonstrated
the great potential of LAB to form a characteristic pink color and
maintain the color stability of meat products.

Additionally, LAB are considered as generally regarded
as safe (GRAS) strains for human consumption (Liu et al.,
2011). They are not only beneficial for the balance of the
intestinal flora, but they also inhibit the growth of undesired
microorganisms. Previous studies have shown that LAB inhibits
the growth of spoilage organisms (Angmo et al., 2016) and fungal
pathogens (Gerez et al., 2010). Thus, the addition of LAB strains
could prolong the shelf-life of meat products. Moreover, the
addition of LAB could result in large differences in organoleptic,
biochemical, and flavor characteristics of food products, owing
to their physiological features like substrate utilization, metabolic
capabilities, and probiotic properties (Bao et al., 2012). Therefore,
the selected LAB strains can function as ideal alternatives for
nitrite, owing to their ability to intensify color and inhibit the
growth of spoilage organisms. However, previously reported LAB
didn’t have simultaneous antibacterial and Mb-NO-synthesizing
functions, and NOS and Met-Mb reductase activity were low.

The objective of this study was to isolate bacterial strains with
simultaneous Mb-NO-synthesizing and antibacterial functions
for use as biological colorants and preservatives, thereby allowing
for the substitution of nitrite, either partly or wholly, in meat
products. The physiological characteristics of the isolates support
their potential for use in the meat industry, like dynamic growth,
acid production ability, and tolerance to chemical additives like
NaCl and NaNO2, were assessed.

MATERIALS AND METHODS

Strains
Escherichia coli (E. coli) (CGMCC 1.8723) and Staphylococcus
aureus (S. aureus) (CGMCC 1.8721) were provided by the
China General Microbiological Culture Collection Center
(Beijing, China) and preserved in the Microbial Fermentation
Engineering Laboratory, Qingdao Agricultural University
(Qingdao, Shandong, China). Luria-Bertani (LB) medium was
used for activation and culturing of the indicator bacteria.

Isolation of LAB Strains From Fermented
Products
The isolation of LAB was performed in accordance with a
previously reported protocol (Luo et al., 2013). Sausage samples
(25 g) were cut into pieces and added to 225 mL of sterile
saline solution (0.85%). The mixture was homogenized for 90 s

to obtain a 1:10 sample homogenate with a BagMixer (400CC,
Interscience, Saint Nom, France).

For yogurt, 25 mL of yogurt sample was added to 225 mL
of sterile saline solution (0.85%) containing glass beads, and
the mixture was shaken thoroughly to obtain a 1:10 sample
homogenate. The samples continued to be diluted to 10-fold
series. Subsequently, 0.1 mL of this dilution was spread on an
MRS agar plate containing 2% CaCO3 and incubated at 37◦C for
48 h. The gram positive colonies, identified by the presence of a
clear dissolved calcium circle surrounding the colony on the agar
plate, were picked as candidate LAB strains.

Chromogenic Effect in
Met-Mb-Containing Medium
Met-Mb solution (20 mg/mL) was heated at 50◦C for half an
hour to inhibit any residual Met-Mb reductase activity. Following
filtration on a microporous membrane, Met-Mb was added
to MRS medium to attain a final myoglobin concentration of
2 mg/mL. The selected strains were inoculated, and immediately
covered with a layer of paraffin oil to prevent oxidation
during incubation. Subsequently, the strains were incubated
anaerobically at 37◦C until the medium turned red. The strains
were not inoculated in the control group.

Antibacterial Activity
The strains were further screened for their antibacterial activity.
The selected strains were cultivated at 37◦C for 24 h, and
centrifuged at 10,000 × g for 10 min, at 4◦C. The supernatant
pH was adjusted with NaOH (1 mol/L) to 6.0 to eliminate the
interference of organic acids, and then was used to test for
antibacterial activity against E. coli and S. aureus through agar
well diffusion method in LB agar plate with the diameter of
Oxford cup 6 cm (Gerez et al., 2010).

Physiological and Biochemical Reactions
The selected strains were studied for certain physiological and
biochemical reactions consisting of amino acid decarboxylase
activity (including lysine, ornithine, and arginine), glucose
aerogenesis, lipoxidase activity, and their ability to produce lactic
acid and H2S (Luo et al., 2013).

Chromogenic Effect in Meat Products
Fresh lean pork was purchased from the local supermarket
and minced. The control contained 3% sodium chloride, 2%
glucose, and 0.01% nitrite. The inoculated groups (nitrite-free)
contained 3% sodium chloride, 2% glucose, and the appropriate
volume of inoculum (about 8 log CFU/g of batters). Each sample
was enclosed in plastic intestines with 100 g of batters and
cured at 4◦C for 24 h, then fermented at 37◦C for 4 h in
85% humidity. The sausages were baked in a smoke house at
85◦C for 1.5 h until the internal temperature reached 74◦C.
Subsequently, they were smoked at 85◦C for 3.5 h using wood
chip, and cooled below 10◦C for storage. The chromatic value
of the meat samples was evaluated using the CIELAB system
(CromaMeter CR-400, Conica Minolta, Japan), and the average
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value of lightness (L∗), redness (a∗), and yellowness (b∗), was
recorded (Cullere et al., 2018).

Effect of Mb-NO Formation
The selected strains were cultured at 37◦C anaerobically until
the inoculum turned red. Subsequently, the inoculum was
centrifuged at 10,000 × g for 10 min, at 4◦C. The Mb-
NO formed was detected by measuring the absorption of the
supernatant using a UV-Vis spectrophotometer (UV-6000PC,
Shanghai Metash Instruments Co., Ltd., China) at wavelengths
ranging from 400 to 700 nm, at 1 nm intervals, in accordance
with a previously reported protocol (Møller et al., 2003). The
presence of Mb-NO in the supernatant was further determined
by the electron spin resonance (ESR) analysis method described
previously (Gøtterup et al., 2007), with minor alternations.
Each sample (0.2 mL) was transferred to an ESR tube and
analyzed on a Bruker ESC 106 spectrometer (JES-TE2X, JEOL
Ltd., Tokyo) using the following conditions: microwave power,
4 mW; modulation frequency and width, 100 kHz and 1.0 mT;
temperature, 77 K; measurement time, 8 min.

Extraction of NO-Mb from meat products was performed
in accordance with a previously reported protocol (Gao et al.,
2014), with slight modifications. The fermented samples (10 g)
were minced and homogenized in 90 mL phosphate buffer (pH
6.0, 20 mM) for 1.5 min with a high-speed beating BagMixer
(400CC, Interscience, Saint Nom, France). Following incubation
in a dark room at 4◦C for 1 h, the homogenates were centrifuged
at 6000 × g for 10 min. The extracted, cured pigment was
filtered on a nitrocellulose membrane. The Mb-NO analysis
was performed using a UV-Vis spectrophotometer (UV-6000PC,
Shanghai Metash Instruments Co., Ltd., China) at wavelengths
ranging from 350 to 700 nm, at 1 nm increments. The Fourier
transform infrared (FTIR) spectra of the extracted pigment was
analyzed from 550 to 3750 cm−1 on a FTIR Spectrometer (Nexus
470, Nicolet Instrument Corp, United States).

NOS Activity and Met-Mb Reductase
Activity
Enzyme extraction was performed following cultivation of the
strains at 37◦C for 24 h. After centrifugation at 10,000 × g for
10 min, at 4◦C, the cell pellets were washed thrice using 2.0 mM
phosphate buffer solution (PBS, pH 7.0) and the supernatant was
stored as later use. The washed cell pellets were re-suspended
in 4 mL of 2.0 mM PBS (pH 7.0), and subjected to ultrasonic
disruption at 4◦C for 10 min, with 800 W power and 50%
amplitude. Following disruption, the cell supernatant was mixed
with the previously stored supernatant and used as enzyme
extracts to detect the enzyme activity of the cells.

NOS activity was measured according to the method described
by Luo et al. (2013). The NOS assay reaction system (1 mL)
comprised of 50 mM PBS (pH 7.0), 1.0 mM CaCl2, 10 µM Flavin
Adenine Dinucleotide (FAD), 10 µM Flavin Mononucleotide
(FMN), 0.1 mM Nicotinamide Adenine Dinucleotide Phosphate
(NADPH), and 0.5 mL of enzyme extracts. The reaction was
initiated by the addition of L-arginine (1.0 mM). NADPH was
oxidized during the conversion of L-arginine to L-citrulline, and

its consumption was assessed by the decrease in absorbance
at 340 nm. NOS activity was determined as the NADPH
consumption per min per ml of enzyme extract.

Met-Mb reductase activity was measured according to the
method described by Luo et al. (2013). The assay mixture
contained 0.1 mL of 5.0 mM EDTA, 0.1 mL of 50 mM PBS (pH
7.0), 0.1 mL of 3.0 mM K4Fe(CN)6, 0.1 mL of ultrapure water,
0.2 mL of 0.75 mM Met-Mb in 2.0 mM PBS (pH 7.0), 0.3 mL of
enzyme extract, and 0.1 mL of 2.0 mM NADH. The reaction was
initiated by the addition of NADH at 25◦C, and the absorbance
at 580 nm was measured every 12 s for 5 min, until no change
in absorbance was observed. The difference in the absorbance
at 580 nm for Met-Mb and Oxymyoglobin (MbO2) reached the
maximum, and the molar extinction coefficient was 1.2 × 104

L/molcm. Met-Mb reductase activity was defined as the change
in absorbance per min per ml of enzyme extract.

Antibacterial Characteristics of the
Selected Strains
Dynamic growth of indicator bacteria: After culturing E. coli and
S. aureus at 37◦C for 24 h and centrifugation at 10,000 × g
for 10 min at 4◦C, the cells were collected and suspended in
LB broth to obtain a bacterial concentration of 105 CFU/mL.
Subsequently, 5 mL of the bacterial suspension was mixed with
an equal volume of the fermentation supernatant of the selected
strains and incubated at 37◦C. Dynamic growth of the indicator
bacteria was assessed every 2 h by plotting the absorbance curve
at 600 nm according to the method of Lv et al. (2018), using a UV
spectrophotometer (TU-1810, Purkinje, China). The LB broth
which provided the substitute for the fermentation supernatant
of the selected strains, was used as the control.

Fluorescence spectrum analysis: After being centrifuged at
10,000× g for 10 min, at 4◦C, and washed thrice using PBS (pH
7.0), the above treated indicator bacterial cells were harvested.
Then the indicator bacterial cells were stained by addition of 20
µL fluorescein diacetate (FDA), 60 µL propidium iodide (PI),
and 920 µL sterile saline solution (0.85%), and placed in the dark
for 12 h at 4◦C (Yu et al., 2017). A fluorescent spectrum scan
was conducted using a fluorescence spectrophotometer (F-4600,
HITACHI, Japan), at an excitation wavelength of 450 nm.

Fluorescence microscope analysis: The stained indicator
bacterial cells were centrifuged at 10,000 × g for 10 min at
4◦C and washed three times with PBS (pH 7.0), and then re-
suspended in 1 mL PBS (pH 7.0). The re-suspended cells were
detected using a fluorescence microscope.

16S rDNA Sequence Analysis
The selected strains were identified by 16S rDNA sequence
analysis. The template DNA of each strain was extracted in
accordance with a previously reported protocol (Minas et al.,
2011). The PCR mix (50 µL) included template DNA (1
µL), forward primer (2 µL), reverse primer (2 µL), dNTPs
(4 µL), Taq DNA polymerase (1 µL), PCR buffer (with
Mg2+) (5 µL), and ddH2O (35 µL),. The 16S rDNA was
amplified by PCR using the following universal primers: forward
primer 8F (5′-AGAGTTTGATCCTGGCTCAG-3′), and reverse
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primer 1492R (5′-TACGGCTACCTTGTTACGACTT-3′). The
PCR amplification program comprised of pre-denaturation at
94◦C for 5 min, and 30 cycles of denaturation at 94◦C
for 30 s, annealing at 55◦C for 30 s, and extension at
72◦C for 1.5 min, followed by further extension at 72◦C
for 10 min with a PCR instrument (PCT-1148, BIO-RAD,
United States). The PCR products were separated by agarose
gel electrophoresis (1%, w/v) at 80 V for 30 min, and the gels
were scanned using a gel documentation system, and analyzed
using the DNA Bio Imaging Systems Software. The 16S rDNA
sequencing was performed at Sangon Biotechnology Co., Ltd.
(Shanghai, China). The sequences were acquired using the
BioEdit software, and submitted to the National Center for
Biotechnology Information (NCBI), and their accession numbers
were MH357373 and MH357374, respectively. Thereafter, the
sequences were compared with the sequences in the GenBank
database using the Basic Local Alignment Search Tool (BLAST)
program1.

Physiological Characteristics of the
Isolates for Meat Processing Use
Following cultivation of the selected strains at 37◦C for 24 h,
1 mL of the inoculum was added to 100 mL of MRS broth and
incubated at 37◦C. Dynamic growth of each strain was assessed
by measuring the absorbance at 600 nm, every 2 h using a
UV spectrophotometer (TU-1810, Purkinje, China), as described
by Polak-Berecka et al. (2013), with minor modifications.
The tolerance of the selected strains to sodium chloride was
examined by inoculating the strains in MRS broth containing
0 (control), 2, 4, 6, 8, 10, and 12% (w/v) NaCl, respectively,
and incubating at 37◦C for 24 h. The tolerance of the selected
strains to sodium nitrite was detected by inoculating the strains
in MRS broth containing 0 (control), 20, 40, 60, 80, 100, and
120 mg/mL sodium nitrite, respectively, and incubating at 37◦C
for 24 h. The cell density of each strain following cultivation
was assessed by measuring the absorbance at 600 nm, using a
UV spectrophotometer (TU-1810, Purkinje, China). The acid
production ability of the selected strains was examined by
inoculating the strains in MRS broth, and incubating at 37◦C.
The pH of the broth was measured using a pH meter (ORP-
013M, Kelilong Electron Co., Ltd., China) at 0, 2, 4, 6, 8, 10, and
12 h, respectively.

Statistical Analysis
Statistical analysis was carried out with SPSS Version 18.0
and the data was analyzed with multiple comparisons with
Duncan method. Probability level of 0.05 was accepted as a
significance limit.

RESULTS

Isolation of LAB Strains
One hundred and six Gram positive strains were selected
in terms of colony morphology, size, presence of a calcium

1http://blast.ncbi.nlm.nih.gov

dissolved circle, and Gram staining. Among them, 12 strains
with chromogenic effect were picked and inoculated in Met-Mb-
containing medium. The antibacterial activity of the 12 strains
is listed in Table 1. Table 1 shows that strains e, 2, and 33 had
the best antibacterial activity against S. aureus, while strains b, d,
e, 2, 32, and 33 had the best antibacterial activity against E. coli.
Consequently, the six strains b, d, e, 2, 32, and 33 with the value
(D2/D1 and D3/D1) over 2.0 were selected for further study.

The physiological and biochemical characteristics of the six
strains are listed in Table 2. The results showed that all six strains
produced lactic acid, did not show any H2S producing capability,
lipoxidase activity, and lysine, ornithine, arginine decarboxylase
activity. However, strain b and strain 33 had glucose aerogenesis
capability, which might have negative effect on the texture of
meat products. Consequently, the four strains d, e, 2, and 32 were
chosen for further chromogenic activity study.

Chromogenic Activity in Meat Products
In Figure 1A, the L∗ value of the inoculated groups d and e
was 51.82 and 52.75, respectively, which showed no significant
difference in comparison with the control (P > 0.05). The a∗
value was 15.07 for group d, which was no significant difference
with the control (P > 0.05), but higher than other inoculated
groups (P < 0.05). The a∗ value of group e was 16.13 and
was higher than both the control and other inoculated groups
(P < 0.05). The b∗ value of the groups d and e was lower
than other inoculated groups (P < 0.05), and had no significant
difference in comparison with the control (P > 0.05). The results
indicated that the strains d and e had excellent chromogenic
activity in meat products, as compared to the control and
other strains. Figure 1B shows the absorbance peaks of the two
inoculated groups d and e, and the control, which were at 421,
548, and 579 nm, respectively. These values almost matched the
typical absorbance peaks of Mb-NO (Gao et al., 2014). In the

TABLE 1 | Antibacterial activity of the two selected strains.

Strains E. coli (D2/D1) S. aureus (D3/D1)

Strain a 1.81 ± 0.12a 1.64 ± 0.05a

Strain b 1.94 ± 0.22abcde 1.88 ± 0.21abc

Strain c 1.75 ± 0.06a 1.86 ± 0.11ab

Strain d 2.22 ± 0.07e 1.88 ± 0.08abc

Strain e 2.18 ± 0.11de 2.21 ± 0.15d

Strain 2 2.14 ± 0.10bcde 2.11 ± 0.09bcd

Strain 3 1.85 ± 0.09ab 1.71 ± 0.10a

Strain 8 1.88 ± 0.21abc 1.73 ± 0.28a

Strain 18 1.73 ± 0.33a 1.85 ± 0.15ab

Strain 32 2.03 ± 0.08abcde 1.90 ± 0.08abc

Strain 33 2.16 ± 0.10cde 2.15 ± 0.02cd

Strain 44 1.93 ± 0.22abcd 1.65 ± 0.19a

Values are represented as means ± SD from triplicate experiments. different
lowercase superscript in the same column indicates that the antibacterial effect
is significantly different (P < 0.05); D2 denotes the diameter of the zone of inhibition
against E. coli; D3 denotes the diameter of the zone of inhibition against S. aureus;
D1 denotes the diameter of Oxford cup; The ratio of diameter (D2/D1 and D3/D1)
is used to indicate antibacterial activity.
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TABLE 2 | Physiological and biochemical characteristics of the six strains.

Strain Lactic acid
production

H2S
production

Lysine decarboxylase
activity

Ornithine decarboxylase
activity

Arginine decarboxyase
activity

Glucose
aerogenesis

Lipoxidase
activity

Strain b + − − − − + −

Strain d + − − − − − −

Strain e + − − − − − −

Strain 2 + − − − − − −

Strain 32 + − − − − − −

Strain 33 + − − − − + −

The sign “+” denotes a positive reaction, and “−” denotes a negative reaction.

FIGURE 1 | Chromogenic activity in meat products. Chromogenic activity of the selected strains in meat products (A). Histogram denotes the value of L* and line
chart denotes the value of a* and b*. Visible absorption spectra of pigment extracted from cured meat products (B). FTIR spectra of pigment extracted from 3750 to
550 cm−1 (C). NOS activity of the two selected strains (D).

FTIR of extracted pigment, the bands at 1624 cm−1 of the three
groups (Figure 1C) coincided with the stretching frequency of
Fe-NO (Maxwell and Caughey, 1976), which further confirmed
that Mb-NO was present in the control and the two inoculated
groups, d and e. Figure 1D indicated that both the selected strains
d and e had NOS activity.

Mb-NO Formation Effect
Figure 2A revealed that the control group had two absorbance
peaks at approximate wavelengths of 505 and 635 nm, which
are the typical absorbance peaks of Met-Mb (Li et al., 2016).
However, both experimental samples had two new absorbance
peaks at approximate wavelengths of 545 and 579 nm, which were
consistent with the typical absorbance peaks of Mb-NO (Gao

et al., 2014). Figure 2B shows that both the selected strains d
and e possessed Met-Mb reductase activity. Met-Mb reductase
activity was calculated as the Met-Mb reduced during the initial
linear phase when the absorbance values at 580 nm increased in a
short time. The presence of Mb-NO was further verified by ESR as
seen in Figure 2C. Significant ESR signals of the g factors (around
2.0) were observed in groups with NaNO2 addition, strains d and
e inoculation, while no signal of the g factors (around 2.0) was
detected in the control group lacking any additives.

Antibacterial Ability
Figure 3 shows that the fermentation products of the selected
strains, d and e, had the ability to significantly inhibit the dynamic
growth of the two pathogenic bacteria, S. aureus and E. coli,
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FIGURE 2 | Chromogenic activity of the two selected stains in Met-Mb-containing medium. Visible absorption spectra of pigment extracted from Met-Mb-containing
MRS inoculum (A). Met-Mb reductase activity of the two selected strains (B). ESR spectra of pigment extracted from Met-Mb-containing MRS inoculum (C).

FIGURE 3 | Antibacterial ability of the two selected strains. Effect on the dynamic growth of S. aureus (A). Effect on the dynamic growth of E. coli (B).

with negligible change in the total counts of the two bacteria.
Figure 4 shows the fluorescence microscopic spectrum of the
two indicator bacteria dyed with FDA and PI. Yellow-green
fluorescence was observed in the control and red fluorescence
mostly appeared in the two experimental samples. Fluorescence
scan spectrum revealed that the untreated indicator bacteria had
only one peak at 518 nm, which was the absorbance peak of
FDA (Figure 5). However, a new absorbance peak appeared at

597 nm following treatment of the bacteria with the fermentation
products of strains d and e.

Results of 16s rDNA
The 1468 and 1470 bp 16s rDNA fragments of strains
d and e obtained during agarose gel electrophoresis are
shown in Figure 6. BLAST analysis of the base sequence
of 16s rDNA revealed that the two strains d and e were
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FIGURE 4 | Fluorescence microscopic spectrum of the two indicator bacteria dyed with FDA and PI: E. coli as control (A), E. coli treated with fermentation
supernatant of strain d (B), E. coli treated with the fermentation supernatant of strain e (C), S. aureus as control (D), S. aureus treated with the fermentation
supernatant of strain d (E), S. aureus treated with the fermentation supernatant of strain e (F).

FIGURE 5 | Fluorescence scan spectrum of the two indicator bacteria dyed with FDA and PI: E. coli as control (E), E. coli treated with the fermentation supernatant
of strains d (dE), E. coli treated with the fermentation supernatant of strain e (eE), S. aureus as control (S), S. aureus treated with the fermentation supernatant of
strain d (dS), S. aureus treated with the fermentation supernatant of strain e (eS).

homogenous to L. plantarum (Figure 7), and the similarity
was 99%. The sequences have been deposited in the GenBank
database with the accession numbers MH357373 and MH357374,

respectively. The strains have been stored in the Microbial
Fermentation Engineering Laboratory, Qingdao Agricultural
University, China, and China General Microbiological Culture
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FIGURE 6 | Agarose gel electrophoresis following PCR amplification: M
denotes DNA Marker, d denotes strain d, e denotes strain e.

FIGURE 7 | The 16S rDNA sequence alignment of strains d and e.

Collection Center, and the strain numbers are CGMCC 17078
and CGMCC16130, respectively.

Physiological Characteristics of the
Isolates for Meat Processing Use
Figure 9A shows that the lag phase of the two strains were
short, and the logarithmic phase of both strains began at the
fourth hour, owing to their fast growth rate. Figure 9B reveals
that a sodium chloride concentration less than 4% had no
effect on the growth of the two strains, and that they were
able to grow relatively well at a sodium chloride concentration
of 10%. Figure 9C revealed that the strains had good sodium

nitrite tolerance. On addition of 120 mg/mL of sodium nitrite,
the absorbance values of the inoculum reached above 0.6.
Furthermore, as seen in Figure 9D, the two strains rapidly
reduced the pH of the fermentation broth. Therefore, the
physiological characteristics of the isolates illustrated that they
had good potential for use in the meat industry.

DISCUSSION

As demonstrated, the typical absorbance peaks of oxymyoglobin
(MbO) were at 544 and 582 nm, while those of Mb-NO were
at 548 and 579 nm, respectively (Millar et al., 1996). The
typical peaks of Mb-NO were detected in the experimental
samples as well as the control (Figure 1B), which indicates
that the two strains in meat products produce chromogenic
effects similar to that of nitrite. Additionally, previous research
has reported that the stretching frequency of Fe-NO in FTIR
was in the range of 1600–1700 cm−1 (Maxwell and Caughey,
1976). Hence, the bands at 1624 cm−1 (Figure 1C) correspond
to the stretching frequency of Fe-NO, which further confirms
that the two strains form Mb-NO in a nitrite-free manner. Mb-
NO is an important pigment responsible for the attractive pink
color of meat products, and it forms a stable color on heating
(Kim et al., 2019). Mb-NO in the control sample was generated
through the interaction between myoglobin and NO, which was
produced from nitrite (Gao et al., 2014). Therefore, the two
strains inoculated in meat products generated NO during the
fermentation process, which was further confirmed by presence
of NOS (Figure 1D). So the NOS pathway is the major source of
NO in the two strains, which forms Mb-NO instead of depending
on nitrite, and the NOS function was also proposed in strains
Lactobacillus salivarius (Luo et al., 2013) and coagulase-negative
staphylococci (Huang et al., 2019). But the NOS activity of the
two strains (54.15 and 48.65 nmoL/mLmin) was significantly
higher than that previously reported (34.14 nmoL/mLmin) (Luo
et al., 2013), which constitutes a novel finding herein, showing
that the two strains had robust Mb-NO-synthesizing and nitrite-
substituting potential.

The absorption bands of the experimental samples
(Figure 2A) indicated that the two strains can revert Met-
Mb, which also confirmed by Met-Mb reductase activity of
the strains (Figure 2B). The presence of Met-Mb might cause
the meat to appear brown. The Met-Mb reductase was the
controlling factor in retarding the accumulation of Met-Mb
(Chiou et al., 2001) and played key role in the color stability of
meat products (Djimsa et al., 2017). As shown in Figure 2C, the
ESR signals of the g factors (around 2.0) in the experimental
samples and the control were all detected, which showed
paramagnetic characteristics of typical penta-coordinate Mb-NO
(Gøtterup et al., 2007). Thus, ESR result indicates the existence of
Mb-NO as one of the Met-Mb reduction products. The Met-Mb
reductase activity of strains d (2.87 nmoL/mLmin) and e (3.01
nmoL/mLmin) was higher than that reported previously (0.21
nmoL/mLmin), indicating that the two strains can regulate color
stability in meat products than previously reported strains by the
reduction of Met-Mb greatly.
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FIGURE 8 | Mechanism of the two isolated strains improving color and microbial safety used as natural colorants and preservatives in meat products.

FIGURE 9 | Dynamic growth curve of the two selected strains (A). The resistance of the two selected strains to NaCl (B) and NaNO2 (C), and their acid-producing
ability (D).

FDA emitted yellow-green fluorescence under a blue laser
when it was bound to living cells (Xiao et al., 2011). However,
PI was a cell-membrane impermeable fluorescent dye which
exclusively combined with DNA in cells that were dead or
had broken membranes and emitted red fluorescence (Boyd
et al., 2008). Fluorescence microscopic analysis illustrated that
the fermentation products of strains d and e destroyed the
biofilm and cytomembrane of indicator bacteria, resulting in
most cell death (Figures 4B,C,E,F). For fluorescence spectrum,

compared with the control, the new absorbance peaks were
typical absorbance peaks of PI (Figure 5), which also indicated
the destruction of biofilm and cytomembrane of the indicator
bacteria by the fermentation products of strains d and e. Peaks
at 518 nm had a blue-shift, which attributed to the fewer
amount of the treated bacteria compared to the control. The
stronger antibacterial ability of the two strains attributed to the
Lacidophilin production during fermentation (Liu et al., 2017),
which damage the protective effect of biofilm and cytomembrane
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of the indicator bacteria. Several of the L. plantarum strains have
been used as probiotics (Geeta and Yadav, 2017). Hence, they had
potential to replace nitrite as preservative in meat products. This
is an innovative result for natural biological colorants that has not
confirmed by other studies.

Therefore, in the present study, high activity of NOS and Met-
Mb reductase of the two strains promote accumulation of nitric
oxide and myoglobin, which result in the Nb-NO production
and color formation increase significantly. Moreover, high
antibacterial ability of lacidophilin induces most pathogenic and
spoilage bacteria to death through cell-membrane destruction,
which enhances microbial safety of meat products. So the two
isolated strains with superior dual functions have great potential
to substitute nitrite (Figure 8).

The physiological, biochemical and phenotypic characteristics
are the basis for identifying LAB, and also the prerequisite for
exploring its potential value (Guley et al., 2015; Vasiee et al.,
2018). The amino acid decarboxylase activity has been described
in many microorganisms. However, lysine, ornithine and
arginine decarboxylase, leads to the production of cadaverine,
putrescine, and spermine, respectively, which increases the
toxicity and risk of fermented foods, especially meat products
(Espinosa-Pesqueira et al., 2018). Additionally, lipid antioxidant
enzyme results in the oxidation and acidification of high-fat food
products (Mukumbo et al., 2020) and glucose aerogenesis affects
the texture of sausages. Moreover, the absence of H2S affects
the flavor and leads to the spoilage of fermented foods (Luo
et al., 2013). Hence, only strains d, e, 2, and 32 were feasible
for application in food products, since they didn’t possess the
characteristics of amino acid decarboxylase, lipid antioxidant
enzyme, glucose aerogenesis, and H2S production (Table 2). The
strains d and e were further selected as candidate strains owing to
their strong color formation effect.

The two strains d and e exhibited a rapid growth rate,
which enabled them to become dominant strains and inhibit
the growth of other bacteria effectively (Figure 9A). Lucke and
Hechelmann reported that, if the initial concentration of sodium
chloride in fermented sausages were about 3%, the resultant
concentration could go up to more than 3% at the end of the
ripening stage (Lucke and Hechelmann, 1987). Our findings
show that the tolerance of the two strains to sodium chloride
was much stronger than L. curvatus and Pediococcus acidilactici,
the ubiquitous starting cultures used in fermented sausages. In
addition, although certain nitrite-replacers have been identified
for application in fermented sausages, the addition of sodium
nitrite was essential, since no alternative could substitute nitrite
completely. Therefore, the starting cultures were required to
grow normally in the presence of at least 100 mg/mL of sodium
nitrite (Özcelik et al., 2016). Figure 9C shows that the strains
grew well in the presence of 120 mg/mL of sodium nitrite.
Moreover, the two strains had the ability to rapidly reduce the
pH of the fermentation broth (Figure 9D), which is an essential
characteristic of starting cultures. Additionally, low pH stimulates
the release of actin-derived peptides, which provides unique
flavors to the sausages (Berardo et al., 2017). Our results illustrate
that the two strains have superior industrial potential for use as
starting cultures in meat products than previous reported strains.

CONCLUSION

In conclusion, the two LAB strains having both chromogenic
and antibacterial activity were screened, and identified as
L. plantarum using 16S rDNA sequence analysis. They had a
higher ability to convert myoglobin and Met-Mb to red Mb-NO
than previously reported strains owing to high NOS and Met-
Mb reductase activity. Importantly, they had great antibacterial
activity through destruction of the biofilm and cytomembrane
of indicator bacteria, which has not been confirmed for natural
biological colorants by other studies. Besides, the two strains
possessed all the good characteristics required for use in meat
products, like high growth rate, rapid acid production ability, and
strong tolerance to sodium chloride and nitrite. Consequently,
the two strains have great potential for application as partial or
whole nitrite replacers in meat products, owing to their high
potential for synthesizing Mb-No and their antibacterial activity,
and the superior dual function for natural biological colorants has
not been confirmed by other studies.
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The processing and storage conditions of flour food inevitably pose environmental
stress, which promote bacteria to enter a viable but non-culturable (VBNC) state. The
existence of VBNC cells causes false-negative detection in traditional culture-based
detection methods, resulting in food quality and safety issues. This study aimed at
investigating the influence factors including nutrition, acid, salt, and temperature for
the entry into a VBNC state of Salmonella enterica and an efficient detection method.
During induction with multi-stress conditions, nutrition starvation antagonizes with low-
level acidity. Besides, high-level acidity was considered as an inhibitor for VBNC
induction. Four inducers including nutrition starvation, salt stress, low-level acidity, and
low temperature were concluded for a VBNC state. In addition, the keynote conditions
for S. enterica entering a VBNC state included (i) nutrient-rich acidic environment,
(ii) oligotrophic low-acidity environment, and (iii) oligotrophic refrigerated environment.
Based on the keynote conditions, the environmental conditions of high acidity (1.0%
v/v acetate) with low temperature (−20◦C) could successfully eliminate the formation of
S. enterica VBNC cells in flour food. In addition, combining with propidium monoazide
pretreatment, PCR technology was applied to detect S. enterica VBNC cells. The
sensitivity of the PMA–PCR technology was 105 CFU/ml in an artificially simulated food
system. The results derived from this study might aid in the detection and control of
VBNC state S. enterica in flour food products.

Keywords: Salmonella enterica, propidium monoazide, viable but non-culturable, environmental stress
conditions, food system
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HIGHLIGHTS

- PMA-PCR technology was applied to detect Salmonella
enterica viable but non-culturable (VBNC) cells with a
sensitivity of 105 CFU/ml.

- The keynote conditions for S. enterica entering a
VBNC state include nutrient-rich acidic environment,
oligotrophic low-acidity environment, and oligotrophic
refrigerated environment.

- A high acidity (1.0% v/v acetate) plus frozen temperature
(−20◦C) environmental condition could successfully inhibit
the formation of S. enterica VBNC cells and eliminate
it in flour food.

INTRODUCTION

In the food industry, flour food is frequently contaminated by
foodborne bacteria including Staphylococcus aureus, Salmonella
enterica, and Escherichia coli O157 (Kirk et al., 2015; Lin et al.,
2017; Miao et al., 2017c; Zhao et al., 2018a,b; Liu et al., 2019;
Sharma et al., 2019). Foodborne S. enterica is a typical zoonotic
pathogen with multiple toxic effects including invasiveness,
endotoxin, and enterotoxin (Eng et al., 2015; Bao et al., 2017b,c;
Xie et al., 2017a; Jia et al., 2018; Wen et al., 2020). Recently,
studies had reported that S. enterica can form viable but non-
culturable (VBNC) cells under certain environmental stresses
(e.g., low temperature, salt stress, nutrient starvation) (Roszak
et al., 1984; Chmielewski and Frank, 1995; Gupte et al., 2003;
Kusumoto et al., 2012; Zeng et al., 2013; Morishige et al., 2017;
Highmore et al., 2018). In addition to the natural environment,
the generation of an S. enterica VBNC state also occurred
during chlorination of wastewater or food (Oliver et al., 2005;
Highmore et al., 2018). In the food industrial environment,
the common non-ionic detergents and sanitizers were found
to induce an S. enterica VBNC state formation (Morishige
et al., 2013; Purevdorj-Gage et al., 2018; Robben et al., 2018).
Besides, oxidation stress induced by non-thermal sterilization
technologies had been confirmed to have a positive relationship
with generation of VBNC S. typhimurium cells (Liao et al., 2018).
Moreover, storage and complex components of food inevitably
cause multistress conditions including high acidity and salt,
nutrient starvation, and low temperature (Xu et al., 2011b; Liu
et al., 2018a,b). Therefore, S. enterica VBNC cells could exist
in the food industry and processing plants, and even food
production. As the detection of foodborne pathogens in foods
was based on colony-counting method, bacterial VBNC cells
cause false-negative results and remain in food (Bao et al., 2017a;
Xie et al., 2017b; Xu et al., 2018). Although VBNC cells have
low activity, some frozen food has a long shelf life so that VBNC
cells have enough time to metabolize causing food spoilage, which
poses a certain safety hazard to human health (Fakruddin et al.,
2013; Zeng et al., 2013; Highmore et al., 2018).

Although S. enterica VBNC cells could be resuscitated by
favorable conditions, the recovery of VBNC cells from different
environmental stresses requires different methods, such as
temperature upshift (Gupte et al., 2003; Zeng et al., 2013), catalase

(Zeng et al., 2013 Morishige et al., 2017), Tween 80 (Zeng et al.,
2013), and nutrients (Roszak et al., 1984; Morishige et al., 2013).
Therefore, the detection of S. enterica VBNC cells by resuscitation
is infeasible. In recent years, combining propidium monoazide
(PMA) treatment with nucleic acid amplification technologies
has shown to be capable of rapidly detecting VBNC bacteria
(Wang et al., 2011; Xu et al., 2011a,b, 2012a,b, 2016a,b; You et al.,
2012; Liu et al., 2015, 2017; Jiang et al., 2016; Lin et al., 2016; Miao
et al., 2016, 2017a,b, 2018; Ma et al., 2017; Wang et al., 2019).

In this study, the induction and control of VBNC state
formation focused on specific environmental conditions were
investigated (Zhang et al., 2013; Miao et al., 2017c; Xu et al.,
2011a,c). Also, we applied the PMA–PCR method to detect the
targeted gene invA of S. enterica VBNC cells in a food system (Xu
et al., 2007, 2008a,b, 2009, 2010).

MATERIALS AND METHODS

Bacteria Strains and DNA Extraction
The bacterial strains (Table 1) were grown in tryptic soy broth
(TSB, Huankai Microbial, China) cultures at 37◦C at 200 rpm
for 24 h until further use. Then 1.5–2 ml of culture was
used in DNA extraction by a DNA extraction kit (Dongsheng
Biotech, Guangzhou) following the manufacturer’s instructions.
Nano Drop 2000 (Thermo Fisher Scientific Inc., Waltham, MA,
United States) was applied to measure the concentration of the
extracted DNA for controlling the ratio value of OD260/OD280
from 1.8 to 2.0. All of the DNA samples were stored at −20◦C
until further use.

Induction of S. enterica VBNC Status
According to the food environmental condition, a total of three
factors were selected as a single variable including nutrient, salt,
and acid (Table 3). The designed orthogonal array was divided
into 16 groups (Table 4), and the trend on the number of
cultivable bacteria is used as an index to investigate the effect of
external environmental pressure on the formation of S. enterica
VBNC. The S. enterica VBNC status was induced by the 16
groups of conditions at low temperature (4◦ or −20◦C). The
overnight bacterial culture (∼108 CFU/ml) was washed three
times and resuspended by sterile saline. Besides, aliquots of these
bacterial suspensions were separated into 1.5 ml tubes (∼20)

TABLE 1 | Bacteria used in the study.

Species Source

Escherichia coli O157:H7 ATCC47853 ATCC

Escherichia coli O157:H7 ATCC25922 ATCC

Salmonella enterica ATCC14028 ATCC

Salmonella enterica ATCC29629 ATCC

Pseudomonas aeruginosa ATCC27853 ATCC

Staphylococcus aureus 10071 Laboratory strain

Listeria monocytogenes ATCC19115 ATCC

L. monocytogenes ATCC19116 ATCC

Lactobacillus casei Laboratory strain
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TABLE 2 | Primer sequences of the target genes.

Primer Sequence (5′-3′) Length

invA-Ft CACAAAGATGATAATGATGCCAATACTGGAAAGGGAAAGCC 41

invA-Bt CCGTAGTAATAGTAGAAACACGACAGAGCGGAGGATAAA 39

invA-IF TCATCGCACCGTCAAA 16

invA-IB TGGCGGTATTTCGGTGGG 18

TABLE 3 | External environmental factors during induction of the VBNC state of
Salmonella.

TSB (%) NaCl (%) Acetate (%)

0 0.9 0

25 10 0.3

50 20 0.7

100 30 1

to avoid the effect of repeated freeze–thaw. The viability of
bacterial cells was characterized by the colony counting method,
and the VBNC cells were determined by LIVE/DEAD BacLight R©

kit (Thermo Fisher Scientific, United States) with fluorescence
microscope after the culturable colonies no longer form on an
agar medium. The culturable and viable cell enumerations were
preformed every 3 days.

PMA-PCR
The S. enterica-specific gene invA was selected as the target
gene, and corresponding primers were designed (Table 2). The
selected conserved regions were determined to be highly specific
by sequence comparison on the Blast website. Primer Premier 5
was used to design primers for the PCR amplification reaction. All
primers were synthesized by Guangzhou Aiji Biotechnology Co.,
Ltd. The mentioned bacterial DNA extraction was employed as a
template for PCR amplification. The PCR assay was performed
in a 25 µl volume with 1.6 µl of detection primer (50 µM)
and 0.8 µl of accelerated primer (50 µM). The thermal profile
for PCR was 94◦C for 5 min, followed by the condition for 30
cycles: denaturation of 94◦C for 30 s, primer annealing at 55◦C
for 30 s, and extension at 72◦C for 1 min and a final extension
cycle at 72◦C for 7 min. A negative control was performed using
sterile water instead of culture or DNA template. Finally, the
specificity and sensitivity of the designed primer was determined
by electrophoresis.

PMA-PCR Detection on S. enterica
VBNC Cells in a Food System
Twenty-five grams of crystal cake powder was added to 225 ml
of sterile saline and autoclaved. The 1-ml overnight culture
(∼108 CFU/ml) was diluted 10 fold by adding 9 ml of sterile flour
solutions to prepare the artificially contaminated food samples
with different concentrations (107–10). Before the extraction of
bacterial DNA, artificially contaminated samples were pretreated
according to the following steps: (1) 1 ml of the flour solution was
centrifuged for 10 min at 1,000 rpm to remove the macroparticles,
then the supernatant was centrifuged again at 12,000 rpm for
10 min to collect precipitations. (2) The precipitations were

TABLE 4 | The experimental methods of orthogonal array design of VBNC
induction of Salmonella.

Group TSB (%) NaCl (%) Acetate (%)

1 0 0.9 0

2 25 0.9 0.3

3 50 0.9 0.7

4 100 0.9 1

5 25 10 0

6 0 10 0.3

7 100 10 0.7

8 50 10 1

9 50 20 0

10 100 20 0.3

11 0 20 0.7

12 25 20 1

13 100 30 0

14 50 30 0.3

15 25 30 0.7

16 0 30 1

resuspended in 500 µl of sterile saline and then mixed with 125 µl
of ethyl acetate for 2 min to remove impurities such as oil and fat.
After centrifugation at 12,000 rpm for 10 min, the precipitations
were washed once with 500 µl of TE buffer and twice with 500 µl
of sterile saline.

The range of S. enterica VBNC cell concentration was adjusted
from 10 to 106 cells/ml. Subsequently, the propidium monoazide
(PMA) dye was added to the flour samples until its concentration
reached 5 µg/ml. After incubation at room temperature for
10 min in the dark, the samples were exposed to a 650 W
halogen lamp with a distance of 15 cm for 5 min, which
inactivated unbinding PMA molecules rather than PMA–DNA
molecules. All the dyeing process was performed in an ice bath
to prevent DNA damage. Subsequently, the DNA extraction and
PCR detection of PMA-treated cells were performed.

RESULTS

Induction of S. enterica VBNC State
The exponential-phase S. enterica cells were induced to a VBNC
state by low-temperature storage (Figure 1). After 30 days of
storage at 4◦ or −20◦C, the culturable number dropped to 0.
As fluorescent green cells could be captured by microscopy,
S. enterica was considered to be successfully induced into a VBNC
status (Figure 2), with live and dead cells that coexisted.

Effects of Environmental Conditions on
S. enterica VBNC State
Culturable Number of S. enterica Cells
According to four external environmental factors (nutrient,
salinity, acidity, and temperature), the orthogonal array was
designed to induce S. enterica VBNC cells including 16 groups
(Table 4). Non-culturable cells were found in eight groups
(groups 3, 4, 6, 8, 11, 12, 15, and 16) after 3 days of induction.
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FIGURE 1 | The culturable cells of foodborne Salmonella under low nutrients
at 4◦ or −20◦C.

FIGURE 2 | The observation of unculturable Salmonella cells by fluorescence
microscope.

Seven groups (groups 3, 4, 8, 11, 12, 15, and 16) had a
high concentration (≥0.7% v/v) of acetate, indicating that the
viability of S. enterica might be mainly inhibited by high
acidity. When supplied with adequate nutrition, the S. enterica
cells could survive under acidic stress from 0.7% v/v acetate
within 30 days (group 7), suggesting that nutrition may be a
stimulated bacterial stress response mechanism to resist acetate.
The culturable number in the other groups (groups 1, 7, 9, 10,

13, and 14) showed a decreasing trend to reach 0 (Figure 3).
The accurate time required for each protocol to reach a non-
culturable cell state at 4◦C and −20◦C differed (Table 5). The
cells grown in different concentrations of nutrients (groups 2,
5, 7, 9, 10, 13, and 14) could survive for more than 30 days.
However, the result of group 4 showed that under a nutrient-
rich condition (100%), high acidic stress (1% v/v acetate) still
inactivated S. enterica cells within 3 days of storage, revealing
that the effect of acidity on cell viability was stronger than
nutrients. Interestingly, in protocols 2 and 5, the trend of
culturable cell numbers had a significant difference, as the
S. enterica remained at cell numbers higher than 104 CFU/ml
at 4◦C rather than at −20◦C. This phenomenon demonstrated
that freezing conditions (−20◦C) might contribute to inhibit
bacterial growth.

In summary, under higher than 0.7% v/v of acetate, the order
of environmental conditions in affecting the survival of S. enterica
was as follows: acidity > nutrients > salt. With the reduction in
acidity, the supplement of certain nutrients promoted S. enterica
to resist environmental stress.

Salmonella enterica VBNC State Formation
Although S. enterica were no longer culturable in eight groups
(groups 1, 2, 5, 7, 9, 10, 13, and 14), the viable cells were still
captured by fluorescence microscopy (Figure 4). These results
demonstrated that VBNC cells were successfully induced by
freezing conditions (−20◦C) with long-term storage (∼30 days).
As none of viable S. enterica cells were observed from other
groups (groups 3, 4, 6, 8, 11, 12, 15, and 16) in which bacteria
lost culturability within a short-term storage (∼3 days) (data not
shown), the formation of a VBNC state might require S. enterica
to suffer by long-term induction of sublethal environmental stress
and low temperature.

Most non-viable cell groups contained more than 0.7%
v/v acetate, indicating that high-level acidity environmental
condition induced cell death rather than the formation of a
VBNC state, although a previous study had reported that an
S. enterica VBNC state could be induced by lactic acid or peracetic
acid (Purevdorj-Gage et al., 2018). Interestingly, a VBNC state
was induced under 0.7% v/v acetate by supplying sufficient
nutrients (100%), suggesting that nutrients were essential for
S. enterica entering a VBNC state in response to multistress
conditions including inorganic salts and weak acid.

As described by Chen et al. (2019) more than 10 or 1% of
S. enterica cells were induced into a VBNC state without nutrients
at 4◦ or−20◦C, respectively. In our study, S. enterica entered into
a VBNC state under starvation condition at 4◦ or−20◦C (groups
1, 2, 5, 7, 9, 10, 13, and 14). Other previous studies had described
similar results and showed that temperature upshift and growth
factors (catalase and Tween 20) were required for resuscitation
(Gupte et al., 2003; Zeng et al., 2013). Moreover, groups 2 and
5 showed that a decreasing temperature could accelerate the
reduction of culturable cells and the generation of VBNC cells,
which revealed that the decrease in temperature was one of the
essential inducers. Besides, consistent with previous report, our
results showed that the generation of S. enterica VBNC cells could
be induced by salt stress with different concentrations, indicating
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FIGURE 3 | The culturable number of Salmonella stored under 16 different conditions (A–H were the culturable number tendency of Salmonella under
correspondent conditions according to methods 1, 2, 5, 7, 9, 10, 13, and 14 and stored at 4◦ or −20◦C, respectively).
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TABLE 5 | The time of culturable number of Salmonella decreased to 0 stored at
different protocols.

Group 4◦C −20◦C Group 4◦C −20◦C

1 31 d 31 d 9 34 d 31 d

2 + 28 d 10 31 d 34 d

3 / / 11 / /

4 / / 12 / /

5 + 28 d 13 37 d 37 d

6 / / 14 37 d 31 d

7 37 d 31 d 15 / /

8 / / 16 / /

“+” represents cultivable; “/” represents non-culturable within 3 days.

that salt stress was another inducer for a VBNC state formation
(Asakura et al., 2002).

Together, four inducers including nutrition starvation,
salt stress, low-level acidity, and low temperature were
concluded for VBNC state induction. However, during

induction with multistress conditions, nutrition starvation
antagonizes with low-level acidity. Besides, high-level acidity
was considered as an inhibitor for VBNC induction. Therefore,
the keynote environmental factors of VBNC state induction
were concluded to be: (i) nutrient-rich acidic environment, (ii)
oligotrophic low-acidity environment, and (iii) oligotrophic
refrigerated environment.

Effects of Keynote Environmental Factors
on Salmonella VBNC State Formation
Acidity
Acetate had been utilized as an antimicrobial chemical for
many years in food production. As previously described by
Liao et al. (2003) exposing Salmonella cells to 0.7 or 1.0%
acetic acid for 7 min usually caused 90% cells with inactivation
and 99% of culturable cells with injury. In agreement with a
related study, cell viability was evaluated based on cultivability,
neglecting the generation of Salmonella VBNC cells induced by
acetate in vitro (Alvarez-Ordonez et al., 2010). Encountering

FIGURE 4 | The viability of non-culturable Salmonella stored at different conditions by fluorescent observation (A,B: group 1; C: group 2; D: group 5; E,F: group 7;
G,H: group 9; I,J: group 10; K,L: group 13; M,N: group 14).
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organic acid stress causing the acidification of the cytoplasm
and the accumulation of intracellular anion, the available energy
is required for S. enterica to efflux protons (H+) by active
transport maintaining intracellular pH homeostasis (Mani-López
et al., 2012). Therefore, the effect of acidity (0.7 or 1.0% v/v)
on the formation of an S. enterica VBNC state in flour food
was investigated with different nutritional concentrations at low
temperature (4◦ or−20◦C).

Under oligotrophic conditions, S. enterica could not be
cultured after 3 days of storage at low temperature (4◦ and
−20◦C) by adding 0.7 or 1.0% v/v acetic acid (Table 6). The
bacterial activity test results showed that only dead cells were
observed, indicating that S. enterica was unable to enter into a
VBNC state. When supplied with sufficient nutrients (≥50%),
the culturable cells still existed under 0.7% v/v acetic acid after
3 days of storage, indicating that acid tolerance of S. enterica
was improved by available nutrients, which might ultimately lead
to generation of VBNC cells. However, when the concentration
of acetate reached 1.0% v/v, no culturable cells could be found
after 3 days of storage, whether provided with nutrients or not.
As expected, the activity test results showed that all the bacterial
cells were dead, indicating that the formation of a VBNC state of
S. enterica could be controlled by adding 1.0% v/v acetate, even
when supplied with rich nutrients. Interestingly, only group 7
had showed that all the bacteria were inviable with decreasing
temperature under high-level acidity stress (1.0% v/v acetate).
These results were consistent with those previously described by
Alvarez-Ordonez et al. (2010), who measured the organic acid
tolerance of S. typhimurium at different growth temperatures and
found that the reduction of low temperatures markedly decreased
the acid resistance and increased the growth pH boundary of
S. typhimurium. In summary, during the processing of flour
foods, 1.0% v/v acetic acid could be used to clean the processing
equipment, which can effectively eliminate the pollution of
S. enterica and its VBNC cells.

Nutrients
Recently, Pu et al. (2019) proposed that protein aggresome
is an important indicator of the E. coli VBNC state, which
was promoted by nutrient starvation, but stress removal will
facilitate the disaggregation of the proteins by the DnaK–ClpB
cochaperone system (Pu et al., 2019). Although nutrients also
play an important role in the formation of the S. enterica VBNC
state, the reduction of nutrients may be a potential method to
inhibit S. enterica VBNC cell formation. Under high salt and low
acidity, S. enterica cells were still culturable with an oligotrophic
condition after 3 days of storage (Table 7), which suggested that
only an oligotrophic condition was incapable of inhibiting the
formation of VBNC cells. Therefore, it is essential to combine
oligotrophic condition with other environmental stress (e.g., high
acidity) to prevent S. enterica from entering the state of VBNC.

Control and Reduction of S. enterica
VBNC Cells in Flour Food
In order to confirm the inhibitory effect of the above keynote
conditions on Salmonella VBNC formation in food samples,
we selected crystal cake powders as a sole source of nutrients

TABLE 6 | Inhibition of acidity in the formation of VBNC state of Salmonella.

Group TSB (%) NaCl (%) Acetate (%) Cultivability Viability

4◦C −20◦C 4◦C −20◦C

1 0 0.9 0.7 / / – –

2 1.0 / / – –

3 25 0.9 0.7 / / – –

4 1.0 / / – –

5 25 10 0.7 / / – –

6 1.0 / / – –

7 100 10 1.0 + / ND –

8 50 20 0.7 + + ND ND

9 1.0 / / – –

10 100 20 0.7 + + ND ND

11 1.0 / / – –

12 100 30 0.7 + + ND ND

13 1.0 / / – –

14 50 30 0.7 + + ND ND

15 1.0 / / – –

“+” represents culturable; “/” represents non-culturable; “–” represents inactivation;
“ND” represents non-detection.

TABLE 7 | Inhibition of nutritional status in the formation of VBNC state of
Salmonella.

Group TSB (%) NaCl (%) Acetate (%) Cultivability Viability

4◦C −20◦C 4◦C −20◦C

1 0 20 0 + + ND ND

2 25 + + ND ND

3 0 20 0.3 + + ND ND

4 25 + + ND ND

5 0 30 0 + + ND ND

6 25 + + ND ND

7 0 30 0.3 + + ND ND

8 25 + + ND ND

“+” represents culturable; “ND” represents non-detection.

instead of TSB to simulate the flour food environment. The
keynote conditions used for investigation was high acidity (1.0%
v/v acetate) combined with different concentrations (25, 50, and
100%) of nutrients. After 3 days of storage, the culturable number
and viability of S. enterica in different conditions are shown in
Figures 5, 6. Consistent with the results from non-food systems,
only dead bacterial cells could be found in simulated food systems
after 3 days of storage at−20◦C, whether they were provided with
nutrients or not (Figure 6). On the contrary, Salmonella could
still survive after 3 days of storage at 4◦C via a supplement of
sufficient nutrients (100%) (Figure 6). Although the number of
survival of S. enterica cells was significantly reduced, there is a
possibility of culturable cells entering the VBNC state (Figure 5).
Therefore, the best control conditions for the formation of VBNC
status of S. enterica in flour food is to add 1.0% v/v acetic acid
combined with storage at−20◦C.
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FIGURE 5 | The culturable number of Salmonella inoculated in the 1.0% (v/v) acetate medium containing 100, 50, and 25% nutrients at low temperature for 3 days.

FIGURE 6 | The viability of unculturable Salmonella stored at different conditions with fluorescent observation.

Frontiers in Microbiology | www.frontiersin.org 8 August 2020 | Volume 11 | Article 1859135

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01859 August 21, 2020 Time: 16:24 # 9

Li et al. Detection and Control of VBNC S. enterica

Foodborne pathogenic and spoilage bacteria had been
previously shown to enter into a VBNC state in a food system
under a freezing environment. Therefore, the results of this study
might provide a theoretical basis for the control and reduction of
foodborne bacterial VBNC cells.

PMA–PCR Detection on VBNC Cells
In order to eliminate the interference of dead bacterial
DNA, samples were subjected to PMA treatment before PCR
amplification. The detection limit of S. enterica using the
constructed PMA–PCR technology to detect the VBNC status in
the crystal cake food system is 105 CFU/ml, which is consistent
with the PMA–PCR results in the pure induction system (data not
shown). Compared to the detection limit of PCR for culturable
S. enterica in food systems, the detection limit of PMA–PCR has
no significant changes, suggesting that the PCR method by the
PMA dye is non-effective. Therefore, the PMA–PCR method can
be better applied to detect viable bacteria (culturable and non-
culturable) in a food sample, preventing false-negative detection
of a culture-based method on VBNC cells.

CONCLUSION

In this study, the influence factors including nutrition, acid, salt,
and temperature for the entry into a VBNC state of S. enterica
and an efficient detection method were investigated. The order
of environmental conditions in effecting the cultivability of
S. enterica was as follows: acidity > nutrients > salt. Four
inducers for the VBNC state including nutrition starvation, salt
stress, low-level acidity, and low temperature were concluded.
However, during induction with multistress conditions, nutrition
starvation antagonizes with low-level acidity. Besides, high-
level acidity was considered as an inhibitor for a VBNC state

formation. Therefore, the keynote conditions for S. enterica
entering the VBNC state were concluded as (i) nutrient-rich
acidic environment, (ii) oligotrophic low-acidity environment,
and (iii) oligotrophic refrigerated environment. Thus, using an
environment condition of high acidity (1.0% v/v acetate) with low
temperature (−20◦C), the formation of S. enterica VBNC state
was eliminated in flour food. Combined with PMA pretreatment,
the PCR technology could be applied to detect viable S. enterica
cells (culturable and VBNC) removing the interference of
dead cells. The detection limit of the PMA–PCR technology
was 105 CFU/ml in an artificially simulated food system. In
conclusion, this study identified specific environmental stresses
to control, and applied a stable PMA–PCR method to detect,
an S. enterica VBNC state, providing a theoretical basis for the
control and reduction of foodborne bacterial VBNC cells.
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The food-borne pathogen Salmonella enterica serovar Typhimurium (S. Typhimurium)
causes self-limiting gastroenteritis in humans and is not easily eradicated because
it often attaches to suitable surfaces to form biofilms that have high resistance to
disinfectants and antimicrobials. To develop an alternative strategy for the treatment
of biofilms, it is necessary to further explore the effects of flagellar motility on the
development process of Salmonella biofilms. Here, we constructed flagella mutants
(1flgE and 1fliC) to systematically study this process. By comparing them with
wild-type strains, we found that these mutants lacking flagellar motility form fewer
biofilms in the early stage, and the formed mature biofilms contain more cells and
extracellular polymeric substances (EPS). In addition, fewer mutant cells adhered to
glass plates compared with wild-type cells even after 6 h of incubation, suggesting
that flagellar motility plays a significant role in preliminary cell-surface interactions. More
importantly, the motility of wild-type strain was greatly decreased when they were treated
with carbonyl cyanide m-chlorophenylhydrazone, which inhibited flagellar motility and
reduced biofilm formation, as in the case of the 1flgE mutant. Overall, these findings
suggest that flagellar motility plays an important role in Salmonella biofilm initiation
and maturation, which can help us to counteract the mechanisms involved in biofilm
formation and to develop more rational control strategies.

Keywords: flagellum, biofilms, motility, S. Typhimurium, confocal laser scanning microscopy

INTRODUCTION

Contamination of fresh produce with food-borne pathogens is a potential threat to public health.
Salmonella enterica serovar Typhimurium (S. Typhimurium) is a food-borne pathogen that
causes high morbidity worldwide, including life-threatening infections in fetuses, newborns, and
immunocompromised individuals (Achinas et al., 2019). Its natural habitat is the gut of animals
and humans, and infection occurs through fecal contamination of soil, water, plants and medical
equipment, which spreads the bacteria to other hosts (Semenov et al., 2010; Jacobsen and Bech,
2012; MacKenzie et al., 2017). Once attached to one of these surfaces, the bacteria begin to form
biofilms. Bacteria inside biofilms are more resistant to external antibiotics, disinfectants, and
environmental stress, so they can be extremely difficult to eradicate, in contrast to planktonic
bacteria (Pande et al., 2016). The biofilms cause food safety issues and can lead to enormous
economic losses.
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Biofilms are the preferred lifestyle for most microorganisms
in nature (Stoodley et al., 2002). Biofilms begin to develop when
bacteria adhere reversibly to a surface. The adhered cells then
form microcolonies, which synthesize extracellular matrices to
support mature three-dimensional biofilms. Bacteria within the
biofilms can undergo controlled dissociation, resulting in biofilm
dispersal (Watnick and Kolter, 2000; Koo et al., 2017). Biofilm
formation is influenced by the structural composition (curli
and other fimbriae, flagella, BapA et al.), the bacterial genome,
environmental signals, and stress factors (Watnick and Kolter,
2000; Simm et al., 2014; MacKenzie et al., 2017). A variety
of biofilms inhibitors have been developed that target these
factors, including some that target the flagella. Previous research
has shown that furanones reduce biofilm formation through
interfering with Salmonella flagellar synthesis (Janssens et al.,
2008). Moreover, zinc is required for flagellar expression, and
the absence of flagella impairs the ability of S. Typhimurium to
produce biofilms (Ammendola et al., 2016). However, in order
to make more effective strategies for the treatment of biofilms
targeting flagella, it is necessary to further clarify the effect of
flagellar motility on the development process and composition
of Salmonella biofilms.

Flagella, as main motility organs of bacteria, play important
roles in the formation biofilm of several gram-negative bacteria
(O’Toole et al., 2000; Haiko and Westerlund-Wikström, 2013).
Some studies have proposed that flagella might act in biofilm
formation both as providers of motility and as surface adhesins,
however, in Escherichia coli and Listeria monocytogenes it is
motility itself that is critical (O’Toole and Kolter, 1998; Pratt
and Kolter, 1998; Lemon et al., 2007). In S. Typhimurium,
previous studies performed with motA and fliA mutants have
suggested that motility is necessary for biofilm development on
the glass (Huber et al., 2002; Prouty and Gunn, 2003). Moreover,
it has been described that Salmonella mutants with defective
flagella (flhC or flgE) are unable to develop complete biofilms
in the presence of bile (Crawford et al., 2010; Tsai et al., 2019).
Previously, work regarding QseBC two-component system (TCS)
function in S. Typhimurium revealed that QseBC functions as
a global regulator of flagella, biofilm formation, and virulence
(Merighi et al., 2009; Bearson et al., 2010; Ji et al., 2017). Recent
studies have shown that the cyclic di-guanylate monophosphate
(c-di-GMP) receptor YcgR and the phosphodiesterase YhjH can
distinctively inhibit flagellar motility in S. Typhimurium (Le
Guyon et al., 2015; Han and Yoon, 2019). Taken together, the
role of flagellar motility in the development of Salmonella biofilm
is very important. By observing the number and distribution
of polysaccharides and cells, we can more intuitively judge the
effect of flagellar motility on biofilm initiation and maturation.
Therefore, this study aims to deepen the understanding of the
effect of flagellar motility on biofilm development and to provide
theoretical support for the development of biofilms inhibitors
that interfere with flagella motility.

In many motile bacteria, the synthesis and assembly of flagella
involve at least 50 genes that are divided into early, middle, and
late genes, which are hierarchically and temporally synchronized
(Aizawa, 1996). flgE is a middle gene that encodes the major
component of the hook-basal body structure, which is necessary

for flagellar filament elongation (Bonifield et al., 2000). fliC is
a late gene that encodes the major component of the flagellin
structure, which is necessary for the formation of the helical
filament (Chilcott and Hughes, 2000). Mutations in these two
genes may impair flagellar motility, therefore, our primary
approach involved deleting flgE and fliC and observing the effect
on flagellar motility. Our results confirmed that a lack of flagellar
motility affects bacterial contact with abiotic surfaces, and
reduces cell colonization and early biofilm formation. Moreover,
the mature biofilms formed by these flagella mutants had denser
matrices and contained more aggregated cells.

EXPERIMENTAL

Bacterial Strains, Plasmids, and Growth
Media, and Chemicals
S. Typhimurium CMCC 50115 is a S. Typhimurium LT2
derivative. All strains and plasmids used in this work are
described in Supplementary Table S1. All strains were grown
on Luria-Bertani (LB) broth agar plates or in LB broth
liquid medium (Tryptone 10 g/L; Yeast Extract 5 g/L; NaCl
10 g/L) at 37◦C. Chloramphenicol (Cm, 25 µg/mL), ampicillin
(100 µg/mL), L − (+)− Arabinose (5 mmol/L) were added
when required. SYTO R© 9 (Invitrogen, S 34854); Alexa Fluor R©

647 conjugate of Con A (Invitrogen, C 21421); Carbonyl cyanide
m-chlorophenylhydrazone (CCCP, Sigma) acted as an inhibitor
of proton-driven force of the flagella (Kosaka et al., 2019).

Rdar Morphotype and Pellicle Formation
After one colony of the bacteria from LB plates was transferred
into a tube containing 3 mL of LB medium and incubated
for 18 h at 37◦C, the amount of inoculation was adjusted to
optical density OD600 = 1.0, and confirmed by plate counts of 10
fold dilutions of the bacteria. These bacterial cultures contained
approximately 108 CFU/mL. The Salmonella morphotype was
judged visually on Congo red agar plates, 2 µL of bacterial
suspension (OD600 of 4.0) was plated onto LB agar plates without
NaCl and complemented with Congo red (40 mg/L, Aladdin)
and Coomassie brilliant blue G-250 (20 mg/L, Sangon). The
inoculated plates were incubated at 28◦C for 48 h and colonies
were visualized macroscopically.

The method measures biofilm production on the air-
liquid interface in a modified method as previously reported
(Ramachandran et al., 2016). Briefly, overnight Salmonella strains
were transferred into 3 mL of LB medium without NaCl (1:100
dilutions) for 5 days at 28◦C without shaking. To observe the
biofilms that form at the liquid-air interface, the culture was
gently poured out and further stained with 1% crystal violet.

Biofilm Formation and Quantification
Assay
Biofilm formation was observed as described previously with
some modifications (Baugh et al., 2012). Experiments in 96-
well polystyrene microtiter plates (Sangon) were performed.
Overnight cultures were diluted to 106 CFU/mL in LB medium

Frontiers in Microbiology | www.frontiersin.org 2 September 2020 | Volume 11 | Article 1695140

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01695 September 7, 2020 Time: 18:49 # 3

Wang et al. Motility Is Critical for Biofilms

without NaCl. A total volume of 0.2 mL was added per well,
followed by 24 h incubation at 28◦C in static conditions. The
total amount of biofilm biomass was quantified by crystal violet.
After careful removal of the medium from wells, the biofilms
were rinsed three with deionized water. 1% crystal violet was
used to stain biofilms for 15 min, and then the excess of stain
was removed by gently washing with deionized water. Residual
crystal violet was solubilized with 200 µL of 33% glacial acetic
acid per well and the OD595 was measured using an ELISA
reader (Thermo Scientific Labsystems 354). LB medium without
NaCl was used as a negative control in all biofilm assays. All
experiments were repeated three times at different time points.

Construction of Mutants and the
Complemented Strains
The flagella-deficient strains were constructed by allelic
replacement via homologous recombination (Datsenko and
Wanner, 2000). Homologous regions and a chloramphenicol
cassette with two FRT sites were PCR-amplified from pKD3,
and the purified PCR product was digested with DpnI
(Invitrogen) and electroporated into bacteria carrying pKD46.
Antibiotic selection and the λRed recombineering system led
to homologous recombination between the fragments and
the host strain genome, and the recombinants were selected
for on agar plates containing chloramphenicol. The pCP20
plasmid was introduced to the recombinant strains to remove
the DNA fragment containing the chloramphenicol resistance
gene, resulting in a single FRT site within the targeted genomic
segment. The markerless mutant strains were verified by genomic
DNA PCR using primers that annealed to sequences flanking

FIGURE 1 | Phenotype of Salmonella assay. (A) Congo red morphotype
assay five Salmonella strains; (B) Pellicle formation at the liquid-air interface of
five Salmonella strains; (C) Crystal violet stained and observed the formed
pellicle of five Salmonella strains.

the target gene and further confirmed by sequencing analysis
(Supplementary Table S2 and Supplementary Figures S1, S2).

To generate the 1flgE complemented strain, the full-length
flgE gene was PCR-amplified from S. Typhimurium wild-type
strain CMCC50115 genomic DNA using the primers flgE–F3 and
flgE–F4 (Supplementary Table S2). The PCR product was ligated
into pBad/gIIIA, and the resulting plasmid was transformed into
the 1flgE strain by electroporation. The 1fliC complemented
strain was constructed by the same method.

Motility Assays
Swimming motility was performed as described previously (Duan
et al., 2012). Briefly, 30 µL cultured overnight of bacterial was re-
inoculated into 3 mL of LB and incubated at 37◦C with a shaker at
200 rpm until a density value of approximately 1.0 at OD600. The
culture samples were inoculated onto 0.4% tryptone agar plates as
1 µL aliquots (Tryptone 1%, NaCl 0.5%, Agar 0.4%). The bacteria
grew for 12 h at 37◦C and the swimming diameter was measured.
Photographs were taken by using the SONY Alpha 7 camera.

Transmission Electron Microscopy (TEM)
Analysis
Flagellar morphology was visualized by TEM with negative
staining. A single colony was picked and inoculated into fresh
LB medium, and the OD600 value of the bacteria was adjusted to
about 0.5. The cells were washed once with deionized water and
resuspended in sterile water. A sample of 5 µL of the bacterial
solution was added dropwise to a copper mesh having a carbon
film and dried at room temperature. Using 1% phosphotungstic
acid (pH 7.4) for negative staining 2 min, excess solution was
blotted with filter paper and observed via electron microscopy
(TecnaiG2 F20, FEI, America).

Western Blot Analysis
Flagellar expression using whole-cell lysates was detected by
western blot analysis (Shao et al., 2018). Overnight cultures of
the tested bacteria were transformed into the fresh LB medium
and cultivated an optimal density value of 1.0 at OD600. 2 mL
cultures were centrifuged at 9000 × g for 10 min at 4◦C to
pellet the bacteria. The bacterial cells from whole-cell lysates
were loaded and separated by 12% SDS-PAGE, followed by
transfer onto a PVDF membrane (GE Healthcare, Life Science).
The blot was incubated with mouse polyclonal antiserum to
H1 flagella (1: 2000 dilutions, TBC, China), followed by HRP-
conjugated Goat anti-mouse IgG (1: 200 dilutions, Sangon,
China) orderly. The signal was detected by Luminata Forte
Western HRP Substrate (Millipore). Photographs were taken by
using the Tanon 5500 imaging system.

Confocal Laser Scanning Microscopy
(CLSM) Imaging of Biofilms
After being cultured overnight in LB medium in a shaking 37◦C
incubator, the cultures were taken to dilute to 107 CFU/mL
in 50 mL LB medium without NaCl in a 100 mL Conical
flask. A sterile glass slide was gently added into the diluted
culture and was taken to statically incubate at 28◦C
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TABLE 1 | Collated biofilm assay results of Salmonella tested in this study.

Salmonella Serotypes Crystal Violet Assay (OD595) Morphotype on Congo redb Pellicle formationc

LB TSB LB without salt

Salmonella Typhimurium CMCC 50115 0.428 ± 0.131a 0.945 ± 0.232 2.527 ± 0.612 rdar +++

Salmonella Paratyphi A CMCC 50001 0.125 ± 0.056 0.545 ± 0.112 1.875 ± 0.423 bdar +

Salmonella Enteritidis ATCC 13076 0.319 ± 0.081 0.613 ± 0.153 2.345 ± 0.103 rdar +++

Salmonella Choleraesuis ATCC 10708 0.267 ± 0.061 0.322 ± 0.152 1.658 ± 0.064 bdar ++

Salmonella Arizona ATCC 13314 0.113 ± 0.03 0.214 ± 0.121 0.903 ± 0.032 saw +

aAverage OD (595 nm) ± standard error from two separate experiments. brdar: red, dry, and rough morphotype indicating curli and cellulose production; bdar: brown,
dry, and rough morphotype indicating curli production but lack of cellulose synthesis; saw: smooth and white morphology. cpellicle formation: +++, strong pellicle; ++,
moderate pellicle; +, weak pellicle.

FIGURE 2 | Phenotypes of wild-type S. Typhimurium and isogenic mutants. (A) Motility of (1) S. Typhimurium; (2) 1flgE (S. Typhimurium flgE-); (3) 1flgE/pflgE (1flgE
complemented with pflgE); (4) 1fliC (S. Typhimurium fliC-); (5) 1fliC/pfliC (1fliC complemented with pfliC) incubated for 12 h at 37◦C. (B–F) Expression of flagella by
the isogenic mutants was assessed by TEM, (B): 1flgE, (C): 1fliC, (D): WT, (E): 1flgE/pflgE, (F): 1fliC/pfliC; (G): Flagellin deficiency was confirmed by immunoblot
analysis with mouse polyclonal antiserum to H1 flagella. WT, wild-type.

(Supplementary Figure S4). After the culture time was
terminated, the glass slide with biofilms was carefully taken
out with tweezers and placed in a clean culture dish, and the
residual culture medium on them was skimmed with deionized
water. The glass slide was stained with 100 µL of SYTO 9
(1 µg/mL, green fluorescence, labeled bacterial cells) and Alexa
Fluor 647 (50 µg/mL, red fluorescence, labeled EPS) solution for
30 min, in the dark at room temperature. Confocal microscopy
images were obtained on a Leica DMi8 microscope by using a
40 × objective. The settings of the confocal microscope were as
follows: the excitation/emission of Alexa Fluor 647 and SYTO 9

were 650/668 and 480/500 nm, respectively. Stack images were
obtained by scanning the biofilms along the Z-axis at 0.5 µm
intervals. The confocal images were analyzed using COMSTAT
software for simultaneous visualization and quantification of
EPS and bacterial cells within intact biofilms (Heydorn et al.,
2000). For each image stack, cell biomass (µm3/µm2) is defined
as the percentage of area occupied by cells labeled by SYTO 9
(green fluorescence); EPS biomass (µm3/µm2) is defined as the
percentage of area occupied by EPS labeled by concanavalin
A-Alexa Fluor 647 (red fluorescence); Total biomass (µm3/µm2)
is cell biomass plus EPS biomass.
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FIGURE 3 | Deletion of the gene encoding flagella was defective in biofilm formation. (A) Crystal violet stained S. Typhimurium biofilms formed on wells of a 96-well
polystyrene plate. The first well has medium alone (Media), followed by the wild-type (WT), flgE mutants (1flgE), 1flgE complemented with pflgE (1flgE/pflgE), fliC
mutants (1fliC), 1fliC complemented with pfliC (1fliC/pfliC). (B) Graph of surface-adhered biofilms 24 h biomass of controls (Media and WT), mutants (1flgE, 1fliC)
and complemented strains (1flgE/pflgE, 1fliC/pfliC) were quantified by staining with cystal violet. The data are averages of four independent experiments and were
analyzed using the Student’s two-tailed t-test. Error bars represent the standard deviation. (C) Growth curves for WT, 1fliC, 1flgE. Bacteria were grown in LB broth
at 37◦C for 28 h with agitation, and the OD600 was determined at hourly intervals. The data are the means of three independent experiments and error bars
represent the standard deviation. (D) Top-down view of 24 h biofilms stained with SYTO 9 and propidium iodide. Scale bar: 20 µm. ∗p < 0.05.

Statistical Analysis
The statistical significance of numerical data was compared using
variance analysis technology. Significant levels of p values were
reported by the following symbols: ∗p < 0.05, ∗∗p < 0.005, and
ns, with no difference.

RESULTS

S. Typhimurium CMCC 50115 Biofilm
Production
The best-studied Salmonella biofilm phenotype is the rdar
morphotype (Römling et al., 1998). After culturing on media
containing Congo red at 28◦C for 2 days, both S. Typhimurium
CMCC50115 and S. Enteritidis ATCC 13076 formed strong rdar
morphotypes (Figure 1). In liquid culture, biofilms form a matrix

comprising curli and cellulose called pellicles, which appear as
films of cell growth at the air-liquid interface (Solano et al., 2002).
S. Typhimurium and S. Enteritidis, but not the other strains,
formed obvious pellicles at the liquid-air interface (Figure 1).
Since crystal violet staining showed that S. Typhimurium
CMCC50115 formed more biofilms compared with the other
strains (Table 1), we selected it for use as our wild-type control.

Construction and Characterization of
Flagella Mutants
The wild-type strain was used to construct the 1flgE and
1fliC isogenic mutants via homologous recombination. The
resulting 1flgE and 1fliC mutants exhibited impaired motility
on 0.4% tryptone agar plates (Figure 2A). In the case
of the 1flgE strain, this may have been because of the
loss of flagella. Confirming this, the flagellin protein was
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FIGURE 4 | 1flgE and 1fliC biofilms were comprised of less bacterial cells than S. Typhimurium wild-type biofilms. (A) 1flgE,1fliC, and wild-type were grown for
24 h on the glass, stained with SYTO 9 (green) and Con-Alexa Fluor (red), and 3D images were acquired by CLSM, Scale bar: 10 µm. (B–D), the bacteria and EPS
of biofilm thickness in strains WT, 1flgE, and 1fliC are, respectively, indicated. (E) SYTO 9, (F) Con-Alexa Fluor, and (G) Total biomass were quantified using Comstat
2. Data are averages of three replicates (n = 3). Error bars represent the standard deviation. The data were analyzed using the Student’s two-tailed t-test. *p < 0.05.

not detected by western blot analysis of whole-cell lysates
(Figure 2G), and flagella were not observed by TEM in this
mutant strain (Figures 2B,D). In contrast, flagellar protein
expression (Figure 2G) and flagella production (Figure 2E)
was restored in the complemented strain (1flgE/pflgE), which
contained a recombinant plasmid expressing FlgE. In the 1fliC
strain, the impaired motility phenotype may be related to
the absence of the FliC subunit, which plays a significant
role in flagellar motility. As S. Typhimurium expresses two
filament proteins, FliC (H1 flagellin) and FljB (H2 flagellin), the
1fliC mutant could be flagellated under some circumstances.
Corroborating this, flagellin protein was not detected by western
blot analysis of whole-cell lysates (Figure 2G), but the 1fliC
strain had flagella (presumably composed of FljB), as observed
by TEM (Figure 2C). In contrast, flagellar protein expression
(Figure 2G) and flagella production (Figure 2F) was restored
in the complemented strain (1fliC/pfliC), which contained a

recombinant plasmid expressing FliC. In addition, it was verified
that the fljB sequence of the 1fliC strain did not mutate
(Supplementary Figure S7). Therefore, the 1fliC strain lacking
motility through FljB probably depends on some characteristics
of the used strain. Taken together these data show that flgE and
fliC are indispensable for flagellar motility.

Flagella Mutants Are Defective in the
Early Stage of Biofilm Formation
The initial attachment of bacteria to a surface is a key step
in their ability to form a biofilm. Compared with the wild-
type strain, the two flagellar mutants were defective in the early
stage of biofilm formation (Figure 3A). We measured biofilm
formation by crystal violet staining and found that the two
mutants formed fewer biofilms than the wild-type strain, with
an average absorbance at 595 nm (OD595) of 0.93 ± 0.13 and
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FIGURE 5 | 1flgE and 1fliC biofilms were comprised of more bacterial cells and EPS than S. Typhimurium wild-type biofilms. (A) 1flgE, 1fliC, and wild-type were
grown for 48 h on the glass, stained with SYTO 9 and Con-Alexa Fluor, and 3D images were acquired by CLSM, Scale bar: 10 µm. (B–D), the bacteria and EPS of
biofilm thickness in strains WT, 1flgE, and 1fliC are, respectively, indicated. (E) SYTO 9, (F) Con-Alexa Fluor, and (G) Total biomass were quantified using Comstat 2.
Data are averages of three replicates (n = 3). Error bars represent the standard deviation. The data were analyzed using the Student’s two-tailed t-test. *p < 0.05.

1.61± 0.21, respectively, compared with an OD595 of 2.47± 0.16
for the wild-type strain (Figures 3A,B). There was no difference
in viability between the flagella mutants and the wild-type strain
(Figure 3C). Importantly, biofilm formation was restored to wild-
type levels when the mutants complemented (Figures 3A,B).
Overall, these data demonstrate that flagella-mediated motility
plays an important role in the early stage of biofilm formation.

Biofilm architecture can be assessed by staining with SYTO
9 and propidium iodide (Vermilyea et al., 2019). Fluorescence
microscopy confirmed that biofilms formed by the 1flgE and
1fliC mutants comprised less biomass than those formed by
the wild-type strain (Figures 3D, 4G). Biofilm composition
was also evaluated by staining with SYTO 9 (which detects all
bacteria) and concanavalin A-Alexa Fluor 647 (which detects
EPS). There were significantly fewer bacteria in biofilms formed
by the flagella mutants compared with those formed by the
wild-type strain (Figure 4E). However, there was no significant
difference in EPS content between the biofilms formed by the

mutant and wild-type strains (Figure 4F). In addition, there was
no significant difference in biofilm thickness between the flagellar
mutants and the wild-type strain (Figures 4A–D). Therefore,
the reduced biofilm formation exhibited by the flagellar mutants
could be due to reduced adhesion of planktonic cells at the initial
stage compared with the wild-type strain.

Flagella Mutants Produce More Thick
and Dense Biofilms
To explore the role of flagella on biofilm maturation, CLSM was
used to directly observe biofilms that had been allowed to form
for 48 h. The wild-type biofilms were twice as thick as the 1flgE
biofilms and had a looser inner structure than the mutant biofilms
(Figures 5A–D). Additionally, the 1flgE biofilms contained more
cells and EPS than the wild-type biofilms (Figures 5E–G). The
1fliC and 1flgE biofilms exhibited similar phenotypes, and
flagellar motility was impaired in both strains, suggesting that
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FIGURE 6 | Direct observation of biofilm formation on a sterile glass slide using a confocal fluorescence microscope. (A) Observed the adhesion of wild-type biofilms
on the sterile glass slide over 20 h. (B) Shown are fluorescence micrographs of the wild-type strain, 1flgE, and 1fliC after incubation for 6 h at 28◦C. (C) The biofilms
of the wild-type, 1flgE, and 1fliC at 20 h were displayed. The micrographs were taken at 400 × magnification and the representative fields are shown and the
experiments were repeated three times.

flagellar motility plays an important role in forming the structure
of biofilms. Taken together, these findings indicate that the thick
phenotype of biofilms formed by the flagella mutants is due to the
accumulation of cells and EPS.

Flagella Mutants Exhibit Poor Adhesion,
Which Inhibits the Initiation of Biofilm
Formation
Next, we investigated the role of flagellar motility in the early
steps in biofilm formation. To assess the initiation of biofilm
formation by the flagella mutants and the wild-type strain, we
directly visualized biofilm formation on sterile glass slides using

a confocal fluorescence microscope. Figure 6A shows a time-
course of the development of wild-type biofilms on a sterile glass
slide over 20 h at 28◦C. Six hours after inoculation, the bacteria
had aggregated into small clusters that gradually cross-linked
together over the next 6–9 h. By 20 h, the clusters had developed
into microcolonies comprising multiple layers of cells.

In contrast, 6 h after inoculation, the 1flgE mutant had
only formed a few scattered cell clusters (Figure 6B). By 20 h,
the 1flgE strain exhibited fewer colonies and a smaller total
attachment area compared with the wild-type strain (Figure 6C).
Further statistics on them continually supported the results
(Supplementary Figures S5, S6). The 1fliC mutants exhibited
similar phenotypes. These observations are consistent with
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FIGURE 7 | Biofilm formation by S. Typhimurium after treatment with CCCP. (A) Analysis of the growth curve of wild-type strains treated with different concentrations
of CCCP. (B) Swimming plates of different groups captured after incubation at 37◦C for 12 h. Treat: add 1 µL of 100 mM CCCP to a final concentration of 10 µM
CCCP per plate, Untreat: add 1 µL DMSO according to the above treatment. (C) The quantitative analysis diameter of swimming. (D) The bacteria were cultured
with or without 10 µM protonophore CCCP, a quantitative analysis of the formation of biofilms cultured for 24 h by crystal violet staining. Data in (B–D) are
representative of three independent experiments. Error bars represent the standard deviation. ∗p < 0.05.

our earlier results showing the importance of flagella-mediated
motility in biofilm formation.

Effect of the Protonophore CCCP on
Biofilm Formation
The motility of most bacterial flagella is driven by a proton
gradient across the cytoplasmic membrane, so the protonophore
CCCP was applied to explore the role of flagellar motility on
biofilm formation (Kosaka et al., 2019). First, we treated the wild-
type strain with CCCP to determine the optimal concentration
for inhibiting cell spreading on semisolid agar. In the presence of
10 µM of the protonophore CCCP on 0.4% tryptone agar plates,
the growth of the wild-type strain was not affected (Figure 7A),
but its motility was dramatically reduced (Figures 7B,C). Crystal
violet staining revealed that the phenotype of the CCCP-
treated wild-type strain was consistent with the phenotype of
the 1flgE strain (Figure 7D). These results clearly show that
flagellar motility plays a key role in S. Typhimurium biofilm
formation. Treatment with CCCP inhibited the motility of S.
Typhimurium flagella and thereby reduced the formation of
biofilms. Similar results were obtained when Erwinia carotovora
subsp. carotovora was treated with CCCP, indicating that the role
of flagellar motility in biofilm formation is relatively conserved
(Hossain and Tsuyumu, 2006).

DISCUSSION

Salmonella is an important food-borne pathogen found all
over the world. It has been implicated in the etiology of life-
threatening diarrheal diseases, partially due to its ability to
colonize and form biofilms on various equipment used in the
food production industry (Waldner et al., 2012). Our findings
show that the impaired flagellar motility mutant exhibits poor
adhesion and smaller colonies in initial biofilms. However, the
mutant has a denser and flatter inner structure in mature
biofilms. In E. coli, flagellar motility is essential for overcoming
electrostatic repulsion and tethering cells together during biofilm
formation (Pratt and Kolter, 1998; Walker et al., 2004; Serra et al.,
2013). Furthermore, high motility leads to vertical structures
and low motility leads to flatter microcolonies in mature biofilm
architecture (Wood et al., 2006). Our results also confirm that the
flagellar motility and biofilm machinery of S. Typhimurium and
E. coli are very similar.

Previous studies have shown that the behavior of a bacterial
community at an air-liquid, surface-liquid, or cell-liquid interface
changes in the absence of flagella (Römling and Rohde, 1999).
Additionally, the flagellar filament (containing the FliC and
FljB subunits), and specifically the FliC subunit, of serovar
Typhimurium is necessary and specific for cholesterol binding
during biofilm initiation (Crawford et al., 2010). Our results
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show that flagellar motility is impaired in the 1fliC strain,
which exhibits a similar phenotype to the 1flgE strain (which
is aflagellate). Therefore, it was speculated that the FliC-type
filament may play a key role in biofilm formation on abiotic
surfaces. The 1fliC also showed a somewhat intermediate biofilm
phenotype between the WT and 1flgE, which may be the
compensation effect of the fljB subunit. Detailed observation
by confocal fluorescence microscopy revealed that the flagella
mutants (1flgE and 1fliC) formed mature biofilms with
increased content of aggregated cells and EPS compared with
biofilms formed by the wild-type strain. It appears that motility
and extracellular matrix production are mutually exclusive
processes, as many motile bacteria only begin to produce
matrix once they have made contact with a surface (Kolter
and Greenberg, 2006). We speculate that this may also be true
for Salmonella, although the specific mechanism regulating this
switch requires further study.

Biofilm formation is a complex process that is affected
by environmental conditions, gene expression profiles, and
physiological shifts within the cell (Mireles et al., 2001).
Modulating some of these factors could help prevent biofilm
formation. Our results confirmed that flagella-mediated
motility is very important in early biofilm formation by S.
Typhimurium. Our observations regarding the early stages of
biofilm development help clarify the mechanisms involved in
biofilm resistance and hold promise for developing more effective
control strategies for use in the food industry. For example,
aptamers or zinc targeting flagella motility (Nielubowicz et al.,
2010; Ning et al., 2015; Ammendola et al., 2016), anti-adhesive
materials, and the combination of some anti-adhesion materials
with antibiotics could be used to control biofilm formation. The
results regarding the composition of mature biofilms help us
make methods to clear them. Finally, the methods might be
directed toward the degradation of the EPS and kill the bacteria
in biofilms, which can achieve better therapeutic effects.

CONCLUSION

In summary, the formation of Salmonella biofilms is a threat to
food safety and public health. Understanding the mechanisms
underlying biofilm formation will help identify more effective
means of treating and preventing the problems it causes. In
this study, we constructed 1flgE and 1fliC mutants to further
explore the development process of Salmonella biofilms. It has

been well proved by a series of experiments that impaired flagellar
motility mutants exhibit poor adhesion and small colonies in
initial biofilms, conversely, they have more dense and complex
structures in their mature biofilms. In the near future, flagellar
motility could be inhibited to help eliminate biofilms, but it is
necessary to select the appropriate treatment time to achieve the
desired therapeutic effect.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

FW designed, supervised the experiments, analyzed the results,
revised the first draft, and prepared the last draft of the
manuscript. LD performed part of the experiments, contributed
significantly to analysis and manuscript preparation, and revised
the last draft of the manuscript. FH performed part of the
experiments, analyzed the data, and participated in the first
draft of the manuscript. ZW and QL analyzed the data and
helped perform the analysis with constructive discussions. CX
collaborated in the design of the experiments and revised
different versions of the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (31770109) and the Opening Fund of
Key Laboratory of Chemical Biology and Traditional Chinese
Medicine Research (Hunan Normal University), Ministry of
Education (KLCBTCMR18-03).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.01695/full#supplementary-material

REFERENCES
Achinas, S., Charalampogiannis, N., and Euverink, G.-J. (2019). A brief recap of

microbial adhesion and biofilms. Appl, Sci. 9:2801. doi: 10.3390/app9142801
Aizawa, S.-I. (1996). Flagellar assembly in Salmonella typhimurium. Mol.

Microbiol. 19, 1–5. doi: 10.1046/j.1365-2958.1996.344874.x
Ammendola, S., D’Amico, Y., Chirullo, B., Drumo, R., Civardelli, D., Pasquali,

P., et al. (2016). Zinc is required to ensure the expression of flagella and the
ability to form biofilms in Salmonella enterica sv Typhimurium. Metallomics 8,
1131–1140. doi: 10.1039/C6MT00108D

Baugh, S., Ekanayaka, A. S., Piddock, L. J. V., and Webber, M. A. (2012). Loss
of or inhibition of all multidrug resistance efflux pumps of Salmonella

enterica serovar Typhimurium results in impaired ability to form a
biofilm. J. Antimicrob. Chemother. 67, 2409–2417. doi: 10.1093/jac/
dks228

Bearson, B. L., Bearson, S. M. D., Lee, I. S., and Brunelle, B. W. (2010). The
Salmonella enterica serovar Typhimurium QseB response regulator negatively
regulates bacterial motility and swine colonization in the absence of the
QseC sensor kinase. Microb. Pathog. 48, 214–219. doi: 10.1016/j.micpath.2010.
03.005

Bonifield, H. R., Yamaguchi, S., and Hughes, K. T. (2000). The flagellar
hook protein, FlgE, of Salmonella enterica serovar typhimurium is
posttranscriptionally regulated in response to the stage of flagellar assembly.
J. Bacteriol. 182, 4044–4050. doi: 10.1128/jb.182.14.4044-4050.2000

Frontiers in Microbiology | www.frontiersin.org 10 September 2020 | Volume 11 | Article 1695148

https://www.frontiersin.org/articles/10.3389/fmicb.2020.01695/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01695/full#supplementary-material
https://doi.org/10.3390/app9142801
https://doi.org/10.1046/j.1365-2958.1996.344874.x
https://doi.org/10.1039/C6MT00108D
https://doi.org/10.1093/jac/dks228
https://doi.org/10.1093/jac/dks228
https://doi.org/10.1016/j.micpath.2010.03.005
https://doi.org/10.1016/j.micpath.2010.03.005
https://doi.org/10.1128/jb.182.14.4044-4050.2000
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01695 September 7, 2020 Time: 18:49 # 11

Wang et al. Motility Is Critical for Biofilms

Chilcott, G. S., and Hughes, K. T. (2000). Coupling of flagellar gene expression to
flagellar assembly in Salmonella enterica serovar typhimurium and Escherichia
coli. Microbiol. Mol. Biol. Rev. 64, 694–708. doi: 10.1128/mmbr.64.4.694-708.
2000

Crawford, R. W., Reeve, K. E., and Gunn, J. S. (2010). Flagellated but not
hyperfimbriated Salmonella enterica serovar typhimurium attaches to and
forms biofilms on cholesterol-coated surfaces. J. Bacteriol. 192, 2981–2990.
doi: 10.1128/jb.01620-09

Datsenko, K. A., and Wanner, B. L. (2000). One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad. Sci. U.S.A.
97, 6640–6645. doi: 10.1073/pnas.120163297

Duan, Q., Zhou, M., Zhu, X., Bao, W., Wu, S., Ruan, X., et al. (2012). The flagella
of F18ab Escherichia coli is a virulence factor that contributes to infection in a
IPEC-J2 cell model in vitro. Vet. Microbiol. 160, 132–140. doi: 10.1016/j.vetmic.
2012.05.015

Haiko, J., and Westerlund-Wikström, B. (2013). The role of the bacterial flagellum
in adhesion and virulence. Biology 2, 1242–1267. doi: 10.3390/biology204
1242

Han, D., and Yoon, J. W. (2019). Cyclic di-guanosine monophosphate signaling
regulates bacterial life cycle and pathogenicity. J. Prev. Vet. Med. 43, 38–46.
doi: 10.13041/jpvm.2019.43.1.38

Heydorn, A., Nielsen, A. T., Hentzer, M., Sternberg, C., Givskov, M., Ersbøll,
B. K., et al. (2000). Quantification of biofilm structures by the novel computer
program comstat. Microbiology 146, 2395–2407. doi: 10.1099/00221287-146-
10-2395

Hossain, M. M., and Tsuyumu, S. (2006). Flagella-mediated motility is required for
biofilm formation by Erwinia carotovora subsp. carotovora. J. Gen. Plant Pathol.
72, 34–39. doi: 10.1007/s10327-005-0246-8

Huber, B., Riedel, K., Köthe, M., Givskov, M., Molin, S., and Eberl, L. (2002).
Genetic analysis of functions involved in the late stages of biofilm development
in Burkholderia cepacia H111. Mol. Microbiol. 46, 411–426. doi: 10.1046/j.1365-
2958.2002.03182.x

Jacobsen, C. S., and Bech, T. B. (2012). Soil survival of Salmonella and transfer to
freshwater and fresh produce. Food Res. Int. 45, 557–566. doi: 10.1016/j.foodres.
2011.07.026

Janssens, J. C. A., Steenackers, H., Robijns, S., Gellens, E., Levin, J., Zhao, H.,
et al. (2008). Brominated furanones inhibit biofilm formation by Salmonella
enterica serovar typhimurium. Appl. Environ. Microbiol. 74, 6639–6648. doi:
10.1128/AEM.01262-08

Ji, Y., Li, W., Zhang, Y., Chen, L., Zhang, Y., Zheng, X., et al. (2017). QseB mediates
biofilm formation and invasion in Salmonella enterica serovar Typhi. Microb.
Pathog. 104, 6–11. doi: 10.1016/j.micpath.2017.01.010

Kolter, R., and Greenberg, E. P. (2006). The superficial life of microbes. Nature 441,
300–302. doi: 10.1038/441300a

Koo, H., Allan, R. N., Howlin, R. P., Stoodley, P., and Hall-Stoodley, L.
(2017). Targeting microbial biofilms: current and prospective therapeutic
strategies. Nat. Rev. Microbiol. 15, 740–755. doi: 10.1038/nrmicro.
2017.99

Kosaka, T., Goda, M., Inoue, M., Yakushi, T., and Yamada, M. (2019).
Flagellum-mediated motility in Pelotomaculum thermopropionicum SI.
Biosci. Biotechnol. Biochem. 83, 1362–1371. doi: 10.1080/09168451.2019.159
7618

Le Guyon, S., Simm, R., Rehn, M., and Romling, U. (2015). Dissecting the cyclic di-
guanylate monophosphate signalling network regulating motility in Salmonella
enterica serovar Typhimurium. Environ. Microbiol. 17, 1310–1320. doi: 10.
1111/1462-2920.12580

Lemon, K. P., Higgins, D. E., and Kolter, R. (2007). Flagellar motility is critical
for listeria monocytogenes biofilm formation. J. Bacteriol. 189, 4418–4424. doi:
10.1128/jb.01967-06

MacKenzie, K. D., Palmer, M. B., Köster, W. L., and White, A. P. (2017). Examining
the link between biofilm formation and the ability of pathogenic Salmonella
strains to colonize multiple host species. Front. Vet. Sci. 4:138. doi: 10.3389/
fvets.2017.00138

Merighi, M., Septer, A. N., Carroll-Portillo, A., Bhatiya, A., Porwollik, S.,
McClelland, M., et al. (2009). Genome-wide analysis of the PreA/PreB
(QseB/QseC) regulon of Salmonella enterica serovar Typhimurium. BMC
Microbiol. 9:42. doi: 10.1186/1471-2180-9-42

Mireles, J. R., Toguchi, A., and Harshey, R. M. (2001). Salmonella enterica
serovar typhimurium swarming mutants with altered biofilm-forming abilities:
surfactin inhibits biofilm formation. J. Bacteriol. 183, 5848–5854. doi: 10.1128/
JB.183.20.5848-5854.2001

Nielubowicz, G. R., Smith, S. N., and Mobley, H. L. T. (2010). Zinc uptake
contributes to motility and provides a competitive advantage to Proteus
mirabilis during experimental urinary tract infection. Infect. Immun. 78, 2823–
2833. doi: 10.1128/iai.01220-09

Ning, Y., Cheng, L., Ling, M., Feng, X., Chen, L., Wu, M., et al. (2015). Efficient
suppression of biofilm formation by a nucleic acid aptamer. Pathog. Dis.
73:ftv034. doi: 10.1093/femspd/ftv034

O’Toole, G., Kaplan, H. B., and Kolter, R. (2000). Biofilm formation as microbial
development. Annu. Rev. Microbiol. 54, 49–79. doi: 10.1146/annurev.micro.54.
1.49

O’Toole, G. A., and Kolter, R. (1998). Flagellar and twitching motility are necessary
for Pseudomonas aeruginosa biofilm development. Mol. Microbiol. 30, 295–304.
doi: 10.1046/j.1365-2958.1998.01062.x

Pande, V. V., McWhorter, A. R., and Chousalkar, K. K. (2016). Salmonella
enterica isolates from layer farm environments are able to form biofilm
on eggshell surfaces. Biofouling 32, 699–710. doi: 10.1080/08927014.2016.119
1068

Pratt, L. A., and Kolter, R. (1998). Genetic analysis of Escherichia coli biofilm
formation: roles of flagella, motility, chemotaxis and type I pili. Mol. Microbiol.
30, 285–293. doi: 10.1046/j.1365-2958.1998.01061.x

Prouty, A. M., and Gunn, J. S. (2003). Comparative analysis of Salmonella
enterica serovar typhimurium biofilm formation on gallstones and on
glass. Infect. Immun. 71, 7154–7158. doi: 10.1128/iai.71.12.7154-7158.
2003

Ramachandran, G., Aheto, K., Shirtliff, M. E., and Tennant, S. M. (2016). Poor
biofilm-forming ability and long-term survival of invasive Salmonella
Typhimurium ST313. Pathog. Dis. 74:ftw049. doi: 10.1093/femspd/
ftw049

Römling, U., Sierralta, W. D., Eriksson, K., and Normark, S. (1998). Multicellular
and aggregative behaviour of Salmonella typhimurium strains is controlled by
mutations in the agfD promoter. Mol. Microbiol. 28, 249–264. doi: 10.1046/j.
1365-2958.1998.00791.x

Römling, U., and Rohde, M. (1999). Flagella modulate the multicellular behavior
of Salmonella typhimurium on the community level. FEMS Microbiol. Lett. 180,
91–102. doi: 10.1111/j.1574-6968.1999.tb08782.x

Semenov, A. M., Kuprianov, A. A., and van Bruggen, A. H. C. (2010). Transfer of
enteric pathogens to successive habitats as part of microbial cycles. Microb. Ecol.
60, 239–249. doi: 10.1007/s00248-010-9663-0

Serra, D. O., Richter, A. M., Klauck, G., Mika, F., and Hengge, R. (2013).
Microanatomy at cellular resolution and spatial order of physiological
differentiation in a bacterial biofilm. mBio 4:e00103-13. doi: 10.1128/mBio.
00103-13

Shao, X., Zhang, X., Zhang, Y., Zhu, M., Yang, P., Yuan, J., et al. (2018). RpoN-
dependent direct regulation of quorum sensing and the type VI secretion system
in Pseudomonas aeruginosa PAO1. J. Bacteriol. 200:e00205-18. doi: 10.1128/jb.
00205-18

Simm, R., Ahmad, I., Rhen, M., Le Guyon, S., and Römling, U. (2014). Regulation
of biofilm formation in Salmonella enterica serovar Typhimurium. Future
Microbiol. 9, 1261–1282. doi: 10.2217/fmb.14.88

Solano, C., García, B., Valle, J., Berasain, C., Ghigo, J.-M., Gamazo, C., et al.
(2002). Genetic analysis of Salmonella enteritidis biofilm formation: critical
role of cellulose. Mol. Microbiol. 43, 793–808. doi: 10.1046/j.1365-2958.2002.
02802.x

Stoodley, P., Sauer, K., Davies, D. G., and Costerton, J. W. (2002). Biofilms as
complex differentiated communities. Annu. Rev. Microbiol. 56, 187–209. doi:
10.1146/annurev.micro.56.012302.160705

Tsai, M.-H., Liang, Y.-H., Chen, C.-L., and Chiu, C.-H. (2019).
Characterization of Salmonella resistance to bile during biofilm formation.
J. Microbiol. Immunol. Infect. 53, 518–524. doi: 10.1016/j.jmii.2019.
06.003

Vermilyea, D. M., Ottenberg, G. K., and Davey, M. E. (2019). Citrullination
mediated by PPAD constrains biofilm formation in P. gingivalis strain 381. npj
Biofilms Microb. 5:7. doi: 10.1038/s41522-019-0081-x

Frontiers in Microbiology | www.frontiersin.org 11 September 2020 | Volume 11 | Article 1695149

https://doi.org/10.1128/mmbr.64.4.694-708.2000
https://doi.org/10.1128/mmbr.64.4.694-708.2000
https://doi.org/10.1128/jb.01620-09
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1016/j.vetmic.2012.05.015
https://doi.org/10.1016/j.vetmic.2012.05.015
https://doi.org/10.3390/biology2041242
https://doi.org/10.3390/biology2041242
https://doi.org/10.13041/jpvm.2019.43.1.38
https://doi.org/10.1099/00221287-146-10-2395
https://doi.org/10.1099/00221287-146-10-2395
https://doi.org/10.1007/s10327-005-0246-8
https://doi.org/10.1046/j.1365-2958.2002.03182.x
https://doi.org/10.1046/j.1365-2958.2002.03182.x
https://doi.org/10.1016/j.foodres.2011.07.026
https://doi.org/10.1016/j.foodres.2011.07.026
https://doi.org/10.1128/AEM.01262-08
https://doi.org/10.1128/AEM.01262-08
https://doi.org/10.1016/j.micpath.2017.01.010
https://doi.org/10.1038/441300a
https://doi.org/10.1038/nrmicro.2017.99
https://doi.org/10.1038/nrmicro.2017.99
https://doi.org/10.1080/09168451.2019.1597618
https://doi.org/10.1080/09168451.2019.1597618
https://doi.org/10.1111/1462-2920.12580
https://doi.org/10.1111/1462-2920.12580
https://doi.org/10.1128/jb.01967-06
https://doi.org/10.1128/jb.01967-06
https://doi.org/10.3389/fvets.2017.00138
https://doi.org/10.3389/fvets.2017.00138
https://doi.org/10.1186/1471-2180-9-42
https://doi.org/10.1128/JB.183.20.5848-5854.2001
https://doi.org/10.1128/JB.183.20.5848-5854.2001
https://doi.org/10.1128/iai.01220-09
https://doi.org/10.1093/femspd/ftv034
https://doi.org/10.1146/annurev.micro.54.1.49
https://doi.org/10.1146/annurev.micro.54.1.49
https://doi.org/10.1046/j.1365-2958.1998.01062.x
https://doi.org/10.1080/08927014.2016.1191068
https://doi.org/10.1080/08927014.2016.1191068
https://doi.org/10.1046/j.1365-2958.1998.01061.x
https://doi.org/10.1128/iai.71.12.7154-7158.2003
https://doi.org/10.1128/iai.71.12.7154-7158.2003
https://doi.org/10.1093/femspd/ftw049
https://doi.org/10.1093/femspd/ftw049
https://doi.org/10.1046/j.1365-2958.1998.00791.x
https://doi.org/10.1046/j.1365-2958.1998.00791.x
https://doi.org/10.1111/j.1574-6968.1999.tb08782.x
https://doi.org/10.1007/s00248-010-9663-0
https://doi.org/10.1128/mBio.00103-13
https://doi.org/10.1128/mBio.00103-13
https://doi.org/10.1128/jb.00205-18
https://doi.org/10.1128/jb.00205-18
https://doi.org/10.2217/fmb.14.88
https://doi.org/10.1046/j.1365-2958.2002.02802.x
https://doi.org/10.1046/j.1365-2958.2002.02802.x
https://doi.org/10.1146/annurev.micro.56.012302.160705
https://doi.org/10.1146/annurev.micro.56.012302.160705
https://doi.org/10.1016/j.jmii.2019.06.003
https://doi.org/10.1016/j.jmii.2019.06.003
https://doi.org/10.1038/s41522-019-0081-x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01695 September 7, 2020 Time: 18:49 # 12

Wang et al. Motility Is Critical for Biofilms

Waldner, L. L., MacKenzie, K. D., Köster, W., and White, A. P. (2012). From
exit to entry: long-term survival and transmission of Salmonella. Pathogens 1,
128–155.

Walker, S. L., Redman, J. A., and Elimelech, M. (2004). Role of cell surface
lipopolysaccharides in Escherichia coli K12 adhesion and transport. Langmuir
20, 7736–7746. doi: 10.1021/la049511f

Watnick, P., and Kolter, R. (2000). Biofilm, city of microbes. J. Bacteriol. 182,
2675–2679. doi: 10.1128/JB.182.10.2675-2679.2000

Wood, T. K., González Barrios, A. F., Herzberg, M., and Lee, J. (2006). Motility
influences biofilm architecture in Escherichia coli. Appl. Microbiol. Biotechnol.
72, 361–367. doi: 10.1007/s00253-005-0263-8

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

Copyright © 2020 Wang, Deng, Huang, Wang, Lu and Xu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Microbiology | www.frontiersin.org 12 September 2020 | Volume 11 | Article 1695150

https://doi.org/10.1021/la049511f
https://doi.org/10.1128/JB.182.10.2675-2679.2000
https://doi.org/10.1007/s00253-005-0263-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-569105 September 24, 2020 Time: 20:8 # 1

ORIGINAL RESEARCH
published: 25 September 2020

doi: 10.3389/fmicb.2020.569105

Edited by:
Yang Deng,

Qingdao Agricultural University, China

Reviewed by:
Yuting Tian,

Fujian Agriculture and Forestry
University, China

Ying Mu,
University of Tennessee Health

Science Center (UTHSC),
United States

Wensen Jiang,
Cedars-Sinai Medical Center,

United States

*Correspondence:
Xin Fu

fuxin76@126.com
Junyan Liu

jliu81@uthsc.edu

Specialty section:
This article was submitted to

Food Microbiology,
a section of the journal

Frontiers in Microbiology

Received: 03 June 2020
Accepted: 24 August 2020

Published: 25 September 2020

Citation:
Zhou W, Wang K, Hong W, Bai C,
Chen L, Fu X, Huang T and Liu J

(2020) Development and Application
of a Simple “Easy To Operate”

Propidium Monoazide-Crossing
Priming Amplification on Detection

of Viable and Viable But
Non-culturable Cells of O157

Escherichia coli.
Front. Microbiol. 11:569105.

doi: 10.3389/fmicb.2020.569105

Development and Application of a
Simple “Easy To Operate” Propidium
Monoazide-Crossing Priming
Amplification on Detection of Viable
and Viable But Non-culturable Cells
of O157 Escherichia coli
Wenqu Zhou1, Kan Wang2, Wei Hong1, Caiying Bai3, Ling Chen4,5, Xin Fu1* ,
Tengyi Huang6 and Junyan Liu7*

1 GMU-GIBH Joint School of Life Sciences, Guangzhou Medical University, Guangzhou, China, 2 Research Center
for Translational Medicine, The Second Affiliated Hospital, Shantou University Medical College, Shantou, China,
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O157 Escherichia coli is one of the most important foodborne pathogens causing
disease even at low cellular numbers. Thus, the early and accurate detection of this
pathogen is important. However, due to the formation of viable but non-culturable
(VBNC) status, the golden standard culturing methodology fails to identify O157 E. coli
once it enters VBNC status. Crossing priming amplification (CPA) is a novel, simple,
easy-to-operate detection technology that amplifies DNA with high speed, efficiency,
and specificity under isothermal conditions. The objective of this study was to firstly
develop and apply a CPA assay with propidium monoazide (PMA) for the rapid detection
of the foodborne E. coli O157:H7 in VBNC state. Five primers (2a/1s, 2a, 3a, 4s, and
5a) were specially designed for recognizing three targets, which were rfbE, stx1, and
stx2, and evaluated for its effectiveness in detecting VBNC cell of E. coli O157:H7
with detection limits of pure VBNC culture at 103, 105, and 105 colony-forming units
(CFUs)/ml for rfbE, stx1, and stx2, respectively, whereas those of food samples (frozen
pastry and steamed bread) were 103, 105, and 105 CFUs/ml. The application of the
PMA-CPA assay was successfully used on detecting E. coli O157:H7 in VBNC state
from food samples. In conclusion, this is the first development of PMA-CPA assay on
the detection of VBNC cell, which was found to be useful and a powerful tool for the
rapid detection of E. coli O157:H7 in VBNC state. Undoubtedly, the PMA-CPA method
can be of high value to the food industry owing to its various advantages such as speed,
specificity, sensitivity, and cost-effectiveness.

Keywords: propidium monoazide-crossing priming amplification, viable but non-culturable state, Escherichia coli
O157:H7, rapid detection, foodborne pathogens
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HIGHLIGHTS

- This is the first development of a PMA-CPA method
on VBNC detection.

- This detection assay has been successfully applied to three
targets of Escherichia coli in VBNC state.

- This study proposes the necessity for viable cell
detection instead of the conventional “golden standard”
culturing methodology.

INTRODUCTION

In recent years, the outbreak of foodborne diseases caused
by pathogens and its related virulence factors is a major
threat for many countries, although much attention had been
paid to food safety issues. Foodborne pathogens including
enterohemorrhagic Escherichia coli (EHEC), Staphylococcus
aureus, Vibrio parahaemolyticus, and Pseudomonas aeruginosa
have posed great concern in the food industry and public
health (Miao et al., 2016, 2019; Xie et al., 2017a; Xu et al.,
2019), especially their acquisition of antimicrobial resistance (Xu
et al., 2007, 2011a, 2017b; Yu et al., 2016; Xie et al., 2017b;
Liu et al., 2018c,d), biofilm formation (Lin et al., 2016; Bao
et al., 2017a; Miao et al., 2017b), and toxin production (Liu
et al., 2016a). EHEC causes more than 63,000 illnesses, 2,100
hospitalizations, and 20 deaths each year in the United States
(Jiang et al., 2016). E. coli O157:H7 is the main EHEC serotype
that causes the majority of EHEC human infections. As one
of the most commonly found foodborne pathogens, it can be
transmitted by contaminated food such as cattle, milk, eggs
and vegetables, rice cakes, and others (Ackers et al., 1998;
Jacob et al., 2013; Marder et al., 2014). The methods are labor-
intensive and time-consuming and cannot meet the requirement
of rapid monitoring. Hence, developing a rapid, sensitive, and
accurate method to detect E. coli O157:H7 in various foods
with a complex matrix is crucial in preventing disastrous E. coli
O157:H7 outbreaks and associated human infections.

In 1982, Xu et al. (1982) firstly reported “viable but non-
culturable” (VBNC) state, which was considered to be a survival
strategy of non-spore-forming bacteria in response to adverse
conditions (Xu et al., 1982; Oliver, 2010). Bacteria can enter
into VBNC state by the stimulation of adverse environmental
conditions, such as low temperature, nutrient-limited conditions,
high salt, low pH, and even ultraviolet-induced (Foster, 1999;
Ramaiah et al., 2002; Cunningham et al., 2009; Deng et al.,
2015; Liu et al., 2017a,b, 2018a,b; Guo et al., 2019). For now, 85
species of bacteria have been confirmed that can enter into VBNC
state, including 18 non-pathogenic and 67 pathogenic species
(Li et al., 2014). In recent years, many studies have determined
that VBNC bacteria still can produce harmful substances (Deng
et al., 2015; Liu et al., 2017a,b, 2018a,b). Shigella dysenteriae
and E. coli O157 still retain Shiga toxin encoding gene (stx)
and produce toxin in VBNC state (Rahman et al., 1996; Liu
et al., 2017d). Moreover, bacteria in VBNC can resuscitate
and grow again with suitable conditions (Pinto et al., 2015).
Nowadays, the traditional culture method and a nucleic acid

detection method are widely used. However, the discovery of
VBNC in recent years has brought difficulties to the detection
method. The VBNC cell cannot grow on the plate medium
due to low metabolic activity, which means that normal culture
methods can lead to false-negative results of detection. Hence,
rapid and accurate identification of VBNC bacteria is of utmost
importance. Bacteria in the VBNC state remain metabolically
and physiologically viable and continuing to express virulence
genes (Liu et al., 2016b,c,d, 2017a,c, 2018a; Bao et al., 2017b;
Xu et al., 2017a). Concerning conventional detection methods
that are time-consuming and only suitable for experimental
use, alternative rapid and cost-effective detection methods are
desperately required to detect VBNC pathogens (Lin et al.,
2016; Xu et al., 2016; Miao et al., 2017a; Zhao et al., 2018).
As the ethidium bromide monoazide (EMA) or propidium
monoazide (PMA) penetrates only into dead bacterial cells with
compromised membrane integrity but not into live cells with
intact cell membranes, EMA/PMA treatment to cultures with
both viable and dead cells results in selective removal of DNA
from dead cells. Therefore, scientists had utilized EMA/PMA
combined with nucleic acid amplification techniques to complete
the detection of VBNC cells. Recently, nucleic acid amplification
methods combined with EMA/PMA have been widely used for
the detection of pathogenic bacteria in the VBNC state, such
as PMA-polymerase chain reaction (PCR) (Liu Y. et al., 2018;
Zhong and Zhao, 2018).

Although numerous quick methods based on nucleic acids,
such as PCR (Gehring and Tu, 2005; Xu et al., 2011b) and
real-time PCR (O’Hanlon et al., 2004), have been developed
and used for detecting E. coli O157:H7 in food, a quicker and
less expensive technology is always most preferred. Isothermal
amplification is a novel method for DNA amplification at
a constant temperature, providing simple, fast, independent
of sophisticated instruments and cost-effective techniques to
detect biological targets, especially for less well-equipped
laboratories, as well as for filed detection. Isothermal technologies
mainly include loop-mediated isothermal amplification, rolling
circle amplification, single primer isothermal amplification,
polymerase spiral reaction, strand displacement amplification,
and recombinase polymerase amplification (Walker et al.,
1992; Notomi et al., 2000; Haible et al., 2006; Zhao et al.,
2009, 2010, 2011; Wang et al., 2011; Xu Z. et al., 2012;
Xu et al., 2020; Liu et al., 2015; Yang et al., 2017). Cross
priming amplification (CPA) is a novel isothermal method
that relies on five primers (2a/1s, 2a, 3a, 4s, and 5a) to
amply the target nucleotide sequences (Xu G. et al., 2012).
It does not require any special instrumentation and presents
all the features, including rapidity, specificity, and sensitivity.
Recently, CPA assays have been used for the detection of
E. coli O157:H7, Listeria monocytogenes, Enterobacter sakazakii,
Salmonella enterica, Yersinia enterocolitica, and other pathogens
(Yulong et al., 2010; Wang et al., 2014, 2018; Zhang et al., 2015;
Xu et al., 2020). Introducing the cross-priming principles, CPA
is advantageous on reproducibility and stability with a similar
level of sensitivity, specificity, and rapidity comparing with loop-
mediated isothermal amplification, the most broadly applied
isothermal methodologies. Therefore, CPA is a potentially

Frontiers in Microbiology | www.frontiersin.org 2 September 2020 | Volume 11 | Article 569105152

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-569105 September 24, 2020 Time: 20:8 # 3

Zhou et al. PMA-CPA Detection of VBNC E. coli

valuable tool for the rapid diagnosis of foodborne pathogens, as
well as those in the VBNC state. However, there is no report of
PMA-CPA assay for the detection of VBNC E. coli O157:H7.

This study aimed to develop a rapid PMA-CPA assay to detect
E. coli O157:H7 in VBNC state targeting on rfbE, stx1, and stx2
genes combining visual methods with the addition of calcein
and applying this assay to detect the E. coli O157:H7 strains
from food samples.

MATERIALS AND METHODS

Induction of Entry Into the Viable But
Non-culturable State in Saline and Food
Sample
Induction of VBNC cells and the establishment of PMA-CPA
assays were performed on E. coli O157 ATCC43895. The bacterial
strain was incubated in trypticase soy broth (Huankai Microbial,
China) to reach the exponential phase [∼109 colony-forming
units (CFUs)/ml]. To induce the entry of VBNC state, the culture
was diluted to the final density of 108 CFU/ml with saline (pure
culture system) and food homogenate (Cantonese rice cake,
Guangzhou Restaurant, Guangzhou) (food system) and stored at
−20◦C.

Determination of the Culturable and
Viable But Non-culturable State of E. coli
O157
The conventional plate counting method was used to determine
the cultivability of E. coli O157. The induction culture was serial
diluted with 0.9% sodium chloride and inoculated on trypticase
soy agar at 37◦C for 24 h. When the number of colonies was
<1 CFU/ml for 3 days, it was considered that the survived
cells might have entered into the non-culturable state (Deng
et al., 2015). Also, the final determination of the VBNC cell
was evaluated by the LIVE/DEAD BacLight bacterial viability kit
(Thermo Fisher Scientific, China) (Liu et al., 2017d). The stained
induction culture was observed by fluorescence microscopy.

Design of Crossing Priming Amplification
Primers
As mentioned before (Xu et al., 2020), the CPA primers were
designed for specific O-antigen rfbE gene and Shiga toxin genes
stx1 and stx2 of E. coli via Primer Premier 5. For each of the target

TABLE 1 | Reference strains and results of CPA assays.

Reference
strains

PCR assays CPA results

Gram-
negative
organisms

No. of strains rfbE stx1 stx2 rfbE stx1 stx2

Escherichia coli
O157:H7
ATCC43895

1 + + + + + +

genes, a set of primers were designed, including five primers
that recognized five distinct regions on corresponding sequences.
Primers used in this study have been enumerated in Tables 1, 2.
All primers were assessed for specificity before use in CPA assays
by doing a Blast search with a sequence in GenBank1.

Development of Propidium
Monoazide-Crossing Priming
Amplification Assay in Pure Bacterial
Culture and Food Sample
For the pure bacterial culture, 500 µl of 10–106-CFU/ml VBNC
culture was transformed into 1.5-ml centrifuge tubes. For the
food sample culture, the 10–106-CFU/ml cultures were washed
three times by saline to avoid the effect of substances in
a food sample and placed in 1.5-ml centrifuge tubes. Then,
PMA reagent was added to the final concentration of 5 µg/ml.
Subsequently, the detection samples mixed with PMA were
incubated in the dark at room temperature for 10 min before
the tubes were placed horizontally on ice exposed to a halogen
lamp (650 W) at a distance of 15 cm for 15 min to complete
the combination of DNA and PMA (Chen et al., 2020). The
mixed samples were centrifuged at 10,000 r/min for 5 min,
and the precipitation under the tubes was processed by DNA
extraction kit (Dongsheng Biotech, Guangzhou) followed the
instruction of the manufacturer, which were prepared as DNA
samples for PMA-CPA.

The CPA reaction was performed as mentioned before (Xu
et al., 2020), using thermostatic equipment or water bath in
26 µl, which contained 20-mM Tris–HCl, 10-mM (NH4)2SO4,
10-mM KCl, 8.0-mM MgSO4, 0.1% Tween 20, 0.7-M betaine
(Sigma), 1.4-mM dNTP (each), 8-U Bst DNA polymerase (NEB,
United States), a 1.0-µM primer of 2a/1s, a 0.5-µM (each) primer
of 2a and 3a, 0.6-µM (each) primer of 4s and 5a, 1-µl mixture

1https://www.ncbi.nlm.nih.gov/tools/primer-blast/

TABLE 2 | Primers sequence for detection.

Target
gene

Primers Sequence (5′-3′)

rfbE 4s AGGACCGCAGAGGAAAGA

5a TCCACGCCAACCAAGATC

2a/1s AGTACATTGGCATCGTGTCAGATAAACTCATCGAAACA

2a AGTACATTGGCATCGTGT

3a GGCATCGTGTGGACAGGGT

stx1 4s AGTTGATGTCAGAGGGATAG

5a CGCTGTTGTACCTGGAAA

2a/1s ATCAGCAAAGCGATAAAACTACGGCTTATTGTTGAA

2a ATCAGCAAAGCGATAAAA

3a CCTGTTAACAAATCCTGTCAC

stx2 4s GTTACGGGAAGGAATCAGG

5a AAATCAGCCACCCACAGC

2a/1s CGAACTGACGGTTTACGCATGGGACTTGCCGGTGTT

2a CGAACTGACGGTTTACGC

3a TGGTCGTACGGACCTTTT
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FIGURE 1 | Characterization of E. coli O157 in normal viable (A) and VBNC state (B) under fluorescence microscopy.

chromogenic agent (mixture with calcein and Mn2+), and 1-
µl template DNA, and the volume was made up to 26 µl with
nuclease-free water. The mixed chromogenic agent consists of
0.13-mM calcein and 15.6-mM MnCl2.4H2O.

The mixed reaction solution was incubated at 65◦C for 60 min
and heated at 80◦C for 2 min to terminate it. PMA-CPA amplified
products were visualized under visible light or the appearance
of the laddering pattern on 1.5% agarose gel electrophoresis.
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However, instead of the laddering pattern, apparent bright strip
might present, which can also be regarded as positive results. This
experiment was performed in triplicate to ensure reproducibility.

RESULTS

Observation of E. coli O157 in Viable But
Non-culturable State With Fluorescence
Microscopy
The E. coli O157 in normal viable and VBNC state was analyzed
using the LIVE/DEAD R© BacLight Bacterial Viability Kit. Under a
fluorescence microscope, the VBNC cells showed green, whereas
dead cells exhibited red (Figure 1). The results showed that the
VBNC cell might change their morphological characterization
from rod-shaped (normal state) to shorter rods or coccoid
(VBNC state) (Liu et al., 2017c).

Propidium Monoazide-Crossing Priming
Amplification Assay for Detection of
Viable But Non-culturable Cells of E. coli
O157 in Food Samples
Serial diluted DNA of VBNC cells evaluated the sensitivity of
PMA-CPA. There was an obvious color change at the 103–
106 CFU/ml DNA, and the ladder-like pattern was clearly
observed under ultraviolet light. The detection limits of E. coli
O157 VBNC were 103, 105, and 105 CFU/ml for rfbE, stx1, and
stx2 genes, respectively.

The PMA-CPA assays for the detection of E. coli O157 VBNC
in food samples were successfully conducted. The detection limits
of VBNC cells in the food system were 103, 105, and 105 CFU/ml
for rfbE, stx1, and stx2 genes, respectively, which were the same
as the limits in pure VBNC cells (Figure 2).

DISCUSSION

Escherichia coli O157:H7 is currently a widespread foodborne
pathogen throughout the world and has promoted a heightened
interest and concern for the low-level detection of these
foodborne pathogens (Pennington, 2010). There is a fast-
increasing and urgent demand for high-performance techniques
for monitoring bacteria in complex foods to reduce the risk
of the associated food poisoning. In evaluating detection
methodologies for ecologic and epidemiological purposes, a
series of attributes should be considered and assessed, including
specificity, sensitivity, simplicity, expense, and time. In this
study, PMA-CPA assay targeting rfbE, stx1, and stx2 successfully
detected detection E. coli O157:H7 VBNC cell in pure culture
and food samples. Notably, Shiga toxins 1 and 2 (Stx1 and Stx2)
encoded by stx1 and stx2 can result in gastrointestinal symptoms,
such as diarrhea and hemorrhagic colitis, and may also progress
to a hemolytic uremic syndrome, a severe sequela of this infection
(Saeedi et al., 2017). Considered to be an important health risk in
the food testing, the detection of Shiga toxin, especially rapid and
easy operating detection assay, may be of utmost significance and

FIGURE 2 | Sensitivity of PMA-CPA assay for detection of VBNC cells of rfbE
(A), stx1 (B), and stx2 (C) genes by mixed chromogenic agent in food
samples. M-DNA marker; lanes 1–7, 106, 105, 104, 103, 102, and 10 CFU/ml,
negative control.

urgent necessity. Therefore, we established a PMA-CPA method
for the detection of E. coli O157:H7 in VBNC cell, as well as its
virulence factors. The detection limits of PMA-CPA assay showed
consistency with that of CPA assay, no matter in pure bacterial
culture or food samples, which had been performed previously
(Xu et al., 2020). To the best of our knowledge, this is the first
report of a PMA-CPA assay to detect E. coli O157:H7 in VBNC
state from food samples.

CONCLUSION

In conclusion, the designed CPA primers targeted the rfbE, stx1,
and stx2 genes for the effective detection of E. coli O157:H7
VBNC cell. Therefore, being simple, rapid, sensitive, and specific,
PMA-CPA assay can be a useful and powerful method in the field
and also an alternative diagnostic tool for the detection of E. coli
O157:H7 in VBNC cell and its related virulence factors in testing
as part of an outbreak investigation.
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Objective: This study aimed to investigate the effect of environmental conditions including 
nutrient content, acetic acid concentration, salt concentration, and temperature on the 
formation of viable but nonculturable (VBNC) state of Pediococcus acidilactici, as well as 
its control and detection in food system.

Methods: Representing various environmental conditions in different food systems, 16 
induction groups were designed for the formation of VBNC state of P. acidilactici. Traditional 
plate counting was applied to measure the culturable cell numbers, and Live/Dead 
Bacterial Viability Kit combined with fluorescent microscopy was used to identify viable 
cells numbers. The inhibition of bacterial growth and VBNC state formation by adjusting 
the environmental conditions were investigated, and the clearance effect of VBNC cells 
in crystal cake system was studied. In addition, a propidium monoazide-polymerase chain 
reaction (PMA-PCR) assay was applied to detect the VBNC P. acidilactici cells in crystal 
cake food system.

Results: Among the environmental conditions included in this study, acetic acid 
concentration had the greatest effect on the formation of VBNC state of P. acidilactici, 
followed by nutritional conditions and salt concentration. Reducing nutrients in the 
environment and treating with 1.0% acetic acid can inhibit P. acidilactici from entering the 
VBNC state. In the crystal cake system, the growth of P. acidilactici and the formation of 
VBNC state can be inhibited by adding 1.0% acetic acid and storing at −20°C. In crystal 
cake system, the PMA-PCR assay can be used to detect VBNC P. acidilactici cells at a 
concentration higher than 104 cells/ml.
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Conclusion: The VBNC state of P. acidilactici can be  influenced by the changing of 
environmental conditions, and PMA-PCR assay can be applied in food system for the 
detection of VBNC P. acidilactici cells.

Keywords: Pediococcus acidilactici, viable but nonculturable state, environmental conditions, food system, 
propidium monoazide-polymerase chain reaction

HIGHLIGHTS

 1. Acetic acid concentration had the greatest effect on the 
formation of VBNC state of P. acidilactici, followed by 
nutritional conditions and salt concentration.

 2. Reducing nutrients and treating with 1.0% acetic acid are 
able to inhibit P. acidilactici from entering into the 
VBNC state.

 3. In the crystal cake food system, the growth of P. acidilactici 
and the formation of VBNC state can be inhibited by adding 
1.0% acetic acid and storing at −20°C.

 4. In the crystal cake food system, the PMA-PCR assay can 
be used to detect VBNC P. acidilactici cells at a concentration 
higher than 104 cells/ml.

INTRODUCTION

Under stress conditions, various species of bacteria can enter 
a physiologically viable but nonculturable (VBNC) state. Bacteria 
entering into the VBNC state are a survival strategy to cope 
with adverse conditions. However, food-borne spoilage and 
pathogenic bacteria pose a threat to food safety and even 
public health after entering the VBNC state (Bao et al., 2017a,b; 
Wen et  al., 2020). The presence of VBNC state bacteria can 
lead to false negative results from the traditional plate counting 
detection. In addition, VBNC cells retain viability and can 
cause fatal infections even when completely uncultivable. Bacteria 
can recover from the VBNC state to an active metabolic state, 
bringing certain safety risks to human health and food safety 
(Du et al., 2007; Xu et al., 2011a; Lin et al., 2017; Miao et al., 2017a; 
Xie et  al., 2017a; Hu et  al., 2019).

Lactic acid bacteria are widely distributed and are usually 
found in food products, including meat, milk, and vegetables. 
When lactic acid bacteria are subjected to external environmental 
pressures during the production and application process, they 
are capable of activating a variety of stress reactions and 
may enter into the VBNC state (Xu et  al., 2012a, 2017a; Xie 
et  al., 2017b; Jia et  al., 2018; Liu et  al., 2018c, 2019). Studies 
had shown that a variety of lactic acid bacteria are able to 
enter into the VBNC state, including Lactobacillus plantarum 
(Liu et  al., 2017a; Olszewska and Bialobrzewski, 2019), 
Lactobacillus acetate (Piao et  al., 2019), Lactobacillus lindenii 
(Liu et  al., 2017b), Bifidobacteria, etc. However, few studies 
on the VBNC of Pediococcus had been reported. Pediococcus 
acidilactici is a homofermentative bacterium that can grow 
in a wide range of pH, temperature, and osmotic pressure 
(Klaenhammer, 1993; Xu et  al., 2007; Miao et  al.,  
2017b,c). They are commonly found in fermented vegetables, 

fermented dairy products, and meat (Barros et  al., 2001; Bao 
et  al., 2017c; Xu et  al., 2017b).

Lactic acid bacteria contaminated food is mainly caused by 
incomplete sterilization after fermentation. It is also possible 
that lactic acid bacteria enter into the VBNC state under 
environmental pressure and causes false negative detection during 
shipment. During food storage, transportation, and marketing, 
bacteria in VBNC state resume activity, causing food spoilage 
(Lin et al., 2016; Miao et al., 2016; Xu et al., 2016a,b,c). Therefore, 
the detection of VBNC state bacteria is of great significance. 
The methods commonly used for the detection of VBNC state 
bacteria are currently based on micro-optic, immunological, 
and molecular detection techniques (You et  al., 2012; Zhong 
et  al., 2013). Propidium monoazide-polymerase chain reaction 
(PMA-PCR) is a method for detecting bacteria in VBNC state 
based on conventional PCR technology developed in recent 
years (Xu et  al., 2008a, 2018; Miao et  al., 2018; Zhao et  al., 
2018a,b). This method overcomes the defect that conventional 
PCR technology cannot distinguish free DNA released from 
living bacteria and dead bacteria, and can effectively avoid false 
positive test results (Xu et  al., 2008b; Liu et  al., 2018a).

This study aimed to investigate the effect of environmental 
conditions, including nutrient content, acetic acid concentration, 
and salt concentration on the formation of VBNC state of 
P. acidilactici, as well as its control and detection in food system.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Pediococcus acidilactici BM-PA17927 was stored at −80°C in 
MRS broth containing 20% (v/v) glycerol. It was streaked on 
MRS agar plate for 48 h at 37°C. Subsequently, a single colony 
was inoculated into a culture tube containing 2  ml of MRS 
broth and cultured at 37°C for 24  h. P. acidilactici was grown 
overnight in MRS broth at 37°C for 12  h. The bacterial 
suspension was diluted 1:100 in fresh MRS medium. Subsequently, 
the cultivation continued to the log phase.

Induction of Entry Into VBNC State
According to the optimal culture conditions of P. acidilactici, 
and in accordance with the principle of reverse adjustment, 
conditions which are unfavorable to bacterial growth were 
selected as candidate factors for inducing VBNC state. Three 
factors, including nutrition, salt concentration, and acid, were 
taken as a single variable. Three factors and four levels of 
orthogonal experiments were designed to reach 16 experimental 
groups (Table  1). The 16 experimental groups were stored at 
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4 and  −  20°C, respectively. The change trend of the culturable 
cell number of bacteria was used as an observation index to 
investigate the influence of environmental pressure on the 
formation of VBNC state of P. acidilactici. P. acidilactici cultured 
to logarithmic phase was inoculated into the induction culture, 
and the concentration of P. acidilactici in the induction culture 
was guaranteed to be  approximately 1  ×  108  cells/ml.

Culturability and Viability Assays
The induction culture was removed from the refrigerator and 
placed at room temperature. When the induction culture 
completely melted, it was serially diluted in 0.9% NaCl, spread 
on MRS agar plates, and incubated at 37°C for 24  h. When 
the culturable cell number of P. acidilactici bacteria in the 
induction culture is 1  cells/ml, it is considered that the cells 
may enter into the VBNC state (Deng et  al., 2015). In order 
to determine whether P. acidilactici cells in the induction culture 
enter into the VBNC state, the LIVE/DEAD® BacLight™ Bacterial 
Viability Kit (Thermo Fisher Scientific, China) was used. The 
fluorescent probes SYTO 9 and PI were used with fluorescence 
microscope to distinguish intact from membrane-permeabilized 
cells. For these assays, 500 μl sample was obtained and centrifuged 
at 5,000 rpm for 15 min. Subsequently, the cells of P. acidilactici 
were washed twice with physiological saline (PBS). The supernatant 
was removed, and the pellet was resuspended in 500  μl of PBS. 
The cell suspensions were incubated with 1.5 μl of a dye mixture 
containing SYTO 9 and PI for 30  min at room temperature 
in the dark. Five microliter of cells incubated with the dye 
mixture was trapped between a slide and a square coverslip. 
The slide was placed under a fluorescent microscope for further 
observation. Live cells were observed under red excitation light 
with a wavelength of A480 nm/450  nm, and dead cells were 
observed under blue excitation light with a carrier length of 
A490 nm/635  nm. The results were then superimposed using 
Image J software. Under fluorescence microscope, the viable 
cells showed green, whereas dead cells exhibited red.

Inhibition of VBNC State Formation
According to the key environmental conditions for the formation 
of P. acidilactici VBNC state, the effect of acid (0.7 and 1.0%) 
and nutrition (0 and 25%) on the formation of P. acidilactici 
VBNC state were studied (Tables 2 and 3).

In order to investigate the inhibition of acid and nutrition 
change on the VBNC state formation of P. acidilactici in food 
system, the logarithmic phase cells were inoculated into a 
crystal cake food system with nutrient concentrations of 100, 
50, and 25% and a volume fraction of 1.0% acetic acid. At 
the same time, the initial concentration of P. acidilactici in 
the food system was guaranteed to be  108  cells/ml and stored 
at 4 and −20°C, respectively. After 3  days of culture, the 
formation of VBNC state of P. acidilactici was observed using 
plate counting method and fluorescence microscopy.

Detection of VBNC State in Food Systems 
by PMA-PCR Assay
According to the National Food Safety standards (GB4789.3–
2016) in China, 25  g of ground crystal cake was added to 
225 ml of PBS and sterilized. Subsequently, P. acidilactici VBNC 
cells were inoculated into PBS. The initial concentrations of 
P. acidilactici were adjusted to be  106, 105, 104, 103, 102, and 
10  cells/ml. Five-hundred microliter of bacterial suspension 
and PMA (final concentration is 5  μg/ml, when PMA 
concentration is 5  μg/ml, it can effectively distinguish VBNC 
state bacteria and dead bacteria) were added to a 1.5  ml 
centrifuge tube, and they were thoroughly mixed and left at 
room temperature for 10  min. Subsequently, the centrifuge 
tube was placed on a crushed ice box, and light treatment 
was performed for 15  min at a distance of 15  cm from a 
650  W halogen lamp to complete the binding of PMA and 
DNA. The PMA molecules remaining after the treatment are 
passivated. The PMA-treated bacteria suspension was centrifuged 
at 10,000 rpm/min for 5 min, and the supernatant was discarded. 
DNA was then extracted using a bacterial group DNA extraction 
kit (Dongsheng Biotech, Guangzhou, China). The extracted 
DNA was detected by PCR. PCR assay was performed in a 

TABLE 1 | The experimental methods of orthogonal array design of VBNC 
induction of P. acidilactici.

Group MRS medium 
concentration  

(%)

NaCl 
concentration 

(m/v) (%)

Acetic acid 
concentration (v/v) 

(%)

1 0 0.9 0
2 25 0.9 0.1
3 50 0.9 1
4 100 0.9 2
5 25 5 0
6 0 5 0.1
7 100 5 1
8 50 5 2
9 50 10 0
10 100 10 0.1
11 0 10 1
12 25 10 2
13 100 15 0
14 50 15 0.1
15 25 15 1
16 0 15 2

TABLE 2 | Inhibition assay of acid on the formation of VBNC state of 
P. acidilactici.

Group MRS (%) NaCl (%) Acetic acid (%)

1 0 0.9 0.7
2 1.0
3 25 0.9 0.7
4 1.0
5 100 5 0.7
6 1.0

TABLE 3 | Inhibition assay of nutrition on the formation of VBNC state of 
P. acidilactici.

Group MRS (%) NaCl (%) Acetic acid (%)

1 0 5 1
2 25
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FIGURE 1 | The culturable cell number of Pediococcus acidilactici stored under 16 different conditions (4 and −20°C). (A–H were the culturable cell number 
tendency of P. acidilactici inoculated in the medium configured according to the methods 1, 2, 5, 7, 9, 10, 13, and 14 and stored at 4 or −20°C, respectively).

25-μl volume and with 0.6  μM primers (pheS-F: 
CGCAGACAAGTCCAATGCAG; pheS-R: CACGTCGATAAA 
CCACCCCA). The thermal profile for PCR mixtures were 95°C 
for 5  min, followed by 35  cycles of 95°C for 30  s, 55°C for 
30  s, and 72°C for 60  s and a final extension cycle at 72°C 
for 5  min. The amplified products (5  μl/well) were analyzed 
by gel electrophoresis in 2% agarose gels and stained with 
ethidium bromide for 10 min. A negative control was performed 
using sterile water instead of culture or DNA template, and 
then visualized by UV transilluminator.

RESULTS AND DISCUSSION

Effect of Nutrient, Acid, and Salt on the 
Formation of VBNC State
Under the conditions corresponding to the experimental groups 
3, 4, 6, 8, 11, 12, 15, and 16 (Table  1), the culturable cell 
numbers of P. acidilactici were reduced to zero (4 and −20°C) 
within 3  days (Figures  1A,B,D). Under the conditions 
corresponding to the experimental groups 5, 9, 10, 13, and 
14, the culturable cell numbers of P. acidilactici were not able 
to reduce to zero within 45  days (Figures  1C,E–H). The 
culturable cell numbers were approximately 103–106  cells/ml 
and 107  cells/ml at 45  days when stored at 4 and −20°C, 
respectively. Under the experimental conditions corresponding 
to the experimental groups 1, 2, and 7, P. acidilactici could 
enter the VBNC state within 45  days (Table  4; Figure  2). In 
the conditions corresponding to experimental groups 1 and 
7, the VBNC state was entered at 4°C for 31 and 37  days 
(chart). In 45  days, the culturable cell number of P. acidilactici 
did not decrease to zero when stored at −20°C. Under the 

conditions corresponding to group 2 and under the conditions 
of 4 and −20°C, they entered the VBNC state at 34 and 
44  days, respectively.

Under the conditions in which the acetic acid concentration 
is 2%, the medium concentration ranges from 0 to 100%, and 
the salt concentration ranges from 0.9 to 15%, the culturable 
and viable cell numbers of P. acidilactici reduced to zero within 
3 days (experimental groups 4, 8, 12, and 16). In the induction 
culture with an acetic acid concentration of 1% (Figure  3), 
P. acidilactici lost culturability and viability within 3 days when 
nutrition is inadequate (medium concentration  ≤  50%; 
experimental groups 3, 11, and 15). However, when the culture 
medium concentration was 100% and P. acidilactici culture 
was stored at 4 and −20°C, it could survive for 37 and 45 days, 
respectively (experimental group  7). This shows that the 
concentration of nutrients has a certain effect on the survival 
of P. acidilactici, and sufficient nutrients can enhance the 
resistance of P. acidilactici to external acidic substances. When 
the acetic acid concentration was 0.1 and 0%, the culturable 
cell number of experimental group 6 reduced to zero in 3 days, 
the culturable cell number of experimental group  2 reduced 
to 0  in 34 and 44  days, and the culturable cell number of 
experimental group 1 reduced to 0 in 31 days at 4°C. P. acidilactici 
in the experimental groups 5, 9, 13, 10, and 14 could survive 
for more than 45  days. This shows that the acetic acid 
concentrations used in this study have the most significant 
effect on the survival of P. acidilactici.

In the experimental groups 5, 9, 10, 13 and 14, with the 
increase of the salt concentration, the P. acidilactici cells could 
survive for 45 days, and the culturable cell number of P. acidilactici 
was not significantly different. The salt concentration used in 
this experiment had no significant effect on the survival of  
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P. acidilactici. Therefore, among the environmental conditions 
discussed in this study, acid has the greatest impact on the 
survival of P. acidilactici, followed by nutrition, and salt 
concentration has the least effect on the survival of P. acidilactici.

Generally, a variety of environmental conditions can induce 
bacteria to enter the VBNC state, including the physiological 
cycle of bacteria (Oliver, 2010), temperature (Pawlowski et  al., 
2011; Liao et  al., 2019), pH (Aurass et  al., 2011), osmotic 
pressure (Aurass et  al., 2011), nutritional content (Wong and 
Wang, 2004; Ramamurthy et  al., 2014), high pressure carbon 
dioxide (Zhao et al., 2013), antibiotic stress (Pasquaroli et al., 2013), 

water activity (Gruzdev et  al., 2012), UV disinfection 
(Xu et  al., 2009; Zhang et  al., 2015; Liu et  al., 2018b), and 
antibiotic (Lee and Bae, 2018) can induce bacteria to enter the 
VBNC state. This study used medium concentration (0, 25, 
50, and 100%), sodium chloride concentration (0.9, 5, 10, and 
15%), and acetic acid concentration (0, 0.1, 1, and 2%) as 
single factors to design an orthogonal experiment to explore 
the ability of environmental conditions to form P. acidilactici 
VBNC. Among the 16 induction cultures, only in three induction 
cultures successfully induced P. acidilactici entering into the 
VBNC state within 45  days. (1) The medium concentration is 
0, the sodium chloride mass fraction is 0.9%, and the acetic 
acid volume fraction is 0. (2) The concentration of the medium 
is 25%, the mass fraction of sodium chloride is 0.9%, and the 
volume fraction of acetic acid is 0.1%. (3) Medium concentration 
is 100%, sodium chloride mass fraction is 5%, and acetic acid 
volume fraction is 1%. This shows that when the concentration 
of the medium is less than 25%, the concentration of sodium 
chloride is 0.9%, and the concentration of acetic acid is less 
than 0.1%, it is beneficial to the formation of VBNC state of 
Escherichia coli. That is, nutritional deficiencies and relatively 
low concentrations of sodium chloride and acetic acid are 
benificial to VBNC state formation. Under this environmental 
pressure, P. acidilactici does not die directly, but enters the 
VBNC state. In addition, when the concentration of the culture 
medium is 100%, the concentration of sodium chloride is 5%, 
and the volume fraction of acetic acid is 1%, P. acidilactici can 
enter the VBNC state. This shows that under the condition of 
sufficient nutrition, P.  acidilactici can resist higher sodium 
chloride concentration and acid (Xu et  al., 2011b, 2012b).

Effect of Temperature on the Formation of 
VBNC State
In addition to the influence of the composition of the 
induction culture, temperature also affects the entry of 
P. acidilactici into VBNC (Table 4). Among the experimental 

FIGURE 2 | The viability of nonculturable P. acidilactici stored at different 
conditions with fluorescence microscope (A represents the storage at 4°C in 
group 1; B and C represent the storage at 4 and −20°C under group 2; 
D shows storage at 4°C in group 7).

TABLE 4 | The time of culturable cell number of P. acidilactici decreased to 0 
stored at different methods.

Group 4°C −20°C Group 4°C −20°C

1 31 d + 9 + +
2 34 d 44 d 10 + +
3 / / 11 / /
4 / / 12 / /
5 + + 13 + +
6 / / 14 + +
7 37 d + 15 / /
8 / / 16 / /

“+” stands for cell, which is culturable, and “/” stands for the number of cultivable cells 
in day 3 has dropped to 0.

FIGURE 3 | The culturable cell number of P. acidilactici inoculated in the 
1.0% (v/v) acetic acid medium containing 100, 50, and 25% nutrients at low 
temperature for 3 days.
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TABLE 5 | Inhibition of acid on the formation of VBNC state of P. acidilactici.

Group MRS 
(%)

NaCl 
(%)

Acetic 
acid 
(%)

Culturable viable

4°C −20°C 4°C −20°C

1
0 0.9

0.7 / / / /
2 1.0 / / / /
3

25 0.9
0.7 + + ND ND

4 1.0 / / − −
5

100 5
0.7 + + ND ND

6 1.0 + + ND ND

“+” stands for cell, which is culturable, “/” for cell, which is nonculturable, “−” stands for 
cell, which is not active, and “ND” stands for cell activity not detection.

conditions discussed in this study, only the conditions 
corresponding to the three experimental groups can induce 
P. acidilactici to enter the VBNC state. In experimental groups 
1 and 7, P. acidilactici entered into the VBNC state at 4°C 
in 31 and 37  days, respectively, but P. acidilactici was still 
active in 45  days at −20°C. In experimental group  2, 
P.  acidilactici entered into VBNC state after 34 and 44  days, 
respectively. This shows that −20°C affected more on the 
survival of P. acidilactici.

Low temperature is the main factor that induces bacteria 
to enter the VBNC state. Food materials and finished products 
are mostly kept at low temperatures. During the low temperature 
storage process, the bacteria are easily affected by low temperature 
and enter the VBNC state. Food pass the test may contain 
VBNC state bacteria, which will become an invisible source 
of contamination and affect food safety (Xu et al., 2010, 2011c; 
Wang et  al., 2011).

Effects of Acid and Nutrition on the 
Survival of P. acidilactici
Under the condition that the medium concentration is 0 
(groups 1 and 2), by adding a certain amount of acetic acid 
(acetic acid volume fraction reaches 0.7 or 1.0%), the 
culturability of P. acidilactici was 0 after 3  days (Table  5). 
And bacterial activity test results showed that all bacteria 
died and could not enter into the VBNC state. When the 
nutrient concentration was 25 and 100%, and the acetic acid 
concentration was 7% (in groups 3 and 5), P. acidilactici 
was culturable at 3  days, but the culturable cell number was 
significantly reduced, indicating that P. acidilactici may enter 
into VBNC state. When the acetic acid concentration was 
1.0%, P. acidilactici was culturable at 4 and −20°C for 3 days. 
When the nutrient concentration is 100%, P. acidilactici was 
culturable and had the potential to enter into the VBNC 
state (experimental group  6). However, when the nutrient 
concentration was 0 and 25%, P. acidilactici was not culturable 
and viable (experimental groups 2 and 4; Figure  4, Table  6). 
When the acetic acid concentration was 1.0% and the salt 
concentration was 5%, the nutrient content in the induction 
culture was reduced to 25% or less. After 3 days, the number 
of cultivable P. acidilactici and the bacterial activity were 0. 
During the processing of rice flour products, it is possible 
to control the formation of lactic acid bacteria VBNC state 
by minimizing the residual nutrients on the surface of the 
processing equipment and using acetic acid with a volume 
fraction of 1.0%.

Elimination of VBNC State in Rice Flour 
Products
Crystal cake is a traditional Chinese snack, which has the 
characteristics of rich nutrition. The rich nutrients and sufficient 
water in crystal cake make it a natural medium for the growth 
of various pathogenic and spoilage bacteria. In this study, 
crystal cake was applied as a representative food system to 
study the inhibition and detection of the VBNC state of 
P.  acidilactici under food processing and storage conditions. 

P. acidilactici was inoculated in food system with 25, 50, and 
100% nutrient content and cultured at 4 and −20°C, respectively. 
After 3  days of culture, the culturability and activity of P. 
acidilactici were measured. Only when the nutrient content 
is 100% and stored at 4°C, P. acidilactici is not culturable 
and viable, but can survive in other experimental groups. 
Therefore, adding 1% acetic acid to rice flour products and 
storing them at −20°C can prevent P. acidilactici in rice flour 
products from entering the VBNC state and avoid potential 
threats caused by the presence of P. acidilactici in the 
VBNC state.

Detection of VBNC State of P. acidilactici
Propidium monoazide is a DNA intercalating molecule that 
can differentiate between live and dead or membrane-damaged 
bacteria. It can selectively penetrate the damaged cells and 
form a stable covalent high affinity bonds with DNA, following 
photo-activation exposure to strong visible light (Andreas et al., 
2009). The DNA-PMA bond inhibits PCR amplification of the 
DNA strands of dead bacteria. It can be known from the results 
that when the concentration of P. acidilactici in the VBNC 
state in the crystal cake food system is higher than 104 cells/ml, 

FIGURE 4 | The viability of nonculturable P. acidilactici stored at different 
conditions with fluorescence microscope.
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the P. acidilactici in the VBNC state can be successfully detected 
using the PMA-PCR technology (Figure  5).

CONCLUSION

Among the environmental conditions discussed in this study, 
acid had the greatest effect on the formation of VBNC state 
of P. acidilactici, followed by nutrition, and the effect of salt 
concentration on the survival of P. acidilactici was the least 
significant. In addition to the influence of the composition of 
the induction culture, 4°C is more favorable for P. acidilactici 
to enter into the VBNC state. By reducing the amount of 
nutrients in the environment and treating with 1.0% acetic 

acid, the formation of VBNC state can be  suppressed. The 
addition of 1% acetic acid in rice flour products and storage 
at −20°C can inhibit P. acidilactici in rice flour products from 
entering into the VBNC state and avoid potential threats caused 
by the presence of P. acidilactici in the VBNC state. Also, 
PMA-PCR method can be applied to detect VBNC P. acidilactici 
cells with concentration higher than 104  cells/ml.
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Vanilla produces aroma after curing. There were a few reports about the possible 
involvement of microorganisms during the curing process. Bacterial and fungal community 
was analyzed to explore the distinct roles. Alpha diversity analysis indicated that the 
abundance and diversity of microorganisms did not increase regularly as the curing 
progressed. Weighted and unweighted principal coordinates analysis (PCoA) showed 
that the fungal community of blanching beans was significantly different from those of the 
vanilla beans of other stages, respectively. Bacillus and Aspergillus were the dominant 
genus during the curing process. Correlation analysis indicated that the bacterial and 
fungal structure was positively related to the vanillin formation, respectively. The study 
was conducive to reveal the formation of flavor components and the biosynthesis of 
vanillin. Furthermore, it proposed the possible curing methods of regulating the bacterial 
and fungal community to increase vanillin formation.

Keywords: vanilla, curing process, microbial community, bacterial and fungal, high-throughput sequencing

INTRODUCTION

Vanilla planifolia Andrews was native to Mexico and a typical tropical orchid crop known as 
the “king of food and spices” (Lubinsky et  al., 2008). It is one of the most important and 
popular aromatic plants in food, beverages, and cosmetics (Kaur and Chakraborty, 2013). Fresh 
vanilla beans have almost no aroma, but produce unique aroma after curing. Early research 
has shown that conditioning vanilla beans were sweet, vanilla, floral, prune/raisin, spicy, woody, 
and smoky (Ranadive et  al., 2011). Traditional curing processes typically involve four steps 
namely: blanching, sweating, drying, and conditioning. Fresh vanilla beans were blanched by 
heating or freezing to destroy the cell tissue structure. Then, the blanching vanilla beans were 
treated under conditions of high humidity and temperature. Sweating retains a sufficiently 
high moisture content for the enzyme-catalyzed reaction, while allowing sufficient moisture to 
escape from microbial spoilage. Then, the sweating vanilla beans were further dried by sun 
or air to inhibit mold growth. Lastly, the drying vanilla beans were stored in a closed box 
for few months, and formed the unique aroma of vanilla (Mariezcurrena et  al., 2008; 
Sreedhar et  al., 2009; Rao and Ravishankar, 2010).
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It was generally believed that vanillin is mainly formed by 
the hydrolysis of glucovanillin by β-D-glucosidase. However, 
a very interesting phenomenon was that vanillin continued 
to accumulate as the activity of β-D-glucosidase gradually 
decreased during the curing process (Frenkel et  al., 2011). 
Many researches supported that the microorganisms play an 
important role in the formation of vanillin. Generally, vanilla 
beans were blanched 3–5  min in hot water or air below 80°C, 
removing the microorganisms. But, lots of microorganisms 
were not removed from the vanilla beans (Lipkin 2013; Menon 
and Nayeem, 2013). In addition, no special sterilization step 
existed in the curing process. Vanilla beans were always in 
contact with the external environment. Therefore, microbial 
growth occurred on the vanilla beans, and the growth of the 
microorganisms inevitably produced abundant metabolites 
(Podstolski et  al., 2002; Pak et  al., 2004). Röling et  al. (2001) 
found that thermophilic and thermotolerant bacilli mainly 
associated with Bacillus, which could be  developed under 
sweating for more than a week. And, the authors also observed 
large differences in the number of microorganisms, species 
composition, and the enzymatic abilities of the isolated bacteria 
between different batches (Röling et  al., 2001). General et  al. 
(2009) showed that the diversity of yeast increased during 
the curing of vanilla. Gu et  al. (2017) reported that the 
biosynthesis of vanillin by glucose, cresol, capsaicin, and vanillyl 
alcohol was widely distributed in the microbial metabolism. 
Chen et  al. (2015) indicated that the Bacillus colonized on 
vanilla beans produced β-D-glucosidase, which mediated the 
hydrolysis of glucovanillin. These studies have shown that 
microorganisms may play an important role in the formation 
of the vanilla flavor.

Previous study proposed that microorganisms play an 
important role in the formation of vanilla flavor. In this study, 
the vanilla beans were cured by a hot air processing method. 
Based on the high-throughput sequencing method, the study 
analyzed the microorganisms that may involve in the curing 
of vanilla, and systematically studied the correlation between 
the microorganisms and vanilla flavor. In addition, it also partly 
explained the continued accumulation of vanillin at a low 
endogenous β-D-glucosidase activity.

MATERIALS AND METHODS

Determination of Vanillin
The extraction and determination of vanillin was carried out 
according to the method of Dong et  al. (2014). Four grams 
of vacuum freeze-dried vanilla beans powder of different curing 
stages was thoroughly mixed with 100  ml of 70% ethanol 
water solution. The samples were microwaved for 20  min at 
100 W. Then, the samples were filtered and made up to 100 ml 
after microwave extraction. Vanillin was quantified by an external 
standard method. HPLC conditions were as follows: Reversed 
phase C18 column (Zorbax, 4.6  mm  ×  100  mm, 3.5  μm, 
Agilent), injection volume: 5 μl, flow rate: 1.0 ml/min, detection 
wavelength: 280 nm, column temperature: 26°C, mobile phase: 
20% methanol, and 80% acidified water.

Microorganism Collection, DNA Extraction, 
and PCR Amplification
Vanilla beans were collected in Hainan, China, and cured by 
hot air processing (Gu et  al., 2017). Fresh beans were blanched 
(70°C, 5  min), after that, they were immediately obtained as 
B1 samples. Then, they underwent daily sun exposure for about 
6  h to be  heated. The beans were packed in cotton blankets 
for oven sweating at 55°C for 6  h every day and cured for 
6  days, they were obtained as S1 samples. Then, the beans were 
dried to reach a final moisture content of 30%, and they were 
obtained as D1 samples. Finally, the dry beans were conditioned 
in closed boxes at room temperature. At the 15th day of 
conditioning, they were acquired as F1 samples. And after 
conditioning (6  months), the cured beans were acquired as F2 
samples. Two hundred grams (200  g) of vanilla beans at each 
stage were put into a bottle containing 400  ml of 0.9% NaCl 
salt solution. The bottle was shaken with a reciprocal shaker 
for 30 min. The microorganisms of each curing stage was washed 
from the vanilla beans, repeated three times, and mixed thoroughly. 
The mix was used for microbial collection. Bacteria and fungi 
were collected through a 0.45  μm membrane filter before 
preservation with liquid nitrogen and stored at −80°C.

DNA was extracted using the FastDNA spin kit for soil 
(Q-BIOgene, Carlsbad, CA), following the manufacturer’s 
instructions. The quality of the extracted DNA was examined 
by agarose gel electrophoresis, and the DNA was stored  
at −20°C until further analysis. Primer set: ITS1F (5'-CTTG 
GTCATTTAGAGGAAGTAA-3'; Gardes and Bruns, 1993) and 
ITS2R (5'-GCTGCGTTCTTCATCGATGC-3'; White et al., 1990) 
was selected to target the fungal region. 515F (5'-GTGCCAGCM 
GCCGCGG-3') and 907R (5'-CCGTCAATTCMTTTRAGTTT-3'; 
Xiong et  al., 2012) was used to amplify target the bacterial 
16S rRNA gene. Amplification reactions were conducted under 
the following conditions: 95°C for 2 min, followed by 25 cycles 
of denaturation at 95°C for 30  s, annealing at 55°C for 30  s, 
and extension at 72°C for 30  s, and a final extension at 72°C 
for 10  min. PCR products were purified using the AxyPrep 
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, 
United  States) following the manufacturer’s instructions and 
quantified using the QuantiFluorTM-ST (Promega, United States).

Sequencing and Data Analysis
The DNA product was used to construct the Illumina Pair-End 
library and then amplicon library was paired-end sequenced 
(2 × 250) on an Illumina MiSeq platform (Shanghai BIOZERON 
Co., Ltd). The obtained raw sequence data in the Fastq format 
were then demultiplexed and quality-filtered using the QIIME 
v1.9.0. Operational taxonomic units (OTUs) were clustered using 
the Usearch (V7.1) based on 97% similarity and chimeric sequences 
were identified and removed using Uchime (V4.2.40). The sequence 
was defined by the Ribosomal Database Project (RDP) Classifer 
against the SILVA database and UNITE database with a confidence 
threshold of 70% (Wang et  al., 2007; Quast et  al., 2013).

Statistical Analysis
Analysis of variance was determined using the SPSS 20. Differences 
between groups were tested using the one-way ANOVA 
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and Duncan’s test. The difference was considered significant at 
p  <  0.05. Alpha diversity of each sample was determined using 
the sample coverage, Chao 1 index, Shannon diversity index, 
and Simpson diversity index based on the Mothur version 
1.30.1. Rarefaction analysis based on the Mothur version 1.30.1 
was conducted to compare the richness of species in the samples 
with different amounts of sequencing data and, also indicated 
the sequencing depth of the samples (Schloss et  al., 2009). 
Principal coordinates analysis (PCoA) was applied to study the 
difference of sample community composition. Analysis of 
similarity (ANOSIM) was conducted to identify the significant 
differences between the bacterial and fungal communities. To 
gain insight for the metabolic potential of glucovanillin, PICRUSt2 
analysis was performed based on the 16S rRNA sequencing 
data (Langille et  al., 2013). The gene family counts for each 
sample were derived from the KEGG ortholog (KO).

Sequence Accession Numbers
The bacterial and fungal raw sequences data are available in 
the NCBI Sequence Read Archive (SRA) database under the 
accession number PRJNA579849 and PRJNA579861, respectively.

RESULTS

Vanillin Content
The characteristic aroma of natural vanilla was composed of 
a large number of aromatic compounds, including the main 
flavor, vanillin, and more than 200 other volatile compounds 
(Toth et  al., 2011). One of the most important indicators for 
measuring the quality of vanilla beans was the content of 
vanillin. It could be  seen from Figure  1 that the vanillin 
content increased significantly during the progress of curing 
and the content of vanillin was significantly different between 
the different curing stages. The content of vanillin was the 
highest in the cured beans, reaching 2.98  ±  0.03%, while the 
content of vanillin was only 0.03  ±  0.02% in the blanching 
beans. It was reported that the content of vanillin in Vanilla 
tahitensis Moore is not higher than 1.2–1.5%, which may 
be  attributed to the difference of origins and curing methods 
(Ranadive et  al., 2011).

α-Diversity
As can be  seen from Figures  2A,B, the rarefaction curves 
all entered the smoothing zone in the five curing stages of 
vanilla, indicating that the sequencing depth can reflect the 
structural characteristics of the microorganisms under different 
curing processes. At the same time, it can be  seen from 
Table 1, the coverage values of vanilla beans all reached above 
0.99, which reflected that the sequencing results can represent 
the real situation of microorganisms in the vanilla beans of 
the different curing processes. The Chao1 index in Table  1 
indicated that the total number of species of the blanching 
beans was the highest for both bacteria and fungi. For bacteria, 
the total number of species showed a downward trend in 
the blanching, sweating, drying, and conditioning stages. 
However, the total number of species was on the rise for 

fungi in the conditioning stages. It may be  related to the 
ability of fungi colonized on vanilla beans to tolerate high 
concentrations of vanillin. Based on Shannon and Simpson 
indexes, it can be  seen that the microbial diversity did not 
increase regularly (Table  1).

β-Diversity
According to the PCoA (Figures 3A–D), the first two principal 
components of bacteria can account for 66.71 and 93.70% 
based on the Unweighted and Weighted Unifrac distances. 
For fungi, the first two principal components accounted for 
39.91 and 80.92%. According to the ANOSIM analysis, there 
was a significant difference of bacteria between the blanching 
beans and other curing stage beans based on the Weighted 
Unifrac distances, and there was a significant difference 
between the cured beans and other curing stage beans  
based on Unweighted Unifrac distances. For fungi, the 
blanching beans and other curing stage beans were  
significantly different based on the Unweighted/weighted 
Unifrac distances. Cured beans were significantly different 
from the other curing stage beans based on the Unweighted 
Unifrac distances (Table  2).

Bacterial Community Composition and 
Structure
Bacillus played a predominated role in the formation of  
the vanilla flavor under the curing processes (Figure  4A).  

FIGURE 1 | Vanillin content of vanilla beans under different curing 
processes. Data were subjected to Duncan’s test (p < 0.05). “a,” “b,” “c,” and 
“d” mean that the significant differences of data subjected to Duncan’s test.
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Compared with the blanching beans (0.0896  ±  0.0512%), the 
relative abundance of Bacillus in the blanching stage was 
significantly increased to 72.0252  ±  19.7724%. Sweating may 
contribute to activate the Bacillus strains. However, the relative 
abundance of Bacillus decreased to 3.2993  ±  1.7674% in the 
drying stage. The relative abundance of Bacillus increased to 
87.5184 ± 6.4880% in the conditioning stage. It was speculated 
that there would be  new Bacillus colonization due to the 
vanilla beans exposed to the external environment for nearly 
1  month, or it may be  attributed to the drying resistant 
Bacillus further proliferations at room temperature. The relative 
abundance of Bacillus decreased to 44.9957  ±  2.1719% in 
the cured beans. It was assumed that since the conditioning 
was carried out under a vacuum, some aerobic Bacillus were 
unable to adapt to the changed environment, or other species 
increased during this stage, resulting in a decrease in the 
number of Bacillus. In addition, compared with the other 
curing stages, the relative abundance of Lactococcus in the 
cured beans was much greater than other curing stages and 
the relative abundance was 41.6964  ±  2.0479%. It was worth 
noting that Streptococcus and Pseudomonas also accounted 
for a certain proportion in the cured beans and the relative 
abundances were 3.3794  ±  0.0876% and 0.6907  ±  0.0402%, 
respectively. This indicated that Lactococcus, Streptococcus,  
and Pseudomonas could also play an important role for  
the conditioning of vanilla beans. Previous study showed  
that Pseudomona putida IE27 were capable of converting  

150 mM isoeugenol to 16.1 g/L vanillin (Yamada et al., 2007). 
Furthermore, some bacterial phylum are showed in Table  3.

Fungal Community Composition and 
Structure
As can be  seen from Figure  4B, Aspergillus dominated under 
the whole curing stages, which indicated that Aspergillus played 
an important role in the flavor formation of vanilla beans. 
Early research showed that Aspergillus niger could deacetylate 
ferulic acid into vanillic acid, and then Pycnoporus cinnabarinus 
reduced vanillic acid to vanillin (Lesage-Meessen et  al., 2002). 
It was reported that A. niger could effectively release ferulic 
acid and caffeic acid by two different feruloyl esterase (FAEA 
and FAEB) in apple pomace, coffee pulp, wheat straw, corn 
husk, and sugar beet pulp (Benoit et  al., 2006).

Compared with other curing stages, the relative abundance 
of Aspergillus was only 0.3665 ± 0.0912% in the blanching beans, 
while the relative abundance of Aspergillus in other curing stages 
was higher than in the blanching beans, indicating that Aspergillus 
may be  involved in the formation of vanilla flavor. The relative 
abundance of Aspergillus was the highest in the conditioning 
stage, reaching 91.0832  ±  3.7684%. It may be  attributed to the 
exposure of the vanilla beans to an external environment during 
the curing process, which made Aspergillus undergo further 
proliferation. The relative abundance of Aspergillus in sweating 
stage is 68.2543  ±  30.7098%. It was speculated that heating 

A B

FIGURE 2 | Rarefaction curves of bacterial (A) and fungal (B) communities at 97% sequence similarity level in the five curing stages of vanilla.

TABLE 1 | Bacterial and fungal alpha-diversity indexes of five time-series curing of vanilla.

Microbial Community Treatment Coverage Richness (Chao1) Shannon Simpson

Bacteria B1 0.9985 ± 0.0004b 477.6667 ± 83.2666a 2.9600 ± 0.6780ab 0.1807 ± 0.1145ab

S1 0.9995 ± 0.0004a 275.3333 ± 46.7155b 2.1600 ± 1.0916bc 0.3525 ± 0.2940a

D1 0.9996 ± 0.0001a 288.3333 ± 86.0717b 3.9733 ± 0.1955a 0.0387 ± 0.0059b

F1 0.9984 ± 0.0003b 235.3333 ± 22.1435bc 1.5067 ± 0.3213c 0.3355 ± 0.0941a

F2 0.9993 ± 0.0002a 158.0000 ± 22.6495c 1.7533 ± 0.0586c 0.2965 ± 0.0090ab

Fungi B1 0.9997 ± 0.0001a 303.6667 ± 91.3583a 3.3800 ± 0.2982a 0.1294 ± 0.0498c

S1 0.9996 ± 0.0004a 86.6667 ± 30.6649c 1.4433 ± 0.8173c 0.4452 ± 0.2360a

D1 0.9999 ± 0.0001a 67.6667 ± 16.0728c 2.3000 ± 0.3404bc 0.1981 ± 0.0461bc

F1 0.9995 ± 0.0004a 188.0000 ± 69.5414b 1.5567 ± 0.2930c 0.4011 ± 0.0890ab

F2 0.9995 ± 0.0003a 194.6667 ± 18.5831b 2.6800 ± 0.2858ab 0.1820 ± 0.0247bc

Values are presented as the mean ± standard deviation (n = 3). Means followed by the same letter for a given factor are not significantly different. p < 0.05.
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contributed to the activation or regeneration of Aspergillus. This 
was also supported by Röling et  al. (2001), who found that the 
Indonesian vanilla beans were blanched (65–70°C, 2  min), 
resulting in significant reductions of the microbial diversity and 
regeneration of fungi. The abundances of Tausonia, Nectria, and 
Mrakia in the cured beans were much larger than that of other 
stages, which were 42.5048  ±  1.8431%, 4.2314  ±  2.9142%, and 
3.5993  ±  1.7638%, respectively. This indicated that these strains 
may play important roles in the conditioning stage. The dominant 
strains of the curing stages were different in vanilla beans. 
Furthermore, some fungal phylum are showed in Table  3.

Correlations Between Microbial Indicators 
and Vanillin
Bacterial richness, diversity, structure (Unweighted PCoA1), 
fungal richness, diversity, and structure (Unweighted PCoA1) 
were selected from the initial microbial indicators and vanillin 
content in the linear model, showing the best explanatory power 

for correlations between the microbial indicators and vanillin 
formation. Importantly, based on the linear regression analyses 
between the vanillin content and selected microbial indicators, 
it was shown that the unweighted bacterial structure (R2 = 0.387, 
p  =  0.013), and unweighted fungal structure (R2  =  0.424, 
p  =  0.009) had significantly positive correlations with vanillin 
content. In contrast, the bacterial richness (R2 = 0.463, p = 0.005) 
was negatively correlated with vanillin content (Figures 5A–F).

Prediction of β-Glucosidase Genes in the 
Microbial Community
To compare the functional characteristics of glucovanillin 
hydrolysis during the curing process, the PICRUSt analyses 
was performed. Total β-glucosidase gene exceed 0.2% of the 
predicted genes (Figure  6). β-glucosidase gene K01188 nearly 
accounted 0  in all the samples. Specifically, K05349 ranged 
from 0.006  ±  0.0047% to 0.08  ±  0.0129% and K05350 ranged 
from 0.003  ±  0.0005% to 0.023  ±  0.0031%.

A B

C D

FIGURE 3 | Microbial community structures in the five curing stages of vanilla. UniFrac – unweighted principle coordinate the analysis of bacterial (A) and fungal (C) 
community structures, UniFrac – weighted principle coordinate the analysis of bacterial (B) and fungal (D) community structures.

TABLE 2 | Analysis of similarity (ANOSIM) analysis of the similarity of five curing stages of vanilla.

Groups B1 vs. S1, D1, 
F1, and F2

B1 vs. S1, D1, 
F1, and F2

F2 vs. S1, D1, F1, 
and B1

F2 vs. S1, D1, F1, 
and B1

B1 vs. S1, D1, 
F1, and F2

B1 vs. S1, D1, 
F1, and F2

F2 vs. S1, D1, F1, 
and B1

Sample size 15 15 15 15 15 15 15
Number of groups 5 5 5 5 5 5 5
Test statistic (R) 0.148 0.756 0.958 0.211 0.560 0.486 0.296
p 0.167 0.005 0.005 0.070 0.001 0.010 0.097
Number of 
permutations

999 999 999 999 999 999 999

Kinds of microbe Bacteria Bacteria Bacteria Bacteria Fungi Fungi Fungi
Unifrac distances Unweighted Weighted Unweighted Weighted Unweighted Weighted Weighted
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TABLE 3 | Relative abundances of bacterial and fungal phylum of the five curing stages of vanilla.

Samples Bacterial phylum Fungal phylum

Acidobacteria Acidobacteria Acidobacteria Acidobacteria Ascomycota Basidiomycota Chytridiomycota Mucoromycota

B1 0.0312 ± 0.0283 0.0312 ± 0.0283 0.0312 ± 0.0283 0.0312 ± 0.0283 0.7673 ± 0.0351 0.0289 ± 0.0168 0.0001 ± 0.0001 0.0000 ± 0.0000
S1 0.0013 ± 0.0009 0.0013 ± 0.0009 0.0013 ± 0.0009 0.0013 ± 0.0009 0.7727 ± 0.3134 0.2116 ± 0.3224 0.0000 ± 0.0000 0.0008 ± 0.0014
D1 0.0084 ± 0.0087 0.0084 ± 0.0087 0.0084 ± 0.0087 0.0084 ± 0.0087 0.9360 ± 0.0196 0.0148 ± 0.0051 0.0000 ± 0.0000 0.0000 ± 0.0000
F1 0.0002 ± 0.0001 0.0002 ± 0.0001 0.0002 ± 0.0001 0.0002 ± 0.0001 0.9644 ± 0.0097 0.0138 ± 0.0054 0.0000 ± 0.0000 0.0000 ± 0.0000
F2 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.0000 ± 0.0000 0.3869 ± 0.0933 0.5067 ± 0.0108 0.0000 ± 0.0000 0.0098 ± 0.0085

DISCUSSION

The microorganism involved in the curing of vanilla beans 
was supported by many researches (Röling et  al., 2001; 

General et  al., 2009; Chen et  al., 2015). In this study, Bacillus 
and Aspergillus were found changed during the curing process. 
Conventional plating showed that the microbial communities 
mainly consisted of thermophilic and thermotolerant Bacillus 

A B

FIGURE 4 | Relative abundances of 20 bacterial (A) and fungal (B) genera of the five curing stages of vanilla. Bars represent the SD of the three replicates.

A B C

D E F

FIGURE 5 | The linear regression relationship between the bacterial richness (A), diversity (B), structure (C), fungal richness (D), diversity (E), structure (F), and 
content of vanillin.
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developing under the high temperatures and maintained for 
over a week after scalding (Röling et  al., 2001). General et  al. 
(2009) reported that the diversity of yeast with β-D-glucosidase 
in vanilla contributed to the vanilla flavor development. 
Differently, Aspergillus was found to dominate under the whole 
curing stages in this study, which indicated that Aspergillus 
could play an important role in the flavor formation of vanilla 
beans. Similarly, Aspergillus is also found to participate in the 
flavor formation in Shaoxing mechanized huangjiu and 
katsuobushi (Liu et  al., 2019; Takenaka et  al., 2020).

It was found that the structure of bacteria and fungi were 
closely related to the vanillin content in this study. Colonizing 
Bacillus isolates produced β-D-glucosidase, which mediated the 
glucovanillin hydrolysis and influenced the vanillin formation 
(Chen et  al., 2015). Furthermore, it was reported that Bacillus 
siamensis XY18 and Bacillus subtilis XY20 isolated from vanilla 
beans could increase the vanillin content (Gu et  al., 2015). 
Additionally, fungi and yeast could convert ferulic acid into 
vanillin (Taira et  al., 2018). Khoyratty et  al. (2015) isolated 
the fungal endophytes from green vanilla beans and leaves in 
seven different areas of Reunion Island, and the fungal endophyte 
species of beans were different with leaves. It may be  related 
to the vanilla flavor formed in the beans, not leaves. And, 
β-glucosidase genes were predicted in the microbial community 
of the curing process. It indicated that the isolates producing 
β-D-glucosidase participated in vanillin formation.

Many studies illustrated that Bacillus promoted the formation 
of the characteristic flavor compounds during fermentation in 
Korean soy sauce, broccoli, and cocoa beans (Paramithiotis et al., 
2010; Nam et  al., 2012; de Melo Pereira et  al., 2013). Aspergillus 
also played an important role in the formation of flavor during 
the fermentation of balsamic vinegar and liquor (Wang et  al., 
2016, 2018). Vanilla beans were usually blanched for 3–5  min 
in hot water or air, and the microorganism would be  changed 
after blanching, for example, some strains with a low 
thermotolerance would be  removed or inhibited (Röling et  al., 
2001; Frenkel et  al., 2011). However, some heat-resistant 
microorganisms would survive. The cell structure was destroyed 
and many glycosides seeped out after blanching, it may be  more 
likely to promote microbial growth (Mariezcurrena et  al., 2008). 
In addition, the vanilla beans were always in contact with the 

external environment during the curing process, and the 
microorganisms may be colonized again. The changed environment 
may influence the microbial structure, which may result in different 
flavor compounds. Ranadive et  al. (2011) showed that the same 
variety of vanilla from different parts of the world could exhibit 
different flavors. It has been reported that although vanilla bean 
used the same curing procedure, the flavors were different in 
the vanilla beans from various areas of Reunion Island (Khoyratty 
et  al., 2018). Therefore, vanilla beans cured by different methods 
would have the typical microorganisms during the curing  
process, which may induce a different flavor in vanilla beans 
(Zhang and Mueller, 2012; Takahashi et  al., 2013).

The paper indicated that the microorganisms on vanilla 
beans underwent significant changes during the curing stages, 
especially Bacillus and Aspergillus which participated in the 
process. Vanilla beans under Bacillus – assisted vanilla curing 
and conventional curing produced more vanillin than those 
under the non-microorganism – assisted curing. Moreover, 
β-D-glucosidase-produced Bacillus isolates could be  used to 
increase vanillin production without generating any unpleasant 
sensory attribute. This study provided another way to regulate 
the structure of microbiota used for increasing vanillin formation.

CONCLUSION

The microorganisms involved in the curing of vanilla beans 
have been analyzed, which was conducive to a further 
development of the curing methods. This study explored the 
changed colonizing microorganisms on vanilla beans during 
the curing process. In the future, separating the dominant 
strains and carrying out the auxiliary curing of vanilla were 
a prominent study in our lab. Furthermore, the definitive 
contribution microorganisms to flavor compounds are still 
unknown, and it is also necessary for future study.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/
supplementary material.

AUTHOR CONTRIBUTIONS

YCh: software. FX, YCa, and YCh: formal analysis. FX and 
YCa: investigation. YCa and FX: writing – original draft 
preparation. FG: writing – review and editing. FG: supervision. 
FG and FX: project administration, and FG and FX: funding 
acquisition. All authors contributed to the article and approved 
the submitted version.

FUNDING

This research was funded by the National Natural Science 
Foundation of China, grant number: 31671848 and 31801499.

FIGURE 6 | Proportion of the predicted β-glucosidase genes.

173

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Xu et al. Vanilla Bacterial and Fungal Communities

Frontiers in Microbiology | www.frontiersin.org 8 September 2020 | Volume 11 | Article 552388

 

REFERENCES

Benoit, I., Navarro, D., Marnet, N., Rakotomanomana, N., Lesage-Meessen, L., 
Sigoillot, J. C., et al. (2006). Feruloyl esterases as a tool for the release of 
phenolic compounds from agro-industrial by-products. Carbohydr. Res. 341, 
1820–1827. doi: 10.1016/j.carres.2006.04.020

Chen, Y. G., Gu, F. L., Li, J. H., He, S. Z., Xu, F., and Fang, Y. M. (2015). 
Involvement of colonizing Bacillus isolates in glucovanillin hydrolysis during 
the curing of Vanilla planifolia Andrews. Appl. Environ. Microbiol. 81, 
4947–4954. doi: 10.1128/AEM.00458-15

de Melo Pereira, G. V., Magalhães, K. T., de Almeida, E. G., da Silva Coelho, I., 
and Schwan, R. F. (2013). Spontaneous cocoa bean fermentation carried 
out in a novel-design stainless steel tank: influence on the dynamics of 
microbial populations and physical–chemical properties. Int. J. Food Microbiol. 
161, 121–133. doi: 10.1016/j.ijfoodmicro.2012.11.018

Dong, Z. Z., Gu, F. L., Xu, F., and Wang, Q. H. (2014). Comparison of four 
kinds of extraction techniques and kinetics of microwave-assisted extraction 
of vanillin from Vanilla planifolia Andrews. Food Chem. 149, 54–61. doi: 
10.1016/j.foodchem.2013.10.052

Frenkel, C., Ranadive, A. S., Vázquez, J. T., and Havkin-Frenkel, D. (2011). 
“Curing of vanilla” in Handbook of vanilla science and technology. 2nd Edn. 
eds. D. Havkin-Frenkel and F. C. Belanger (Oxford: Wiley-Blackwell), 84–96.

Gardes, M., and Bruns, T. D. (1993). ITS primers with enhanced specificity 
for basidiomycetes application to the identification of mycorrhizae and rusts. 
Mol. Ecol. 2, 113–118. doi: 10.1111/j.1365-294x.1993.tb00005.x

General, T., Mamatha, V., Divya, V., and Appaiah, K. A. A. (2009). Diversity 
of yeast with β-glycosidase activity in vanilla (Vanilla planifolia) plant. 
Curr. Sci. 96, 1501–1505.

Gu, F. L., Chen, Y. G., Fang, Y. M., Wu, G. P., and Tan, L. H. (2015). Contribution 
of Bacillus isolates to the flavor profiles of vanilla beans assessed through 
aroma analysis and chemometrics. Molecules 20, 18422–18436. doi: 10.3390/
molecules201018422

Gu, F. L., Chen, Y. G., Hong, Y. H., Fang, Y. M., and Tan, L. H. (2017). 
Comparative metabolomics in vanilla pod and vanilla bean revealing the 
biosynthesis of vanillin during the curing process of vanilla. AMB Express 
7:116. doi: 10.1186/s13568-017-0413-2

Kaur, B., and Chakraborty, D. (2013). Biotechnological and molecular approaches 
for vanillin production: a review. Appl. Biochem. Biotechnol. 169, 1353–1372. 
doi: 10.1007/s12010-012-0066-1

Khoyratty, S., Dupont, J., Lacoste, S., Palama, T. L., Choi, Y. H., Kim, H. K., 
et al. (2015). Fungal endophytes of Vanilla planifolia across Réunion island: 
isolation, distribution and biotransformation. BMC Plant Biol. 15:142.  
doi: 10.1186/s12870-015-0522-5

Khoyratty, S., Kodja, H., and Verpoorte, R. (2018). Vanilla flavor production 
methods: a review. Ind. Crops Prod. 125, 433–442. doi: 10.1016/j.indcrop.2018.09.028

Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., 
Reyes, J. A., et al. (2013). Predictive functional profiling of microbial 
communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 
814–821. doi: 10.1038/nbt.2676

Lesage-Meessen, L., Lomascolo, A., Bonnin, E., Thibault, J. F., Buleon, A., 
Roller, M., et al. (2002). A biotechnological process involving filamentous 
fungi to produce natural crystalline vanillin from maize bran. Appl. Biochem. 
Biotechnol. 102, 141–153. doi: 10.1385/abab:102-103:1-6:141

Lipkin, W. I. (2013). The changing face of pathogen discovery and surveillance. 
Nat. Rev. Microbiol. 11, 133–141. doi: 10.1038/nrmicro2949

Liu, S. P., Chen, Q. L., Zou, H. J., Yu, Y. J., Zhou, Z. L., Mao, J., et al. (2019). 
A metagenomic analysis of the relationship between microorganisms and 
flavor development in Shaoxing mechanized huangjiu fermentation mashes. 
Int. J. Food Microbiol. 303, 9–18. doi: 10.1016/j.ijfoodmicro.2019.05.001

Lubinsky, P., Bory, S., Hernández Hernández, J., Kim, S. C., and Gómez-Pompa, A. 
(2008). Origins and dispersal of cultivated vanilla (Vanilla planifolia Jacks 
[Orchidaceae]). Econ. Bot. 62, 127–138. doi: 10.1007/s12231-008-9014-y

Mariezcurrena, M. D., Zavaleta, H. A., Waliszewski, K. N., and Snchez, V. 
(2008). The effect of killing conditions on the structural changes in vanilla 
(Vanilla planifolia, Andrews) pods during the curing process. Int. J. Food 
Sci. Technol. 43, 1452–1457. doi: 10.1111/j.1365-2621.2007.01691.x

Menon, S., and Nayeem, N. (2013). Vanilla planifolia: a review of a plant 
commonly used as flavouring agent. Int. J. Pharm. Sci. Rev. Res. 20, 225–228.

Nam, Y. D., Lee, S. Y., and Lim, S. I. (2012). Microbial community analysis 
of Korean soybean pastes by next-generation sequencing. Int. J. Food Microbiol. 
155, 36–42. doi: 10.1016/j.ijfoodmicro.2012.01.013

Pak, F. E., Gropper, S., Dai, W. D., Havkin-Frenkel, D., and Belanger, F. C. 
(2004). Characterization of a multifunctional methyltransferase from 
the orchid Vanilla planifolia. Plant Cell Rep. 22, 959–966. doi: 10.1007/
s00299-004-0795-x

Paramithiotis, S., Hondrodimou, O. L., and Drosinos, E. H. (2010). Development 
of the microbial community during spontaneous cauliflower fermentation. 
Food Res. Int. 43, 1098–1103. doi: 10.1016/j.foodres.2010.01.023

Podstolski, A., Havkin-Frenkel, D., Malinowski, J., Blount, J. W., Kourteva, G., 
and Dixon, R. A. (2002). Unusual 4-hydroxybenzaldehyde synthase activity 
from tissue cultures of the vanilla orchid Vanilla planifolia. Phytochemistry 
61, 611–620. doi: 10.1016/s0031-9422(02)00285-6

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. 
(2013). The SILVA ribosomal RNA gene database project: improved data 
processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 
10.1093/nar/gks1219

Ranadive, A. S., Havkinfrenkel, D., and Belanger, F. C. (2011). “Quality control 
of vanilla beans and extracts” in Handbook of vanilla science and technology. 
eds. D. Havkin-Frenkel and F. C. Belanger (Oxford: Wiley-Blackwell), 139–161.

Rao, S. R., and Ravishankar, G. A. (2010). Vanilla flavour: production by 
conventional and biotechnological routes. J. Sci. Food Agric. 80, 289–304. 
doi: 10.1002/1097-0010(200002)80:3<289::AID-JSFA543>3.0.CO;2-2

Röling, W. F. M., Kerler, J., Braster, M., Apriyantono, A., Stam, H., and 
van Verseveld, H. W. (2001). Microorganisms with a taste for vanilla: microbial 
ecology of traditional Indonesian vanilla curing. Appl. Environ. Microbiol. 
67, 1995–2003. doi: 10.1128/AEM.67.5.1995-2003.2001

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., 
et al. (2009). Introducing mothur: open-source, platform-independent, 
community-supported software for describing and comparing microbial 
communities. Appl. Environ. Microbiol. 75, 7537–7541. doi: 10.1128/
AEM.01541-09

Sreedhar, R. V., Roohie, K., Maya, P., Venkatachalam, L., and Bhagyalakshmi, N. 
(2009). Biotic elicitors enhance flavour compounds during accelerated 
curing of vanilla beans. Food Chem. 112, 461–468. doi: 10.1016/j.
foodchem.2008.05.108

Taira, J., Toyoshima, R., Ameku, N., Iguchi, A., and Tamaki, Y. (2018). Vanillin 
production by biotransformation of phenolic compounds in fungus, Aspergillus 
luchuensis. AMB Express 8:40. doi: 10.1186/s13568-018-0569-4

Takahashi, M., Inai, Y., Miyazawa, N., Kurobayashi, Y., and Fujita, A. (2013). 
Key odorants in cured Madagascar vanilla beans (Vanilla planifolia) of 
differing bean quality. Biosci. Biotechnol. Biochem. 77, 606–611. doi: 10.1271/
bbb.120842

Takenaka, S., Nakabayashi, R., Ogawa, C., Kimura, Y., Yokota, S., and Doi, M. 
(2020). Characterization of surface Aspergillus community involved in 
traditional fermentation and ripening of katsuobushi. Int. J. Food Microbiol. 
327:108654. doi: 10.1016/j.ijfoodmicro.2020.108654

Toth, S., Lee, K. J., Havkin-Frenkel, D., Belanger, F. C., and Hartman, T. G. 
(2011). “Volatile compounds in vanilla” in Handbook of vanilla science and 
technology. eds. D. Havkin-Frenkel and F. C. Belanger (Oxford: Wiley-Blackwell), 
183–219.

Wang, X., Du, H., Zhang, Y., and Xu, Y. (2018). Environmental microbiota 
drives microbial succession and metabolic profiles during Chinese liquor 
fermentation. Appl. Environ. Microbiol. 84, e02369–e02317. doi: 10.1128/
AEM.02369-17

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naïve 
Bayesian classifier for rapid assignment of rRNA sequences into the new 
bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/
AEM.00062-07

Wang, Z. M., Lu, Z. M., Shi, J. S., and Xu, Z. H. (2016). Exploring flavour-
producing core microbiota in multispecies solid-state fermentation of traditional 
Chinese vinegar. Sci. Rep. 6:26818. doi: 10.1038/srep26818

White, T. J., Bruns, T., Lee, S., and Taylor, J. W. (1990). “Amplification and 
direct sequencing of fungal ribosomal RNA genes for phylogenetics” in 
PCR protocols: A guide to methods and applications. eds. M. A. Innis,  
D. H. Gelfand, J. J. Sninsky and T. J. White (New York: Academic Press), 
315–322.

174

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.carres.2006.04.020
https://doi.org/10.1128/AEM.00458-15
https://doi.org/10.1016/j.ijfoodmicro.2012.11.018
https://doi.org/10.1016/j.foodchem.2013.10.052
https://doi.org/10.1111/j.1365-294x.1993.tb00005.x
https://doi.org/10.3390/molecules201018422
https://doi.org/10.3390/molecules201018422
https://doi.org/10.1186/s13568-017-0413-2
https://doi.org/10.1007/s12010-012-0066-1
https://doi.org/10.1186/s12870-015-0522-5
https://doi.org/10.1016/j.indcrop.2018.09.028
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1385/abab:102-103:1-6:141
https://doi.org/10.1038/nrmicro2949
https://doi.org/10.1016/j.ijfoodmicro.2019.05.001
https://doi.org/10.1007/s12231-008-9014-y
https://doi.org/10.1111/j.1365-2621.2007.01691.x
https://doi.org/10.1016/j.ijfoodmicro.2012.01.013
https://doi.org/10.1007/s00299-004-0795-x
https://doi.org/10.1007/s00299-004-0795-x
https://doi.org/10.1016/j.foodres.2010.01.023
https://doi.org/10.1016/s0031-9422(02)00285-6
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1002/1097-0010(200002)80:3<289::AID-JSFA543>3.0.CO;2-2
https://doi.org/10.1128/AEM.67.5.1995-2003.2001
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1016/j.foodchem.2008.05.108
https://doi.org/10.1016/j.foodchem.2008.05.108
https://doi.org/10.1186/s13568-018-0569-4
https://doi.org/10.1271/bbb.120842
https://doi.org/10.1271/bbb.120842
https://doi.org/10.1016/j.ijfoodmicro.2020.108654
https://doi.org/10.1128/AEM.02369-17
https://doi.org/10.1128/AEM.02369-17
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1038/srep26818


Xu et al. Vanilla Bacterial and Fungal Communities

Frontiers in Microbiology | www.frontiersin.org 9 September 2020 | Volume 11 | Article 552388

Xiong, J. B., Liu, Y. Q., Lin, X. G., Zhang, H. Y., Zeng, J., Hou, J. Z., et al. 
(2012). Geographic distance and pH drive bacterial distribution in alkaline 
lake sediments across Tibetan plateau. Environ. Microbiol. 14, 2457–2466. 
doi: 10.1111/j.1462-2920.2012.02799.x

Yamada, M., Okada, Y., Yoshida, T., and Nagasawa, T. (2007). Biotransformation 
of isoeugenol to vanillin by Pseudomonas putida IE27 cells. Appl. Microbiol. 
Biotechnol. 73, 1025–1030. doi: 10.1007/s00253-006-0569-1

Zhang, S., and Mueller, C. (2012). Comparative analysis of volatiles in traditionally 
cured Bourbon and Ugandan vanilla bean (Vanilla planifolia) extracts.  
J. Agric. Food Chem. 60, 10433–10444. doi: 10.1021/jf302615s

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

Copyright © 2020 Xu, Chen, Cai, Gu and An. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

175

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1111/j.1462-2920.2012.02799.x
https://doi.org/10.1007/s00253-006-0569-1
https://doi.org/10.1021/jf302615s
http://creativecommons.org/licenses/by/4.0/


fmicb-11-582349 October 25, 2020 Time: 13:45 # 1

ORIGINAL RESEARCH
published: 29 October 2020

doi: 10.3389/fmicb.2020.582349

Edited by:
Zhenbo Xu,

University of Tennessee Health
Science Center (UTHSC),

United States

Reviewed by:
Sueli Fumie Yamada-Ogatta,

State University of Londrina, Brazil
Dennis Ken Bideshi,

California Baptist University,
United States

*Correspondence:
Yinglian Zhu

cjs52002@163.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Food Microbiology,
a section of the journal

Frontiers in Microbiology

Received: 11 July 2020
Accepted: 30 September 2020

Published: 29 October 2020

Citation:
Zhu Y and Zhang S (2020)

Antibacterial Activity and Mechanism
of Lacidophilin From Lactobacillus
pentosus Against Staphylococcus

aureus and Escherichia coli.
Front. Microbiol. 11:582349.

doi: 10.3389/fmicb.2020.582349

Antibacterial Activity and Mechanism
of Lacidophilin From Lactobacillus
pentosus Against Staphylococcus
aureus and Escherichia coli
Yinglian Zhu*† and Shuang Zhang†

College of Food Science and Engineering, Qingdao Agricultural University, Qingdao, China

The main purpose of this study was to explore the antibacterial activity and mechanism
of lacidophilin from Lactobacillus pentosus against Staphylococcus aureus and
Escherichia coli. The effects of temperature, enzyme, metal ions, and pH on the
antibacterial activity of L. pentosus were evaluated. The result showed that lacidophilin
had good thermal stability and could be decomposed by trypsin completely. The
antibacterial ability was affected by high concentration of metal ions, and the best
antibacterial ability was acquired under acidic conditions. The antibacterial mechanism
of lacidophilin was explored through studying cytomembrane injury, phosphorus
metabolism, protein changes, and oxidative stress response of the indicator bacteria. It
was shown that lacidophilin destroyed the cytomembrane of the bacteria and increased
the cytomembrane permeability, which resulted in the leak of proteins, nucleic acids, and
electrolytes. In addition, it further restrained phosphorus metabolism, caused changes
of some protein contents, and increased cytomembrane lipid peroxidation and cell
oxidative damage. All these might inhibit the growth of bacteria and even cause their
death. This study identified a natural biological preservative with strong antibacterial
activity against both Gram-positive and Gram-negative foodborne pathogens. The high
antibacterial activity against the two types of bacteria reflected its potential in food
preservation used as a natural food preservative.

Keywords: Lactobacillus pentosus, lacidophilin, Staphylococcus aureus, Escherichia coli, antibacterial
mechanism

INTRODUCTION

The food industry has made significant progress in food standards, food processing, and food
testing, but health and safety concerns still persist. It was estimated that about one-third of food
is wasted due to spoilage each year (Gills et al., 2015). Some physical and chemical methods
have been adopted to extend the shelf life of foods, among which, the addition of chemical
preservatives is the most effective way. However, long-term intake of chemical preservatives has
adverse effects on human health (Yang et al., 2014). Therefore, more attention has been paid to
natural preservatives for their safe and non-polluting character. Bacteriocins have been widely
used in foods as natural preservatives because of their wide sources and diverse structures, which
have high efficiency in killing various foodborne pathogens and spoilage bacteria (Lv et al., 2018).
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Lacidophilin is a kind of bacteriocin produced by lactic acid
bacteria (LAB), which has advantages than those from other
biological resources because LAB is generally recognized as
safe (GRAS) microorganisms (Sequeiros et al., 2015). However,
most lacidophilin can only inhibit affinis strains of LAB, which
limits their applications. Nisin, currently being used widely in
food preservation, mainly inhibits most Gram-positive bacteria
and spore bacteria and has no antibacterial effect on Gram-
negative bacteria. Therefore, more researchers are exploring
lacidophilin with wide range antibacterial spectrum. Bifidocin A,
produced by Bifidobacterium animalis BB04, has been reported
by Liu et al. (2017), and the antibacterial activity of bifidocin A
against Listeria was mainly achieved by destroying the integrity
of the cell membrane and increasing membrane permeability.
A novel lacidophilin produced by Lactobacillus plantarum against
Pseudomonas fluorescens has been reported by Lv et al. (2018),
and it demonstrated wide antimicrobial spectrum against fish
pathogens and spoilage bacteria. Previous studies have indicated
that bacteriocins are generally antibacterial proteins or peptides
(Lv et al., 2018; Vasilchenko et al., 2018). However, the number
of bacteriocins is far less than the number of antimicrobial
peptides developed (Vasilchenko et al., 2018). In view of the
advantageous characteristics of lacidophilin, the development of
lacidophilin with high antimicrobial activity against the two types
of bacteria is urgent.

In recent years, probiotics have become a hot research topic,
due to their safety, nutritional and health value, and antimicrobial
function. Lactobacillus pentosus (L. pentosus) is a Gram-positive
lactobacillus, which is widely used in the processing of fermented
meat products (Liu et al., 2008; Zhu et al., 2019). The lacidophilin
of LAB was considered to be critical for sausage processing
because it enhanced the quality and safety of the sausages (Zhu
et al., 2020). However, there are only a few studies that focused
on the lacidophilin produced by L. pentosus. Pentocin 31-1 was
identified as anti-Listeria lacidophilin produced by L. pentosus
31-1 (Liu et al., 2008). Motahari et al. (2016) optimized the
fermentation conditions of lacidophilin by L. pentosus and
revealed that low concentration of sodium chloride promoted
the production of lacidophilin. The study by Hurtado et al.
(2011) indicated that the appropriate concentration of sodium
chloride could improve the bacteriostatic activity of L. pentosus
B96 lacidophilin, compared with non-saline control and high-
concentration sodium chloride group. However, few studies
focused on the lacidophilin produced by L. pentosus against the
two types of bacteria and explored its antibacterial mechanism.

Escherichia coli (E. coli) is one of the most common Gram-
negative foodborne pathogens, which usually was used and is an
indicator bacterium in test for fecal contamination of food. It
can cause diarrhea, gastroenteritis, and a series of complications
(Miri et al., 2017). Staphylococcus aureus (S. aureus) is a
common Gram-positive foodborne pathogen that contaminates
various foods, and staphylococcal foodborne diseases from food
contamination pathogen, and is regarded as the second most
common foodborne illnesses in the world (Di Pinto et al.,
2005). The focus of this study is on the antimicrobial activity
of L. pentosus lacidophilin against S. aureus and E. coli and
further explore its antibacterial mechanism. The fermentation

supernatant of L. pentosus (lactic acid interference excluded)
was used as the crude extract of lacidophilin. The effects of
heat, enzyme, metal ions, and pH on the antibacterial effect
of lacidophilin were measured to evaluate its antibacterial
activity. In addition, the antibacterial mechanism of lacidophilin
was further explored through studying cytomembrane injury,
phosphorus metabolism, protein changes, and oxidative stress
response of the indicator.

MATERIALS AND METHODS

Strains
Lactobacillus pentosus (strain no. 22226) and L. plantarum (strain
no. 23941) were provided by China Center of Industrial Culture
Collection (CICC). E. coli (strain no. 1.8723) and S. aureus (strain
no. 1.8721) were provided by China General Microbiological
Culture Collection Center (CGMCC).

Main Reagents
Fluorescein diacetate (FDA), propionyl iodide (PI), sodium
dodecyl sulfate, acrylamide, and methylenebisacrylamide were
provided by Suo Lai Bao Biotechnology Co., Ltd. Pepsin,
papain, trypsin, and amylase were provided by Sinopharm
Group Chemical Reagent Co., Ltd., Malondialdehyde (MDA),
superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) reagent test kits were provided by Nanjing Jiancheng
Biological Engineering Research Institute.

Cell-Free Supernatant Containing
Lacidophilin Preparation
Lactobacillus pentosus was picked from MRS slope with an
inoculation loop, transferred to 10 ml of MRS broth, and
incubated at 37◦C for 24 h. Then, 10 ml of the inoculum was
transferred to 100 ml of MRS broth and incubated at 37◦C
for 72 h. Subsequently, the inoculum (OD600 = 2.350) was
centrifuged at 8,000 × g for 15 min at 4◦C. The supernatant
was collected, and pH was adjusted with NaOH (1 mol/L) to
5.5 to eliminate the interference of organic acids. Thus, the
L. pentosus cell-free supernatant containing lacidophilin (L. p.
supernatant) was obtained, which was used for subsequent
antibacterial activity measurement.

Antibacterial Activity Measurement
The antibacterial activity of L. pentosus lacidophilin was carried
out utilizing the agar diffusion method according to the previous
report (Cai et al., 2019) with minor modifications: MRS medium
(10 ml) containing 2% agar was used as the bottom plate. MRS
medium (7 ml) containing 0.7% agar and 5% indicator bacteria
cell suspension (OD600, 0.6) was poured on the bottom plate as
the upper plate. After the upper plate was completely solidified,
three Oxford cups were placed on the plate. Then, 0.1 ml of
the L. p. supernatant was injected into the Oxford cup, and the
diameter of inhibition zone around the Oxford cup was measured
to determine antibacterial activity after being incubated at 37◦C
for 24 h. The MRS broth (without L. pentosus inoculation) was
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used as the negative control. In addition, the positive control was
prepared through substituting L. pentosus with the L. plantarum
strain capable of producing lacidophilin.

Total Protein Content of the L. p.
Supernatant
The total protein content of the L. p. supernatant was detected
with the Coomassie Brilliant Blue G-250 dye method according
to the report by Cai et al. (2019). The L. p. supernatant (1 ml) was
mixed with 5 ml of Coomassie Brilliant Blue G-250 dye and laid
for 2 min. The total protein content of the L. p. supernatant was
evaluated by measuring the OD value of the mixture at 595 nm.
The standard curve of protein content was drawn as follows: the
standard protein solution (0.0, 0.1, 0.2, 0.3, 0.4, and 0.5 ml) was
added to 1 ml of volumetric flasks, respectively, and then the
volume was made up to 1 ml with distilled water. Subsequently,
1 ml of the protein solution was mixed with 5 ml of Coomassie
Brilliant Blue G-250, respectively, and placed for 2 min. Protein
content was evaluated by measuring OD value at 595 nm.

Effects of Heat, Enzyme, and Metal Ions
on Antibacterial Activity
The antibacterial activity was carried out according to the
above chapter (section “Antibacterial Activity Measurement”).
To determine the thermal stability of lacidophilin, the L. p.
supernatant was treated at 65, 85, and 100◦C in a water bath for
10 min, respectively, and then 0.1 ml of the supernatant was taken
out for antibacterial activity measurement. The L. p. supernatant
without heat treatment was used as the control. To evaluate the
effect of enzymes, four enzymes (pepsin, papain, amylase, and
trypsin) were added in the L. p. supernatant, respectively, to make
the final concentration to be 1 mg/ml. After being reacted at
37◦C for 2.5 h at appropriate pH, they were heated at 100◦C
in a water bath for 10 min to inactivate the enzymes (Lv et al.,
2018), and then 0.1 ml of the supernatant was taken out for
antibacterial activity measurement. The L. p. supernatant without
enzyme treatment was used as the control. The effect of metal
ions was carried out with different concentrations of NaCl, KCl,
MgCl2, and CaCl2 solutions. Different volumes (1, 2, and 4 ml)
of sterile metal ions solution (0.1 mol/L, with L. p. supernatant
as solvent) were added to 4 ml of the L. p. supernatant to
make the final metal ions concentrations be 0.02, 0.033, and
0.05 mol/L, which corresponded to 1, 2, and 4 ml, respectively.
Then, 0.1 ml of the supernatant was taken out for antibacterial
activity measurement. The L. p. supernatant without metal ions
treatment was used as the control.

Effect of Lacidophilin on the Dynamic
Growth of the Two Indicator Bacteria
The indicator bacteria were inoculated in 10 ml of LB broth,
incubated at 37◦C for 24 h, then transferred to 100 ml of LB
broth, and incubated at 37◦C for 12 h. After being centrifuged at
8,000 × g for 15 min at 4◦C, the bacteria cell was resuspended
in LB broth to adjust the absorbance value to 0.6 at 600 nm.
Then, the bacterial suspension (100 ml) was mixed with an equal
volume of L. p. supernatant and incubated at 37◦C for 1.5, 3.5,

5.0, 7.0, 9.0, and 11.0 h, respectively. The absorbance at 600 nm
(Yi et al., 2016) was recorded to measure the effect of lacidophilin
on the dynamic growth of the two indicator bacteria.

Effect of Lacidophilin on Cell Membrane
Integrity
Fluorescence Spectrum Analysis
The L. p. supernatant was prepared according to the above
chapter (section “Cell-Free Supernatant Containing Lacidophilin
Preparation”). Then, the indicator bacterial suspension (OD600,
0.6) (4 ml) was mixed with an equal volume of L. p. supernatant
and incubated at 37◦C for 12 h. The inoculum (5 ml) was taken
out and centrifuged at 8,000 × g for 15 min at 4◦C. Then, the
indicator bacteria cells were collected and washed with phosphate
buffer solution (PBS, 0.1 mol/L, pH 7.0) three times. The bacterial
cells were resuspended in 920 µl of 0.85% NaCl solution, and then
20 µl of FDA (5 mg/ml) and 60 µl of PI (1 mg/ml) were added.
After staining at 4◦C for 6 h in the dark (Liu et al., 2017), the
fluorescence scan spectrum was measured using a fluorescence
spectrophotometer at an excitation wavelength of 450 nm.

Fluorescence Microscope Observation
The staining steps of the indicator bacteria were consistent with
fluorescence spectrum analysis. Then, the stained cells were
centrifuged at 8,000 × g for 15 min at 4◦C, and the cells were
collected and washed with PBS (0.1 mol/L, pH 7.0) three times.
Finally, the cells were resuspended in 1 ml of PBS (0.1 mol/L, pH
7.0) and observed under a fluorescence microscope.

Effect of Lacidophilin on Cell Membrane
Permeability
Electrolyte leakage of the indicator bacteria was measured
according to the method by Shen et al. (2015) with minor
modification. The indicator bacteria were suspended in 50 ml
of LB broth to make an OD600 of 0.6. The bacterial suspension
(50 ml) was mixed with an equal volume of L. p. supernatant
and incubated at 37◦C for 2.5 h. The conductivity of the mixture
was measured at 0, 0.5, 1.0, 1.5, and 2.5 h, respectively, with a
conductivity meter. Before measuring conductivity, 5 ml of the
mixture was removed and filtered with 0.45 µm sterile filters to
remove bacteria cells.

Leakage of the soluble nucleic acids was detected according
to the method by Cai et al. (2019) with minor modification. The
indicator bacterial suspension (20 ml, OD600, 0.9) was mixed with
an equal volume of L. p. supernatant and incubated at 37◦C for 0,
1.5, 3, 5, and 7 h, respectively. Then, 5 ml of the inoculum was
taken out and centrifuged at 10,000 × g for 10 min at 4◦C, and
the supernatant was collected, respectively. Subsequently, 4 ml of
the supernatant was taken out to measure the OD value at 260 nm
to determine the nucleic acid leakage.

Leakage of the soluble protein was detected with the
Coomassie Brilliant Blue G-250 dye method according to the
description of the previous chapter (Total Protein Content of
the L. p. Supernatant). After leakage of the soluble nucleic acids
being measured, the remaining supernatant (1 ml) was mixed
with 5 ml of Coomassie Brilliant Blue G-250 dye and laid for
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2 min. The soluble protein leakage was evaluated by measuring
the OD value of the mixture at 595 nm. The standard curve of
protein content was drawn as the description of the previous
chapter (Total Protein Content of the L. p. Supernatant).

Effect of Lacidophilin on Phosphorus
Metabolism
Phosphorus metabolism of the indicator bacteria was measured
according to the previous method (Wang et al., 2020) with
some modifications. The indicator bacteria were suspended in
glucose solution (1 mg/ml) to make an OD600 of 0.9. The
bacterial suspension (7.5 ml) was mixed with an equal volume of
L. p. supernatant, and then 1.5 ml phosphorus standard solution
(50 µg/ml) was added. After being incubated at 37◦C for 0,
0.5, 1.0, 1.5, and 2.5 h, the inoculum (2 ml) was taken out
and centrifuged at 8,000 × g for 15 min at 4◦C, and then the
supernatant was collected. A 10% ascorbic acid solution (1 ml)
was added in the collected supernatant and stood for 30 s;
subsequently, 2 ml of 2.5% molybdate solution was added and
reacted for 15 min. The OD value was measured at 700 nm
to confirm the phosphorus concentration. The MRS medium
(7.5 ml) was used to substitute the L. p. supernatant as the
blank control to remove the interference of the medium. The
standard curve of phosphorus content was drawn as follows: the
phosphorus standard solution (0.0, 0.05, 0.1, 0.3, 0.5, 1.0, and
1.5 ml) was added to seven volumetric flasks (25 ml), and then the
solution was made up to 25 ml with distilled water. Subsequently,
the solution (2 ml) was taken out, mixed with 1 ml of 10%
ascorbic acid solution, and stood for 30 s. Finally, 2 ml of 2.5%
molybdate solution was added and reacted for 15 min.

Effect of Lacidophilin on Bacterial
Protein
SDS-PAGE was carried out to measure the bacteria cell protein
changes according to the method by Cai et al. (2019) with some
modifications. The indicator bacterial suspension (4 ml, OD600,
0.6) was mixed with an equal volume of L. p. supernatant and
incubated at 37◦C for 18 h. Then, 5 ml of the inoculum was taken
out and centrifuged at 8,000 × g for 15 min at 4◦C to collect the
precipitate. After being washed three times with PBS (0.1 mol/L,
pH 7.0), the bacteria cells were collected. The collected cells
were resuspended in 500 µl of 0.85% NaCl, and then 20 µl
of the suspension was taken out, mixed with 10 µl of protein
loading buffer, boiled in a water bath for 5 min, and cooled to
room temperature instantly. After being centrifuged at 3000 × g
for 5 min, 15 µl of the supernatant was analyzed with SDS-
PAGE gel electrophoresis using 5% concentrated gel and 12%
separation gel. The gel was dyed with Coomassie Brilliant Blue R-
250 for 30 min and decolorized overnight until the background
became transparent.

Effect of Lacidophilin on Intracellular
Enzyme (SOD, POD, and CAT) Activity
and MDA Content
The SOD, POD, and CAT activities and MDA content were
measured according to the previous method (Jia et al., 2014)

with some modifications. The indicator bacterial suspension
(10 ml, OD600, 0.9) was mixed with an equal volume of
L. p. supernatant and incubated at 37◦C for 5 h. Then,
5 ml of the inoculum was taken out and centrifuged at
8,000 × g for 15 min at 4◦C to collect the precipitate. After
being washed three times with PBS (0.1 mol/L, pH 7.0), the
bacteria cells were collected. After being grinded with quartz
sand and a mortar in an ice-bath for 5 min, the cells were
removed into 10 ml of 0.85% NaCl solution, well mixed, and
centrifuged at 8,000 × g for 15 min at 4◦C. The collected
supernatant was used to measure the activity of intracellular
enzyme and the content of MDA. The measurements were
conducted with SOD, POD, CAT, and MDA kits and read in a
microplate reader.

Statistical Analysis
Statistical analysis was implemented using SPSS version 18.0, and
the data were analyzed through multiple comparisons with the
Duncan method. A probability level of 0.05 was regarded as a
significance limit.

RESULTS

Antibacterial Activity of Lacidophilin
No antibacterial effect against E. coli and S. aureus was observed
in the negative control (MRS medium alone) (Table 1), which
eliminated the interference of the medium to the antibacterial
effect. In addition, adjustment of pH to 5.5 with NaOH (1 mol/L)
eliminated the interference of organic acids. The total protein
content of the L. p. supernatant was 964 µg/ml measured with
the Coomassie Brilliant Blue G-250 dye method. The diameters
of inhibition zones around the Oxford cup against E. coli
and S. aureus were 19.83 and 18.46, respectively (Table 1),
which indicated that the lacidophilin from L. pentosus had
high activity against the two strains. The cell density of the
inoculum had no significant difference (P > 0.05) compared
with the positive control, but the inhibition effect was higher
(P < 0.05) than the positive control, which showed that
lacidophilin had great potential as a food preservative in
food preservation.

Effects of Heat, Enzyme, and Metal Ions
on Antibacterial Activity
In Figure 1, heat treatment showed a certain negative effect
on the antibacterial effect of lacidophilin, and the negative
effect increased with heating temperature increased and time
prolonged. However, after being treated at 65◦C for 30 min,
lacidophilin retained about 90% of the antibacterial activity
against the two indicator bacteria. After being treated at 85
and 100◦C for 30 min, lacidophilin retained about more than
80% of the antibacterial activity against the two bacteria.
Figure 2 shows that different enzymes had different effects on
the antibacterial effect of lacidophilin. Pepsin had no significant
effect on the antibacterial activity (P > 0.05). However, the
antibacterial effects of lacidophilin against the two bacteria were
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TABLE 1 | Antibacterial activity of lacidophilin.

Groups OD600 (37◦C 72 h fermentation) Inhibition zone diameter (against E. coli) Inhibition zone diameter (against S. aureus)

Negative control 0.001 ± 0.001b 0 ± 0c 0 ± 0c

Positive control 2.268 ± 0.189a 16.593 ± 0.668b 15.257 ± 0.386b

The treated group 2.350 ± 0.063a 19.830 ± 0.960a 18.460 ± 0.685a

Values are represented as mean ± SD from triplicate experiments. Different lowercase superscripts in the same column indicate that the antibacterial effect is significantly
different (P < 0.05). The diameter of the inhibition zone around the Oxford cup is used to denote the antibacterial activity of lacidophilin.
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FIGURE 1 | The effects of heat on antibacterial activity, diameter (mm) refers to the diameter of the inhibition zone around the Oxford cup, which displayed the
antibacterial activity, and the description of the diameter also applied to the following figure. The bactericidal effect against E. coli (A) and against S. aureus (B), in
which different lowercase letters meant that the bactericidal effect was significantly different (P < 0.05). The photographs of heat treatment effects on antibacterial
activity against E. coli (C) and against S. aureus (D) at different temperatures for 30 min.

both weakened after being treated with papain and amylase.
After being treated with trypsin, lacidophilin lost its antibacterial
effect, which indicated that lacidophilin could be degraded
completely by trypsin. In addition, it could be seen from
Figure 3 that different types and different concentrations of
metal ions had different effects on the antibacterial ability
of lacidophilin. As the concentration of metal ions increased,
the antibacterial effect against the two indicator bacteria
gradually weakened.

Dynamic Growth Curve of Two Indicator
Bacteria
In Figure 4, the dynamic growth of the treated bacteria and the
control was similar in the lagged period. After 1.5 h, the difference
between treated bacteria and the control increased significantly.

The control had a high-speed growth trend, whereas the growth
of the treated bacteria was significantly inhibited.

Effect of Lacidophilin on Cytomembrane
Integrity
Figure 5A shows that the untreated E. coli and S. aureus
emitted green fluorescence, whereas the treated E. coli and
S. aureus both emitted red fluorescence, which illustrated
that the cytomembrane integrity of the indicator bacteria
had been destroyed by lacidophilin. In the fluorescence
spectrum of Figure 5B, the absorption peaks at about
520 nm were both observed in the untreated E. coli and
S. aureus, which was corresponding to the absorbance peak
of FDA, whereas the peaks of the treated E. coli and
S. aureus were both moved to about 596 nm, which was
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FIGURE 2 | The effects of enzymes on antibacterial activity. The bactericidal
effect against E. coli and S. aureus (A), in which different lowercase letters
meant that the bactericidal effect was significantly different (P < 0.05). The
photographs of enzyme treatment on antibacterial activity against E. coli (B)
and against S. aureus (C).

consistent with the absorbance peak of PI. The result of the
fluorescence spectrum further indicated that the cytomembrane
had been destroyed.

Effect of Lacidophilin on Cytomembrane
Permeability
Figure 6A shows that the inoculum conductivity of the treated
E. coli and S. aureus increased with the time prolonged,
which indicated that the leakage of electrolyte increased,
whereas the conductivity of the control did not change
significantly. In Figure 6B, the inoculum absorbance of
the treated E. coli and S. aureus at 260 nm was higher
than that of the controls, indicating the leakage of nucleic
acid from the treated strains. In addition, the absorbance
differences between the treated strains and the controls increased
significantly with time extension, which showed that the
nucleic acid leakage was increasing gradually. In Figure 6C,
S. aureus showed protein leakage after being treated for
about 0.5 h; E. coli showed protein leakage after being
treated for about 1.5 h. As time went on, protein leakage
both kept increasing. In addition, as could be seen from
Figure 6D, the phosphorus contents in the inoculum of the
treated bacteria and the controls were all decreased with time
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FIGURE 3 | The effects of metal ions on antibacterial activity against E. coli
(A) and S. aureus (B), in which different lowercase letters meant that the
antibacterial effect was significantly different (P < 0.05).
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FIGURE 4 | The dynamic growth curve of the two indicator bacteria.

prolonged. However, the phosphorus contents in the inoculum
of the two treated bacteria were both higher than those of
the two controls throughout the processing, which indicated
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FIGURE 5 | The effect of lacidophilin on the cell membrane integrity of the two indicator bacteria. Fluorescence micrograph of E. coli and S. aureus with FDA/PI
staining (A); the S. aureus used as control (a), the treated S. aureus (b), the E. coli used as control (c), the treated E. coli (d). Fluorescence spectrum of E. coli and
S. aureus with FDA/PI staining (B); the excitation wavelength was 450 nm.

that lacidophilin inhibited the phosphorus metabolism of the
indicator bacteria.

Effect of Lacidophilin on Bacterial
Protein
Figure 7 shows that some typical bands of the treated E. coli in
SDS-PAGE electropherogram obviously disappeared and faded,
and some new protein bands also appeared. For the treated
S. aureus, most of the typical bands disappeared and faded, and

an obvious new band appeared at about 70 kb. The above result
illustrated that lacidophilin significantly affected the growth and
the protein content of the indicator bacteria.

Effect of Lacidophilin on Intracellular
Enzyme (SOD, POD, and CAT) Activity
and MDA Content
For the two treated indicator bacteria, the contents of MDA in
the cells were both higher than those of the controls, and the
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FIGURE 6 | Effect of lacidophilin on cell membrane permeability, leakage of electrolyte (A), leakage of nucleic acid (B), leakage of proteins (C), phosphorus
metabolism (D).

activities of intracellular enzymes (SOD, CAT, and POD) also
exceeded those of the controls significantly. The increase of MDA
contents indicated that the damage to the cell increased. The
increase of the activity of SOD, CAT, and POD inferred that the
lipid peroxidation of the cytomembrane increased.

DISCUSSION

The negative control (MRS medium) had no antibacterial
activity, whereas the antibacterial activity of lacidophilin and
the positive control had no significant difference (P > 0.05),
which indicated a potential application of lacidophilin as a
food preservative. The heat treatment indicated that lacidophilin
had relatively high thermal stability, as 90% of the bactericidal
activity was retained with heat treatment at 65◦C for 30 min.
Thus, it could be used as a preservative in pasteurized
food (Thirumurugan et al., 2016). This was similar to
the previous report about the thermal stability of KF1
bacteriocin (Zahid, 2015). The result of trypsin treatment
indicated that lacidophilin might be a protein or peptide
that could be completely hydrolyzed by trypsin (Lv et al.,
2018). The amylase treatment illustrated that the protein or
peptide might contain some glycosidic bonds, as amylase

mainly hydrolyzes glycosidic bonds. Certain concentration of
metal ions weakened the antibacterial activity of lacidophilin
(Figure 3). Previous research also indicated that divalent
cations were antagonists of the bacteriocin (Vloten, 2015).
Thus, it was speculated that certain concentration of metal
ions might reduce the antibacterial activity of lacidophilin by
changing its spatial conformation, which was associated with
antimicrobial activity.

The growth curves of the treated S. aureus and E. coli lagged
significantly behind the controls (Figure 4), which illustrated that
the bacteriocin inhibited the dynamic growth of two indicator
bacteria greatly. Common lacidophilin, such as nisin, only has
an antibacterial effect on Gram-positive bacteria and has no
antibacterial effect on Gram-negative bacteria (Jeong and Ha,
2018), which might ascribe the amyloid formation between
the lipopolysaccharide of Gram-negative bacteria cell wall and
the antibacterial peptide (Wang et al., 2014). However, the
lacidophilin in this study had high antibacterial activity against
both Gram-positive and Gram-negative bacteria, which further
illustrated its potential use as a food preservative.

Propionyl iodide is a nucleic acid staining agent that cannot
penetrate the entire cytomembrane, but can penetrate the
damaged cytomembrane to stain the DNA. When PI crossed
the destroyed cytomembrane and bound to DNA, the cell
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FIGURE 7 | SDS-PAGE electropherogram of the two indicator bacteria, the
molecular marker (M), the E. coli used as control (a), the treated E. coli (b), the
S. aureus used as control (c), the treated S. aureus (d).

emitted red fluorescence (Boyd et al., 2008). FDA could pass
through the cytomembrane, and the living cells with FDA
staining could emit yellow-green fluorescence (Boyd et al., 2008).
Therefore, the result of Figure 5 indicated that lacidophilin
destroyed the cytomembrane of the bacteria and increased the
cytomembrane permeability. Previous study had also suggested
that the bacteriocins of bifidocin A produced from B. animalis
played a bacteriostatic role by destroying the cytomembrane of
Listeria monocytogenes (Liu et al., 2017).

Electrolyte, nucleic acid, and proteins are very important for
the life of the indicator bacteria. The leakage of electrolyte, nucleic
acid, and proteins further illustrated that the cytomembrane
of the bacteria was damaged (Shen et al., 2015; Cai et al.,
2019), resulting in the loss of the barrier function of the
cytomembrane. The leakage might attribute to the formation
of the selective pores in the bacteria cytomembrane (Liu
et al., 2017), and the loss of the key cell contents affected
the normal life of the cells, thereby inhibiting the growth
of the bacteria.

Phosphorus is an important nutrient required for key
biological reactions of cell life, and it is a crucial component of
the cytomembrane (Razzaque, 2011). The metabolic capacity
of the cells could be confirmed by detecting phosphorus
consumption in the cultivation process (Tian and Wang, 2014).
For the treated bacteria, the content of phosphorus in the
inoculum decreased slower than the control, which indicated
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FIGURE 8 | Effect of lacidophilin on intracellular enzymes (SOD, POD and
CAT) activity and MDA content of the two indicator bacteria, the S. aureus (A)
and the E. coli (B).

that lacidophilin inhibited the phosphorus consumption of the
indicator bacteria. Decrease of phosphorus consumption further
illustrated that lacidophilin destroyed the metabolic capacity
of the cell, inhibited the formation of the cytomembrane,
and increased the permeability of the cytomembrane
(Wang et al., 2020).

Proteins are critical parts of bacteria cells, and they are closely
related to the metabolism of bacteria cells. Disappearance and
fade of typical bands of the cell proteins in SDS-PAGE (Figure 7)
indicate that lacidophilin had a significant effect on protein and
the protein contents of the indicator bacteria. The SDS-PAGE
result further suggested that the cytomembrane was destroyed
and the growth of the bacteria was inhibited, resulting in the
fade or disappearance of typical bands of cell proteins (Cai et al.,
2019). In addition, the result also corroborates that lacidophilin
damaged the cytomembrane of the indicator bacteria, leading to
the leakage of major cell components, which seriously affected
the synthesis of protein (Meng et al., 2016). The appearance of
new protein bands might be that the bacteriocin changed the
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metabolism of bacterial cells, resulting in the production
of new proteins.

Malondialdehyde is the crucial lipid peroxidation product,
which can be used to monitor the lipid peroxidation level of
the cytomembrane (Jia et al., 2014). The increase of MDA
content illustrated the increase of lipid peroxidation of the
cytomembrane, resulting in the damage of the cytomembrane
(Yun et al., 2013). The cellular enzymes including SOD, POD,
and CAT can be used to detect the cell defense response against
external stress (Yun et al., 2013). In order to protect itself from
external injury, the activities of the enzymes including SOD, CAT,
and POD in the cell were initiated, resulting in an increase of
reactive oxygen removal and a reduction of oxidative damage
(Jia et al., 2014). Therefore, the increase of the activities of
SOD, CAT, and POD in the cell (Figure 8) illustrated that the
cell was injured by lacidophilin. Thus, the result indicated that
lacidophilin caused cytomembrane lipid peroxidation and cell
oxidative damage simultaneously.

CONCLUSION

In this paper, the antibacterial activity of L. pentosus lacidophilin
against S. aureus and E. coli was studied, and the antibacterial
mechanism was further explored. The results showed that
lacidophilin might be a polypeptide or protein, which had
significant antibacterial activity against S. aureus and E. coli.
Lacidophilin had strong thermal stability, so it might be
used in pasteurization processing of foods. The antibacterial
activity was decreased by metal ions; therefore, the influence
of metal ions should be avoided during food processing using
lacidophilin as preservative. Studies on antibacterial mechanism
showed that lacidophilin mainly broke the integrity of the
bacteria cytomembrane and increased the permeability of the

cytomembrane by melting the cytomembrane into holes, further
leading to the leakage of electrolytes, nucleic acid, and proteins.
In addition, it restrained phosphorus metabolism, inhibited the
growth of the bacteria, and caused changes of some proteins.
Moreover, lacidophilin injured the bacteria cell, which increased
cytomembrane lipid peroxidation and cell oxidative damage,
resulting in the increase of MDA content and activities of SOD,
CAT, and POD in the cell. Consequently, lacidophilin has great
potential for application as natural preservatives in foods, owing
to their high antibacterial activity against both Gram-positive and
Gram-negative foodborne pathogens and thermal stability.
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A Viable but non-culturable (VBNC) state is a bacterial survival strategy under reverse
conditions. It poses a significant challenge for public health and food safety. In this
study, the effect of external environmental conditions including acid, nutrition, and
salt concentrations on the formation of S. aureus VBNC states at low temperatures
were investigated. Different acidity and nutritional conditions were then applied to food
products to control the VBNC state formation. Four different concentration levels of
each factor (acid, nutrition, and salt) were selected in a total of 16 experimental groups.
Nutrition showed the highest influence on the VBNC state formation S. aureus, followed
by acid and salt. The addition of 1% acetic acid could directly kill S. aureus cells
and inhibit the formation of the VBNC state with a nutrition concentration of 25, 50,
and 100%. A propidium monoazide-polymerase chain reaction (PMA-PCR) assay was
applied and considered as a rapid and sensitive method to detect S. aureus in VBNC
state with the detection limit of 104 CFU/mL.

Keywords: Staphylococcus aureus, VBNC state, induction, control, formation

HIGHLIGHTS

- The stress of nutrition, acid and salt could induce the VBNC state formation of S. aureus under
low temperature.

- The effect of external environmental conditions on the state of VBNC formation of S. aureus
was: nutrition > acid > salt concentrations.

- Addition of 1% acetic acid could directly kill the S. aureus and inhibit VBNC state formation
with nutrition concentration of 25, 50, and 100%.

- The PMA-PCR assay is able to be applied on the detection of S. aureus VBNC cells with a
detection limit at 104 CFU/mL.
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INTRODUCTION

Food-borne pathogens can cause diseases by contaminating
food products and are the cause of serious concerns in
public health and food safety. Staphylococcus aureus is widely
distributed in the environment including air, water, and the
surface of the skin, and has been found in raw meat, milk
and dairy products, frozen products, and cooked foods (Xu
et al., 2012a,b; Bao et al., 2017a,c). It is the source of major
concern in the food industry due to its multi-drug resistance
and virulence (Miao et al., 2017c; Jia et al., 2018). Foodborne
outbreaks with vomiting cases caused by S. aureus have been
frequently reported in recent years (Bennett et al., 2013).
It can produce Staphylococcus enterotoxins (SEs) including
SEA, SEB, SEC, SED, and SEE which can cause severe
food poisoning incidents (Xu et al., 1982). Besides, Panton-
Valentine leukocidin (PVL) can also cause food poisoning
with a high mortality rate (Kraushaar and Fetsch, 2014;
Liu et al., 2019).

The “Viable but non-culturable” (VBNC) state, first reported
by Xu et al. in 1982, is considered to be a survival
strategy of non-spore-forming bacteria in response to adverse
conditions (Xu et al., 1982; Oliver, 2010; Liu et al., 2018,a,b).
Environmental stresses including low temperature, nutrient-
limited conditions, high salt, low pH, and even UV-induced
conditions have been reported to induce the formation of
a VBNC state (Foster, 1999; Ramaiah et al., 2002; Xu
et al., 2008a,b; Cunningham et al., 2009; Wang et al., 2011;
Guo et al., 2019). At present, 85 species of bacteria have
been confirmed as capable of entering into a VBNC state,
including 18 non-pathogenic and 67 pathogenic species (Li
et al., 2014; Bao et al., 2017b; Miao et al., 2017a,b,c). VBNC
cells are alive with low metabolic activity, and capable of
producing biological toxins. Shigella dysenteriae type1 retained
Shiga toxin encoding gene (stx) and produced toxin in
the VBNC state (Rahman et al., 1996; Lin et al., 2016).
VBNC Escherichia coli O157 cells had a higher expression of
rfbE and relatively lower expression of stx1 and stx2 genes
compared to normal cells (Liu et al., 2017b; Xu X. et al.,
2017; Xu J. et al., 2017; Zhao et al., 2018a,b). Furthermore,
VBNC cells can resuscitate when in suitable conditions
(Pinto et al., 2015; Xu et al., 2016a,b,c; Miao et al., 2018).
Therefore, VBNC pathogens pose a serious threat to food safety
and human health.

The traditional detection method for foodborne microbes is
culturing-based. However, in the VBNC state, bacteria remain
metabolic activity but below detection levels, indicating the
ability to cause false negative detection by culturing-based
method (Xu M. E. et al., 2011; Xu L. et al., 2011; Xu Z. et al.,
2011; Pinto et al., 2015; Miao et al., 2016). Thus, food safety
incidents may occur if contaminated by the foodborne pathogen
in the VBNC state (Xu et al., 2012a,b; Liu et al., 2017b) and
traditional culturing-based methods cannot be trusted to detect
VBNC cells. Furthermore, this method cannot identify living
and dead cells which is a major limitation in nucleic acid
diagnosis (Xu et al., 2010; Zhong et al., 2016; Lin et al., 2017).
However, some reagents including photoreactive DNA-binding

dyes ethidium bromide monoazide (EMA) and propidium
monoazide (PMA) can be used to amplify DNA in dead cells.
Nucleic acid amplification methods have been combined with
EMA/PMA and widely developed for the detection of pathogenic
bacteria in a VBNC state, including PMA-PCR and PMA-
LAMP (Li et al., 2017; Xie et al., 2017a,b; Liu et al., 2018;
Zhong and Zhao, 2018).

This study aimed to investigate the effect of nutrition, acid,
and salt concentrations on the viability and culturability of
S. aureus at low temperature (4 and −20◦C) to obtain a
better understanding of the conditions of the formation of
the VBNC state in food systems and to enable us to control
it. A PMA-PCR assay was applied to detect the VBNC cells
of S. aureus.

MATERIALS AND METHODS

Bacterial Strain and Culture Conditions
The stain used in this study was S. aureus ATCC25923, which was
maintained as glycerol stock and stored at−80◦C before use. The
strain was streaked on tryptic soy agar (TSA) plate and incubated
at 37◦C for 24 h to recover. A single colony was then inoculated
into 2 mL of TSB and incubated at 37◦C with 150 rpm for 12 h
prior to further experiments.

VBNC State Induction
The bacterial culture was inoculated into TSB with 1:100 dilution
and was incubated until it reached the exponential phase
according to the growth curve (data not shown). The exponential
phase culture was centrifuged at 5,000 × g for 10 min and the
cells were washed with 1× phosphate buffer solution (PBS). The
washed culture was resuspended in induction groups (Table 1)
to a final concentration of approximately 107 CFU/mL. To
avoid the effects of continuous freeze-thawing, the induction
system was separated into multiple 1.5 mL centrifuge tubes.

TABLE 1 | The VBNC state induction groups.

Groups TSB (%) NaCl (%) (m/v) Acetic acid (%) (v/v)

1 0 0.9 0

2 25 0.9 0.3

3 50 0.9 0.7

4 100 0.9 1

5 25 10 0

6 0 10 0.3

7 100 10 0.7

8 50 10 1

9 50 20 0

10 100 20 0.3

11 0 20 0.7

12 25 20 1

13 100 30 0

14 50 30 0.3

15 25 30 0.7

16 0 30 1
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Subsequently, the tubes were placed at 4 and−20◦C, respectively,
to induce the VBNC state.

Determination of VBNC State
To determine the culturability of S. aureus cells, the plate
counting method was applied to identify the culturable
cell number. The induction culture was serially diluted
with 0.9% NaCl and inoculated on TSA followed by
incubation at 37◦C for 24 h. When culturable, the cell
number was < 1 CFU/mL for 3 days, and the cells were
considered to be non-culturable (Deng et al., 2015). In
addition, the LIVE/DEAD R© BacLightTM bacterial viability
kit (Thermo Fisher Scientific, China) combined with
fluorescence microscopy was used to determine whether
the non-culturable cells were in the VBNC state following the
manufacturer’s instructions.

Control of VBNC State
According to VBNC state induction results, suitable
concentrations of nutrition, salt, and acid were selected
to inhibit the formation of the VBNC state. The bacterial
culture was washed and resuspended at the concentration of
5 × 107 CFU/mL with a total volume of 30 mL and stored
at 4 and −20◦C, respectively. The culturable cell number was
measured by plate counting after 3 days (Tables 2, 3).

Control of VBNC State in Rice Product
Twenty-five grams of Cantonese rice cake (Guangzhou
Restaurant, Guangzhou, China) was added to 225 mL of
0.9% NaCl and determined as a 100% food sample medium.
Accordingly, 25 and 50% food sample medium were prepared
with sterilization. 2 mL of S. aureus culture at exponential
growth phase were centrifuged at 4◦C and washed with
0.9% NaCl before resuspended with sterilized food sample
medium to a final concentration of 5 × 107 CFU/mL as
initial induction concentration. Simultaneously, the filtered
acetic acid solution was added into the food induction

TABLE 2 | Inhibition assay of acidity on the VBNC state formation.

Group TSB (%) NaCl (%) (m/v) Acetic acid (%) (v/v)

1 025 0.9 0.7

2 1

3 025 0.9 1.0

4 1

5 025 10 0.7

6 1

TABLE 3 | Inhibition assay of nutritional status on the VBNC state formation.

Group TSB (%) NaCl (%) (m/v) Acetic acid (%) (v/v)

1 0 0.9 0.3

2 0.7

3 1

4 25 0.9 0.7

5 1.0

group at a final concentration of 1% (v/v). Then, the final
induction group was stored at 4◦C for 3 days and the
culturability and viability were identified by plate counting
method and LIVE/DEAD R© BacLightTM bacterial viability
kit, respectively.

PMA-PCR Assay
Twenty-five grams of Cantonese rice cake mixed with 225 mL
saline was prepared as a diluting solution. The bacterial culture
of S. aureus in the VBNC state was diluted to the final
concentrations of 106, 105, 104, 103, 102, and 10 cells/mL using
the diluting solution, respectively. The PMA reagent was used
at the concentration of 5 µg/mL. Subsequently, the detection
samples mixed with PMA were incubated in the dark at room
temperature for 10 min before the tubes were placed horizontally
on ice exposed to a halogen lamp (650 W) at a distance of 15 cm
for 15 min to complete the combination of DNA and PMA (Chen
et al., 2020). The mixed samples were centrifuged at 10,000 rpm
for 5 min. DNA from the precipitated cells was isolated using a
DNA extraction kit (Dongsheng Biotech, Guangzhou) following
the manufacturer’s instruction.

The PCR assay was performed at a total volume of 25
µL. The reaction system consists of 12.5 µL 2 × Taq
PCR MasterMix (Dongsheng Biotech, Guangzhou), 3
µM each of forward and reverse primers (femA-F:
AGGTATAGACTTCGATG TTTCAAATCGCGGTCCAGTG;
femA-R: TTGTAGCTTCAGATATGGAAACCAA TCATTAC
CAGCA), 2 µL of DNA template and added up to 25 µL with
nuclease-free water. A mixture with 2 µL of nuclease-free water
was used (instead of DNA) as a negative control. The protocol
of PCR assay was as followed: 5 min denaturation at 95◦C, 32
cycles of amplification at 95◦C for 30 s, 52◦C 30 s, 72◦C for
35 s and final inactivation at 72◦C for 5 min. The PCR products
were detected by electrophoresis on 1.5% agarose gels and
observed under UV light.

RESULTS AND DISCUSSION

Culturability of S. aureus During
Induction
The changes of culturable cell numbers during VBNC state
induction are shown in Figure 1. In induction group 1, for
which stored at −20◦C, the culturable cell number decreased to
0 in 52 days, while at 4◦C the culturable cell number dropped
in the first 3 days and remained unchanged (Figure 1A). In
induction group 2, the culturable number declined to 0 in 43 days
(−20◦C) and 46 days (4◦C), respectively (Figure 1B), which was
similar to the result of induction groups 3 and 4 but with the
longer induction time (Figures 1C,D). As for induction group
7, the culturable cell number reduced to 0 after stored at 4 and
−20◦C for 43 days and 54 days, respectively (Figure 1F). And in
induction groups 5, 9, 10, 13, and 14, the culturable cell numbers
remain the same which indicated the cells were unable to enter
into the VBNC state (Figures 1E,G–J). The cells in induction
groups 6, 8, 11, 12, 15, and 16 were non-culturable in 3 days. The
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FIGURE 1 | Culturable cell numbers of S. aureus under different conditions stored at 4 and –20◦C (A–J, represent the cell culturability of S. aureus in induction
groups 1, 2, 3, 4, 5, 7, 9, 10, 13, and 14, respectively).

total times for S. aureus cells to become non-culturable are listed
in Table 4.

Viability of S. aureus During Induction
The viability of S. aureus during the induction was observed
by the fluorescence microscope after the treatment of the
LIVE/DEAD R© BacLightTM bacterial viability kit. In induction
group 1 at −20◦C, when the culturable cell number decreased
to 0, viable cells still existed indicating that S. aureus can
enter into VBNC state in saline at −20◦C (Figure 2). The
same results were obtained in induction group 2 at 4 and
−20◦C (Figure 2). As for induction groups 3, 4, and 7
at 4◦C, a small percentage of cells entered into VBNC
state (Figure 2). However, most cells were dead at −20◦C
(Figure 2).

In summary, under low temperature (4◦C) and strong
acidity with sufficient nutrition (medium concentration ≥ 50%),
S. aureus could enter into VBNC state within a short
time. Similar results were obtained under low salt and weak
acidic environment with insufficient nutrition but with longer
induction time, as well as the in conditions that were oligotrophic
and acid-free. Briefly, under reverse conditions, including
insufficient nutrition with weak acid and sufficient nutrition

TABLE 4 | Duration for culturable cell number decreased to 0.

Group 4◦C −20◦C Group 4◦C −20◦C

1 + 52 days 9 + +

2 46 days 43 days 10 + +

3 25 days 22 days 11 / /

4 27 days 22 days 12 / /

5 + + 13 + +

6 / / 14 + +

7 43 days 54 days 15 / /

8 / / 16 / /

“ + ” stands for S. aureus is culturable and “/” stands for the number of culturable
S. aureus in 3 d dropped to 0.

with a strong acid, it was easier for S. aureus to enter
into VBNC state at 4◦C but more difficult to survive in
freezing conditions (−20◦C). These results showed that the
key conditions for the VBNC state formation of S. aureus
were adequate nutrition with strong acid at 4◦C, insufficient
nutrition with weak acid at 4◦C, and oligotrophic system at
−20◦C.

S. aureus was able to enter into VBNC state under
strong acid with adequate nutrition but not under strong
acid that lacked nutrition, indicating with the treatment of
strong acid, nutrition plays an important role during the
formation of VBNC state. By comparing induction groups 1
and 2, under weak acid, it took cells in group 2 a shorter
time to enter into VBNC state, demonstrating that weak
acid may have an active contribution to the formation of
VBNC state. Due to the salt-tolerant property of S. aureus,
salt concentration had no significant effect. Under insufficient
nutrition (medium concentration ≤ 50%) with strong acid
[concentration of acetic acid (v/v) ≥ 0.7%] and high salt
concentration (≥10%) without nutrition, the cells died within
3 days. Therefore, nutrition had the strongest effect on the
formation of the VBNC state, followed by the concentration of
acetic acid and salt.

S. aureus cells with higher ATP concentration would enter
into the VBNC state instead of dying. Similar phenomenon
has been found in the VBNC L. monocytogenes (Lindbäck
et al., 2010; Bai et al., 2019). ATP synthase was also
found upregulated in VBNC Vibrio parahaemolyticus cells
(Lai et al., 2009). The upregulation of genes or proteins
related to ATP accumulation offset ATP consumption in
VBNC bacteria might be due to the survival mechanism
of VBNC S. aureus under the reverse condition and need
to be confirmed by further study on the expression of
ATP-related genes or proteins in VBNC S. aureus cells (Bai
et al., 2019). In the VBNC S. aureus cells, the mutational
inactivation of catalase (KatA) or superoxide dismutase
(SodA) encoded by katA and sodA gene was present.
The changes on the expression of genes rendered cell
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FIGURE 2 | The viability of nonculturable S. aureus stored at different conditions with fluorescence microscope.

hypersensitive to seawater with a high concentration of salt
at 4◦C (Masmoudi et al., 2010).

Control of VBNC State
Under weak acid with insufficient nutrition (medium
concentration ≤ 25%) conditions, S. aureus was capable of
entering into VBNC state and acid concentration influenced the
survival of S. aureus cells. Thus, a further experiment on the
inhibitory effect of 0.3, 0.7, and 1.0% acetic acid on the control of
VBNC state was performed.

In saline with 0.3, 0.7, and 1.0% acetic acid (induction
groups 1, 2, and 3), S. aureus lost culturability and viability in
3 days, while low salt concentration with nutrition (medium
concentration ≤ 25%) and 0.7%, 1.0% acetic acid (induction
group 4 and 5), S. aureus remained culturability when stored at
4◦C for 3 days. Among all, only the cells in induction group 5
stored at−20◦C were non-culturable, indicating that eliminating
VBNC state formation only by acetic acid treatment is not
sufficient. S. aureus died at low nutrition, high salt, and strong
acidity, indicating salt concentration can restrain the formation
of the VBNC state However, given the low salt concentration
in the food processing and storage of rice product, only acid
treatment is less effective in eliminating S. aureus and its VBNC
state (Table 5).

Since S. aureus could enter into VBNC state with strong acid
treatment, the elimination of VBNC state by different nutrition
conditions with strong acid were studied. Under low temperature
(4 and −20◦C), all cells were dead within 3 days in groups with
no nutrition and strong acid (induction groups 1, 3, and 5).
S. aureus may enter into VBNC under the treatment of some
nutrition and low salt with strong acid. These results indicated
that in low salt and strong acid environment, the VBNC state of

S. aureus cannot be eliminated by only reducing nutrients. Thus,
the control of VBNC state formation can be achieved by changing
nutrition concentration in combination with other treatments.
One way of eliminating the VBNC state of S. aureus, which

TABLE 5 | Inhibition of acidity on the formation of VBNC state of S. aureus.

Group Culturability Viability

4◦C −20◦C 4◦C −20◦C

1 / / – –

2 / / – –

3 / / – –

4 + + ND ND

5 + + ND ND

“ + ” stands for culturable, “/” for unculturable, “–” for inactive and “ND” for activity
is not detected.

TABLE 6 | Inhibition of nutritional status on the VBNC state formation.

Group Culturability Viability

4◦C −20◦C 4◦C −20◦C

1 − − − −

2 + + ND ND

3 − − − −

4 + − ND 0

5 − − − −

6 + + ND ND

“ + ” stands for culturable, “/” for unculturable, “−” for inactive and “ND” for activity
is not detected.
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could be applicable in food processing or used when cleaning
equipment, would be to provide a condition of no nutrition with
acid (Table 6).

Recently, several studies have reported on the formation
of Staphylococcus biofilm on different surfaces during food
processing, including polystyrene, polypropylene, stainless steel,
and glass (Sattar et al., 2001; DeVita et al., 2007; Simon
and Sanjeev, 2007). VBNC state induced in S. aureus biofilm
under the antibiotic pressure has also been confirmed by
RT-PCR (Pasquaroli et al., 2013, 2014). S. aureus, as well
as its VBNC state formation, is emerging as a major
concern of food product contamination and poses a threat
to human health.

Control of VBNC State in Rice Product
The culturable cell numbers under low temperature stress are
shown in Figure 3. In food systems with 100, 50, and 25%
nutrients and 1.0% acetic acid, the cells lost their culturability in
3 days. Observation under a fluorescence microscope (Figure 4)
confirmed that all cells were dead, which is different from the
results in the induction in TSB due to complex food matrix with
unfavorable factors. Thus, 1% of acetic acid can be applied in the
control of normal and VBNC state S. aureus cells in rice products.

Foodborne pathogens and spoilage bacteria in the VBNC state
can produce toxins and cause food spoilage. This is emerging as
a leading concern for the food industry (Xu et al., 2009; Liu et al.,
2017a). Over the past few decades, it has been confirmed that

FIGURE 3 | The culturable cell number of S. aureus inoculated in the 1.0% (v/v) acetic acid containing 100, 50, 25% nutrients at low temperature for 3 days.

FIGURE 4 | The viability of non-culturable S. aureus stored at different conditions (A) group 1 (–20◦C); (B,C) group 2 (4◦C, –20◦C); (D,E) group 3 (4◦C, –20◦C);
(F,G) group 4 (4◦C, 20◦C); (H) group 7 (4◦C).
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VBNC cells are capable of recovering, with restored metabolic
activity. However, resuscitation conditions vary among species
and strains. VBNC E. coli O157:H7 and Vibrio vulnificus cells can
recover with the treatment of fresh TSB and a temperature upshift
(Dinu and Bach, 2013; Zhao et al., 2013; Zhong et al., 2013; Rao
et al., 2014; Xu et al., 2018). Moreover, the VBNC state pathogens
recover or maintain virulence after resuscitation (Cappelier et al.,
2007; You et al., 2012; Zeng et al., 2013). Several foodborne
outbreaks were due to the resuscitation of VBNC cells (Xu et al.,
2007; Zhao et al., 2017; Wen et al., 2020). Therefore, the control
of the VBNC state formation in food products is of importance.

Application of PMA-PCR on VBNC Cell
Detection in Rice Product
The detection limit of PMA-PCR for detection of
the VBNC state S. aureus in rice products was
104 CFU/mL. Compared with the conventional culturing-
based method, which uses the LIVE/DEAD R© BacLightTM

fluorescence staining method to detect VBNC cells,
the PMA-PCR assay can detect specific concentrations
of VBNC cells with high rapidity and sensitivity
(Yoon et al., 2019).

CONCLUSION

This study investigated the impact of three elements including
nutrition, acid and salt concentrations in food systems
on the VBNC state formation of S. aureus. Nutrition
showed the highest influence on the VBNC state formation
S. aureus, followed by acid and salt. The addition of
1% acetic acid could directly kill S. aureus cells and

inhibit the formation of VBNC states with a nutrition
concentration of 25, 50, and 100%. Propidium monoazide-
polymerase chain reaction (PMA-PCR) assay was applied and
considered to be a rapid and sensitive method for detecting
S. aureus in the VBNC state, with the detection limit of
104 CFU/mL.
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The objectives of this study were to evaluate the inactivation efficacy of a 405-nm

light-emitting diode (LED) against Cronobacter sakazakii biofilm formed on stainless

steel and to determine the sensitivity change of illuminated biofilm to food industrial

disinfectants. The results showed that LED illumination significantly reduced the

population of viable biofilm cells, showing reduction of 2.0 log (25◦C), 2.5 log (10◦C), and

2.0 log (4◦C) between the non-illuminated and LED-illuminated groups at 4 h. Images

of confocal laser scanning microscopy and scanning electron microscopy revealed

the architectural damage to the biofilm caused by LED illumination, which involved

destruction of the stereoscopic conformation of the biofilm. Moreover, the loss of

biofilm components (mainly polysaccharide and protein) was revealed by attenuated

total reflection Fourier-transformed infrared spectroscopy, and the downregulation of

genes involved in C. sakazakii biofilm formation was confirmed by real time quantitative

PCR analysis, with greatest difference observed in fliD. In addition, the sensitivity of

illuminated-biofilm cells to disinfectant treatment was found to significantly increased,

showing the greatest sensitivity change with 1.5 log reduction between non-LED and

LED treatment biofilms in the CHX-treated group. These results indicated that 405 nm

LED illumination was effective at inactivating C. sakazakii biofilm adhering to stainless

steel. Therefore, the present study suggests the potential of 405 nm LED technology

in controlling C. sakazakii biofilms in food processing and storage, minimizing the risk

of contamination.

Keywords: Cronobacter sakazakii, LED, biofilm, ATR-FTIR, disinfectant

INTRODUCTION

Cronobacter sakazakii is a rod-shaped, non-spore-forming, peritrichous, facultative anaerobic
Gram-negative foodborne pathogen, belonging to the Enterobacteriaceae family (Stephan et al.,
2014). C. sakazakii is occasionally detected in meat, vegetables, cereals and dairy (Beuchat
et al., 2009). In particular, powdered infant formula has been linked with many C. sakazakii
infections, according to an epidemiological report (Yan et al., 2012). C. sakazakii contamination
more frequently causes infection in infants or adults with lowered immunity, suffering from
bacteremia, meningitis, necrotizing enterocolitis or other diseases, and a lethality rate of more
than 50% has been reported (Ye et al., 2014). Furthermore, surviving patients may suffer further
acute neurological complications such as quadriplegia, brain abscesses, neural-development delay,
and hydrocephalus.
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Biofilms are defined as matrix-enclosed bacterial populations
that are adherent to each other and to interfaces or surfaces,
including adherent populations within the pore spaces of
porous media, as well as microbial aggregates and floccules
(Park et al., 2012). Prior studies have shown that biofilms
have complex structures that are surrounded by extracellular
polymeric substances (EPS), which enhance the resistance of
pathogens to external stress (Ling et al., 2020) and even
conventional antibiotics (Davies, 2003). C. sakazakii can form
biofilms on multiple contact surfaces such as stainless steel, glass,
and Teflon (Reich et al., 2010). Furthermore, C. sakazakii biofilm
formed on the food contact surface can provide a physical defense
to protect them from stronger external stress such as high voltage
and many antibiotics (Kuo et al., 2013). C. sakazakii biofilms
have become the main source of contamination for food, either
directly or indirectly, and therefore pose a serious threat to
consumers’ health (Bayoumi et al., 2012).

Conventional antibiofilm methods mainly include
disinfectants, exogenous detergents (da Silva and De Martinis,
2013), near-infrared radiant heating and ultraviolet (UV) light
(Ha and Kang, 2014). The anti-biofilm effect of natural
antibiotics has also been reported (Tong et al., 2018).
However, the disadvantages of disinfectants and exogenous
detergents cannot be ignored since they can induce resistance
in pathogens to conventional treatments, which increases
the difficulty of eliminating biofilm (Simões et al., 2010).
Infrared radiant heating and UV light irradiation may
cause the loss of sensitive nutrients from the food and have
limitations because of the high capital costs for installation
(Harouna et al., 2015). Natural antibiotics are also limited
in their use because of their complex extraction process
and high cost (Moloney, 2016). Therefore, new methods for
eliminating biofilm that are safe, residue-free and efficient,
and could be applied to a variety of processing environments,
are needed.

A light-emitting diode (LED) is a semiconductor device that
can emit monochromatic light in a narrow range of the spectrum.
It has many merits such as low-energy, high stability, long
service life, availability in various shapes, and small volume
(Quishida et al., 2016). LEDs have advanced in response to
the growing need for non-thermal, physical methods for food
processing, and storage (Krames and Grandjean, 2017). Some
molecules, known as photosensitizers, in bacteria will absorb
light when exposed to an LED and produce reactive oxygen
species (ROS) that in turn react with DNA, proteins, lipids,
and other components to produce cytotoxic effects (Luksiene,
2010). In the field of food safety, LEDs were first studied
in vitro for their effects against several planktonic foodborne
pathogens, including Escherichia coli, Salmonella, Listeria, and
Staphylococcus aureus (Ghate et al., 2013; Kumar et al., 2016). In
recent years, LED light within the range of 400–520 nm has been
demonstrated to have inactivation efficacy against Streptococcus
mutans, L. monocytogenes, and Pseudomonas aeruginosa on the
surface of food and packaging materials (McKenzie et al., 2013;
Ghate et al., 2019). However, there have been no studies about
the inactivation efficacy of LEDs against C. sakazakii biofilms or
how they exert photodynamic inactivation.

The current study was carried out to evaluate the inactivation
efficacy of a 405 nm LED against C. sakazakii biofilm. After
LED treatment, the population of viable cells in the biofilm
was determined and structural damage to the biofilm was
examined using confocal laser scanning microscopy (CLSM)
and scanning electron microscopy (SEM). Then, attenuated
total reflection Fourier-transformed infrared spectroscopy (ATR-
FTIR) combined with real time quantitative PCR (RT-qPCR)
analysis were performed to further confirm the 405 nm LED
inactivation of C. sakazakii biofilm. In addition, the change
in sensitivity of LED-illuminated biofilm cells to disinfectants
such as chlorhexidine (CHX) and cetylpyridinium chloride
(CTPC) was determined. A stainless steel sheet was chosen
as the contact surface since it is a common material in
food processing, storage and consumption. Three common
storage and processing temperatures (25, 10, and 4◦C) were
selected as illumination temperatures. The inactivation efficacy
of 405 nm LED illumination against biofilms was evaluated at
room temperature (25◦C) to simulate commonly encountered
conditions. Cooler temperatures (4 and 10◦C) were used to
simulate retail storage and processing conditions, respectively.

MATERIALS AND METHODS

Creation of a Biofilm Removal Device With

a 405nm LED
The LED illumination system was prepared according to the
previous method reported by Ghate et al. (2013). LED intensity
was 26 ± 2 mW/cm2, as measured by a 405 nm radiometer
(UHC405, UVATA Ltd., Hong Kong). An acrylonitrile butadiene
styrene (ABS) housing was used to surround the LED system,
preventing incoming light. LEDs were attached by a heat sink
and cooling fan to avoid overheating. To avoid over-currents, the
circuit was connected to a 5� resistor. The distance between the
stainless steel fixer and the LED light was set to 4.5 cm to ensure
that the entire sheets could be illuminated. To measure changes
in the sheet surface temperature during LED illumination in real
time, a thermocouple sensor was used.

Cleaning of the 304 Stainless Steel Sheets
Stainless steel sheets (grade 304, size: 50 × 20mm, No. 4 light
cleaning face) were used in this study as the biofilm attachment
surface for C. sakazakii. The procedure for cleaning the stainless
steel sheets was conducted according to the method described
previously (Yang et al., 2015). Briefly, the sheets were immersed
in a test tube with ∼20mL of detergent solution and sonicated
for 30min. Then, the sheets were rinsed with sterile deionized
water several times to dissipate any remaining material, and were
transferred into 20mL of 70% (v/v) ethanol and sonicated for
another 15min (Kim et al., 2019). After cleaning, the sheets
were air-dried and sterilized in a high temperature autoclave for
15min before use.

Strain Cultivation and Bacterial

Suspension Preparation
C. sakazakii strain ATCC 29004 was purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA)
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and was preserved in tryptone soya broth (TSB, Land Bridge
Technology, Beijing, China) containing 20% (v/v) glycerol at
−80◦C. For activation, the stock culture was inoculated onto
trypticase soy agar (TSA, Land Bridge Technology, Beijing,
China) and cultured at 37◦C overnight. Then a single colony
was inoculated into TSB and the culture was incubated at 37◦C,
with shaking at 180 rpm, for 8 h. After activation, the cells from
the culture were obtained by centrifugation (5000 × g, 4◦C,
15min). Precipitates were washed twice with phosphate-buffered
saline (PBS, Land Bridge Technology, Beijing, China), and finally
resuspended and adjusted to an OD600 nm = 0.5, with a cell
concentration of 108 CFU/mL. Finally, the bacterial suspensions
were diluted to a concentration of 107 CFU/mL prior to mature
biofilm formation.

Mature Biofilm Formation
The assay protocol for mature biofilm formation was based
on that reported by Kim et al. (2006). Briefly, 30mL of
diluted bacterial suspension, prepared as described above, were
inoculated into each centrifuge tube along with a stainless steel
sheet. The sheets were cultured for 24 h at 4◦C to ensure
the adherence of C. sakazakii. After the adhesion stage, each
inoculated sheet was gently rinsed for 15 s using 400mL of sterile
water, followed by rinsing for 5 s using 200mL of sterile water.
Then each sheet was placed in 30mL of TSB and cultured for 48 h
at 25◦C. The biofilm was further confirmed to be mature using
SEM, and was used in the following study.

Population of Surviving Biofilm Cells After

LED Illumination
Stainless steel sheets inoculated with mature biofilm were rinsed
for 15 s using 400mL of sterile water, then rinsed for 5 s using
200mL of sterile water to remove loosely attached cells. For the
LED-treated groups, the rinsed sheets in fixer were illuminated
at 25, 10, and 4◦C, respectively, while the rinsed sheets in fixer of
the non-LED controls were placed in an incubator at 29.5, 15.5,
and 12.5◦C, protected from the light. At the specified times (0,
30, 60, 120, and 240min), the sheets were transferred into 50mL
centrifuge tubes containing 3 g of glass beads (425–600µm;
Sigma-Aldrich, St. Louis, MO, USA) and 30mL PBS (Kim
et al., 2019). After vortexing for 5min, the detached bacterial
suspension was serially diluted in PBS, then 0.1mL was spread-
plated onto TSA plates and incubated at 37◦C for 24 h. Survival
cell counts were expressed as log CFU/cm2.

Confocal Laser Scanning Microscopy

(CLSM) Observations
CLSMobservations were conducted as previously reported (Kang
et al., 2018). After incubation, biofilms were illuminated at 25, 10,
and 4◦C for 2 h. Then sterile water was used to remove planktonic
cells. SYTO 9 was used to stain the biofilm for 15min at room
temperature, protected from the light. After staining, the sheets
were rinsed three times with sterile deionized water to remove
excess stain. A Nikon A1 microscope (Nikon, Tokyo, Japan) was
then used to obtain CLSM images using a 10× objective lens.
CLSM images of non-LED-treated biofilms were also obtained as
a control to observe the damage caused by LED exposure.

Scanning Electron Microscopy (SEM)

Observations
SEM imaging was performed to obtain a deeper understanding of
the structure damage caused to C. sakazakii biofilm by exposure
to the 405 nm LED, based on the method reported by Tong
et al. (2018), with little modification. LED-illuminated and non-
illuminated biofilms incubated at 25, 10, and 4◦C for 2 h were
fixed overnight with 2.5% glutaraldehyde at 4◦C. The biofilms
were then washed with sterile water and PBS, and soaked in
1% (v/v) osmic acid for 5 h, followed by gradient elution with
30, 50, 70, 80, 90, and 100% ethanol for 10min. Finally, the
dehydrated biofilms were splutter-coated with a thin layer of
gold and examined under a S-4800 scanning electron microscope
(Hitachi, Tokyo, Japan) at 4000×magnification.

Effect of LED on Glycoconjugates in the

Biofilm
The distribution of glycoconjugates within the biofilmmatrix was
analyzed according to a protocol described by Quilès et al. (2012).
LED-illuminated and non-illuminated biofilms incubated at 25,
10, and 4◦C for 2 h were stained with concanavalin A (Con-A)
conjugated to fluorescein (excitation/emission: 494/518 nm,
Invitrogen/Molecular Probes, Eugene, OR, USA) for 15min at
room temperature in the dark. Then, the plates were rinsed
three times with sterile water to remove excess stain. Images
of glycoconjugates were obtained with a Nikon A1 microscope
(Nikon, Tokyo, Japan) using a 10× objective lens.

Attenuated Total Reflection

Fourier-Transformed Infrared

Spectroscopy (ATR-FTIR)
Illuminated and non-illuminated biofilms incubated at 25, 10,
and 4◦C for 2 h were rinsed three times with 0.85% NaCl
solution to remove loosely adhered thallus, and were then air-
dried at room temperature for later use, according to a method
described byWang et al. (2018). The parameters of the ATR-FTIR
spectrometer (NEXUS 670, Thermo Nicolet, USA) with 2 cm−1

resolution and 128 scans were set, and signals in the range of
2,000 to 800 cm−1 were captured. Sterile stainless steel was used
to deduct the spectral background and OMNIC 8.2 software was
used for data analysis.

Effect of the LED on the Transcription of

Genes Involved in C. sakazakii Biofilm

Formation
To describe transcription level changes of genes involved in C.
sakazakii biofilm formation after exposure to LED, RT-qPCR
analysis was used according to previous reports with minor
modifications (Abdallah et al., 2015). After incubation, LED-
illuminated and non-LED-treated biofilm cells incubated at
25◦C for 2 h, were detached by vortexing for 5min. Then the
bacterial sediment was obtained by centrifugation at 4,500× g for
10min (20◦C) and washed twice with PBS. Total RNA extraction
from the bacterial sediment was performed using the RNAprep
Pure Bacteria Kit (Tiangeng, Beijing, China). RNA was reverse
transcribed into cDNA using the PrimeScriptTM RT Master
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TABLE 1 | RT-qPCR primer sequences.

Gene Primer sequences (5′-3′)

16SrRNA F: AACCCTTATCCTTTGTTGCCA

R: CGGACTACGACGCACTTTATG

bcsA F: AAGAAGAGTACGTGGACTGGGTGA

R: CGCCGAGGATAATCAGGTTGTAG

bcsG F: GACGGGCTATCTGAATTTCCAC

R: GCCAGGTATCATGCCAGAACA

flgJ F: TCAGGTGCCGATGAAGTTTG

R: GCCCTTTCCAGGACGATGT

motA F: CGTGCTTTGGACACCATTT

R: TCTCGTTTTCTTCCCTTTTCC

motB F: TTCTGTTGCCTCCAGTTC

R: CTCTTGTTCGTTGCTTCTTTC

luxR F: AGCCATATGGATAGCGACATAGAG

R: GCCGGATCCCTATTGGGCGAAAAG

fliD F: ATCGAGATCGAGCGTTCCAC

R: CGCCCTTATCAACTTTGACGTATT

flhD F: GACTCTGCCGCAAATGGTG

R: CCTTTTCTTCCTGGCGACG

Mix (TaKaRa, Beijing, China), according to the manufacturer’s
instructions. Real-time PCR was conducted in a 25-µL system
using TB GreenTM Premix Ex TaqTM II (TaKaRa, Beijing, China).
The IQ5 system (Bio-Rad Laboratories, Hercules, CA, USA) was
used to run the samples. The PCR conditions were: 1 cycle
at 95◦C for 30 s, followed by 40 cycles consisting of 95◦C for
5 s and 60◦C for 30 s, and dissociation steps of 95◦C for 15 s
and 60◦C for 30 s. Primer sequences and PCR parameters for
detecting genes related to biofilm formation (bcsA, bcsG, flgJ,
motA, motB, luxR, fliD, and flhD) are listed in Table 1. The
2−11CT method was used to express changes at the transcript
level caused by LED illumination (Livak and Schmittgen, 2001).
For C. sakazakii, the levels of transcription of biofilm-forming
genes in LED-illuminated cells were calculated and compared
with the transcription levels in non-illuminated biofilm cells.

Changes in Sensitivity of LED-Illuminated

C. sakazakii Biofilm Cells to Disinfectants
The changes in biofilm sensitivity to disinfectants were
measured according to a previously reported method with minor
modifications (Kang et al., 2018). At 2 and 4 h, illuminated
and non-illuminated biofilms at 25, 10, and 4◦C were carefully
immersed in 50mL centrifuge tubes containing a solution of
CHX (30mL, 100 ppm) and CTPC (30mL, 100 ppm) for up
to 15min. They were then immediately transferred into 15mL
neutralization solution (Tween 80 30 g/L, saponin 30 g/L, sodium
thiosulfate 5 g/L, L-histidine 1 g/L, lecithin 30 g/L, and TSB 9.5
g/L) to stop the activity of the disinfectant. After neutralization,
each sample was transferred into a 50mL centrifuge tube
containing 3 g of glass beads (425–600µm; Sigma-Aldrich, St.
Louis, MO, USA) and 30mL PBS, then vortexed for 5min
as described above. The detached bacterial suspension was

serially diluted in PBS, then 0.1mL of the diluted solutions was
plated onto TSA plates and cultured at 37◦C to determine the
cell count. The difference between non-illuminated and 405-
nm LED-illuminated C. sakazakii biofilm cell populations after
disinfectants treatment was expressed as log reduction CFU/cm2.

Statistical Analysis
Each treatment was replicated three times. Statistical analyses
were performed using SPSS software (Version 18.0; SPSS, Inc.,
Chicago, IL, USA) and Tukey’s test for average separation on an
entirely randomized design with six sets of data. The data are
presented as the mean ± SD (n = 3), and differences between
the means were tested by one-way ANOVA or a Student’s
t-test. Differences with P-values of < 0.05 were considered
statistically significant.

RESULTS

Population of Viable Biofilm Cells After

LED Illumination
The effect of 405-nm LED illumination on viable cells in the
mature C. sakazakii biofilm was determined (Figure 1). The
population of non-illuminated biofilm cells remained relatively
stable during storage at 10 and 4◦C, showing a 0.4 log
(Figure 1B) and 0.2 log (Figure 1C) reduction after 4 h, but was
significantly decreased at 25◦C, showing a 1.5 log (Figure 1A)
reduction. After LED treatment for 4 h, all of the test groups
showed a significant reduction in the biofilm cell population
compared with the controls, with 2.0 log, 2.5 log and 2.0 log
reductions at 25◦C (Figure 1A), 10◦C (Figure 1B), and 4◦C
(Figure 1C), respectively.

Confocal Laser Scanning Microscopy

(CLSM)
After LED illumination, damage to the conformational
structure of the C. sakazakii biofilm was observed by CLSM
(Figures 2A–F). For all of the biofilms in the non-illuminated
groups, the whole field of vision showed green, indicating
that the stereoscopic conformation of the biofilm was intact.
However, after 2 h of illumination, the integrity and depth of
the green fluorescence were significantly influenced by the
more “porous” area, which indicated that the integrity of the
biofilm stereoscopic conformation had been destroyed and
the population of bacterial cells in the biofilm had decreased.
This destruction was temperature-independent, revealing more
“porous” areas and architectural damage at a set temperature
of 25◦C (Figures 2A,D) than at 10◦C (Figures 2B,E) or 4◦C
(Figures 2C,F).

Scanning Electron Microscopy (SEM)

Imaging
To confirm the effects of LED on C. sakazakii biofilm in
greater detail, images of inoculated sheets were taken under
a scanning electron microscope (Figures 2G–L). The typical
structure of mature biofilm was observed in the control
groups, characterized by a complex three-dimensional structure
formed by many cell colonies integrated by a network of
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FIGURE 1 | Inhibition of C. sakazakii biofilm cells on stainless steel by 405 nm LED illumination at 25◦C (A), 10◦C (B), and 4◦C (C). The errors bars indicate the

standard error of the mean. *P < 0.05; **P < 0.01 vs. the control.

FIGURE 2 | Confocal laser scanning microscopic images of C. sakazakii biofilms on stainless steel with or without 405 nm LED treatment for 2 h at 25◦C (A,D), 10◦C

(B,E), and 4◦C (C,F). Scanning electron microscopic images of C. sakazakii biofilms on stainless steel with or without 405 nm LED treatment for 2 h at 25◦C (G,J),

10◦C (H,K), and 4◦C (I,L).

extracellular matrix. By contrast, in the LED-treated groups,
significant removal of the network of extracellular matrix
and destruction of the dense three-dimensional structure

were observed, resulting in biofilms of reduced thickness
and separate cells without aggregation. Moreover, when the
illumination temperature increased from 4◦C (Figures 2I,L) and
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FIGURE 3 | Glycoconjugates in the EPS of C. sakazakii biofilms formed on stainless steel after non-LED treatment and LED treatment for 2 h at 25◦C (A), 10◦C (B),

and 4◦C (C).

FIGURE 4 | ATR-FTIR spectra of C. sakazakii biofilms formed on stainless steel after non-LED treatment and LED treatment for 2 h at 25◦C (A), 10◦C (B), and 4◦C (C).

10◦C (Figures 2H,K) to 25◦C (Figures 2G,J), the network of
extracellular matrix and the three-dimensional structure of the
biofilm gradually disappeared.

Effect of LED Illumination on the

Glycoconjugates in the Biofilm
ConA-fluorescein was used to determine the effects of LED
illumination on the glycoconjugates in the EPS of C. sakazakii
biofilm (Figure 3). Changes to the concentration and thickness
of glycoconjugates in the biofilm were evident under the
microscope. In contrast to the control biofilm that appeared well
established in structure and contained glycoconjugates of the
correct thickness, the LED-treated biofilm appeared damaged
in structure with a lower concentration of glycoconjugates
that were thinner, which supported the findings of CLSM
and SEM. The damage to glycoconjugates caused by LED
illumination was influenced by temperature, which was also in
accordance with the CLSM and SEM observations, with a greater
eliminating effect at 25◦C (Figure 3A) than at 10◦C (Figure 3B)
and 4◦C (Figure 3C).

Effect of LED Illumination on Biofilm

Composition
The ATR-FTIR spectra of LED-illuminated biofilms and non-
illuminated biofilms were determined directly on stainless steel
sheets at 25, 10, and 4◦C (Figure 4). According to the functional
groups associated with major bands in the ATR-FTIR spectra
the spectral peaks at 1,084 and 1,056 cm−1 were assigned to
polysaccharides and the peak at 1,647 cm−1 related to a specific
protein peak. After LED illumination, the spectral peaks at 1,084,
1,056, and 1,647 cm−1 increased, which indicated the removal
of polysaccharides and protein after LED illumination at 25, 10,
and 4◦C. These results showed that LED illumination caused
significant removal of representative components of the biofilm,
with the greatest eliminating effect observed at 25◦C (Figure 4A),
followed by 10◦C (Figure 4B) and 4◦C (Figure 4C).

Effect of LED Illumination on the

Transcription Level of Genes Involved in

C. sakazakii Biofilm Formation
The levels of transcription of genes related to C. sakazakii biofilm
formation (bcsA, bcsG, flgJ, motA, motB, luxR, fliD, and flhD)
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FIGURE 5 | Transcription levels of genes involved in the formation of

C. sakazakii biofilms after non-LED treatment and LED treatment for 2 h at

25◦C. Bars indicate means ± the standard deviation. **P < 0.01.

under non-LED treatment and LED-illuminated treatment are
shown in Figure 5. In the LED-illuminated groups, a significant
reduction in the transcript level of all eight genes related to
biofilm formation was observed (P < 0.01), with the greatest
difference observed for the fliD gene.

Sensitivity Changes of LED-Illuminated

C. sakazakii Biofilm Cells to Disinfectants
The effect of LED illumination on the sensitivity of C. sakazakii
biofilm cells to disinfectants (CTPC and CHX) at 25, 10, and
4◦C was determined (Figure 6). In the CHX-treated groups, after
LED illumination for 2 h, reductions of 1.0 log, 0.7 log and 0.5
log between the LED-illuminated and non-illuminated groups
at 25◦C (Figure 6A), 10◦C (Figure 6C), and 4◦C (Figure 6E)
were determined, respectively. After LED illumination for 4 h,
reductions of 1.5 log (Figure 6A), 1.3 log (Figure 6C), and 1.1
log (Figure 6E) were observed, respectively. The results indicated
that LED illumination significantly increase the sensitivity of C.
sakazakii biofilm cells to CHX treatment, and stronger sensitivity
changes were observed at 25◦C.

The observations in groups treated with CTPC were a little
different, showing reductions of 0.3 log, 0.4 log and 0.3 log
between LED-illuminated and non-illuminated cells after 2 h,
at 25◦C (Figure 6B), 10◦C (Figure 6D), and 4◦C (Figure 6F),
respectively. After LED illumination for 4 h, reductions of 0.9 log
(Figure 6B), 0.1 log (Figure 6D), and 0.4 log (Figure 6F) were
determined, respectively. The differences between the reductions
in cell numbers between non-LED and LED treatment groups
indicated that biofilm cells showed stronger sensitivity to CTPC
after LED illumination, in which greater sensitivity changes were
observed at 25◦C.

DISCUSSION

C. sakazakii shows good tolerance to a variety of external
stresses (Ling et al., 2020) and conventional antibiotics (Davies,
2003) as a result of its strong biofilm-forming ability, which

reduces the effects of traditional decontamination methods. C.
sakazakii has therefore become a major source of infant formula
contamination (Bayoumi et al., 2012). On infection, C. sakazakii
can cause bacteremia, meningitis, necrotic enteritis and other
serious diseases in infants or adults with low immunity, and
is therefore a cause of widespread concern (Abdesselam and
Pagotto, 2014). A safe and effective new method for the removal
of C. sakazakii biofilm would therefore be of great value. Studies
have shown that LED illumination has an inactivation effect on a
variety of pathogens in food (McKenzie et al., 2013; Ghate et al.,
2019). In this study, we evaluated the inactivation effect of 405 nm
LED illumination on the biofilm of C. sakazakii and compared
the sensitivity of LED-illuminated and non-illuminated biofilm
cells to disinfectant treatment.

Before determining the population of surviving biofilm cells
after 405 nm LED illumination, the face temperature changes
of the stainless steel sheets were monitored and recorded
at 2-min intervals for 120min during illumination (data not
shown). For the three set temperatures (25, 10, and 4◦C), the
temperatures were maintained at 29.5, 15.5, and 12.5◦C after
120min. To compensate for this heating effect and to ascertain
whether the anti-biofilm effect was only a result of photodynamic
inactivation, non-illuminated control experiments were adjusted
to 29.5, 15.5, and 12.5◦C.

The population of surviving C. sakazakii biofilm cells after
LED illumination was first determined in this study. The results
showed that LED illumination was able to significantly reduce the
population of surviving biofilm cells at 25, 10, and 4◦C (Figure 1).
Besides, previous reports have confirmed the mechanism of LED
inactivation against planktonic pathogens. Ghate et al. (2013) and
Kumar et al. (2016) provided evidence of the inactivation effect of
LED illumination against planktonic E. coli, Salmonella, Listeria,
and S. aureus based on the reduction in the cell population and
reported that LED inactivation is a direct consequence of DNA
and cell membrane function loss caused by ROS generated by
LED light. Our study thus indicated that, although biofilm could
protect a certain number of cells from external hazards, 405 nm
LED illumination might still exert its inactivation efficacy against
surviving C. sakazakii cells via the generation of ROS.

Interestingly, we found that the total reduction of viable
biofilm cells between the LED-illuminated groups after 4 h and
the controls at 0 h was dependent on temperature, with a 3.5-
log (Figure 1A), 2.9-log (Figure 1B) and 2.2-log (Figure 1C)
reduction after LED treatment at 25, 10, and 4◦C, respectively.
This may be because the effect of temperature on the reduction
of biofilm cells, especially at 25◦C, showed a 1.5-log (Figure 1A)
reduction for non-illuminated biofilm cells after 4 h, enhancing
the inactivation efficacy of 405 nm LED illumination against
biofilm cells significantly. However, previous study has reported
the opposite phenomenon, which showed that low temperatures
could induce the increase the proportion of unsaturated fatty
acids in bacteria (Luksiene, 2003). Unsaturated fatty acids
are susceptible to ROS generated by cells, thus enhance the
inactivation efficacy of LED and resulting in more cell death
(Beales, 2004). Hence, the effects of temperature on the efficacy of
LED illumination against C. sakazakii biofilm should be further
confirmed in future studies.
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FIGURE 6 | Log reduction between non-illuminated and 405-nm LED-illuminated C. sakazakii biofilm cells on stainless steel at 25◦C (A,B), 10◦C (C,D), and 4◦C

(E,F), also treated with 100 ppm CHX (A,C,E) and CTPC (B,D,F) for 15 s. The errors bars indicate the standard error of the mean. The asterisk (*) indicates that the

difference between non-illuminated control and illuminated biofilm cells population is significant (P < 0.05).

An intact biofilm matrix is essential for biofilm to protect
pathogen cells from death (Wang et al., 2018). In the current
study, the integrity of the biofilm stereoscopic conformation of
LED treatment groups was damaged compared with the control
groups by observation of CLSM images (Figures 2A–F), and
greater damage was observed at 25◦C which was consistent with
the results of cells population determination (Figures 2A,D).
Similarly, Loo et al. (2016) observed that the integrity and
thickness of the S. aureus biofilm was significantly reduced after

the treatment with 50µg/mL of silver nanoparticles, as evidenced
by CLSM images. Wang et al. (2018) presented the CLSM images
of P. fluorescens biofilm with a reduced biofilm matrix and killed
cells, when treated with 200mg/L sodium hypochlorite and 40
mg/L acidic electrolyzed water.

As the complement of CLSM, SEM images showed that
405 nm LED illumination caused significant destruction of
the biofilm architecture (Figures 2G–L), especially at 25◦C
(Figures 2G,J), by destroying the complex three-dimensional
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structure formed by cell colonies integrated by the network
of extracellular matrix. Previous reports also showed the
similar destructions to biofilms caused by other antibiofilm
strategies, which lead to the detachment of cells. Mamone
et al. (2016) found that 5,10,15,20-tetrakis[4-(3-N,N-
dimethylammoniumpropoxy)phenyl]porphyrin-mediated
photodynamic inactivation could lead to the detachment of parts
of the S. aureus biofilm and disruption of its architecture, as
evidenced by SEM images. Di Poto et al. (2009) also provided
SEM images and reported that photodynamic treatment
combined with vancomycin caused a significant reduction in the
matrix and the size of cell aggregates in S. aureus biofilm. Our
study provided clear evidence of the reduction of C. sakazakii
biofilm matrix as well as the destruction of architectural features
of biofilm caused by LED illumination, thus making the structure
of the entire biofilm less stable and the cells more detached. The
current results indicate that the damaged biofilm structure might
be caused by reduced cells population which confirmed above or
the reduction of biofilm matrix.

To further evaluate the loss of biofilm matrix, ATR-FTIR
and glycoconjugates observation were conducted in the current
study. Figure 4 confirmed the removal of polysaccharide and
protein by LED treatment, which were two representative
components of the biofilm (Misba et al., 2017), and this effect
was greatest at 25◦C (Figure 4A). In similar studies, the removal
of EPS compounds (mainly proteins and polysaccharides) from
biofilms has been demonstrated by other types of treatment.
Lee et al. (2017) reported that the combination of Cu (II)
with norspermidine caused significant degradation of EPS
(44 and 63% degradation of proteins and polysaccharides,
respectively), by calculating the respective bioareas of proteins
and polysaccharides using MetaMorph software. Misba et al.
(2017) also reported that phenothiazinium dyes could decrease
the EPS contents of Enterococcus faecalis and Klebsiella
pneumoniae biofilms based on a Congo red binding assay.

The results of glycoconjugates observation confirmed that
LED illumination could significantly reduce the concentration
of glycoconjugates (Figure 3), especially at 25◦C (Figure 3A).
Paramanantham et al. (2018) reported a 54.93% reduction
in the exopolysaccharide content of biofilm after treatment
with an amino-functionalized mesoporus silica-rose Bengal
nanoconjugate using a Congo red binding assay. The mechanism
of action of LED illumination against several intracellular
substances has been reported and is thought to involve ROS
generated by cells in response to LED light that may react
with DNA, proteins, lipids, and other components to produce
cytotoxic effects (Luksiene, 2010). Combined the results of
CLSM and SEM images, we hypothesize that accumulated ROS
generated by LED illumination might also play an important
role in the removal of protein and polysaccharide in C. sakazakii
biofilm, resulting in the detached cells and damaged structure.

The RT-qPCR results showed that LED illumination
significantly reduced the transcription level of genes related to
C. sakazakii biofilm (Figure 5). Flagellum mediated motility has
been reported to play an important role in initiation of biofilm
formation through increasing the likelihood of bacterial interacts
with the contacting surfaces as well as providing physical frames

in biofilm matrix (Jung et al., 2019). The motA, motB, fliD,
flhD, and flgJ genes observed in this study have been showed
to be responsible for the synthesis process of flagellum that
are involved in bacterial biofilm formation. FlhD is a specific
activator of flagellin synthesis (Prüß et al., 2001) and FlgJ is
a two-domain flagellar protein, with one domain involved
in rod assembly and the other playing an enzymatic role as
a muramidase (Li et al., 2012). FliD protein is an important
protein for the in vivo colonization and the formation of
functional flagella (Ratthawongjirakul et al., 2016). motA, motB
genes are responsible for the synthesis of flagellin complexes
which is important for the motility of bacteria (Kojima and
Blair, 2004). Our results indicated that LED could regulate
functions of motA, motB, fliD, flhD, and flgJ, controlling the
synthesis of flagellum, thus influencing the bacterial motility and
biofilm structure.

Quorum sensing is a cell-cell communication which bacteria
use to utilize diverse signal recognition systems and subsequent
regulatory mechanisms to achieve timely expression of EPS
components during the specific stages of biofilm formation or
under specific conditions (Waters et al., 2008). For the luxR
determined in current study, previous study has reported that
it encodes the LuxR-type regulators which is responsible for the
regulation of quorum sensing protein synthesis then influence
the establishment of biofilm (Hou et al., 2018). The results in
current study indicated that LED illumination could control the
synthesis of quorum sensing protein which are important for the
timely expression of EPS, thereby affecting the biofilm-forming
ability of C. sakazakii cells. Cellulose is a major component of
biofilm matrix and may also act as an adhesion factor (El Hag
et al., 2017). bcsA and bcsG genes are necessary to produce
cellulose, and are involved in cell–cell aggregation and biofilm
formation (Hu et al., 2015; Anderson et al., 2020). Our study
suggested that LED may control the synthesis of cellulose and
adhesion ability of C. Sakazakii cells by regulating the function
of bcsA and bcsG, thus influencing the biofilm forming process.

Some biofilm cells possess a degree of resistance to
disinfectants, which increases the difficulty of using disinfectants
to eliminate biofilms (Simões et al., 2009). What’s worse,
the overuse of disinfectants may induce stronger resistance
in pathogens and leave harmful residues to environment (Li
et al., 2014). Therefore, in current study, we studied how
405 nm LED illumination would influence the resistance of
biofilm cells to disinfectant treatment. Two food disinfectants
(CTPC and CHX) were selected to determine the effect of
LED treatment on the sensitivity of biofilm cells. CHX is a
protein synthesis inhibitor (Barros et al., 2015) and CTPC is
a quaternary ammonium salt that functions as a disinfectant.
Both exert their antibacterial activity by denaturing proteins and
enzymes, destroying cell membrane integrity and causing the
leakage of cell contents (Imai et al., 2017). Figure 6 showed
that the sensitivity of C. sakazakii biofilm cells to CTPC and
CHX increased after exposure to the LED. Regarding biofilm
resistance, Harper et al. (2019) provided evidence that the
extracellular polymer substances generated by biofilms confer
resistance to antimicrobial agents through electrostatic and
steric interactions that hinder molecular diffusion. Our study
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further established that LED illumination may cause damage
to the biofilm by denaturing the composition and architectural
features of biofilm, reducing the resistance of the biofilm to
disinfectants and allowing disinfectant molecules access into
cells. In addition, the change in resistance was influenced by
both the illumination temperature and the type of disinfectant.
The results of current study indicated that 405 nm LED could be
used in food industry to eliminate biofilms as the complement
of disinfectants to reduce the dosage of disinfectants used and
enhance the antibiofilm effect of disinfectants.

CONCLUSION

In conclusion, 405-nm LED illumination was effective at
inactivating mature C. sakazakii biofilm. Significant reduction
of the population of viable biofilm cells was observed after
LED illumination. Clear evidence of the structural damage
caused by LED was provided by the images of CLSM, SEM
and glycoconjugates, which showed the significant destruction
of the architectural feature of LED-treated biofilms. Results
of ATR-FTIR and RT-qPCR analysis revealed that LED could
remove the biofilm compositions (mainly polysaccharide and
protein) and influence genes function related to biofilm
formation. In addition, the sensitivity of biofilm cells to
disinfectants treatment was also observed to increase, enhancing
the antibacterial effect of disinfectants against biofilm. Our
findings suggested that 405-nm LED illumination has the
potential to be administered directly as a new antibacterial
method to inactivate C. sakazakii biofilm in various food
processing applications, such as milk powder processing,
packaging tank processing and the cleaning of household
brewing utensils. In the future, studies are expected to evaluate

LED inactivation efficacy against biofilms formed by multiple
pathogens that attach to various contact surfaces, such as glass,
silicone, and Teflon. The combined inactivation efficacy of LED
illumination with photosensitizers should also be studied.
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Formation of viable but non-culturable (VBNC) status in methicillin-resistant
Staphylococcus aureus (MRSA) has never been reported, and it poses a significant
concern for food safety. Thus, this study aimed to firstly develop a rapid, cost-effective,
and efficient testing method to detect and differentiate MRSA strains in the VBNC state
and further apply this in real food samples. Two targets were selected for detection of
MRSA and toxin, and rapid isothermal amplification detection assays were developed
based on cross-priming amplification methodology. VBNC formation was performed for
MRSA strain in both pure culture and in artificially contaminated samples, then propidium
monoazide (PMA) treatment was further conducted. Development, optimization, and
evaluation of PMA-crossing priming amplification (CPA) were further performed on
detection of MRSA in the VBNC state. Finally, application of PMA-CPA was further
applied for detection on MRSA in the VBNC state in contaminated food samples. As
concluded in this study, formation of the VBNC state in MRSA strains has been verified,
then two PMA-CPA assays have been developed and applied to detect MRSA in the
VBNC state from pure culture and food samples.

Keywords: VBNC (viable but non-culturable), MRSA – methicillin-resistant Staphylococcus aureus, food storage,
mecA, femA

INTRODUCTION

Food safety has been found to be a leading concern for public health worldwide, and food
pathogens remain the major factor as a causative for foodborne diseases (Deng et al., 2015a).
A few microorganisms are top food pathogens, among which methicillin-resistant Staphylococcus
aureus (MRSA) is an important one (Monteiro et al., 1997; Corrente et al., 2007). Since the first
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report in 1961, MRSA has become one of the leading human
pathogens (Salisbury et al., 1997; Xu et al., 2010a; Wang et al.,
2012). Firstly considered to be a major nosocomial pathogen,
MRSA has been found to be an important foodborne pathogen
in recent years. Aside from its biofilm formation capability and
thus known to be a typical biofilm former, MRSA could also
produce different types of toxins and is responsible for various
human diseases (Kadariya et al., 2014; Miao et al., 2017a,b). In
recent years, a number of foodborne outbreaks were reported to
be caused by MRSA (Voss et al., 2005; Xu et al., 2017, 2019).

Prior to consumption, the most effective way to prevent food
contamination by MRSA is accurate and rapid detection (Fang
et al., 2009; Zhao et al., 2010b,c; Xu et al., 2020a). Currently, the
gold standard for identification of MRSA is culturing and colony-
forming unit (CFU) counting (Felten et al., 2002; Deng et al.,
2015b). Routine detection will provide results on the random
selected food samples as an indicator for the microorganisms
inside such samples. However, such methodologies are based on
the culturing, and microorganisms are capable of formation of
the viable but non-culturable (VBNC) state. When entering the
VBNC state, microorganisms are no longer culturable and thus
yield false-negative results by culturing (Xu et al., 2011b; Liu et al.,
2018a,b,d). Not limited within food safety, culturing is also the
routine detection method for clinical strains (Wang et al., 2014,
2018; Xie et al., 2017a,b). Therefore, formation of the VBNC state
is an important issue for both food safety and clinicians.

Concerning the VBNC formation and identification, rapid
detection of the VBNC state of MRSA is of urgent necessity and
importance, along with the formation of the VBNC state (Liu
et al., 2016c, 2017a,b,c). In this study, formation of the VBNC
state has been performed on MRSA strains, then development
and evaluation of an isothermal nucleic acid amplification-
based propidium monoazide (PMA) detection assay have been
conducted on MRSA.

MATERIALS AND METHODS

Bacterial Strains and Culturing
A total of five MRSA strains and 18 non-MRSA strains, including
Escherichia coli, Salmonella, Listeria monocytogenes, Vibrio
parahaemolyticus, and Pseudomonas aeruginosa, are included in
this study. All strains had been previously identified by PCR
and sequencing on the staphylococci species-specific target femA,
methicillin-resistant gene mecA.

Study Design
Two targets were selected to differentiate MRSA and
non-MRSA strains, and one more target was based on
an important toxin factor. In detail, the protocol was
designed to (i) distinguish between S. aureus and coagulase-
negative staphylococci or non-S. aureus strains based on
amplification of the S. aureus-specific femA gene and (ii)
distinguish methicillin-resistant Staphylococcus and methicillin-
susceptible Staphylococcus based on amplification of the
mecA gene. The sequences are as follows: femA: 4s-TCAAA
TCGCGGTCCAGTG; 5a-AACCAATCATTACCAGCA; 2a/1s-T

ACCTGTAATCT CGCCAT AACATCGTTGTCTATACCT; 2a-
TACCTGTAATCTCGCCAT; 3a-GGTAAATATGGATCGATA
TG. mecA: 4s-GCGATAATGGTGAAGTAG; 5a-GATCAATGT
TACCGTAGTT; 2a/1s-TTACGATCCTGAATGTTT ATGACT
GAA CGTCCGATA; 2a-TTACGATCCTGAATGTTT; 3a-TCTT
TAACGCCTAAACTA.

Strains Processing and Template DNA
Preparation
Development and evaluation of CPA assay were performed on
a total of five MRSA strains and 18 non-MRSA strains, of
which S. aureus strains are isolated from raw milk and pork. All
strains used in this study had been preliminarily identified. Crude
DNA from MRSA and other bacteria strains used as template
for amplification was prepared from overnight trypticase soy
broth (TSB, Huankai Microbial, Guangzhou, China) culture, and
DNA was extracted using a DNA Extraction Kit (Dongsheng
Biotech, Guangzhou, China) according to the manufacturer’s
instructions. The concentration and quality of the extracted
DNA were measured using a Nano Drop 2000 (Thermo Fisher
Scientific Inc., Waltham, MA, United States) at 260 and 280 nm.
The processed DNA was stored at −20◦C until further use.

Development, Optimization, and
Evaluation of CPA Assays
CPA reaction was carried out in a total of 26-µl reaction
mixture containing 20 mM Tris–HCl, 10 mM (NH4)2SO4,
10 mM KCl, 8 mM MgSO4, 0.1% Tween 20, 0.7 M betaine
(Sigma, United States), 1.4 mM of dNTP mix, 8 U of Bst
DNA polymerase large fragment (NEB, United States), 1.0 µM
primer of 2a/1s, 0.5 µM (each) primer of 2a and 3a, 0.6 µM
(each) primer of 4s and 5a, 1 µl DNA template, and 1 µl
mixed chromogenic agent, and the total reaction mixture was
made up to 26 µl with nuclease-free water (Xu G. et al., 2012;
Zhang et al., 2015). The mixed chromogenic agent consists of
0.13 mM calcein and 15.6 mM MnCl2·4H2O. CPA reaction
system was carried out at 63◦C for 1 h and then heated at
80◦C for 2 min to stop the amplification reaction. The negative
control was performed by the 1 µl nuclease-free water instead
of DNA template. PCR reaction was performed in a total
25 µl reaction system with five primers (4s, 5a, 2a, 1s, 2a,
and 3a). The protocol of PCR was 95◦C for 5 min, followed
by 32 cycles of amplification at 95◦C for 30 s, 52◦C for 30 s,
72◦C for 35 s, and final amplification at 72◦C for 5 min.
The specificity of primers was evaluated by amplification of
the genomic DNA extracted from five MRSA strains isolated
from raw milk and pork and 18 non-target bacteria, including
E. coli, Salmonella, L. monocytogenes, V. parahaemolyticus, and
P. aeruginosa. To study the sensitivity reaction on the DNA
solution, 10-fold serial dilutions of total genomic DNA were
subjected to CPA in triplicate. The products were detected by
1.5% agarose gel electrophoresis. The CPA assays for femA
and mecA were established using MRSA 10071. The amplified
products were detected by 1.5% agarose gel electrophoresis, and
the bands were observed under UV light. In addition, 1 µl
mixture chromogenic agent (MgCl2 and calcein) were added
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FIGURE 1 | Specificity of CPA detection for different strains by 1.5% agarose gel electrophoresis and mixed chromogenic agent. For femA (A) and mecA (B) genes,
lanes/tubes 1–5, Staphylococcus aureus 971311004, 0313113664, 0314030668, and 10071; lanes/tubes 5–24; non-MRSA strains, negative control.

FIGURE 2 | Sensitivity of the CPA assay in genomic DNA by 1.5% agarose gel electrophoresis. Sensitivity from 10,071 of femA (A) and mecA (B) genes. M, DNA
marker; lanes 1–8, 3.0 ng/µl, 300 pg/µl, 30 pg/µl, 3 pg/µl, 300 fg/µl, 30 fg/µl, 3 fg/µl, and 300 ag/µl; NG, negative control.

into the reaction system, wherein the dye color simultaneously
changed from original to green in the positive sample or water
retained the original orange color. The CPA assay was evaluated
for its specificity using five MRSA strains and non-MRSA strains
as control. Of these strains, only MRSA strains were amplified.
No cross-reaction was found with all the related non-MRSA
microorganism strains, indicating the high specificity of the
designed primers (Figures 1, 2).

Artificial Contamination of Food Samples
In this study, Cantonese pastry has been selected to be the food
sample for artificial contamination and further detection. Rice

and flour products are the major food type in China, which
takes up the largest consumption market. Cantonese pastry is
one of the most common for rice and flour products in China
and thus was selected. For artificial contamination, 25 g of frozen
Cantonese pastry (Guangzhou Restaurant, Guangzhou, China)
was added to 225 ml of 0.9% NaCl, which was sterilized as food
samples and contaminated by MRSA strains. The strains were
incubated overnight (∼108 CFU/ml) in TSB (Huankai Microbial,
Guangzhou, China), which were mixed with the food samples to
the final concentration of 10∼108 CFU/ml. The contaminated
food samples were subjected to complex preprocessing, then
extracted with a rapid DNA processing, as described previously.
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FIGURE 3 | Sensitivity of the CPA by 1.5% agarose gel electrophoresis in food samples of femA (a), mecA (b). M, DNA marker; lanes 1–8, 107 CFU/ml, 106

CFU/mL, 105 CFU/mL, 104 CFU/mL, 103 CFU/mL, 102 CFU/mL, 101 CFU/mL, 1 CFU/mL.; NG, negative control.

FIGURE 4 | Detection of the viable but non-culturable (VBNC) state of
S. aureus in pure cultures and food samples by PMA-CPA assays. 1, dead
cells in pure cultures; 2, VBNC cells in pure cultures; 3, dead cells in food
samples; 4, VBNC cells in food samples.

Formation of Viable but Non-culturable
State and Application of PMA-CPA
The developed CPA assays were utilized to detect the VBNC
cells. The experimental strains were cultured to the exponential
growth period. To induce the VBNC state of MRSA, the culture
was diluted to the final concentration at 108 CFU/ml with
food homogenate (Cantonese pastry, steamed bread, rice flour;
Guangzhou Restaurant, Guangzhou, China). Then, they were
stored at −20◦C to induce the VBNC state for further use of
PMA-CPA. The trend of the number of culturable bacteria was
used to make sure that the cells enter into culturable state.
And culturable and viable cell enumerations were preformed
every 3 days by traditional culture method. The LIVE/DEAD
BacLightTM kit (Thermo Fisher Scientific, United States) was
performed under fluorescence microscope after the culturable

colonies no longer form on agar medium. After confirmation of
the VBNC state, PMA-CPA has been applied for detection.

RESULTS

Development of CPA Assays
The analytical sensitivity of the CPA assay for MRSA was
measured using 10-fold serial dilutions of MRSA. After CPA
reaction, it revealed that the DNA detection limit of CPA were
30 fg/µl for femA, 300 fg/µl for mecA (Figures 1, 2). These results
indicated that the analytical sensitivity and specificity of CPA are
distinctly higher than those of conventional PCR.

Application of the CPA Assays in
Artificially Contaminated Food
Sensitivity values of CPA and PCR assays for MRSA in
food samples (rice, frozen pastry, and steamed bread) were
102 CFU/ml and 104 CFU/ml (Figure 3).

Formation of Viable but Non-culturable
and Evaluation of PMA-CPA Assay and in
Food Samples
The VBNC status of MRSA has been studied according to a
previous procedure. After confirmation of the VBNC status, the
VBNC cell was added to pure culture and food samples. The PMA
agent was used at the concentration of 5 µg/ml. Subsequently,
the detection samples mixed with PMA were incubated in the
dark at room temperature for 10 min before the tubes were
placed horizontally on ice exposed to a halogen lamp (650 W)
at a distance of 15 cm for 15 min to complete the combination
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of DNA and PMA. The mixed samples were centrifuged at
10,000 rpm for 5 min, and the precipitation under the tubes
was processed by the rapid DNA processing methodology, which
were prepared as DNA samples for PMA-CPA (Figure 4). The
results showed that the VBNC cells in pure culture and food
samples both can be detected by PMA-CPA assays.

DISCUSSION

Methicillin-resistant Staphylococcus aureus is considered one of
the leading causes of food poisoning worldwide (Weese et al.,
2010). A rapid and accurate detection method is required to
detect MRSA as a result of its prevalence in various food samples
(Crago et al., 2012). In this study, new approaches were evaluated
for accurate detection of MRSA from food samples (Xu et al.,
2009, 2020b, Xu Z. et al., 2012). CPA assays were developed
utilizing a visual method. As a novel nucleic acid amplification
method, CPA assays are both successfully performed to detect
MRSA if there is co-occurrence of S. aureus-specific femA and
methicillin-resistance marker mecA (Tacconelli et al., 2009; Miao
et al., 2019). Since the invention of CPA technology, it has been
employed for the detection of various bacteria. However, CPA
is not suitable for the detection of multiple genes (femA, mecA)
in the same system due to products that would differ in size
(Xu et al., 2008, 2010b, 2011a; Yu et al., 2016; Liu et al., 2017d).
Therefore, we established two CPA assays targeting mecA and
femA to replace a single or multiple PCR assay.

Current methods available for detection of MRSA, including
routine standard procedures (colony morphology, Gram
staining, and testing of catalase, hyaluronidase, and coagulase),
the Vitek 2 automated system, the API-Staph kit, immunological
assays, mass spectrometry, and PCR (regular PCR as well as
quantitative PCR), are time-consuming and required highly
trained personnel (Graveland et al., 2011; Zhao et al., 2011; Liu
et al., 2016a,b). This stricture can be overcome as the results
from CPA methods require only a conventional heating block or

a water bath, and the result can be judged through observing
color change by adding SYBR Green I, calcein, or hydroxy
naphthol blue (HNB) into the reaction tube (Liu et al., 2019).
Furthermore, the CPA reaction can be accomplished in 40 min
through designing accelerated primer (date was not shown),
which is much shorter than the reaction times of PCR (Yulong
et al., 2010; Zhao et al., 2010a). Overall, the detection of MRSA
by CPA has resolved the major limitation of time consumption
or complex procedure by culture-based methods and costly PCR
molecular techniques (Liu et al., 2018c).

Taking specificity and sensitivity into consideration, CPA
assays were developed as sensitive and rapid MRSA detection
systems, and the experimental data indicated the utility of the
established system in point-of care testing (Moellering, 2012;
Xu et al., 2020a). The high specificity of CPA was evidenced
by the successful detection of all MRSA, but not of non-
target pathogens.
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and Sodium Hypochlorite
Yunge Liu 1,2, Lina Wu 1,2, Jina Han 1,2, Pengcheng Dong 1,2, Xin Luo 1,2,3, Yimin Zhang 1,2* and 
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The aim of this study was to assess the efficacy of four natural antimicrobial compounds 
(cinnamaldehyde, eugenol, resveratrol and thymoquinone) plus a control chemical 
disinfectant (sodium hypochlorite) in inhibiting biofilm formation by Listeria monocytogenes 
CMCC54004 (Lm 54004) at a minimum inhibitory concentration (MIC) and sub-MICs. 
Crystal violet staining assay and microscopic examination were employed to investigate 
anti-biofilm effects of the evaluated compounds, and a real-time PCR assay was used to 
investigate the expression of critical genes by Lm 54004 biofilm. The results showed that 
five antimicrobial compounds inhibited Lm 54004 biofilm formation in a dose dependent 
way. Specifically, cinnamaldehyde and resveratrol showed better anti-biofilm effects at 
1/4 × MIC, while sodium hypochlorite exhibited the lowest inhibitory rates. A swimming 
assay confirmed that natural compounds at sub-MICs suppressed Lm 54004 motility to 
a low degree. Supporting these findings, expression analysis showed that all four natural 
compounds at 1/4 × MIC significantly down-regulated quorum sensing genes (agrA, agrC, 
and agrD) rather than suppressing the motility- and flagella-associated genes (degU, 
motB, and flaA). This study revealed that sub-MICs of natural antimicrobial compounds 
reduced biofilm formation by suppressing the quorum sensing system rather than by 
inhibiting flagella formation.

Keywords: Listeria monocytogenes, anti-biofilm mechanism, gene expression, quorum sensing, microscopic 
examinations

INTRODUCTION

Listeria monocytogenes (L. monocytogenes) is a Gram-positive food-borne pathogen. It is causes 
listeriosis with a high mortality rate (20–30%) among immunocompromised individuals (e.g., pregnant 
women, neonates, and the elderly; Gandra et al., 2019; Liu et al., 2020b). L. monocytogenes can survive 
for long periods under various harsh environmental conditions, such as high salt, low pH and 
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refrigerated temperatures (Oloketuyi and Khan, 2017). The biofilm 
formation of L. monocytogenes is the main cause for its persistence 
and stress resistance in food processing environments (García-
Gonzalo and Pagán, 2015). Biofilms are microbial communities 
that adhere to abiotic or biotic surfaces, which are surrounded by 
extracellular polymeric substances (Shi and Zhu, 2009). Once 
established, microorganisms in biofilms can enhance their 
resistance to antimicrobial agents, and thus, are more difficult to 
eradicate compared with planktonic cells (Jolivet-Gougeon and 
Bonnaure-Mallet, 2014; Chen et  al., 2019). Consequently,  
L. monocytogenes cells in biofilms often cause recurrent 
contamination in food products, which enhances the food safety 
risks and leads to potential human health threats.

The molecular mechanism of biofilm formation by  
L. monocytogenes has been widely explored but is still not 
completely elucidated. At the initial period of biofilm formation, 
the swimming ability of flagella has been reported to be critical 
for bacteria to stick on the surface (Lemon et  al., 2007). The 
genes associated with flagellar synthesis and motility involved 
in L. monocytogenes attachment, include flaA, fliP, fliG, flgE, 
motA, motB, mogR, and degU (Williams et  al., 2005; Chang 
et  al., 2012). Moreover, the quorum sensing (QS) system of 
L. monocytogenes (agr system) plays a critical role in its biofilm 
formation (Rieu et al., 2007). The locus agr in L. monocytogenes 
is composed of four genes, including agrB, agrD, agrC, and 
agrA (Zetzmann et al., 2016). In addition, the virulence regulator 
PrfA and the stress response regulator SigB also play important 
roles in L. monocytogenes biofilm development (Lemon et  al., 
2010; van der Veen and Abee, 2010). For this reason, exploring 
the efficacy of biofilm inhibitors against L. monocytogenes based 
on regulating key genes related with biofilm formation is a 
crucial and urgent task for the food industry.

Currently, natural antimicrobials have received strong interest 
as alternative agents of chemical antimicrobial drugs to inhibit 
biofilm formation (Xiang et  al., 2019). Several studies have 
proved that active ingredients in essential oils are effective 
anti-biofilm agents against a variety of bacteria. Among them, 
phenylpropenes and phenolic compounds are consistently 
reported to be  capable of inhibiting biofilm formation of 
pathogens. For instance, cinnamaldehyde and eugenol 
(phenylpropenes) were effective against the attachment of 
Pseudomonas aeruginosa and Escherichia coli O157:H7 by down-
regulating curli genes (casA and casB) and Shiga-like toxin 
gene stx2 (Kim et  al., 2015). Likewise, previous studies also 
demonstrated that phenolic compounds prevented biofilm 
formation by pathogens, e.g., resveratrol (trans  - 3,5,4′  - 
trihydroxystilbene) can disturb the expression of genes in the 
agr system related to QS and then inhibit biofilm formation 
of Staphyloccocus aureus (Qin et al., 2014). It is worth mentioning 
that the agr operon of L. monocytogenes is homologous to the 
S. aureus system (Zetzmann et  al., 2016), which means that 
the QS inhibitors (QSIs, such as resveratrol) which acts on 
the agr system in S. aureus is probably a promising anti-QS 
agent for L. monocytogenes. In addition, anti-neoplastic agent, 
the constituent of Black cumin (Nigella sativa) thymoquinone 
(2-isopropyl-5-methyl-1,4-benzoquinone) was found to have 
significant anti-biofilm ability against Gram-negative (E. coli 

and P. aeruginosa) and Gram-positive bacteria (Bacillus subtilis 
and S. aureus; Goel and Mishra, 2018). A sub-inhibitory 
concentration of thymoquinone inhibited the production of 
AHL-regulated violacein pigment in Chromobacterium violaceum, 
meanwhile, RT-PCR assays also confirmed that thymoquinone 
down-regulated the transcription of the QS-relative gene luxR 
in Cronobacter sakazakii (Shi et  al., 2017). Moreover, our 
previous study has investigated the effect of natural compounds 
on inhibiting the biofilm formation of wild L. monocytogenes 
(Lm 118) strain isolated from a beef processing plant (Liu 
et  al., 2020a). However, the ability to form a biofilm was 
affected by the serotype and environmental conditions (Weiler 
et  al., 2013), and the biofilm inhibition against a standard 
strain needs to be  studied. Further, the inhibition mechanism 
of these compounds on L. monocytogenes should be  more 
extensively elucidated.

This study is a continuation of our previous work (Liu et al., 
2020a). Cinnamaldehyde, eugenol, resveratrol and thymoquinone 
were selected to compare the similarities and differences in 
the biofilm inhibition of L. monocytogenes CMCC54004 (Lm 
54004), since they are different types of natural antibacterial 
compounds (phenylpropenes: cinnamaldehyde and eugenol; 
phenolic compound: resveratrol and benzoquinone compound: 
thymoquinone) which may help to elucidate the biofilm 
inhibitory mechanisms of this strain from different perspectives. 
Moreover, previous studies have identified numerous genes 
associated with L. monocytogenes biofilm formation at 37°C 
(Upadhyay et  al., 2013; Miao et  al., 2019), rather than the 
lower temperatures associated with ambient indoor room 
settings. In this study, in order to achieve the effective biofilm 
development, 25°C was used as the incubation temperature 
(Liu et  al., 2020a). To determine the ability of natural 
antimicrobial compounds to prevent biofilm synthesis, 
sub-minimal inhibitory concentrations (concentrations that 
exhibited no significant inhibitory effect on the growth of 
planktonic bacteria) of the compounds were used. Firstly, 
the anti-biofilm activity of these four natural compounds and 
sodium hypochlorite (disinfectant frequently used in the food 
processing facilities) were evaluated against Lm 54004 on 
polystyrene surfaces. Polystyrene was chosen as it is one of 
the most utilized materials in the food industry. Secondly, 
scanning electron microscopy (SEM) and confocal laser scanning 
microscopy (CLSM) were used to evaluate the effects of 
antimicrobial compounds on the biofilm architecture and 
cellular viability of Lm 54004. Moreover, the effects of natural 
antimicrobial compounds on the expression of critical biofilm-
associated genes (agrA, agrC, agrD, prfA, sigB, relA, inlA, 
degU, motB, and flaA) of Lm 54004 were measured by 
quantitative reverse transcription PCR (RT-qPCR).

MATERIALS AND METHODS

Bacterial Strains and Preparation of 
Inoculum
The bacterial strain L. monocytogenes CMCC 54004 (Lm 54004, 
serotype 1/2a) was purchased from the China National Center 
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for Medical Culture Collections (CMCC), source from Czech 
Institute of Epidemiology and Microbiology. The strain was 
stored at −80°C in the brain heart infusion (BHI; Beijing 
Land Bridge Technology, China) with 25% (v/v) glycerol. The 
strain was activated by transferring 0.2 ml of the frozen culture 
into 20  ml of BHI and incubating at 37°C for 18  h with two 
consecutive transfers.

Four natural antimicrobial compounds: cinnamaldehyde, 
eugenol, resveratrol, and thymoquinone were obtained from 
Macklin, China; Solarbio, China and Yuanyeshengwu, China 
respectively. The control compound, sodium hypochlorite (10% 
active chlorine), was obtained from Sinopharm Chemical Reagent, 
China. The purity of all the compounds was above 98%. The 
four natural compounds were diluted with 1% dimethyl sulfoxide 
(DMSO) in BHI, with 1% DMSO shown not to exhibit an 
adverse effect on the growth of L. monocytogenes (Fan et al., 2018).

Minimal Inhibitory Concentration 
Determination
Minimal inhibitory concentrations (MICs) of the above-
mentioned four natural antimicrobial compounds and sodium 
hypochlorite were determined by the microdilution method, 
as described by the Clinical and Laboratory Standards Institute 
(CLSI) with some modification. Briefly, each of the compounds 
was diluted in a 96-well microtiter plate, final concentrations 
of cinnamaldehyde and eugenol ranging from 20 to 2,560  μg/
ml, resveratrol and thymoquinone between 12.5 and 400  μg/
ml and sodium hypochlorite from 195 to 6,250  ppm. The 
final tested concentration of Lm 54004 was 5  ×  105  CFU/ml. 
Broth only (microtiter wells containing uninoculated BHI 
medium) was used as negative control. The plate was incubated 
at 37°C for 24 h under static conditions. The MIC was defined 
as the lowest concentration of compounds that inhibited visible 
bacterial growth.

Sub-MICs Determination
Sub-MICs of the above-mentioned antimicrobial compounds 
against Lm 54004 were assessed using a growth curve analysis 
as previously described (Fan et  al., 2018). The bacteria was 
grown overnight in BHI, and after that, the bacterial suspension 
was adjusted to a cell concentration of 5  ×  105  CFU/ml. Then 
it was inoculated into BHI with or without compounds at 
1/32  ×  MIC, 1/16  ×  MIC, 1/8  ×  MIC, 1/4  ×  MIC, 1/2  ×  MIC, 
MIC, 2  ×  MIC and 4  ×  MIC. The cultures were incubated 
at 37°C for 24 h, and the assay optical density (OD) at 600 nm 
was determined at 1  h intervals.

Effects of Antimicrobial Compounds on 
Cell Motility
Swimming and swarming assays were conducted using a semisolid 
motility agar as previously described with some modifications 
(Li et  al., 2018). Briefly, 3  μl of an overnight culture of Lm 
54004 was inoculated at the center of swimming (10  g/L 
tryptone, 5  g/L NaCl and 0.3% agar) and swarming (25  g/L 
LB, 0.5  g/L glucose, 0.5% agar) plates containing different 
concentrations (1/8  ×  MIC, 1/4  ×  MIC and MIC) of four 

natural antimicrobial compounds and sodium hypochlorite. 
BHI was set as the negative control. After incubation for 48  h 
at 25°C, the diameter (mm) of the motility zones was measured.

Effects of Antimicrobial Compounds on 
Biofilm Formation
Inhibition of biofilm formation by above mentioned antimicrobial 
compounds was studied using the crystal violet assay (Fan 
et  al., 2018). Briefly, 100  μl BHI supplemented with different 
concentrations (1/8  ×  MIC, 1/4  ×  MIC, 1/2  ×  MIC and MIC) 
of antimicrobial compounds was added in 96-well microtiter 
plates. Subsequently, bacterial suspension of Lm 54004 (100 μl, 
1  ×  106  CFU/ml) was inoculated into wells. Bacterial cultures 
without the addition of antimicrobials were used as a positive 
control. Broth only (microtiter wells containing 200  μl of 
uninoculated BHI medium) was used as the negative control. 
After 72  h of incubation at 25°C, the wells were washed with 
sterile distilled water three times to remove the planktonic 
bacteria. Then, 200  μl of 0.25% (w/v) crystal violet was added 
to each well and stained for 30  min at room temperature. 
Next, the crystal violet solution was removed and 200  μl of 
95% (v/v) ethanol was added to solubilize the stain, and 
absorbance was measured spectrophotometrically at 570  nm. 
The inhibitory rates were then calculated using the following 
formula: Inhibitory rate (%)  =  [1 −  OD570nm (Sample) /OD570nm 
(positive control)] × 100. The whole experiment was replicated 
three times independently.

Effects of Antimicrobial Compounds on 
Biofilm Metabolic Activity
Bacterial viability was analyzed using the Cell Counting Kit-8 
(CCK-8, 7Sea Biotech, Shanghai, China) as previously described 
(Yu et  al., 2017). Biofilms were grown as stated above with 
BHI containing antimicrobial compounds (1/8  ×  MIC, 
1/4 × MIC, and MIC) in 96-well microtiter plates. The negative 
controls contained only BHI. After 72 h of incubation at 25°C, 
the supernatant was discarded and replaced with 100  μl sterile 
PBS and 10 μl CCK-8 dye solution. Then plates were incubated 
for 4 h at 25°C. The absorbance was then measured at 450 nm 
using the microplate reader (SpectraMax M5, Molecular Devices, 
United  States). All experiments were repeated three 
times independently.

Analysis of Biofilms by Scanning Electron 
Microscopy and Confocal Laser-Scanning 
Microscopy
For the SEM analysis, individual polystyrene (PS) coupons 
(2  mm thick and 10  mm in diameter) were placed horizontal 
in 48-well polystyrene microtiter plates. Subsequently, 300  μl 
of BHI containing antimicrobial compounds (1/8  ×  MIC, 
1/4  ×  MIC and MIC) was added into wells, respectively. The 
negative control contained only BHI was also visualized to 
determine the normal architecture of the biofilm. Next, a 
300  μl bacterial suspension of Lm 54004 was inoculated into 
culture (final tested concentration of bacteria was 5 × 105 CFU/ml).  
The plates were incubated statically at 25°C for 72  h to  
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favor biofilm formation. After the incubation, the chips were 
gently washed with sterile PBS and immersed in 2.5% 
glutaraldehyde at 4°C for 24  h. After washing thrice with 
PBS, the cultures were then dehydrated in a gradient alcohol 
concentration (50, 70, 80, 90, and 100%) for 10  min at each 
concentration. After critical point drying with liquid carbon 
dioxide (CO2), and gold coating, the samples were examined 
using a SU8020 scanning electron microscope (Hitachi, 
Tokyo, Japan).

For the CLSM analysis, Lm 54004 was inoculated into BHI 
with antimicrobial compounds (1/8  ×  MIC, 1/4  ×  MIC, and 
MIC) in cell culture dishes (35  mm  ×  10  mm, Sigma, 
United States). Biofilms not exposed to antimicrobial compounds 
(negative control) was also visualized to determine the normal 
architecture of the biofilm. The final concentration of bacteria 
was 5  ×  105  CFU/ml. After 72  h of incubation at 25°C, the 
bacteria were gently washed with sterile PBS three times. Then 
the biofilms were stained with the LIVE/DEAD BacLight kit 
L-7012 (Molecular Probes, United  States) for 30  min in the 
dark. The kit included Syto 9 which labels all bacteria with 
intact membranes, and propidium iodide which only penetrates 
and stains cells with damaged membranes. Biofilm samples 
were imaged under a confocal laser microscope (LSM 880, 
Zeiss, Germany) using a 63  ×  oil immersion objective lens 
with a 488-nm argon laser, and the emitted fluorescence was 
recorded within the range of 480–500  nm to collect Syto 9 
emission fluorescence and 490–635  nm to collect propidium 
iodide-emitted fluorescence. Three-dimensional projections were 
reconstructed from z-stacks using the easy 3D function of the 
ZEN Blue Lite 2_3 software.

Quantitative Real-Time PCR
RT-qPCR was used to evaluate the effect of antimicrobial 
compounds on the expression of genes associated with biofilm 
formation. Firstly, Lm 54004 was inoculated into BHI with or 
without antimicrobial compounds (1/4  ×  MIC) in cell culture 
dishes, incubation at 25°C for 72  h. Cell culture dishes were 
washed with sterile PBS for three times. Total RNA of biofilms 
in cell culture dishes were extracted by using MiniBEAT Universal 
RNA Extraction Kit (Takara, China). Next, total RNA was reverse 
transcribed into cDNA by using Takara PrimeScript™ RT Reagent 
Kit (Takara, Beijing, China). SYBR® Premix Ex Taq™ (Takara, 
China) were applied in RT-PCR to quantify gene expression. 
The primers for evaluated genes (Table  1) were previously 
published (Upadhyay et al., 2013; Du et al., 2018) and synthesized 
by BioSsune Co., Ltd. (Shanghai, China). 16S rRNA was selected 
as an internal standard. Quantification of mRNA was performed 
with a real-time PCR system (CFX96, Bio-Rad, United  States) 
with CFX 96 (Bio-Rad, United  States). The 2-ΔΔCt method was 
used to analyze the relative gene expression obtained according 
to the melting curve (Livak and Schmittgen, 2001).

Statistical Analyses
Triplicate independent experiments were conducted for each 
of the above assays. The MIXED procedure (Statistical 
Analysis System, SAS, version 9.0) was applied to analyze 

the biofilm inhibitory rate while the fixed factors were 
concentration, compound type and their interaction, and 
the random factor was experiment replication. The Tukey 
Multiple Comparison Test was performed to determine the 
influence of concentration of each compound on motility 
ability and biofilm metabolic activity. The results of relative 
gene expressions were analyzed by a t-test using SPSS version 
18.0 to compare the difference between the experimental 
groups and the control group. Differences were considered 
statistically different at p  <  0.05.

RESULTS

Minimum Inhibitory Concentrations
All compounds inhibited the growth of Lm 54004, and the 
MICs for cinnamaldehyde, eugenol, resveratrol, thymoquinone, 
and sodium hypochlorite were 640 μg/ml, 1,280 μg/ml, 400 μg/
ml, 50  μg/ml and 1560  ppm, respectively.

Growth Curves in Sub-MICs
Our results showed that the growth of planktonic bacteria 
was totally inhibited by compounds at MIC – 4  ×  MIC, while 
1/32  ×  MIC – 1/4  ×  MIC of five compounds all exhibited 
no obvious impacts on the concentration of Lm 54004 at 
stationary phase (Figure  1). Thus, the concentration of 
1/8  ×  MIC and 1/4  ×  MIC were chosen as the sub-MICs in 
this study for the following experiments. Specifically, as follows: 
Cinnamaldehyde (80  μg/ml and 160  μg/ml), eugenol (160  μg/
ml and 320  μg/ml), resveratrol (50  μg/ml and 100  μg/ml), 
thymoquinone (6.25  μg/ml and 12.5  μg/ml) and sodium 
hypochlorite (195 and 390  ppm).

TABLE 1 | List of primers used in this study.

Gene name Primer name Primer sequence (5'-3')

16 s rRNA 16S-F ACCGTCAAGGGACAAGCA
16S-R GGGAGGCAGCAGTAGGGA

agrA agrA-F GCAGCCGGACATGAATGG
agrA-R AACCACGCGGATCAAACTTC

agrC agrC-F GGGGTCAATCGCAGGTTTTG
agrC-R CTTTAAGTTCGTTGGTTGCCGTA

agrD agrD-F AAATCAGTTGGTAAATTCCTTTCTAG
agrD-R AATGGACTTTTTGGTTCGTATACA

relA relA-F TGCGATGCCGAAGTCGAATA
relA-R GCAACCCCGTATTCAGCGAT

sigB sigB-F TGGATTGCCGCTTACCAAGAA
sigB-R TCGGGCGATGGACTCTACTA

prfA prfA-F TGAGCAAGAATCTTACGCACTTTT
prfA-R GCTAGGCTGTATGAAACTTGTTTTTG

inlA inlA-F ACTTGGCAGTGGAGTATGGA
inlA-R CTGAAGCGTCGTAACTTGGTC

degU degU-F ACGCATAGAGAGTGCGAGGTATT
degU-R CCCAATTCCGCGGTTACTT

flaA flaA-F GGCTGCTGAAATGTCCGAAA
flaA-R TGCGGTGTTTGGTTTGCTTG

motB motB-F AATCGCCAAAGAAATCGGCG
motB-R CGCCGGGGTTTACTTCACTA
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A B

C D

E

FIGURE 1 | Growth curves of Listeria monocytogenes CMCC 54004 incubated with five antimicrobials compounds for 24 h at 37°C. (A): cinnamaldehyde,  
(B): eugenol, (C): resveratrol, (D): thymoquinone, (E): sodium hypochlorite.
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A

C

B

FIGURE 2 | Efficacy of five antimicrobials compounds in inhibiting motility ability of Listeria monocytogenes CMCC 54004 grown at 25°C. (A): swimming ability, (B): swarming 
ability, (C): representative plate images of swim and swarm rings of Eugenol (images of all compounds was shown in the attachment). a-c Indicate the same compound 
treatments at different concentrations with different letters are significantly different (p < 0.05). Mean values of three independent experiments and standard error are shown.

Cell Motility
Assays for swimming and swarming motility on semi-solid plates 
showed that Lm 54004 diffused on the agar, and after 48  h of 
incubation at 25°C, colony sizes were 3.34  mm and 5.47  mm, 
respectively (Figure  2, control). For swimming motility, at 
1/8 × MIC only eugenol significantly inhibited swimming motility 
of Lm 54004, while other compounds had no inhibitory effects 
on the colony diameters compared with the control group 
(Figure  2A). Treatment with 1/4  ×  MIC of cinnamaldehyde, 
eugenol, thymoquinone and sodium hypochlorite all significantly 
reduced the swimming motility of Lm 54004, but resveratrol 
at 1/4  ×  MIC had no inhibitory effects (Figure  2A). After 
treatment with MIC of all evaluated compounds, Lm 54004 
showed a significantly low swimming motility (p  <  0.05), with 
a colony size of below 3 mm (Figure 2A). For swarming motility, 
thymoquinone exerted no inhibitory effect at all test concentrations, 
resveratrol only inhibited it at MIC, cinnamaldehyde and eugenol 
significantly inhibited it at 1/4 × MIC and 1/8 × MIC (Figure 2B).

Biofilm Inhibitory Rate on the Polystyrene 
Surface
Results on the biofilm inhibitory rate of Lm 54004 treated by 
different antimicrobial compounds are shown in Table  2.  

Four natural antimicrobial compounds all exerted strong biofilm 
inhibition, even at sub-MICs, where biofilm inhibitory rates 
on polystyrene microplate ranged from 37.6 to 53.8% at the 
presence of each compound at 1/8  ×  MIC, with a higher 
inhibitory rate of 46.4–68.0% evident as the concentration of 
compounds increased to 1/4  ×  MIC. Moreover, thymoquinone 
and eugenol showed a significantly lower biofilm inhibitory 
effect compared to cinnamaldehyde and resveratrol at 
1/4  ×  MICs. The biofilm inhibitory effect of the common 
chemical disinfectant sodium hypochlorite was 34.5% 
(1/4  ×  MIC) and 30.8% (1/8  ×  MIC), which were significantly 
lower than the four natural antimicrobial compounds.

Biofilm Metabolic Activity
In this study, the Cell Counting Kit-8 (CCK-8) assay was used 
to reveal the metabolic status of the cells in biofilms (Figure 3). 
Our results of the CCK-8 assay confirmed that all evaluated 
antimicrobial compounds significantly inhibited metabolic activity 
of the biofilms formed by Lm 54004 (p  <  0.05) at MIC 
(Figure  3). Sub-MICs (1/4  ×  MIC and 1/8  ×  MIC) of 
cinnamaldehyde, eugenol and resveratrol also showed significant 
impacts on reducing the Lm 54004 cell viability in the biofilms 
(Figure  3). However, the biofilm metabolic activity was 
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significantly higher in thymoquinone sub-MICs (1/4  ×  MIC 
and 1/8  ×  MIC) treatment groups compared with that in the 
control group (Figure  3). Moreover, the control compound 
sodium hypochlorite at sub-MICs had no inhibitory effect on 
the cell viability.

SEM and CLSM Observation
The CLSM and SEM analysis showed that Lm 54004 biofilms 
revealed dose-related changes (Figure  4). The CLSM showed 
that all five antimicrobial compounds considerably reduced 
biofilm formation, with visible dose-dependent alterations and 
decreased cellular density in the three-dimensional structural 
organization of cells in the biofilm. Moreover, it is clear that 
the four natural antimicrobial compounds decreased the cellular 
density even at 1/4  ×  MIC (Figures  4A–D), but sodium 
hypochlorite had less inhibitory effect (Figure 4E). These changes 
were also in accord with the increasing numbers of dead 
bacteria (in red) seen by LIVE/DEAD staining. In the SEM 
images, the observation of cellular density was consistent with 
the CLSM results. The control cells in SEM images appeared 
intact, plump and typically rod-shaped with a smooth exterior, 

however when exposed to antimicrobial compounds, the cell 
damage could be visualized directly, where cells distorted from 
their normal shape or even ruptured, and more extracellular 
matrix could be  observed.

Effect of Antimicrobial Compounds on 
Expression of Genes Critical for Biofilm 
Formation
Quantitative  reverse transcription PCR was used to analyze 
the transcriptional response of some genes related to biofilm 
and virulence in 1/4  ×  MIC antimicrobial-treated cells vs. 
untreated bacteria. The expression of the genes tested were 
compound dependent. As compared with the untreated control, 
four natural antimicrobial compounds substantially down-
regulated the expression of quorum-sensing genes (agrA, agrC, 
and agrD) and starvation responses regulation gene relA 
(Figure  5A). Likewise, natural antimicrobial compounds also 
down-regulated the expression of sigB (global regulator of the 
stress response) except of the resveratrol (Figure 5A). As shown 
in Figure 5B, cinnamaldehyde and eugenol significantly down-
regulated the transcription of prfA (the major regulator of  

TABLE 2 | Biofilm inhibitory rate of Listeria monocytogenes CMCC 54004 on the polystyrene surface in different compounds and concentrations (25°C, 72 h).

Concentration Biofilm inhibitory rate (%) SEe

Cinnamaldehyde Eugenol Resveratrol Thymoquinone Sodium hypochlorite

1 × MIC 75.35ai 74.57ai 77.59ai 71.41ai 60.13bi 2.94
1/4 × MIC 66.11aj 51.09bj 68.01aj 46.66bj 34.46cj

1/8 × MIC 40.88bck 44.48bj 53.76ak 37.62bck 30.83cj

a-cMeans with different letters in the same row indicate significant differences (p < 0.05).
i-kMeans with different letters in the same column indicate significant differences (p < 0.05).
eSE = standard error.

FIGURE 3 | Efficacy of five antimicrobials compounds in inhibiting biofilm metabolic activity of Listeria monocytogenes CMCC 54004 grown at 25°C. a-d Indicate 
the same compound treatments at different concentrations with different letters are significantly different (p < 0.05). Mean values of three independent experiments 
and standard error are shown.
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B
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FIGURE 4 | Scanning electron microscopy (SEM) and confocal laser-scanning microscopy (CLSM) of Listeria monocytogenes CMCC 54004 biofilms formed in the 
presence of five antimicrobials compounds. (A): cinnamaldehyde, (B): eugenol, (C): resveratrol, (D): thymoquinone, (E): sodium hypochlorite.

L. monocytogenes virulence factors), while the gene was not 
obviously affected by resveratrol and thymoquinone. The virulence 
gene inlA (encodes internalin) was significantly suppressed 
(p  <  0.05) by cinnamaldehyde, while not obviously affecting 
the expression of inlA (p  >  0.05) when exposed to eugenol 
and thymoquinone, but resveratrol up-regulated the expression 
of inlA. Moreover, the expression of motility- and flagella-
associated genes (degU, flaA, and motB) were all significantly 
up-regulated (p  <  0.05) by resveratrol, and cinnamaldehyde 
induced the expression of flaA and motB, while eugenol exerted 
no effect on the expression of these genes and thymoquinone 
down-regulated the transcription of degU. Meanwhile, we found 
that the disinfectant sodium hypochlorite only down-regulated 
the expression of agrA and agrD, and no suppressive effect 
was found on other genes.

DISCUSSION

In the present study, we  selected the common chemical 
disinfectant sodium hypochlorite as the control compound. 
Rodriguez-Melcon et al. (2019) reported that MIC or 1.5 × MIC 
of sodium hypochlorite notably reduced the biovolume and 
cellular viability of L. monocytogenes biofilms. Similarly, our 
results showed that sodium hypochlorite at MIC exhibited a 
strong anti-biofilm activity against Lm 54004 (Table 2). However, 
compared to the natural antimicrobial compounds, sodium 
hypochlorite also showed significantly lower inhibitory effects 
on Lm 54004 biofilm both at MIC and 1/4  ×  MIC. This 
finding is consistent with a previous report that the biofilm 
elimination effect of essential oils (cinnamon, marjoram, and 
thyme) was in most cases better compared to sodium hypochlorite 
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(Vidács et  al., 2018). The corresponding results were also 
revealed by the RT-qPCR assays in this study (Figure  5), that 
sodium hypochlorite at 1/4  ×  MIC had less suppressive effects 
on biofilm-related genes compared to the four natural 
antimicrobial compounds.

As mentioned above, biofilm inhibitory effects of the four 
natural antimicrobial compounds on Lm 54004 are different 
(Table 2). Miao et al. (2019) proved that thymoquinone effectively 
reduced biofilm biomass of L. monocytogenes ATCC19115 at 
sub-MICs. In the current study, we also found that thymoquinone 

was an effective anti-biofilm agent compared to the sodium 
hypochlorite. However, thymoquinone showed a lower biofilm 
inhibition rate at sub-MICs compared to the phenylpropenes 
(cinnamaldehyde and eugenol) and the phenolic compound 
(resveratrol) against Lm 54004. In addition, the results were 
confirmed by the biofilm metabolic activity assay, that 
thymoquinone was the least compound to inhibit the biofilm 
metabolic activity of Lm 54004 at sub-MICs (Figure  3).

The gene prfA is a global regulator which positively regulates 
virulence genes (like inlA) in L. monocytogenes biofilms and 

A

B

FIGURE 5 | Relative gene expression of Listeria monocytogenes CMCC 54004 in response to five antimicrobials compounds (at 1/4 × MIC). (A): relative 
expression of genes between 0 and 2.4, (B): relative expression of genes between 0.1 and 50. *Indicates p < 0.05 vs. the control group. Mean values of three 
independent experiments and SE are shown.
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sigB is the global regulator of the stress response and is also 
closely related to virulence (Lemon et al., 2010; Vazquez-Armenta 
et  al., 2020). Moreover, relA regulated the starvation responses 
in L. monocytogenes, which is an essential gene for cells survival 
in nutrient deficiency conditions (Kocot and Olszewska, 2017). 
Studies suggest that virulence genes are closely related to the 
biofilm development in L. monocytogenes (Vazquez-Armenta 
et  al., 2020) and Sivaranjani et  al. (2016) found that morin 
inhibited biofilm formation while interrupting the secretion 
of virulence determinant Listeriolysin O (LLO). In the present 
study, 1/4 × MIC of all four natural compounds down-regulated 
the expression of relA. Cinnamaldehyde and eugenol were more 
effective in suppressing the prfA and sigB, and thymoquinone 
only down-regulated the transcription of sigB (Figure 5). These 
results are consistent with the biofilm inhibition assay, which 
indicates that the suppression of prfA and sigB was a critical 
reason for natural compounds to inhibit the formation of  
L. monocytogenes biofilm. However, resveratrol significantly 
induced the expression of sigB, and had no suppressive effects 
on prfA. Furthermore, resveratrol also up-regulated the virulence 
gene inlA while other natural compounds had no effects on 
this gene. These results suggest that resveratrol increased the 
stress responses of the L. monocytogenes cells to resist the 
external harsh environment. A similar result was found by 
Huang et  al. (2020), such that the photodynamic inactivation 
treatment up-regulated the expression of prfA while it markedly 
reduced the adhesion ability of the biofilms of L. monocytogenes. 
Therefore, biofilm inhibition is a complex process, suggesting 
that the biofilm inhibitory pathway of various antimicrobial 
compounds differs. Further investigation is needed to explore 
the biofilm inhibitory pathway, based on the global regulators 
(prfA and sigB), of different antimicrobial compounds against 
L. monocytogenes.

Moreover, previous reports demonstrated that the motility 
ability of flagella was important in early biofilm formation 
(Bonsaglia et  al., 2014). In this study, 1/4  ×  MIC of 
cinnamaldehyde, eugenol and thymoquinone inhibited the 
swimming motility of Lm 54004 compared to the control 
(Figure  2A), although the colony diameters did not change 
much (within 0.6  mm), responding with inhibitory rates all 
below 18%. Additionally, resveratrol at 1/4  ×  MIC had no 
inhibitory effects on the swimming and swarming motility of 
Lm 54004 cells. degU is the response regulator in L. monocytogenes 
which is involved in the flagellin expression and motility genes 
(Williams et  al., 2005). The results of RT-qPCR showed that 
only thymoquinone was effective in down-regulating the 
expression of degU, while the other three natural compounds 
had no suppressive effects on this gene. motB is the gene that 
encodes for the motility protein involved in flagellar motor 
rotation, and flaA is a flagella-associated gene (Casey et  al., 
2014). The expression of these two motility-associated genes 
were both not suppressed or induced by the four natural 
compounds at 1/4  ×  MIC compared to the control, but the 
biofilm formation was significantly reduced at this concentration 
when treated by these compounds. As showed in the previous 
studies, Upadhyay et  al. (2013) and Miao et  al. (2019) found 
that cinnamaldehyde, eugenol, and thymoquinone effectively 

inhibited the motility of L. monocytogenes and significantly 
down-regulated the expression of flaA. The reason for these 
different findings as reported is probably due to the temperature 
(25°C) applied in the current study, and the bacterial strain 
(or serotype) we  used was different to those in the studies of 
Upadhyay et  al. (2013) and Miao et  al. (2019). According to 
Bonsaglia et  al. (2014), temperature is an important factor 
which may affect the formation of flagella in L. monocytogenes. 
The results confirmed that sub-MIC of natural antimicrobial 
compounds which reduced biofilm formation might not inhibit 
flagella formation.

It has been suggested that the QS system of L. monocytogenes 
plays a critical role in its biofilm formation (Rieu et  al., 2007; 
Brackman and Coenye, 2015). QS is an intercellular 
communication system by which bacteria can coordinate their 
population density and control a variety of physiological processes 
(Solano et  al., 2014). In L. monocytogenes, the QS is regulated 
by the Agr system for intraspecies communication (Skandamis 
and Nychas, 2012; Kocot and Olszewska, 2017). Previous study 
showed that mutations of agrA and agrD genes displayed 
significantly reduced biofilm formation of L. monocytogenes 
(Rieu et  al., 2007; Riedel et  al., 2009). In this study, the 
expression of three QS-associated genes (agrA, agrC, and agrD) 
were all significantly suppressed by four natural antimicrobial 
compounds at 1/4  ×  MIC (Figure  5). The research of Du 
et  al. (2018) reported similar results and found that low 
concentrations of epigallocatechin gallate inhibited biofilm 
formation by suppressing the QS system. Based on previous 
studies a number of different ways to inhibit the QS signaling 
molecules have been proposed, such as signal binding, 
degradation of the signaling molecules, competitive inhibition 
and genetic regulation systems (Sankar Ganesh and Ravishankar 
Rai, 2018). For example, Jakobsen et  al. (2012) found that 
isothiocyanate produced from horseradish inhibited the 
expression of the lasB-gfp fusion, which compete with AHL 
signaling molecules (in Gram-negative bacteria) of regulator 
proteins. In this study, four natural compounds were all shown 
to block Agr QS systems of L. monocytogenes, probably by 
degrading signal receptors or secreting signal degrading enzymes 
and signal mimics, etc. Therefore, further research should 
be  undertaken to investigate the direct mechanism of 
cinnamaldehyde, eugenol, resveratrol and thymoquinone on 
the QS system of L. monocytogenes. In summary, natural 
antimicrobial compounds at low concentrations were more 
likely to suppress the QS-associated genes to inhibit the biofilm 
formation of L. monocytogenes. For this reason, QS inhibition 
is a good point to study the anti-biofilm mechanism of natural 
antimicrobial compounds on L. monocytogenes.

CONCLUSION

This study showed that sub-MIC of cinnamaldehyde, eugenol, 
resveratrol, and thymoquinone were all efficient at inhibiting 
Lm 54004 biofilms, of which, cinnamaldehyde and resveratrol 
showed better anti-biofilm effects. Meanwhile, the transcriptional 
results showed that sub-MIC of natural antimicrobial compounds 
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reduced biofilm formation by suppressing the QS system rather 
than by inhibiting flagella formation. In addition, the biofilm 
inhibitory pathway of different antimicrobial compounds differs, 
which needs further exploration. The findings of present study 
suggest that low concentrations of natural compounds can  
serve as potential antimicrobials in controlling biofilm of  
L. monocytogenes in the food industry. The effective application 
of these compounds in industry could be  achieved by using 
them in combination with chemical and physical disinfection 
methods commonly used in food processing, such as organic 
acids, sodium hypochlorite, or UV light, high temperature or 
high pressure.
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Salmonella enterica is a typical foodborne pathogen with multiple toxic effects, including
invasiveness, endotoxins, and enterotoxins. Viable but nonculturable (VBNC) is a
type of dormant form preserving the vitality of microorganisms, but it cannot be
cultured by traditional laboratory techniques. The aim of this study is to develop
a propidium monoazide-crossing priming amplification (PMA-CPA) method that can
successfully detect S. enterica rapidly with high sensitivity and can identify VBNC cells
in food samples. Five primers (4s, 5a, 2a/1s, 2a, and 3a) were specially designed for
recognizing the specific invA gene. The specificity of the CPA assay was tested by
20 different bacterial strains, including 2 standard S. enterica and 18 non-S. enterica
bacteria strains covering Gram-negative and Gram-positive isolates. Except for the two
standard S. enterica ATCC14028 and ATCC29629, all strains showed negative results.
Moreover, PMA-CPA can detect the VBNC cells both in pure culture and three types
of food samples with significant color change. In conclusion, the PMA-CPA assay was
successfully applied on detecting S. enterica in VBNC state from food samples.

Keywords: Salmonella enterica, viable but non-culturable (VBNC), crossing priming amplification (CPA),
propidium monoazide (PMA), rapid detection

INTRODUCTION

During food processing, food is frequently contaminated by foodborne bacteria, including
Staphylococcus aureus, Salmonella enterica, and Escherichia coli O157 (Kirk et al., 2015; Miao
et al., 2017a; Sharma et al., 2019). S. enterica is a typical foodborne pathogen with multiple toxic
effects, including invasiveness, endotoxins, and enterotoxins (Eng et al., 2015). Various serotypes of
Salmonella are implicated in foodborne infections and contaminate food products, including eggs,
milk, poultry, meat, and vegetables. It is the main cause of human gastrointestinal and other related
diseases (Bao et al., 2017a,b; Wen et al., 2020). Recently, studies confirmed that S. enterica is capable
of entering into the viable but non-culturable state (VBNC) state under an adverse environment,
which could include low-temperature, salt stress, and nutrient starvation (Roszak et al., 1984;
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Chmielewski and Frank, 1995; Gupte et al., 2003; Zeng et al.,
2013; Morishige et al., 2017; Highmore et al., 2018). VBNC cells
cannot be detected by traditional culture-based methods (Xu
et al., 2011a; Lin et al., 2017; Miao et al., 2017a; Xie et al., 2017a).
Therefore, it is urgent to develop a rapid and sensitive assay to
detect S. enterica, especially in the VBNC state.

The molecular biological method, classified into polymerase
chain reaction (PCR) and isothermal amplification, is a new
strategy to detect pathogens (Xu et al., 2012; Xu et al., 2012a;
Liu et al., 2019). PCR and PCR-based assays have been well
developed in the last few decades (You et al., 2012; Zhong
et al., 2013; Xu et al., 2016c). However, these assays require
complicated procedures that may increase the uncertainty in
result determination (Tada et al., 1992; Zhong et al., 2013; Xu
et al., 2017a; Xie et al., 2017b; Jia et al., 2018). Quantitative
real-time PCR can achieve the result interpretation by digital
curve without electrophoresis but with lower detection limits
(Xu et al., 2007; Miao et al., 2017b,c). Isothermal amplification
assays include loop-mediated isothermal amplification (LAMP),
rolling circle amplification (RCA), and strand displacement
amplification (SDA) (Fire and Xu, 1995; Zhao et al., 2009;
Zhao et al., 2010a,b; Bao et al., 2017c; Xu et al., 2017b).
Reverse transcription LAMP (RT-LAMP) or other isothermal
amplification assays have been utilized to replace the PCR assay
(Parida et al., 2005).

Cross Priming Amplification (CPA) is a novel isothermal
method relying on five primers (2a/1s, 2a, 3a, 4s, and 5a)
to amply the target nucleotide sequences (Xu et al., 2012).
It does not require any special instrumentation and presents
high rapidity, specificity, and sensitivity. Recently, CPA assays
have been used for the detection of E. coli O157:H7, Listeria
monocytogenes, Enterobacter sakazakii, Yersinia enterocolitica,
and other pathogens (Wang et al., 2014; Zhang et al., 2015; Wang
et al., 2018; Xu et al., 2020). Therefore, CPA is a potentially
valuable tool for the rapid detection of foodborne pathogens, and
the combination of propidium monoazide (PMA) may achieve
the detection of VBNC state (Xu et al., 2010; Wang et al., 2011;
Xu et al., 2011c).

MATERIALS AND METHODS

Bacterial Strains
To standardize and evaluate the reaction system of CPA assay,
non-S. enterica bacteria strains, including various species of
Gram-negative and Gram-positive non-target strains, were used
in this study (Table 1). Two standard S. enterica ATCC14028
and ATCC29629 were used as positive controls. All strains used
in this study had been preliminarily identified in the Lab of
Clinical Microbiology, Zhongshan Supervision Testing Institute
of Quality and Metrology.

All bacteria were prepared for genomic DNA isolation after
incubation in trypticase soy broth (TSB, Huankai Microbial,
China) at 37◦C at 200 rpm overnight. The genomic DNA was
isolated by Bacterial DNA extraction Kit (Dongsheng Biotech,
Guangzhou, China) according to the manufacturer’s protocol.
The concentration and quality of the DNA were measured using

Nano Drop 2000 (Thermo Fisher Scientific Inc., Waltham, MA,
United States) at 260 and 280 nm. The isolated DNA was stored
at−20◦C for further use.

CPA Detection System Design
As a species specific gene in Salmonella, invA has been selected,
and its specificity in Salmonella has been previously confirmed.
The CPA primers were specifically designed for invA gene
in S. enterica using Primer Premier 5, including five primers
recognizing five distinct regions in the gene open reading frame
sequence (Table 2). All primers were assessed for specificity by
BLAST against the sequences in Genebank.

The PCR reaction was conducted to serve as a control in a total
25 µL volume with 12.5 µL 2× Taq PCR Master Mix (Dongsheng
Biotech, Guangzhou, China), 3 µM each of forward and reverse
primers, 2 µL of DNA template and the total volume was
added up to 25 µL with nuclease-free water. The amplification
procedure included a 5-min denaturation at 95◦C, 32 cycles of
amplification at 95◦C for 30 s, 52◦C 30 s, 72◦C for 35 s, and final
amplification at 72◦C for 5 min. The PCR products were detected
by electrophoresis on 1.5% agarose gels.

TABLE 1 | Reference strains and results of CPA assays.

Reference strain PCR CPA

Salmonella enterica ATCC29629 + +

Salmonella enterica ATCC14028 + +

Listeria monocytogenes ATCC19114 − −

Listeria monocytogenes ATCC19116 − −

Listeria monocytogenes ATCC19113 − −

Escherichia coli O157:H7 ATCC43895 − −

Escherichia coli O157:H7 E019 − −

Escherichia coli O157:H7 E020 − −

Escherichia coli O157:H7 E043 − −

Vibrio parahaemolyticus ATCC27969 − −

Vibrio parahaemolyticus ATCC17802 − −

Pseudomonas aeruginosa ATCC27853 − −

Pseudomonas aeruginosa C9 − −

Pseudomonas aeruginosa C40 − −

Staphylococcus aureus ATCC23235 − −

Staphylococcus aureus 10085 − −

Staphylococcus aureus 10071 − −

Lactobacillus casei − −

Lactobacillus acetotolerans BM-LA14527 − −

Lactobacillus plantarum BM-LP14723 − −

TABLE 2 | Primers sequence for detection of CPA.

Target
gene

Primers Sequence (5′–3′)

invA 4s CTGAGCGATAACAGCATT

5a TGCGTTACCCAGAAATAC

2a/1s TGATGATAGGTCGTTGGATGCGTGGTAAATTATTCGG

2a TGATGATAGGTCGTTGGAT

3a GCCAAAGGAAGCGACTTC
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FIGURE 1 | Amplification products were visually detected both by 1.5% agarose gel electrophoresis under UV light (A) and observation at the color change by
naked eye (B). M, DNA marker; lane 1, positive control; lane NC, negative products (A); tube 1, positive products; tube NC, negative control.

The CPA reaction system was performed using thermostatic
equipment or a water bath in a 26 µL system, containing 20 mM
Tris–HCl, 10 mM (NH4)2SO4, 10 mM KCl, 8.0 mM MgSO4, 0.1%
Tween 20, 0.7 M betain (sigma), 1.4 mM dNTP (each), 8 U Bst
DNA polymerase (NEB, United States), 1.0 µM primer of 2a/1s,
0.5 µM (each) primer of 2a and 3a, 0.6 µM (each) primer of 4s
and 5a, 1 µL mixture chromogenic agent (mixture with calcein
and Mn2+), 1 µL template DNA, and a volume of up to 26 µL
of nuclease-free water. The mixed chromogenic agent consists of
0.13 mM calcein and 15.6 mM MnCl2·4H2O. And mixed reaction
solution was incubated at 65◦C for 60 min and heated at 80◦C for
2 min to terminate the reaction. Nuclease-free water substituted
target DNA was used as a negative control. Subsequently, the
amplified products were analyzed by electrophoresis on 1.5%
agarose gels and observed the color change by naked eyes.

CPA Detection System Optimization
The specificity of CPA was evaluated by amplifying the genomic
DNA extracted from 2 standard S. enterica strains and 18 non-
S. enterica strains.

To determine the sensitivity of the CPA assay, serial 10-fold
dilutions of the genomic DNA of S. enterica ATCC14280 were
prepared and used in the reaction. The sensitivity of the CPA
method was compared with the PCR method. All the tests were
performed in triplicate.

Application of CPA Assay in Food
Products
The application of CPA assay in the detection of S. enterica was
conducted in three rice products (Cantonese rice cake, steamed
bread, and rice noodle purchased from Guangzhou Restaurant,

Guangzhou, China). Different concentrations (from 108 CFU/mL
to 10 CFU/mL) of S. enterica ATCC14028 were applied to
contaminate food samples. Subsequently, genomic DNA was
extracted from the contaminated food samples and subjected to
CPA and PCR methods in triplicate (Xu et al., 2020).

VBNC State Induction
The VBNC state of S. enterica was induced by oligotrophic
medium (sterile saline) at a low temperature. The bacterial
overnight culture (∼108 CFU/mL) was washed three times
and resuspended by sterile saline and then stored at −20◦C.
The culturable cell number was measured by plate counting
method, and viable cells were determined by LIVE/DEAD R©

BacLight kitTM (ThermoFisher scientific, United States) with a
fluorescence microscope after the cells were no longer culturable.
The culturable and viable cell enumerations were performed
every three days.

PMA-CPA Detection System
The PMA-CPA were developed to detect the VBNC cells of
S. enterica with the observation of color change. The PMA-
CPA was further applied in the detection of VBNC cells
in contaminated rice food products (Cantonese rice cake,
steamed bread, and rice noodle from Guangzhou Restaurant,
Guangzhou, China).

RESULTS

Development of CPA Assay
The CPA assays for the detection of invA gene were set up using
S. enterica ATCC14028. The products were analyzed by 1.5%
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FIGURE 2 | Specificity of CPA assay for detection S. enterica strains with invA genes by 1.5% agarose gel electrophoresis and observation at the color change by
naked eye; M-DNA marker; lane 1–2, S. enterica ATCC 29629 and ATCC 14028; lane 2–20, non-S. enterica strains. NG/21, negative control.

FIGURE 3 | Sensitivity of the CPA assay in food samples of S. enterica with invA genes by 1.5% agarose gel electrophoresis (A) and agent mixture (B); M-DNA
marker; lane 1–8, 107 CFU/mL, 106 CFU/mL, 105 CFU/mL, 104 CFU/mL, 103 CFU/mL, 102 CFU/mL, 10 CFU/mL negative control.

agarose gel electrophoresis, and the bands were observed under
UV light (Figure 1A). The results of electrophoresis revealed that
the amplicons of CPA are of various sizes, showing as a ladder
pattern on agarose gel instead of a single band. The fluorescent
dye (MgCl2 and calcein) changes the reaction system from orange
to green in the reaction system (Figure 1B).

The evaluation of the specificity of CPA assay was performed
in 2 S. enterica strains and 18 non-S. enterica reference strains.
Results were recorded by 1.5% agarose gel electrophoresis and
color change. Ladder pattern bands and orange to yellow
color changes were only observed in the 2 S. enterica strains
(Figure 2). It indicated that only the target S. enterica strains were
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FIGURE 4 | Detection of VBNC state of S. enterica in pure cultures and food samples by PMA-CPA assay with observation at the color change by naked eye. 1 –
VBNC cells in pure cultures; 2 – dead cells in pure cultures; 3 – VBNC cells in food samples; 4 – dead cells in food samples.

detected with positive results, showing the high specificity of the
CPA assay.

Detection of S. enterica in Food Products
The CPA assays were applied in the detection of S. enterica in
three food samples (Cantonese rice cake, steamed bread, and rice
noodle). The homogenized rice products (9 mL) were inoculated
with 1 mL 10-fold serial dilution of pure S. enterica culture.
The concentration of artificial contamination food samples
ranging from 108 CFU/mL to 10 CFU/mL with 10-fold series
dilutions was applied. All three food samples were included for
the application. As expected, the LOD shows an insignificant
difference among food samples, and the results are identical. Only
the samples with a concentration higher than 103 CFU/mL were
able to be detected (Figure 3). Thus, the detection limit of the
CPA assay was 103 CFU/mL.

Detection of VBNC Cells by PMA-CPA
Assay
The PMA-CPA assay was established using VBNC cells of
S. enterica. The PMA dye was added to either pure culture or flour
samples with a final concentration of 5 µg/mL. After incubation
at room temperature for 10 min in dark, the samples were
exposed to a 650 W halogen lamp with a distance of 15 cm for
5 min, which inactivates unbinding PMA molecules rather than
PMA-DNA molecules. All the dying process was performed in an
ice bath to prevent DNA damage. Results showed that PMA-CPA
can detect the VBNC cells both in pure culture and food samples
with significant color change from orange to yellow (Figure 4).
The samples with dead cells remain orange in both pure culture
and food samples.

DISCUSSION

Salmonella enterica is a common foodborne pathogen that
may cause serve illness. The generation of S. enterica

VBNC state occurs during the chlorination of wastewater
or food (Oliver et al., 2005; Zeng et al., 2013). Non-ionic
detergents and sanitizers can also induce S. enterica into
VBNC state (Morishige et al., 2013; Purevdorj-Gage et al.,
2018; Robben et al., 2018). Furthermore, a multi-stress
environment in complex components of food and storage
conditions may induce the VBNC state formation of foodborne
pathogens (Lin et al., 2016; Miao et al., 2016; Xu et al.,
2016a,b).

Various molecular techniques have been developed to identify
microbes. PCR is a mature method to detect foodborne microbes,
but it has low sensitivity and complex variable temperature
programs (Kim et al., 1999). RT-PCR has been used to detect
microbes compared with the method in ISO 21872-1:2007. RT-
PCR achieved higher sensitivity but with long pre-enrichment
and 24 h of complicate procedure. Although RT-PCR is able to
show results via a digital curve, the sensitivity of this method
is limited and the procedure is complicated (Xu et al., 2008a;
Miao et al., 2018; Xu et al., 2018; Zhao et al., 2018a,b). RT-
LAMP or other isothermal amplification has been used reported
to replace RT-PCR to increase the detection limit (Xu et al.,
2008b; Xu et al., 2009; Liu et al., 2018a,b; Lv et al., 2020). However,
sophisticated equipment with these technologies has brought
certain difficulties to rapid on-site testing (Xu et al., 2011b; Xu
et al., 2012b). CPA technique is a new strategy to achieve rapid
detection and can be performed under constant temperature
using a simple water bath. Furthermore, with the improvement
of fluorescence dye, results can be identified by the color change
in the reaction tube by the naked eye. For VBNC and dead
cells, they are both nonculturable. However, VBNC cells differ
from dead cells in their intact cell membrane and thus could
be differentiated via PMA, which is capable of differentiating
viable and dead cells.

Therefore, the developed CPA method can successfully detect
the S. enterica with high rapidity and sensitivity and can
identify the VBNC cells in food samples when combining
with PMA.
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Food safety and foodborne infections and diseases have been a leading hotspot in
public health, and methicillin-resistant Staphylococcus aureus (MRSA) has been recently
documented to be an important foodborne pathogen, in addition to its recognition to
be a leading clinical pathogen for some decades. Standard identification for MRSA
has been commonly performed in both clinical settings and food routine detection;
however, most of such so-called “standards,” “guidelines,” or “gold standards” are
incapable of detecting viable but non-culturable (VBNC) cells. In this study, two major
types of staphylococcal food poisoning (SFP), staphylococcal enterotoxins A (sea) and
staphylococcal enterotoxins B (seb), as well as the panton-valentine leucocidin (pvl)
genes, were selected to develop a cross-priming amplification (CPA) method. Limit of
detection (LOD) of CPA for sea, seb, and pvl was 75, 107.5, and 85 ng/µl, indicating
that the analytical sensitivity of CPA is significantly higher than that of conventional
PCR. In addition, a rapid VBNC cells detection method, designated as PMA-CPA,
was developed and further applied. PMA-CPA showed significant advantages when
compared with PCR assays, in terms of rapidity, sensitivity, specificity, and accuracy.
Compared with conventional VBNC confirmation methods, the PMA-CPA showed
100% accordance, which had demonstrated that the PMA-CPA assays were capable
of detecting different toxins in MRSA in VBNC state. In conclusion, three CPA assays
were developed on three important toxins for MRSA, and in combination with PMA,
the PMA-CPA assay was capable of detecting virulent gene expression in MRSA in the
VBNC state. Also, the above assays were further applied to real samples. As concluded,
the PMA-CPA assay developed in this study was capable of detecting MRSA toxins in
the VBNC state, representing first time the detection of toxins in the VBNC state.

Keywords: VBNC, MRSA, PMA-CPA, virulence detection, cross-priming amplification
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INTRODUCTION

In the past few decades, public health has been a major issue for
society. From various points of view, food safety and foodborne
infections and diseases have been a leading area of concern.
Among food safety problems, foodborne infections or diseases
caused by food pathogens have made up the majority of the cases
(Xu et al., 2021).

Staphylococcus aureus is an important foodborne pathogen
that is responsible for a large variety of foodborne infections
and diseases (Weese et al., 2010; Wang et al., 2012; Miao
et al., 2017a,b, 2019). Capable of producing enterotoxins, it
is also commonly found in food poisoning cases. Therefore,
staphylococcal food poisoning (SFP) is a major concern in
public health (Zhao et al., 2010a,b,c, 2011; Crago et al., 2012;
Deng et al., 2015a,b; Yu et al., 2016). In addition, methicillin-
resistant S. aureus (MRSA) is one of most widely distributed
human and animal pathogens that produce a variety of toxins
and cause a range of serious illnesses of the skin, soft tissue,
bone, and bloodstream (Tacconelli et al., 2009). MRSA was
previously limited as a clinical microorganism. However, in
recent years, studies have reported that MRSA is strongly and
closely associated with food safety. For example, the carriage of
this pathogen by industrial staff and the prevalence of livestock-
associated MRSA (LA-MRSA) have been clearly pointed out and
well established as a foodborne pathogen (Liu et al., 2016a,b,c,
2017a,b,c,d, 2018a,b,c,d, 2019; Xie et al., 2017a,b). Apart from
that, MRSA has seen an increase in numerous countries and
emerged as an important pathogen, accounting for up to 40%
of all S. aureus isolates in nosocomial infection, and has caused
significant morbidity (Graveland et al., 2011). This is due to the
effect of β-lactam resistance in S. aureus, which is mediated by
the production of penicillin-binding protein 2a PBP2a or PBP2′
encoded by the mecA gene (Moellering, 2012). The development
of resistance to β-lactam antibiotics has been a cause of concern
among the medical community.

Standard identification for MRSA has been commonly
performed in both clinical settings and routine food detection.
In 1982, viable but non-culturable (VBNC) was first proposed.
A large proportion of studies have been done on foodborne
microorganisms, as once having failed to allow detection of
the bacterial cells, the food sample is likely to be mistakenly
determined to be safe or qualified. In addition to foodborne
pathogens, laboratory researchers in clinical settings commonly
fail to detect or identify the pathogens responsible in apparently
infected patients. Culturability-based methodology has been
significantly challenged as the “gold standard” when it comes
to microbiological identification. Therefore, rapid detection of
MRSA is imperative for both MRSA-related foodborne outbreaks
and clinical diagnosis. Current methodologies available for
detection of MRSA include standard clinical testing (such as
disk susceptibility tests or broth dilution) and molecular methods
(such as polymerase chain reaction and real-time fluorescence
PCR) (Salisbury et al., 1997; Felten et al., 2002; Corrente
et al., 2007). The former usually takes 1–2 days to obtain
results. At the same time, PCR is time-consuming and requires
highly trained personnel. In addition, the sensitivity of PCR
can be compromised by PCR inhibitors present in a biological

sample (Monteiro et al., 1997). Therefore, these methods
are not appropriate for rapid screening. Recently, isothermal
amplification methodologies have received much attention due to
the omission of thermocyclers, simple protocols, and fast analysis,
and they have an analytical performance that competes PCR.
A recent innovation of isothermal nucleic acid amplification
methodology, cross-priming amplification (CPA), was developed
to detect the target DNA with exponential amplification (Xu et al.,
2008, 2009, 2010a,b, 2011a,b, 2017, 2019; Xu Z. et al., 2012).
Compared with PCR, this novel amplification assay can amplify
the target nucleotide sequence isothermally in a short time,
which is cost-effective and time-saving (Xu G. et al., 2012). This
technique does not rely on sophisticated instruments or trained
technicians but can be conducted in a water bath or heating
block. In PCR methods, the progress of the reaction is usually
verified by electrophoresis. Different from PCR, the CPA assay
is able to produce massive amplicons with the obvious turbidity
that can observed by nucleic acid-specific fluorescent dye with or
without UV illumination to improve detection efficiency (Wang
et al., 2014; Xu et al., 2020a). So far, the CPA protocol has
been successfully applied in the detection of virus and harmful
microbes, such as Escherichia coli O157:H7, Mycobacterium
tuberculosis, Enterobacter sakazakii, Salmonella enterica, and
Yersinia enterocolitica (Fang et al., 2009; Yulong et al., 2010;
Zhang et al., 2015; Wang et al., 2018; Xu et al., 2020a,b).

In this study, the VBNC state formation of MRSA has been
studied in different real food samples. After confirmation of the
VBNC formation, the expression of pathogenic, virulence factors
was performed on three enterotoxins and pvl, based on the PMA-
CPA methodologies.

MATERIALS AND METHODS

Strains and Targets
A total of 36 strains were included in this study, as shown
in Table 1, including five MRSA strains, 13 MSSA strains,
and 18 non-Staphylococci strains. All strains used in this
study had been preliminarily identified, and all MRSA strains
were identified at the species level using standard procedures
as follows: first observation by colony morphology, Gram
staining, and catalase test, followed by identification using the
Vitek 2 automated system and the API-Staph commercial kit.
Further determination of methicillin resistance was performed
by susceptibility testing on oxacillin-screening agar, verified by
latex agglutination for PBP2a and mecA detection by PCR as
described previously. The MRSA and MSSA strains used in
this study were previously detected by the toxins by PCR and
further Sanger sequencing, which were found to carry different
toxins. Thus, such strains are included in different detection
assays in this study. Three pathogenic targets have been selected
for primer design (Table 2). Staphylococcal enterotoxins A
(sea) and staphylococcal enterotoxins B (seb) are the two most
commonly detected enterotoxins in Staphylococci strains and
are responsible for various foodborne cases. Another key toxin
for Staphylococci is panton-valentine leucocidin (pvl), which is
a cytotoxin produced by Staphylococcus and causes leukocyte
destruction and tissue necrosis. Pvl is an important toxin for
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TABLE 1 | Reference strains used and the results of CPA assays.

Reference strains No. of strains CPA/PCR assays

mecA femA sea seb pvl

Staphylococcus aureus
(MRSA) 0314030635

1 + + − − −

Staphylococcus aureus
(MRSA) 971311004

1 + + − − −

Staphylococcus aureus
(MRSA) 0313113664

1 + + − − −

Staphylococcus aureus
(MRSA) 0314030668

1 + + − − −

Staphylococcus aureus
(MRSA) 10071

1 + + − − −

Staphylococcus aureus
(MSSA) 132115,
0315022822, 0613120003,
0314020129

4 − + + + −

Staphylococcus aureus
(MSSA) 0315011480

1 − + − + −

Staphylococcus aureus
(MSSA) 130149

1 − + − − −

Staphylococcus aureus
(MSSA) 132113,
0314030635, 971310004,
132112

4 − + − − −

Staphylococcus aureus
(MSSA) 0315040330

1 − + − − +

Staphylococcus aureus
(MSSA) 0713100037

1 − + − − +

Staphylococcus aureus
(MSSA) 0314020556

1 − + − − +

Staphylococcus aureus
(MSSA) 0315011480

1 − + − − +

Escherichia coli O157
ATCC43895

1 − − − − −

Escherichia coli O157
E019, E020, E043, E044

4 − − − − −

Salmonella ATCC29629,
ATCC19585, ATCC14028,
ATCC13076,

4 − − − − −

Listeria monocytogenes
ATCC19118, ATCC19116,
ATCC19114, ATCC19115,
ATCC15313, ATCC19113

6 − − − − −

Vibrio parahaemolyticus
ATCC27969, ATCC17802

2 − − − − −

Lactobacillus casei 1 − − − − −

MRSA, and it has been found in the recent decade that the
community-associated MRSA (CA-MRSA), commonly carrying
type IV or V SCCmec, is highly associated with these toxins. In
addition, ST398 is well known to be a major type for liverstock-
associated MRSA (LA-MRSA), which has been reported to be
primarily within CA-MRSA instead of hospital-associated MRSA
(HA-MRSA), commonly carrying types I, II, and III SCCmec.
Based on the correlation between toxins and CA-MRSA, the
carriage of pvl is high in food-contaminated MRSA strains, as
they are commonly CA-MRSA. The above three targets have been
selected to be included in the following studies.

TABLE 2 | Primer sequence of CPA.

Target gene Primers Sequence (5′-3′)

femA 4s TCAAATCGCGGTCCAGTG

5a AACCAATCATTACCAGCA

2a/1s TACCTGTAATCTCGCCAT
AACATCGTTGTCTATACCT

2a TACCTGTAATCTCGCCAT

3a GGTAAATATGGATCGATATG

mecA 4s GCGATAATGGTGAAGTAG

5a GATCAATGTTACCGTAGTT

2a/1s TTACGATCCTGAATGTTT
ATGACTGAACGTCCGATA

2a TTACGATCCTGAATGTTT

3a TCTTTAACGCCTAAACTA

sea 4s GCTTGTATGTATGGTGGT

5a CTGTAAATAACGTCTTGC

2a/1s GAAGATCCAACTCCTGAA
GGCTAGACGGTAAACAAA

2a GAAGATCCAACTCCTGAA

3a TTCGTTTTAACCGTTTCC

seb 4s ATTACTGTTCGGGTATTTG

5a TTCATAAGGCGAGTTGTT

2a/1s AATAGTGACGAGTTAGGT
CTTTTGACGTACAAACTA

2a AATAGTGACGAGTTAGGT

3a CTAATTCTTGAGCAGTCACT

pvl 4s GTTGGGATGTTGAAGCAC

5a TGGATAACACTGGCATTT

2a/1s GTCCAGCATTTAAGTTGC
GGACCATATGGCAGAGAT

2a GTCCAGCATTTAAGTTGC

3a CATTTCATTACCATAAG

Formation of the VBNC State
Culturing, incubation, and inoculation of MRSA and non-MRSA
strains were performed using routine procedures. All strains were
stored in −80◦C and were streaked on TSB plates overnight
at 37◦C. Colonies were picked and then inoculated into fresh
TSB medium to obtain different strains in log phase, ranging
from 2 to 6 h. For genomic DNA extraction, bacterial cells after
overnight culturing were used, and after centrifugation, DNA
extraction was performed using the Dongsheng BioTech DNA
extraction kit, according to their manufacturers’ instructions.
All extracted DNA samples were qualified and confirmed by
both under 260/280 and electrophoresis. For VBNC formation,
the procedure has been conducted as described previously. In
brief, an initial concentration of bacterial cells at 108 CFU/ml
was used, and the cells are kept at 4 and −20◦C, respectively.
CFU counting was performed first to obtain the growth curve,
and 10 representative time points were selected. Then strains
were grown strictly as described above, and for the selected time
points, VBNC was confirmed. In addition, VBNC formation
was also performed in the real food samples, such as Cantonese
cake, as described previously. In brief, the same concentration
of bacterial culture was inoculated into the food sample and
was kept at 4 and −20◦C, respectively. Similar time points
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were selected as above, and VBNC cells were further confirmed.
For VBNC confirmation, total cell numbers, culturable cell
numbers, and viable cell numbers were determined as described
previously. The LIVE/DEAD BacLightTM kit was used before
performed subjecting to flow cytometry. CFU was counting
for culturable cell numbers. After VBNC cells were obtained,
introduction of PMA was performed as described previously.
Further, DNA extraction was processed, and CPA was also
performed for detection.

Development of CPA Assays
After primer design on three targets, primer was synthesized.
CPA reaction was carried out as described previously. The
reaction volume is first 25 µl, and further 1 µl mixed
chromogenic agent (containing 0.13 mM calcein and 15.6 mM
MnCl2·4H2O) was added. For the reaction program, 63◦C for 1 h
then 80◦C for 2 min was used.

Optimization of CPA Assays
To optimize the CPA assays, different reaction times
ranging from 30 to 90 min were used. The reaction volume
was used as above.

Limit of detection (LOD) was determined on the CPA assays,
and 10-fold serial dilutions of total genomic DNA were used. All
experiments were performed in triplicate.

The specificity study on the CPA assay consists of two parts.
The first one is the specificity of primers. The CPA was performed
with any one of the five primers (4s, 5a, 2a, 1s, 2a, and 3a) omitted
to confirm that every single primer is strictly and specifically
required for the reaction. Second, the specificity of the primers
set was confirmed by including five MRSA strains with 31 non-
MRSA strains.

Evaluation of CPA Assays
To evaluate the CPA reaction, PCR was also performed using all
primers with the following program: 95◦C for 3 min, 30 cycles of
amplification at 95◦C for 30 s, 55◦C 30 s, 72◦C for 1 min, and final
amplification at 72◦C for 7 min. Nuclease-free water was used
as a negative control. All PCR products had been subjected to
Sanger sequencing to confirm the highly conserved region used
for CPA primers design.

Determination of Results
For all nucleic acid isothermal amplification assays, the
determination of results shows significant advantages when
compared with traditional methods like PCR. In this study, two
ways were used as a basis of comparison for the determination
of results. First, amplicons were detected by agarose gel
electrophoresis, and the bands were observed under UV light.
Second, color change was observed and determined by using a
mixture of chromogenic agents (MgCl2 and calcein), and the
color green was an indicator of positive yielding.

Confirmation of VBNC Formation and
Application of PMA-CPA
The VBNC formation in both pure culture and real
samples was described as above. After the VBNC cells were

obtained, DNA extraction was performed, and PMA was
introduced. Then the CPA assays on three target toxins
were applied to determine the toxin expression in MRSA
within VBNC state.

RESULTS

Establishment of CPA Assays
According to the results, the CPA assays for all three targets
studied were able to yield expected bands, demonstrating that
the CPA assays were successfully developed. According to
the optimization of the CPA assays, the reaction temperature
as 63◦C was found to be the optimal temperature. The
time duration of 60 min was found to be the optimal
reaction time. Under such conditions, the reproducibility was
found to be optimal.

Sensitivity of CPA Assays
The analytical sensitivity of the CPA assay for MRSA was
measured using 10-fold serial dilutions of MRSA genomic DNA.
The LOD of CPA for sea, seb, and pvl was 75, 107.5, and 85 ng/µl
(Figure 1). Regular PCR was also performed, and expected bands
were obtained as well. In a combination of the above results, it
was indicated that the analytical sensitivity of CPA is significantly
higher than that of conventional PCR.

Development of CPA Assays
Specificity of the CPA assays was also studied. For the specificity
of primers, CPA was performed with any one of the five primers
(4s, 5a, 2a/1s, 2a, and 3a) omitted. According to the results, every
single primer is strictly and specifically required for the reaction.
In addition, the specificity of the set of primers was confirmed
by including five MRSA strains with 31 non-MRSA strains. As
shown by the results (Table 1), all targets were strictly specific
within the species and strains detected. It was indicated that the
analytical specificity of CPA is significantly higher than that of
conventional PCR.

Application of the CPA Assays in
Artificially Contaminated Food
Limit of detection of CPA was also determined in real
food samples, and the LOD was found to be approximately
104 CFU/ml for all three targets (data not shown). Compared
with PCR, the sensitivity of CPA, as was demonstrated, is
significantly higher than that of PCR. Furthermore, this result
was obtained using real food samples, such as Cantonese cake,
indicating the applicability of the developed assays.

Formation of VBNC and Application of
PMA-CPA
Formation of VBNC was investigated using the previous
procedure. After VBNC formation, the MRSA cells were detected
using the PMA-CPA on the expression of sea, seb, and pvl.
As PMA was concerned, the concentrate influenced the final
results. The concentrate used in this study was 5 µg/ml,
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FIGURE 1 | Sensitivity of the CPA assay in genomic DNA by 1.5% agarose gel electrophoresis. Sensitivity from 10071 of femA (A) and mecA (B) genes. M, DNA
marker; lanes 1–8, 3.0 ng/µl, 300 pg/µl, 30 pg/µl, 3 pg/µl, 300 fg/µl, 30 fg/µl, 3 fg/µl, 300 ag/µl NG—negative control. Sensitivity from 0214010085 of sea (C): M,
DNA marker; lanes 1–8, 3.0 ng/µl, 300 pg/µl, 30 pg/µl, 3 pg/µl, 300 fg/µl, 30 fg/µl, 3 fg/µl, 300 ag/µl NG—negative control. Sensitivity from 0315011480 of seb
(D): M, DNA marker; lanes 1–8, 4.3 ng/µl, 430 pg/µl, 43 pg/µl, 4.3 pg/µl, 430 fg/µl, 43 fg/µl, 4.3 fg/µl, 430 ag/µl NG—negative control. Sensitivity from
0214010085 of pvl (E): M, DNA marker; lanes 1–8, 3.4 ng/µl, 340 pg/µl, 34 pg/µl, 3.4 pg/µl, 340 fg/µl, 34 fg/µl, 3.4 fg/µl, 340 ag/µl NG—negative control.

as described previously. After the combination of PMA, the
samples were first kept in the dark for 15 min and then
under the halogen lamp for another 15 min, as described
previously. Centrifugation was then performed and DNA was

extracted accordingly. PMA-CPA was further performed. In
addition, the PMA-CPA was confirmed by using PCR and the
VBNC confirmation. According to the results, PMA-CPA showed
significant advantages when compared with PCR assays, in
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terms of rapidity, sensitivity, specificity, and accuracy. Compared
with conventional VBNC confirmation methods, the PMA-
CPA showed 100% accordance, which demonstrated that the
PMA-CPA assays were capable of detecting different toxins in
MRSA in VBNC state.

DISCUSSION

Food safety and foodborne infections and diseases have been a
leading hotspot in public health, and foodborne infections or
diseases caused by food pathogens have made up the majority
of the cases. MRSA has been recently documented to be
an important foodborne pathogen, and its recognition as a
leading clinical pathogen for some decades. Examples include the
carriage of this pathogen in industrial staff and the prevalence of
LA-MRSA, which has been clearly pointed out and established
to be a foodborne pathogen. Recently, much attention has been
paid to the potential role of different retail meat products from
regions worldwide. Moreover, several foodborne acquired MRSA
outbreaks have also been reported (Voss et al., 2005; Kadariya
et al., 2014). Since food products contaminated with MRSA
may not exhibit any spoilage appearance or bad smell, it is
challenging for consumers to dispose of the contaminated foods
prior to consumption. Apart from that, MRSA has exhibited
an increasing trend in numerous countries and emerged as an
important pathogen accounting for up to 40% of all S. aureus
isolates in nosocomial infection and caused significant morbidity
(Graveland et al., 2011). Capable of producing enterotoxins, it is
also commonly found in food poisoning cases. SFP and PVL are
both major concerns when it comes to the pathogenesis of MRSA.
Consequently, in this study, two major types of SFP, sea and seb,
as well as the pvl genes, were selected to be included to develop
the related CPA detection assays.

Standard identification for MRSA has been commonly
performed in both clinical settings and food routine detection.
However, most of such so-called “standards” or “guidelines”
or “gold standards” are based on the culturing of MRSA on
different medium plates, including selective and non-selective
plates. One major problem exists: whether the bacterial cells
of MRSA are non-culturable, which, if so, will further lead
to ineffective detection on such medium plates. VBNC was
first proposed in 1982. A large proportion of the studies
have been done on foodborne microorganisms, since once
researchers have failed to detect these bacterial cells, the food
sample is likely to be mistaken determined to be safe or
qualified. In addition, it is very common, not only in foodborne
pathogens, but in clinical settings for laboratory researchers to
fail to detect or identify the responsible pathogens in apparent
infection patients. Culturability-based methodology has been
significantly challenged as the “gold standard” when it comes
to microbiological identification. Therefore, rapid detection of
MRSA is imperative for both MRSA-related foodborne outbreaks
and clinical diagnosis. In this study combining the two concerns,
a rapid VBNC cells detection method, designated PMA-CPA,
was developed and further applied. The PMA-CPA, on the one
hand, shows rapidity compared to all culturing methods or even

PCR. On the other hand, it shows accuracy when it comes to
detection of VBNC cells.

Furthermore, this study is of great importance as the three
PMA-CPA methodologies developed in this study are capable
of detecting the toxins in the expression of MRSA in the
VBNC state, not only within the bacteria themselves—which is
distinctive from most currently available studies. The developed
PMA-CPA assays were also further confirmed to be applicable
with respect to detection of VBNC MRSA cells in real food
samples. In addition, CPA has significant advantages when
compared with regular PCR, in terms of rapidity, sensitivity,
specificity, and simplicity in operation/requirement for
equipment. In comparison, food samples are more complicated
and contain more potential inhibitory substances than clinical
samples. The CPA assays developed in this study, according
to our previous experience, are definitely applicable in clinical
samples, since they are able to be applied to food samples. In
addition, in our experience, for clinical samples, non-culturable
isolates are a major concern, as in many cases, conventional
culturing methodologies are incapable of identifying the
pathogen responsible for infection or diseases. The CPA assays
developed in this study are capable of directly detecting those
viable cells (even though they are non-culturable), which will
significantly aid in the detection of MRSA in clinical samples,
especially in the case of non-culturable cells.

CONCLUSION

Three CPA assays were developed on three important toxins for
MRSA, and in combination with PMA, the PMA-CPA assays
were capable of detecting the toxins from the expression of MRSA
in the VBNC state. The above assays were further applied in real
samples. We have concluded that the PMA-CPA assays developed
in this study are capable of detecting MRSA toxins in the VBNC
state, representing success for the first time in the detection of
toxins in the VBNC state.
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Spores from the Bacillus species pose a challenge to the food industry because of their 
ubiquitous nature and extreme resistance. Accumulated evidence indicates that it is 
effective to induce spore germination homogenously before killing them. However, it is 
difficult to obtain and apply exogenous germination factors, which will affect food 
composition. Therefore, this study screened endogenous germinants from microorganisms 
by assessing the effect of Escherichia coli, Bacillus subtilis, Saccharomyces cerevisiae, 
Lactiplantibacillus plantarum, and Streptococcus thermophilus cultures (cell-free) on 
B. subtilis spore germination. The results showed that the supernatants from these five 
microorganisms induced spore germination instead of sediments. Moreover, the 
supernatants of E. coli, B. subtilis, and S. cerevisiae exhibited higher germination rates 
than L. plantarum and S. thermophilus, and the induction effects were concentration-
dependent. Furthermore, plate counting confirmed that the microbial supernatants induced 
the lowest spore germination ratio on strains B. subtilis FB85 [germination receptors (GRs) 
mutant] but not strains B. subtilis PB705 (PrkC mutant). In addition, B. subtilis and 
S. cerevisiae supernatants, combined with pressure and temperature, were effective in 
spore inactivation. The findings suggested that microbial supernatants may include agents 
that induce spore germination and may be used for spore inactivation.

Keywords: spore germination, supernatants, germination receptor, pressure and temperature, spore inactivation

HIGHLIGHTS

- Supernatants, not sediments, from several bacteria could induce spore germination.
- Bacterial supernatants could induce spore germination through GRs and PrkC signaling pathways.
-  Bacterial supernatants could be  used to develop a germination agent, which could inactivate 

spore effectively combined with pressure and temperature.
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INTRODUCTION

The Bacillus species is a major concern in the food industry 
as its spores can trigger food spoilage and even food poisoning 
(Kochan et al., 2018; Ortiz et  al., 2019). Accumulated evidence 
indicates that microorganisms, especially spore-producing 
bacterium, contribute to more than 70% of food poisoning 
incidents (Ishaq et  al., 2021). Therefore, it is urgent to search 
for efficient, simple, and rapid methods to control spores in 
food processing industries in particular, as their eradication 
from foodstuffs may be  difficult. Previous studies showed that 
spores reduced resistance to various treatments and were 
relatively easily killed during germination (Drusano et al., 2009). 
Thus, spore germination has been found to be  the key step 
to spore inactivation.

The germination pathways of most spores have been mainly 
divided into two types: nutrient and non-nutrient germinants 
(Setlow et al., 2017). In the former, various nutrient germinants, 
which commonly include sugars, amino acids, inorganic salts, 
purine nucleosides, or combinations of these molecules, pass 
through the outer layers of spores and interact with germinant 
receptors (GRs) located in the inner member of spores, such 
as GerA in response to L-alanine or L-valine and GerB and 
GerK in response to the combination of L-Asparagine, D-Glucose, 
D-Fructose, and potassium ions (K+; AGFK; Grela et al., 2018). 
In contrast, “non-nutrient” germinants, which may be chemical 
(Ca2+-dipicolinic acid, CaDPA), enzymic (lysozyme), or physical 
(pressure), induce spore germination in a receptor-independent 
process (Popham et  al., 1999; Paidhungat et  al., 2001, 2002; 
Perez-Valdespino et al., 2013). In addition, fragments of vegetative 
cell peptidoglycans (PGNs) induce spore germination by 
activating a protein kinase. PGNs can interact with the PASTA 
(penicillin binding-associated and serine/threonine kinase-
associated) domain of PrkC kinase, and activated PrkC induces 
spore germination by delivering the signal to downstream 
proteins such as phosphorylating EF-G (Shah et  al., 2008). 
However, most of these germinants are not used in food 
processing because it is difficult to gain substances such as 
peptidoglycans in large amounts. Therefore, it is of great 
significance to screen the germinants for inducing spore 
germination, and then sterilize them to effectively control 
food spoilage.

Previous studies showed that various bacteriocins derived 
from microorganisms could induce or inhibit the germination 
and outgrowth of different kinds of spores. For example, cell-
free supernatants, derived from Gram-positive and Gram-negative 
species, could promote spore germination, mainly because of 
peptidoglycans (Shah et al., 2008). Moreover, various bacteriocins 
produced by bacteria, including Lactiplantibacillus plantarum, 
Lactococcus lactis, and Streptococcus thermophilus, have 
demonstrated a broad range of inhibitory activities against spores 
(Mathot et  al., 2003). Bacteriocins including nisin could inhibit 
the outgrowth of the Clostridium difficile germinating spore 
(Nerandzic and Donskey, 2013; Le Lay et al., 2016). In addition, 
nisin A, produced by L. lactis was found to reduce spore viability 
by 40–50% (Le Lay et  al., 2016; Chai et  al., 2017). In addition, 
its combination with pressure or other chemicals could strengthen 

the sensitization of spores (Modugno et  al., 2019). Furthermore, 
bacteriocins have been developed as probiotic candidates owing 
to their antimicrobial potential.

Therefore, to identify more efficient germinants for spore 
germination that can be  used to kill spores, this study 
comprehensively investigated the effects of cultural compounds 
derived from various bacteria. Utilizing the Bacillus subtilis 
spore as a model, Escherichia coli, B. subtilis, Saccharomyces 
cerevisiae, L. plantarum, and S. thermophilus were selected, 
and their cell-free supernatants and sediments were functionally 
analyzed. Furthermore, the pathway of B. subtilis spore 
germination was assessed using mutants. Finally, the effect of 
the supernatant on killing spores was analyzed by combining 
it with pressure and temperature. The results of this study 
can provide new ideas and methods for the inactivation of 
spores, which is of great significance to ensuring food safety.

MATERIALS AND METHODS

The Preparation of Bacillus subtilis Strains 
and Spore
All B. subtilis strains used in this study were derivatives from 
the strain 168 (China General Microbiological Culture Collection 
Center, CCGMC). The wild-type strain is the B. subtilis 168, 
and strains B. subtilis FB85 (GRs mutant) and PB705 (PrkC) 
were obtained from Peter Setlow, Department of Molecular, 
Microbial and Structural Biology, University of Connecticut 
Health Center, Farmington, CT 06030-3,305 United  States. 
Bacillus subtilis spores of various strains were routinely prepared 
as follows.

A fresh single colony grown on a Luria Bertani (LB) plate 
was selected and diluted into a moderate LB broth medium 
at 37°C and 200  rpm until OD600  =  0.5. Then, the vegetative 
cell of B. subtilis was obtained. The vegetative cell was inoculated 
into 2  L Difco Sporulation Medium (DSM) for a further 
20–24  h at 37°C and 200  rpm. When >90% of cultures were 
deemed free spores via phase-contrast microscopy, the culture 
was centrifuged for 15  min at 8,000  g, and the supernatant 
was carefully removed. The spores were kept at 4°C overnight 
and cleaned with cold distilled water and a histodenz gradient 
several times through repeated centrifugation. Final spore 
suspensions were determined by phase-contrast microscopy 
and stored in 4 or −80°C.

Preparation of Supernatants and 
Sediments
Escherichia coli o157, B. subtilis 168, S. cerevisiae ATCC 9763, 
S. thermophilus CICC 6220, and L. plantarum CICC 20265 
were used as the experimental materials. Escherichia coli 
and B. subtilis strains were cultured in LB broth medium 
at 37°C for 24  h. Saccharomyces cerevisiae was cultured in 
Yeast Extract Peptone Dextrose medium (YPD) at 30°C for 
24  h. Streptococcus thermophilus and L. plantarum were 
cultured in de Man Rogosa and Sharp medium (MRS) at 
37°C for 14  h. When the OD600 of the full-concentration 
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broth was 3.0, the solution was collected and centrifuged. 
Then, the supernatants (F1) of various microorganisms were 
filtered with sterilized 0.22-μm millipore filters (Millipore, 
United States), and this was named the filterable supernatant 
(F2). The sediments were then cultivated on a plate for 
12  h, resuspended with sterile water, and centrifuged, and 
the supernatant was named the sediment solution (F3). Then, 
the sediments were broken with an ultrasonic cell disruptor 
(at 400  Hz, 10  cycles, 10  s interval) and centrifuged, and 
the supernatant was named the ultrasonic sediment solution 
(F4; Figure  1). To avoid the detrimental effects of acidic 
substances produced in the cell culture process, the sediment 
and supernatant were concentrated by centrifugation and 
diluted with PBS at pH 7.0–8.0 for subsequent experiments. 
In addition, the different media were processed as a supernatant 
and detected in experiments to exclude the potential impact 
of nutrients from the culture medium (data not shown).

Induction Activity of the Supernatants
Cell-free filterable supernatants (F2) were prepared as described 
above (Materials and Methods Section “Preparation of 
Supernatants and Sediments”). When the OD600 value of 
bacterial suspensions was 3.0, the concentration of cell-free 
filterable supernatants was determined to be  1. Then, the 
concentration of the supernatant was diluted to 0.8, 0.6, 0.4, 
0.2, 10−1, 10−2, and 10−3 times of the initial bacterial solution 
(OD600  =  3.0), respectively. Supernatants with different 
concentrations were diluted in sterile water. To completely 
clear the state of the spore, approximately 150  μl of the 
supernatants were added to each well that contained spores, 
and the assessment indexes were detected. In the control 
group, equal volumes of sterile water were added, and 10 mM 
AGFK or L-valine was added into the positive groups. When 
spores were cultivated at 37°C for 3  h, the levels of the 
dipicolinic acid (DPA) release and OD600 were Determined 
Every 5 min. After incubation, the count plates were performed 
and assessed.

DPA Detection
The spore germination experiment with nutrients was performed 
by using the DPA detection method described by Hindle and 
Hall (1999), with some adjustments. Spores with an initial 
OD600 value of 0.5 were used in the germination experiment 
at 37°C in 200  μK-HEPES buffer (25  mM, pH 7.4) containing 
TbCl3 (50  μM). After adding the different germinants, the 
spore suspensions were cultured at 37°C. The Tb-DPA 
fluorescence was determined every 5  min for 100–180  min 
and expressed as relative fluorescence units (RFU) through a 
multi-well fluorescence plate reader TECAN Spark 10  M. The 
excitation and emission wavelengths were 270 and 545  nm, 
respectively. The DPA release ratio was calculated by using 
this formula: DPA % = (F1−F0)/(F2−F0) [F0, F1, and F2 represent 
the fluorescence value of the control, treated, and positive 
(121°C/20  min) groups, respectively].

OD600 Detection
The OD600 was measured by the TECAN Spark 10  M by using 
the measurement of absorbance. Then, 200 μl of spore suspension 
was transported in the transparent corning 96-well plate, and 
the value at 600  nm was collected. The fractional ratio of 
OD600 value represents the germination of spores, and the 
formula used is as follows: germination rate  =  ODt/OD0 (OD0, 
ODt represent the absorbance value of initial time and 
measurement time groups, respectively). Moreover, the decrease 
in the ratio indicates spore germination, and the increase in 
the ratio signifies spore outgrowth. The detection was duplicated 
three times.

Cell Counting
The B. subtilis spore counts were performed through pour-plate 
enumeration three times. One milliliter of diluted spore 
suspension was inoculated into each plate and incubated 
aerobically at 37°C for 24  h. In each experiment, the spore 
counts of untreated samples represented the initial concentration, 

FIGURE 1 | The flow diagram for the treatment of the supernatant and sediment from microorganisms used in this study.
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which was adjusted to approximately 108 spores/ml via a plate 
count. The logarithm of survivors [log10 (N0/Nt)] could indicate 
the number of reduced spores after different treatments. The 
spore counts before and after heating at 80°C for 20  min 
were marked as N0 and Nt, respectively.

The Treatment With Pressure and 
Temperature
On the sterile operating table, the spore suspension was 
adjusted with sterile deionized water, AGFK, L-val, and 
supernatants from B. subtilis or S. cerevisiae to OD600  =  0.5. 
L-val, AGFK, and the untreated groups were used as the 
positive and negative control, respectively. Then, 2  ml of 
mixed samples were packed in sterilized nylon/polyethylene 
composite cooking bags (4  cm  *  4  cm). These bags were 
treated with 90°C for 10  min and marked as heat shock 
treatment (90°C/10  min). The pressure treatment conditions 
were 200  MPa with a holding time of 20 and 30  min at 
80°C, which was followed with heat shock treatment. After 
treatment with pressure and temperature, spore suspension 
was performed with cell counting.

Statistical Analysis
Data are expressed as the mean value  ±  SD of triplicates. 
Statistical analysis was determined by using the t-test, and 
differences with a value of p  <  0.05 were considered 
statistically significant.

RESULTS

The Effect of Endogenous Materials 
Derived From Different Microorganisms on 
Spores
To screen spore germinants, we  performed germination 
experiments using B. subtilis spores and five different cell-free 
supernatants. The supernatants, filtered supernatants, solid 
and liquid bacterial precipitation after ultrasonic crushing 
from B.  subtilis, E. coli, S. thermophilus, L. plantarum, and 
S. cerevisiae were prepared and exposed to 108 CFU/ml spores 
of B. subtilis strain 168 at 37°C. Then, the levels of DPA 
release were determined, and the ratio of DPA release was 
calculated to determine their effect on spore germination. 
For comparison, B. subtilis spores were treated with L-val 
and AGFK. These results showed that exposure of 168 spores 
to L-val induced abundant DPA release during spore 
germination, with a 90% DPA release ratio. In the experiments 
with the treatment of supernatants, S. thermophilus and L. 
plantarum exhibited the same effect for DPA release of spores, 
which was better than the others, with a 30–40% ratio. The 
DPA release ratio of spores with B. subtilis and E. coli 
supernatants was 20–30%, although the supernatants from S. 
cerevisiae could induce a 10% DPA release ratio (Figure  2A). 
Interestingly, the filtered supernatants from five microorganisms 
showed the same induction effect on spore germination 
(Figure 2B), but the sediment solution and ultrasonic sediment 

supernatant did not show any induction effect for the DPA 
release of spores (Figures  2C,D).

The optical density of the spore solution has been used 
as the assessment index for spore germination, and a decreasing 
OD600 indicates spore germination (Moir and Smith, 1990). 
Therefore, the absorbance at 600  nm every 10  min for 3  h 
was detected. Compared to the control, the OD600 of spore 
solution showed an increasing trend after an initial decrease 
with the treatment of supernatants (F1) and filtered 
supernatants (F2), but not the sediments solution (F3) and 
sediment supernatant (F4; Figures 3A–D). Furthermore, the 
decrease in OD600 was found in the first 40  min. These 
results suggested that the supernatants from B. subtilis, E. 
coli, S. cerevisiae, S.  thermophilus, and L. plantarum may 
exhibit the benefits of inducing spore germination but 
not sediments.

The Effect of Microorganism Supernatants 
on Inducing Spore Germination
To explore the influence of bacterial supernatants on spore 
germination and outgrowth, we  exposed 108 spores/ml of the 
B. subtilis 168 to L-val, AGFK, and five supernatants F2 at 
37°C for 3  h and determined the level of germination by 
plate counting. Compared to the control, the B. subtilis 168 
was treated using the same conditions but without the germinants. 
The exposure of spores to L-val could induce germination at 
a maximum rate of 2.0 log. Spores treated with the B. subtilis, 
E. coli, and S. cerevisiae supernatants displayed the same 
germination rate, close to 1.0 log, which was lower than that 
of the L-val treatment and the same as that of the AGFK 
treatment. However, spores treated with S. thermophilus and 
L. plantarum supernatants showed the lowest spore germination 
rate (about 0.2 log; Figure  4). All of these suggested that the 
supernatants from different microorganisms exhibited different 
effects, and B. subtilis, E. coli, and S. cerevisiae could derive 
the substance that exhibited better induction effects for 
spore germination.

The Relationship Between the 
Concentration of Supernatant and Spore 
Germination
As we  focused on the effect of supernatants, different 
concentrations of microbial supernatants derived from B. subtilis, 
E. coli, and S. cerevisiae were prepared and used to induce 
spore germination. The results showed that the B. subtilis 
supernatants at concentrations within the range of 0.1–1.0 (1.0 
represents the OD600  =  3, 0.1 was 10 times the dilution of 
supernatants with OD600  =  3) induced the germination of 0.7 
log spore. When the concentration was <0.1, spore germination 
decreased (Figure 5A). Moreover, the supernatants from E. coli 
and S.  cerevisiae exhibited a consistent effect on spore 
germination, with a 0.7 log (Figures  5B,C). These suggested 
that three kinds of supernatants with concentrations between 
0.1 and 1 exhibited the same effect, whereas concentrations 
<0.1 inhibited the germination effect (Figures 5A–C). Therefore, 
these results revealed that three kinds of supernatants from 
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B. subtilis, E. coli, and S. cerevisiae could induce spore germination 
in a concentration-dependent manner.

The Functional Pathway of Supernatants 
in Inducing Spore Germination
The previous experiments demonstrated that the substance of 
supernatants exhibited the effect of inducing spore germination. 
To further explore the underlying mechanism of supernatants 
in inducing spore germination, we  performed the plate count 
experiments using GRs or PrkC mutant strains. The supernatants 
from B. subtilis, E. coli, and S. cerevisiae were used to treat 
spores, and the germination rates were determined. The results 
showed that the germination rate of the FB85 spores (GRs 
mutant) was the lowest (~0.15–0.2), and that of PB705 spores 
(PrkC mutant) was intermediate (0.1–0.3), although less than 
168 spores (0.2–0.5; Figure  6). Moreover, the DPA release 
experiment showed the same result (data not shown). Therefore, 
we hypothesize that some substances in supernatants can induce 
spore germination, mainly through activating the GRs.

Effect of Pressure and Temperature 
Combined With Supernatants on Spore 
Germination
To further explore the application of bacterial supernatants 
in food sterilization, we  analyzed the combination of 
temperature and pressure on spore germination and 
inactivation. First, the combination analysis of heat-activated 
(90°C/10  min) treatment and various germinating agents 
showed that, as shown in Figure 7A, AGFK and L-val could 
induce 1.65 and 1.95 log spore germination, respectively, 
while the supernatant of B.  subtilis and S. cerevisiae could 
induce 0.67 and 0.81 log spores, which were higher than 
the control group (0.46 log spores). Moreover, with the 
treatment of 90°C/10  min  +  200  MPa/80°C/20  min, 6.47 
and 5.98 log spores germinated in the AGFK and L-val groups, 
which were 4.82 and 4.02 log spores more than the heat-
activated spores, respectively. The supernatants of B. subtilis 
and S. cerevisiae could effectively increase 3 and 4.03 log spores 
of germination compared with the heat-activated groups, respectively. 

A B

C D

FIGURE 2 | Dipicolinic acid (DPA) release of wild-type Bacillus subtilis 168 spores with the treatments of various solutions from Escherichia coli, B. subtilis, 
Saccharomyces cerevisiae, Lactiplantibacillus plantarum, and Streptococcus thermophiles. (A) The treatment of supernatant from five microorganisms, respectively. 
(B) The treatment of filterable supernatant from five microorganisms, respectively. (C) The treatment of sediments solution from five microorganisms, respectively. 
(D) The treatment of ultrasonic sediments solution from five microorganisms, respectively. The treatments of L-val and AGFK were used as the positive control, and 
untreated spore were control.
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Interestingly,  the same effective spore germination could also 
be induced by the synergy of pressure and temperature for a longer 
time (200  MPa/80°C/30  min), whereas ~1.0 log spore increments 
were achieved in treatment with supernatants of B. subtilis.

In addition, the spore-killing effect under the same conditions 
was also analyzed. The result (Figure  7B) showed that heat 
activation treatment combined with AGFK, L-val, and the 
supernatant of B. subtilis or S. cerevisiae could kill 0.42, 1.05, 

A B

C D

FIGURE 3 | OD600 detection of wild-type B. subtilis 168 spores with the treatments of various solutions from E. coli, B. subtilis, S. cerevisiae, L. plantarum, and 
S. thermophiles. (A) The treatment of supernatant from five microorganisms, respectively. (B) The treatment of filterable supernatant from five microorganisms, 
respectively. (C) The treatment of sediments solution from five microorganisms, respectively. (D) The treatment of ultrasonic sediments solution from five 
microorganisms, respectively. The treatments of L-val and AGFK were used as the positive control, and untreated spores were control.

FIGURE 4 | The germination rate of B. subtilis 168 spores with various nutrient germinants or microbial supernatants.
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0.27, and 0.45 log spores, which was much higher than that 
of the control group (0.07 log). The higher inactivation level 
was observed in two pressure and temperature treatment 
combinations: 90°C/10  min  +  200  MPa/80°C/20  min and 

200  MPa/80°C/30  min. For the treatment of B. subtilis and S. 
cerevisiae supernatants, the former could kill 3.35 and 3.47 log 
spores, respectively, which were significantly higher than 2.38 
log spores in the control group (p  >  0.05), and the latter had 

A

C

B

FIGURE 5 | The concentration effect of microbial supernatants on spore germination. (A) The treatment of spores with supernatant from B. subtilis, (B) the 
treatment of spores with supernatant from E. coli, and (C) the treatment of spores with supernatant from S. cerevisiae. The OD600 value of the initial bacterial 
suspension was 3, the supernatants from which were marked as 1. After diluting 0.8, 0.6, 0.4, 0.2, 10−1, 10−2, and 10−3 times, the supernatants were 0.8, 0.6, 0.4, 
0.2, 10−1, 10−2, and 10−3, respectively.

FIGURE 6 | The germination of B. subtilis 168, FB85, and PB705 spores with five microbial supernatants and two known germinants (L-val and AGFK). Bacillus 
subtilis FB85 was germination receptors (GRs) mutant strain, and B. subtilis PB705 was PrkC mutant.
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3.86 and 4.62 log inactive spores. All of these results suggested 
that the combination of temperature and pressure treatment 
can increase the effect of B. subtilis and S. cerevisiae supernatants 
in inducing spore germination and reducing spore activation.

DISCUSSION

In this study, we developed a strategy to alter spore germination 
through the use of microbial culture products, which could 
be developed as a kind of food additive in non-thermal sterilization 
technology. Our data showed that treatment with various microbial 
supernatants, including E. coli, B. subtilis, and S. cerevisiae, induced 
spore germination, but the effects of S. thermophilus and L. 
plantarum were not distinct. These results suggested that the 
stimulus from the microbial supernatants, which only exist in 
some microorganisms, have the potential to induce spore 
germination. Further investigation indicated that the induction 
effects of supernatants depend on their concentration, and the 
effects were not observed at low concentrations (<0.1). These 
results indicated that the endogenous factors in microbial 
supernatants may induce spore germination. Moreover, combined 
with pressure and temperature, B. subtilis, and S. cerevisiae 
supernatants exhibited the effect of killing spores. Collectively, 
our results not only indicated that microbial supernatants may 
be potentially used in inducing spore germination, but also may 
be  utilized as an effective germination agent in food processing.

Supernatants have the effect of inducing spore germination, 
but not the sediments. Microorganisms secrete many kinds of 
antimicrobial substances that inhibit or trigger the growth of 
bacterial by directly breaking the membrane structure of bacteria, 
including bacteriocins, organic acids, and some heat-resistant 
small peptides (Lash et  al., 2005; Song et  al., 2014). The 
antimicrobial activity of Lacticaseibacillus rhamnosus was 
exhibited entirely through secreted cell-free supernatants (He 
et al., 2017). Moreover, these chemical substances were secreted 
from bacteria only during the index growth period. The cell-
free supernatants from E. coli and B. subtilis could induce the 
germination of spores through the PGN derived from the cell 
wall (Shah et  al., 2008). Additionally, the bacteria cell wall 
was ultrasonically decomposed and various big fragments 
emerged, but PGN was obtained through zymolysis (Desmarais 
et  al., 2014). Our findings suggested that there may be  active 
components in the bacterial supernatant that impart beneficial 
effects on spore germination. Moreover, the subtilin produced 
by B. subtilis ATCC 6633 may exhibit antimicrobial effects, 
which belong to a kind of LAB bacteriocins (Lee and Kim, 
2011). Thus, we  hypothesized that these germinants can 
be  metabolized by microorganisms during the growth period 
and are not derived from the damaged bacteria, which will 
be  investigated carefully in future research. In addition, the 
low concentration of supernatants from microbial species used 
here did not show better induction effects; however, the moderate 
concentration of cell-free supernatants induced spore germination 

A

B

FIGURE 7 | The effect of supernatants from B. subtilis and S. cerevisiae on spore germination and inactivation. (A) The germination of B. subtilis 168 spores with 
different treatments. (B) The inactivation of B. subtilis 168 spores with different treatments. The supernatants from B. subtilis and S. cerevisiae combined with 
temperature and pressure were performed simultaneously.
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(Figures  5A–C). When OD600 of bacterial suspension was 3.0, 
the microorganism is in the period of stable growth, and a 
large number of metabolites were produced in catabolism, 
including PGN fragments from the cell wall, which may 
contribute to spore germination. To date, many bacteriocins 
have been exploited in food additives, including nisin and 
lacticin (Galvez et al., 2007; Gharsallaoui et al., 2016; Castellano 
et  al., 2018; Sanborn et  al., 2018). Therefore, screening and 
application of spore germinants as food additives need to 
consider their working concentration and edible dosage.

In addition, the five kinds of supernatants could trigger 
the DPA release, and the levels of DPA release on spores 
with S. thermophilus and L. plantarum were higher than the 
treatment of B. subtilis, E. coli, and S. cerevisiae (Figure  2). 
The ratio of DPA release indicated that germination commitment 
and spore germination would ensue (Yi and Setlow, 2010; 
Zhang et al., 2014). However, S. thermophilus and L. plantarum 
did not significantly improve the levels of germination 
(Figure  4). Various studies have demonstrated that some 
substances secreted by S. thermophilus and L. plantarum could 
inhibit bacteria growth significantly (Rossi et al., 2013; Sanborn 
et  al., 2018). These findings were consistent with the results 
that substances derived from S. thermophilus could inhibit 
the germination and outgrowth of C. difficile spore (Chai et al., 
2017; Setlow et  al., 2017). In addition, the effects of various 
bacteriocins, such as nisin, enterocin AS-48, and thurincin 
H, were unlikely to occur via direct induction of dormant 
spores, but mainly inhibited the germinating spores (Lee and 
Kim, 2011). The possible reason was that in the early germination 
period, substances from S. thermophilus and L. plantarum cell-
free supernatants could establish germination commitment and 
trigger DPA release, and thus spore germination could not 
be  reversed. Then, during the spore outgrowth period, the 
process could be  inhibited by other substances.

The present study shows that supernatants may be potentially 
utilized in inducing spore germination. However, the specific 
component of the supernatant that exerts the beneficial effects 
remains unclear. Supernatants are complex mixtures containing 
various substances, including organic acids, lipids, proteins, 
and other small molecules (Lievin-Le Moal and Servin, 2014). 
Owing to their complexity and uncertainty, it is difficult to 
ascertain the multiple effects of supernatants. To date, the PGN 
derived from bacterial cell walls can interact with PrkC kinase 
and transduce the signal to trigger spore germination (Shah 
et  al., 2008). In our results, the mutant spore germination 
experiment revealed that the germinants from supernatants 
mainly interacted with the GRs because GR mutant spore 
germination was almost inhibited. However, the PrkC mutant 
spores exhibited a relatively high germination ratio (Figure  6). 
Thus, the GRs pathway could play a more important role than 
the PrkC pathway in establishing the effects of supernatants. 
Interestingly, the log (N0/Nt) of the GRs mutants was negative 
with the treatment of S. thermophilus and L. plantarum cell-
free supernatants. A previous study showed that heat shock 
induced spore germination mainly through GRs (Luu et  al., 
2015), but it is not clear whether there are other germination 
pathways. Our results implied that other germination pathways 
may exist. In subsequent experiments, we  will try to explore 

the details of cell-free supernatants in inducing spore germination 
(e.g., the substances that play a role in inducing spore germination 
and their functional mechanism).

At present, non-thermal sterilization technology has been 
widely examined, particularly in spore inactivation research, 
because it can better maintain the flavor and color of food 
(Olivier et al., 2011). Previous study showed that the mechanism 
of spore inactivation was different with various pressures and 
temperatures due to different spore germination receptors. 
Specifically, 200–500  MPa could activate GRs (Doona et  al., 
2014; Liang et  al., 2019), although >500  MPa could activate 
the channel proteins of DPA release, SpoVA, resulting in spore 
germination (Reineke et al., 2013). Although pressure treatment 
alone could reduce the limited number of spores, the time 
required was also from 5 to 45  min, resulting in high energy 
consumption (Reddy et al., 2016). Temperature combined with 
pressure has been useful technology, and the normal range 
is 80–100°C, but spores cannot completely be  killed (Liang 
et al., 2019). Therefore, the combination of effective germination 
agents may be more effective in spore inactivation. We combined 
pressure and temperature with B. subtilis and S. cerevisiae 
supernatants that could inactivate an average of ~4 log spores, 
especially in the treatment of 200  MPa/80°C/30  min.

In summary, our study revealed that microbial supernatants 
could induce spore germination mainly by activating nutrient 
receptors, and combined with pressure and temperature, 
effectively inactivated spores. Thus, we believe that supernatants 
may be potentially used as an alternative treatment for preventing 
spore outgrowth or inducing spore germination. The results 
also confirmed that supernatants from certain microorganisms 
can exhibit similar beneficial effects as their anti-bacterial 
counterparts. Therefore, it is necessary to further identify the 
active ingredients in supernatants to develop novel antibiotics 
for use in food processing.
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Pediococcus acidilactici may significantly reduce the pH-value, and thus has different

influence, including serving as a probiotic in human microbiota but a spoilage in human

food as it could change the flavor. Pediococcus acidilactici is also capable of entering

into the viable but non-culturable (VBNC) state causing false negative results of standard

culture-based detection method. Thus, development of detection method for VBNC

state P. acidilactici is of great significance. In this study, propidium monoazide (PMA)

combined with cross priming amplification (CPA) was developed to detect the VBNC

cells of P. acidilactici and applied on the detection in different systems. With detection

limit of 104 cells/ml, high sensitivity, and 100% specificity, PMA-CPA can successfully

detect VBNC cells of P. acidilactici and be applied in with high robustness.

Keywords: Pediococcus acidilactici, viable but non-culturable, artificially contaminated food, PMA-CPA, rapid

detection, safety control

INTRODUCTION

Pediococcus acidilactici may significantly reduce the pH-value, and thus has different influence,
including serving as a probiotic in human microbiota but a spoilage in human food. Most
commonly, P. acidilactici has been considered to be a probiotic bacteria for human beings, and
also a typical type of lactic acid bacteria (LAB), which have been well-documented to be widely
existing in human microbiota. Such probiotic bacteria have been well-studied to significantly aid
in the microbiota balance, and once altered, various types of human diseases could occur. One
important example is the correlation between human microbiota and urinary tract infection, in
which microbiota in a few different sites, including intestine and vagina, has been found to play a
role in the occurrence of urinary tract infection (Foxman, 2010; Whiteside et al., 2015; Stapleton,
2017; Paalanne et al., 2018; Magruder et al., 2020). Therefore, probiotic LAB is an important type
of human probiotic and significantly aids in the prevention of urinary tract infection. In addition,
accurate detection of probiotic commensal has significantly raised the public interest as this serves
as an important indicator. However, a major concern still remains, as a large proportion of such
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probiotic commensal are hard to culture, which has further
raised the aim of this study. As a commonly existing human
bacteria, P. acidilactici is also one of LAB that are frequently
used due to their capacity to produce bacteriocin to inhibit the
growth of other spoilage bacteria (Salminen et al., 2004; Zhong
et al., 2013). However, with improper processing, P. acidilactici
produces acids including lactic acid, malic acid, citric acid,
propionic acid, acetic acid, and short-chain fatty acids through
fermentation, resulting in the significant decrease of pH-value,
and the change in morphology and flavor (Olaoye et al., 2008; Xu
et al., 2009). In consequence, the shelf life of the food would be
shorter and the deterioration of the food occurs. Furthermore,
it has been proved that P. acidilactici is able to enter into
the viable but non-culturable (VBNC) state, which causes the
false negative detection by the standard culture-based detection
methods (Fakruddin et al., 2013; Ramamurthy et al., 2014; Xie
et al., 2017a,b; Xu et al., 2017a,b; Li et al., 2020). Thus, accurate
detection of P. acidilactici cells in the VBNC state is in need (Ding
et al., 2017; Truchado et al., 2020).

Nowadays, the detection of the VBNC state is currently
based on molecular detection techniques and the fluorescence
microscopy with dying kit (Xu et al., 2011a,b,c; Zhao et al.,
2018a,b; Dong et al., 2020). In the past few years, PCR based
methodologies have been developed for rapid detection of viable
bacterial cells, in combination with use of different substances
including propidium monoazide (PMA) (Zhong et al., 2016; Bao
et al., 2017a,b,c; Jia et al., 2018; Liu et al., 2018b,c; Zhong and
Zhao, 2018). However, PCR based methodologies require strict
temperature change process and determination step, such as
gel electrophoresis or hybridization, which significantly reduces
rapidity and simplicity in operation of such methods (Miao
et al., 2016, 2017a,b,c; Zhao et al., 2020). In addition, the PMA-
PCR has a lower sensitivity compared to the novel isothermal
amplification methods with complex procedure and higher cost
(Xu et al., 2008a,b; Liu et al., 2019).

Cross priming amplification (CPA) was developed to detect
the target DNA with exponential amplification (Xu et al., 2007,
2010; Bai et al., 2015). Cross priming amplification can be
completed under constant temperature with the advantages of
simplicity, rapidity, high sensitivity, and cost-efficiency (Liu et al.,
2015, 2017; Zheng et al., 2020). The expensive heating machine
can be replaced by the simple water bath or other heating block.
The whole amplification procedure can be completed within 1 h
by one pair of primer, which spans three distinct sequences of a
target gene (Lin et al., 2016; Zhang et al., 2019). The products of
CPA can be measured based on the turbidity, electrophoresis of
amplicons, and DNA-specific fluorescent reaction in tubes, such
as SYBR Green-I (Xu et al., 2012b,c, 2016a,b,c; Lin et al., 2017).

In a previous study (Li et al., 2020), we had studied the
key conditions of VBNC formation of P. acidilactici, and then
based on the key conditions, we had discovered the reduction
of VBNC formation. However, a major concern still remains,
as rapid detection of P. acidilactici is highly required, especially
direct detection and real-time surveillance from food products.
Consequently, in this study, first we developed a rapid, sensitive,
and specific detection assay on P. acidilactici based on CPA
methodology. Then, we had further developed a PMA-CPA assay

to directly identify the VBNC cells of P. acidilactici. Last, we had
applied the established methodology on three different types of
food products.

MATERIALS AND METHODS

Strains and Culturing
A total of 20 bacterial strains, which are common foodborne
pathogens and spoilage bacteria, were tested in this study,
including a P. acidilactici strain, and 19 non-target bacteria
(Table 2), including Escherichia coli, Salmonella, Staphylococcus
aureus, Listeria monocytogenes, Vibrio parahaemolyticus,
Lactobacillus casei, Lactobacillus acetotolerans, Lactobacillus
plantarum, and Pseudomonas aeruginosa. In brief, after
inoculation of single colony on the plate for culturing
at 37◦C overnight, DNA extraction, VBNC induction, as
well as serial dilution were further performed based on the
bacterial suspension.

VBNC State Induction
The culture of P. acidilactici in the log phase was used to induce
into the VBNC state under the freezing condition (−20◦C).
The changing on the culturable cell number was used as an
index to investigate the culturability until the culturable number
was below 1 cell/ml; the cells can be regarded as those that
entered into the VBNC state (Wang et al., 2011; Miao et al.,
2018). The VBNC cells were finally determined by Live/Dead
BacLight bacterial viability kit (Thermo Fisher Scientific, USA)
(Liu et al., 2018a) in combination with fluorescence microscopy.
The growth curves, including total cell numbers, culturable cell
numbers, and viable cell numbers, were determined and further
analyzed as described previously.

CPA Detection Method Design
The CPA primer was designed to distinguish P. acidilactici based
on pheS gene, which is a housekeeping gene. Primers used
in this study were designed using Primer Premier 5 (Table 1)
(Singh et al., 2018; Xu et al., 2018). The crude DNA from
P. acidilactici and other bacterial strains used as templates
for CPA amplification was prepared from overnight culture in
MRS broth. DNA was extracted using whole genomic DNA
extraction kit (Dongsheng Biotech, Guangzhou) according to
the manufacturer’s instructions. The DNA concentration and
quality were measured using a Nano Drop 2000 (Thermo Fisher
Scientific Inc., Waltham, MA, USA). The qualified DNA samples
were stored at−20◦C until further use (Wen et al., 2020).

TABLE 1 | Primer sequences of CPA for detection.

Primers Sequence (5′-3′)

pheS 4s GGAGCCATCCGTTGAAGT

5a GTCAGGACCAAGGCCAAA

2a/1s AATGTTCGCTGCCCGTAG CGGTTGGATTGAAGTGTT

2a AATGTTCGCTGCCCGTAG

3a ACATTGGGATGCACCATGCC
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TABLE 2 | Reference strains and results of PCR and CPA assays.

PCR CPA

Reference strain no pheS pheS

Pediococcus acidilactici + +

Salmonella enterica ATCC29629 – –

Salmonella enterica ATCC14028 – –

Listeria monocytogenes ATCC19114 – –

Listeria monocytogenes ATCC19116 – –

Escherichia coli O157:H7 ATCC43895 – –

Escherichia coli O157:H7 E019 – –

Escherichia coli O157:H7 E020 – –

Escherichia coli O157:H7 E043 – –

Vibrio parahaemolyticus ATCC27969 – –

Vibrio parahaemolyticus ATCC17802 – –

Pseudomonas aeruginosa ATCC27853 – –

Pseudomonas aeruginosa C9 – –

Pseudomonas aeruginosa C40 – –

Staphylococcus aureus ATCC23235 – –

Staphylococcus aureus 10085 – –

Staphylococcus aureus 10071 – –

Lactobacillus casei – –

Lactobacillus acetotolerans BM-LA14527 – –

Lactobacillus plantarum BM-LP14723 – –

Development of CPA Detection Assay
Cross priming amplification reaction was carried out in a total
26 µl reaction mixture containing 20mM Tris-HCl, 10mM
(NH4)2SO4, 10mM KCl, 8mM MgSO4, 0.1% Tween 20, 0.7M
betaine (Sigma, USA), 1.4mM of dNTP mix, 8U of Bst DNA
polymerase large fragment (NEB, USA), 1.0µM primer of 2a/1s,
0.5µM (each) primer of 2a and 3a, 0.6µM (each) primer of 4s
and 5a, 1 µl DNA template, and 1 µl mixed chromogenic agent,
and the total reactionmixture wasmade up of 26µl with nuclease
free water (Xu et al., 2012a). The mixed chromogenic agent
was composed of 0.13mM calcein and 15.6mM MnCl2·4H2O.
Mixture without DNA template was used as negative control (Xu
et al., 2012a). The reaction mixtures are maintained at 63◦C for
1 h followed by 80◦C for 2min. The amplified products were
detected by electrophoresis on 1.5% agarose gel with ethidium
bromide staining.

Evaluation of CPA Methodology
The specificity of CPA assay was evaluated by amplifying genomic
DNA extracted from P. acidilactici and 19 non-target bacteria
(Table 2). Nuclease free water was added instead of DNA
template as blank control. The CPA reaction was conducted
under the corresponding conditions mentioned above.

Development of PMA-CPA for Detection of

VBNC Cells
The evaluation of the CPA assays was conducted by using
serially 10-fold diluted genomic DNA and applied in food
samples with 10–108 cells/ml. The CPA products were detected

by electrophoresis on 1.5% agarose gel with ethidium bromide
staining (Xu et al., 2019). All the tests were performed in
triplicate. The developed CPA assay was used to detect the
VBNC cells of P. acidilactici combined with the PMA dying.
Furthermore, the PMA-CPAwas applied to detect the VBNC cells
in the food samples using pheS gene as target. The products were
analyzed by 1.5% agarose gel electrophoresis and fluorescent dye
(MgCl2 and calcein). The ladder-like bands were observed under
UV light. The color of fluorescent dye that changes reaction
system from orange to green indicates positive result (Figure 1).

Formation of VBNC State in Three Types of

Artificially Contaminated Food
In this study, three major types of rice/flour products in China
were selected, which were mantou, rice noodle, and Cantonese
pastry. Mantou, rice noodle, and Cantonese pastry are among
the top list of common food in China, with a large consumption
market. The sample processing had been performed as follows.
Each sample of mantou, rice noodle, and Cantonese pastry
weighs 25 g, and a total of 100 µl with bacterial suspension was
added to each sample. All mantou, rice noodle, and Cantonese
pastry samples were further stored and subjected to CFU
counting at different time points. For the first few days, CFU was
performed for each day, and after 3 days, CFU was performed
every 3 days.

Application of the PMA-CPA Detection of

VBNC Cells in Mantou
In order to further confirm if the established PMA-CPA
methodology is capable of detection in the P. acidilactici VBNC
state, the food samples (mantou, rice noodle, and Cantonese
pastry) contaminated with P. acidilactici in the VBNC state
was used as template. The PMA-treated bacteria suspension
was centrifuged at 10,000 r/min for 5min, and supernatant
was removed. DNA was then extracted using a bacterial whole
genomic DNA extraction kit (Dongsheng Biotech, Guangzhou).
All samples including mantou, rice noodle, and Cantonese pastry
were processed according to the standard procedure, and the
PMA-CPA was performed accordingly.

RESULTS AND DISCUSSION

Establishment of CPA Assay
A novel and simple nucleic acid isothermal amplification CPA
has been developed to detect the species specific gene pheS.
According to the results, the CPA based assay is capable of
detecting P. acidilactici cells. According to the evaluation of the
CPA assay conducted by series of DNA, the detection limit of
CPA was 52 pg/µl for pheS gene (Figure 2).

Applicability of CPA Assay on the

Detection of P. acidilactici
The developed CPA assay was utilized in detection of food
samples. The bacteria were inoculated into food samples with
the concentration of 10–108 cells/ml. The results showed that
the detection limit of application was 104 cells/ml (Figure 3).
Compared with previously reported PCR based methodologies,
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FIGURE 1 | Specificity of CPA detection for different strains with pheS genes by 1.5% agarose gel electrophoresis and mixed chromogenic agent; M-DNA marker;

lane/tube 1, P. acidilactici BM-PA17927; lane/tube 2–20, non-P. acidilactici BM-PA17927 strains of E. coli, Salmonella enteric, Vibrio parahaemolyticus, Pseudomonas

aeruginosa, Listeria monocytogenes, Staphylococcus aureus, and Lactobacillus casei; lane 21, negative control.

FIGURE 2 | Sensitivity of the CPA assay in genomic DNA of P. acidilactici with pheS genes by 1.5% agarose gel electrophoresis and mixed chromogenic agent;

M-DNA marker; 1–6 refer to 52, 5.2 ng/µl, 520, 52, 5.2 pg/µl, and 520 fg/µl; 7 refers to negative control.

FIGURE 3 | Sensitivity for pheS in artificially contaminated food samples. M-DNA marker; 1–7 refer to 107, 106, 105, 104, 103, 102, and 10 cells/ml; 8 refers to

negative control.

the CPA assays had shown significant advantages in terms of
sensitivity, specificity, rapidity, and simplicity in operation.

Development of PMA-CPA Assay for VBNC

P. acidilactici Cells
The cells considered may enter into the VBNC state when the
culturable cell number in the induction solution is under 1

cell/ml. In order to determine whether P. acidilactici cells in
the induction solution enter the VBNC state, the LIVE/DEAD R©

BacLightTM bacterial viability kit (Thermo Fisher Scientific, USA)
was used (Berney et al., 2007; You et al., 2012). For these
assays, 500 µl of P. acidilactici culture sample was obtained
and centrifuged at 5,000 r/min for 15min. Subsequently,
the P. acidilactici cells were washed twice with PBS. The
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FIGURE 4 | Application of detection of VBNC cells in pure cultures (A) and food samples (B). M-DNA marker; 1: VBNC cells in pure culture; 2: dead cells in

pure culture.

supernatant was removed, and the pellet was resuspended in
500 µl of PBS. The cell suspensions were incubated with 1.5
µl of dye mixture containing SYTO 9 and PI for 30min
at room temperature in the dark. The mixture (5 µl) was
observed under a fluorescent microscope. The viable cells
including normal and VBNC state showed green, and the
dead cells are in red. For PMA-CPA assay, the VBNC cells
were added to a 1.5ml centrifuge tube and were thoroughly
mixed and left at room temperature for 10min. Subsequently,
the centrifuge tube was placed on a crushed ice box, and
light treatment was performed for 15min at 15 cm from a
650W halogen lamp for PMA and DNA binding. The PMA
molecules remaining after the treatment are passivated. The
extracted DNA was detected by CPA. The results showed that
the VBNC cells can be detected successfully by PMA-CPA
(Figure 4A).

Application of PMA-CPA on Direct

Detection of VBNC Cells From Food

Products
The developed PMA-CPA assay as above had been further
applied to detect VBNC cells of P. acidilactici from food
samples including mantou, rice noodle, and Cantonese pastry.
Firstly, formation of VBNC cells had been performed in
artificially contaminated food samples including mantou, rice
noodle, and Cantonese pastry. Following a rapid processing
method, the samples had been further subjected to PMA-
CPA detection. According to the results (Figure 4B), food
samples of mantou, rice noodle, and Cantonese pastry containing
P. acidilactici had yielded positive results. However, samples
containing either none of strains (negative control) or non-
target microorganisms had yielded negative results. The results
demonstrated the fact that the developed method can be
used in direct detection of VBNC cells of food samples
(Figure 4B).

CONCLUSION

As concluded, from a widely existed human probiotic bacteria
and the interest for its accurate detection as an important
indicator of the health status of human microbiota, including
intestine and vagina, which will be significantly correlated with
urinary tract infection, a major concern had been raised as how
to accurately detect the probiotic commensal LAB as they are
mostly hard to culture. Consequently, in this study, we had
firstly developed a rapid, sensitive, and specific detection assay
on P. acidilactici based on CPAmethodology, which had obtained
high sensitivity and specificity. Then, we had connected the CPA
assay with PMA processing to achieve a PMA-CPA assay to
directly identify the VBNC cells of P. acidilactici. Thirdly, the
developed PMA-CPAmethod had been further applied for direct
detection of VBNC P. acidilactici cells to show its robustness.
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