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Antibacterial mechanism of apple phloretin on physiological and morphological
properties of Listeria monocytogenes
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Abstract

Green bactericides are excellent strategies for reducing food spoilage. Phloretin was regarded as efficient, broad-spectrum and safe
preservative, which showed enormous potential in food industry. Inhibitory mechanism of phloretin on Listeria monocytogenes
was systematically elucidated through integrity of cell membrane, intracellular protein content, energy level, and nucleic acid
morphological character. SEM and TEM results showed minimal injury of cell membrane, which was further proved by a leakage
of potassium ions, ATP and little protein and nucleic acid. There were drastic reduction of intracellular or total protein and ATP
compared to cell without phloretin treatment. However, the specific activity of hexokinase and isocitrate dehydrogenase were
unaffected after phloretin treatment. From these results, we concluded that phloretin’s bacteriostatic mechanism is decreasing
the intracellular protein content and energy level resulting from DNA aggregation. This finding was prospective to fully illustrate

the phloretin’s mechanism and develop it into a natural preservative in food industry.
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Practical Application: Understanding the antibacterial mechanism of apple phloretin on Listeria monocytogenes could provide
a theoretical basis for the developing high-performance and low-toxicity antibacterial food preservatives.

1 Introduction

Food poisoning and food spoilage caused by microorganism
are the most important issues for the food industry. Chemical
synthetic preservative applied in food industry to control food-
borne pathogens, may cause various hazards to the health of
human being (Schuh et al., 2020). With the overuse of antibiotics
and transmission of resistance within and between individuals
of microorganisms, antibiotic resistance has reached crisis point
around the world (Chavez-Martinez et al., 2019; Martens &
Demain, 2017; Vanderhaeghen & Dewulf, 2017). There is an
urgent need to find new antibiotic derivatives. Research into
efficient natural antimicrobials such as polyphenols is thought
a necessary and potential strategy to overcome this problem.

For the past several decades, natural agents exhibiting
antibacterial properties such as polyphenols have been attracting
increasing attention. Polyphenols were reported to possess a
broad antimicrobial spectrum against microorganisms, including
yeast, fungi, bacterium, and even molds (Moreno et al., 2006;
Orhan etal., 2010; Zola et al., 2019). As regard to certain class of
polyphenols, the antimicrobial properties have been proposed
either to develop innovative therapies for the treatment of various
microbial infections (Rizvi & Saleh, 2018; Saavedra et al., 2010),
or to develop new food preservatives (Alonso & Kabuki, 2019;
Bouarab Chibane et al., 2019; Zavareh et al., 2020; Wang et al.,
2019a). Moreover, the functional compounds of flavonoids are
also regarded as a starting point for the development of optimal

derivatives in traditional pharmaceutical industry owing to
their interesting pharmacological activities (Havsteen, 2002).

Among numerous flavonoids, phloretin belongs to the
dihydrochalcones class, a type of polyphenol found in plants,
particularly in the bark, leaves, and fruit of apple trees (Chang et al.,
2012). It is known to exert a wide variety of biological activities
such as anti-inflammatory, antioxidant, and anticancer activities
(Chang et al,, 2012; Ng et al., 2019; Wang et al., 2019b). The
antimicrobial activity of phloretin has been studied and variable
results have been reported on different microbial species. As early
as 1952, MacDonald & Bishop (1952) reported that phloretin
inhibited the growth of a number of Gram-positive and Gram-
negative bacteria, and it was more active against Gram-positive
organisms. Shim et al. (2010) reported that phloretin (500 ug/mL)
showed in vitro antifungal activity against some plant pathogenic
tungi including Phytophthora capsici, Alternaria panax, Sclerotinia
sclerotiorum, R. solani AG4, and M. grisea on rice on rice and
tomato seedlings. Barreca et al. (2014) found that, in apple and
kumgquat, phloretin was particular active against Gram positive
bacteria, in particular S. aureus ATCC 6538, L. monocytogenes
ATCC 13932 and MRSA clinical strains with the MIC being
between 7.81 and 125 ug/mL. Meanwhile, their work has found
that phloretin exerted its antimicrobial activity by inhibiting
energetic metabolism. Although the biochemical mechanism
of phloretin against cell growth inhibition has been studied,
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this information is still limited. The antibacterial mechanism
of phloretin is far from clear.

According to our previous work (Wang et al., 2019a), phloretin
(400 pg/mL) shows good capacity on keeping the quality of salmon
fillets through decreasing the microbial community diversity,
biogenic amines formation, and lipid oxidation. Our another
work (Wang et al., 2019b) proved that phlorizin and its oxidation
product 2 (POP2) inhibits proliferation and differentiation of
3T3-L1 preadipocytes by decreasing adipocyte viability and
restraining the accumulation of intracellular triglycerides.

In this paper, Lister monocytogenes CMCC54004 (Gram-
positive bacterium), based on reported sensitivity of the tested
food-borne pathogens, was selected as the model organism to
elaborate the antibacterial mode of action of phloretin. The
antibacterial activity of phloretin (concentrations ranging
from 25 to 200 pg/mL) against the representative strain was
evaluated by viable cell population. The potential antibacterial
mechanisms were determined by permeability and integrity of
cell membrane, ATP content, key metabolic enzymes activity,
intracellular protein content as well as nucleic acid morphological
character. Our work systematically provides a new insight into
phloretin’s antibacterial mechanism of action compared with
the reported findings. The results could provide a theoretical
basis for the developing of phloretin into high-performance and
low-toxicity antibacterial food preservative.

2 Materials and methods
2.1 Chemicals and standard solution

Standard compounds of phloretin (PubChem CID: 4788)
of >96% purity was purchased from Healthful Biotechnology
Co. Ltd (Xian, China), which were extracted and purified from
thinned young apples. Dimethyl sulfoxide (DMSO) was supplied
by Sigma Aldrich (Shanghai, China). Tryptone soy broth (TSB)
and agar were from Beijing Aoboxing Bio-tech Co. Ltd. (Beijing,
China). Other chemicals used were all of analytical grade.

Phloretin stock solution was prepared in DMSO, then was
subsequently diluted to appropriate working concentrations.
The final concentration of DMSO in growth medium was below
1% (V/V), alevel at which DMSO was considered not to affect
the bacterial growth based on preliminary experiments.

2.2 Bacterial strain and growth condition

L.monocytogenes CMCC54004 (obtained from National
Centre for Medical Culture Collections, Beijing, China) was used
throughout this study. Cells were stored at -80 °C with 25% (v/v)
glycerol solution. For convenience, strain was maintained on
TSA at 4 °C for temporary preservation prior to any assay. Cells
were prepared by 12 h cultivation in TSB at 37 °C (190 rpm).

2.3 Preparation of bacterial suspension and viable cell
population

After two consecutive transfers, the bacterial cells were collected
at logarithmic phase of growth by centrifugation (Refrigerated
Centrifuge 2-16PK, Sigma, Germany) at 10,000 g for 3 min at

4 °C. The supernatant of each tube was decanted, while the cell
pellets were washed three times with 0.85% (w/v) NaCl. After
washing, the cell pellets were re-suspended in flasks with different
concentrations of phloretin ranging from 25 to 200 pug/mL and
incubated at 37 °C with shaking (190 rpm). Samples were taken for
microbial enumeration at 0 h (immediately after incubation) and
6 h post-incubation. The number of viable cells was determined
by plating 10-fold serial dilutions for each sample on TSB agar
and enumerating colonies after 24 h incubation at 37 °C. Control
group without phloretin was conducted as described above.

2.4 Potassium concentration determination

Potassium loss from bacterial cells was determined by flame
atomic absorption spectroscopy (TAS-990AFG, PERSEE, Beijing,
China) according to the method of Cushnie & Lamb (2005). The
concentration of free potassium ions in bacterial suspensions
was measured after the exposure of bacterial cells to phloretin at
concentrations of 25 and 50 ug/mL for 0, 0.5, 1, 2, 3,4 and 5 h.
Polymethylpentene conical flasks were used in this particular assay
as potassium is known to absorb to glass (Howard & Statham,
1993). The potassium ion concentration was calculated using
a standard curve. Control flasks without phloretin were tested
similarly. All assays were performed in triplicate.

2.5 Measurement of adenosine triphosphate (ATP)

The extracellular and intracellular ATP concentrations were
measured using the ATP Bioluminescence Assay Kit (Beyotime,
China). The assay comprised of the enzyme luciferase which catalyzes
the reaction of luciferin into oxyluciferin in the presence of ATP,
Mg* and O,, then a yellow green light is emitted. The intensity of
light is proportional to the ATP content. The cells were exposed
to phloretin concentrations of 25, 50, 100, and 200 pug/mL, while
DMSO was used for the control. Samples were reacted at room
temperature for 30 min, centrifuged for 3 min at 10,000 g, and then
incubated in ice to prevent ATP loss. The ATP concentrations of
supernatants, which represented the extracellular concentration,
were performed according to the protocols provided by the vendor.
The ATP concentrations representing intracellular content were
determined by adding 500 uL lysis buffer supplied by the kit to
cell pellets for 5 min and the ATP concentration was measured
with a microplate reader (Infinite M200 Pro, Tecan, Switzerland)
that could detect bioluminescence.

2.6 Release of cell constituents

The release of cell constituents (nuclear acid and protein)
into supernatant was determined as described by Zhao et al.
(2015) with some modifications. Twenty milliliters of cell
suspension were incubated at 37 °C under agitation for 4 h in
the presence of phloretin at different concentrations of 25, 50,
100, and 200 pg/mL. Then 2 mL of each sample was collected
and centrifuged at 10,000 g for 3 min. Control groups without
phloretin treatment were tested similarly. The amount of released
nuclear acid in supernatants was estimated by the detection of
absorption at 260 nm using an UV-vis spectrophotometer (755B,
JINGHUA). The protein concentration in supernatants was
determined according to the Bradford’s method (Bradford, 1976).
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Correction was carried out for the absorption of the suspension
with 0.85% (w/v) NaCl containing the same concentration of
phloretin after 2 min reaction with tested strain, while the
untreated cells were corrected with 0.85% (w/v) NaCl.

2.7 Electron microscope analysis of L. monocytogenes treated
by phloretin

Scanning Electron Microscopy (SEM)

Suspensions of L. monocytogenes were treated with 200 pg/mL
of phloretin for 4 h. The control was prepared in the absence of
phloretin. After centrifugation at 10,000 g for 10 min at 4 °C,
the pellets were harvested and fixed with 1 mL glutaraldehyde
(2.5%,v/v) overnight at 4 °C. After this, the cells were dehydrated
using sequential exposure per ethanol concentrations ranging
from 30 to 100% and the ethanol was replaced by tertiary butyl
alcohol at last. Then cells after centrifugation were dried at
“critical point” in liquid CO,, and samples were gold-covered by
cathodic spraying. Finally, morphology of the bacterial cells was
observed on a scanning electronic microscope (S-3400N, Japan).

Transmission Electron Microscopy (TEM)

Samples were prepared as described above. The cell pellets
were fixed with 1 mL glutaraldehyde (2.5%, v/v) overnight at
4°C. After post-fixation in 1% OsO,, the samples were prepared
by dehydration, embedding, ultrathin section, uranium and
aluminum staining. The images of prepared samples were observed
by a transmission electron microscopy (JEM-1230, Japan).

2.8 Enzymes activity measurement

Suspensions of L. monocytogenes were treated with 200 ug/mL
of phloretin for 4 h. The sample without adding phloretin was
termed as control. Then cells from suspensions were collected
by centrifugation at 10,000 g for 3 min at 4 °C. Cells were broken
with 1/3 volume of glass beads acid-washed (0.425-0.6 mm,
Sigma, Beijing) by vortexing four times for 1 min with 1 min
intervals in an ice bath. Cell debris and glass beads were then
removed by centrifugation for 10 min (10,000 g, 4 °C) and the
supernatants were used for determination of enzyme activity.

Hexokinase (HK) activity

HK activity was determined according to Acosta et al.
(2014) with minor modifications. The assay was performed in
a 1 mL medium containing 0.1 M Tris-HCI (pH 7.4), 5 mM
MgCL, 5m M ATP, 4m M D-glucose, 1 mM DTT, 0.72 mM
NADP*, and 2 U/mL G6PDH. The reaction was followed by
monitoring the change in absorbance at 340 nm due to the
formation of NADPH. Enzyme activity was calculated using
a molar extinction coefficient of 6.22 mM"'cm™. One enzyme
unit was defined as the amount catalysing the production of
1 uM NADPH per min.

Isocitrate dehydrogenase (IDH) activity

IDH activity was performed as described previously (Plaut,
1969) with minor modifications. Activity assays were carried out
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at 25 °C in 1 mL volume containing 0.1 M Tris-HCI (pH 7.4),
5mM MnCl,, 4 mM DL-isocitrate, 0.2 mM NADP* and 1 mM
DTT. The production of NADPH was recorded at 340 nm with
an UV-vis spectrophotometer (755B, JINGHUA). Enzyme
activity was calculated using a molar extinction coefficient of
6.22 mM"'cm™. One enzyme unit was defined as the amount
catalysing the production of 1 uM NADPH per min. All the
measurements for the above described enzymatic determinations
were carried out in triplicate.

2.9 Intracellular protein concentration and SDS-PAGE

Intracellular protein concentration was measured according
to Bradford (1976) after exposure to 25, 50, 100, and 200 ug/mL
phloretin for 4 h, while the control was conducted with DMSO.
Cells of bacteria were prepared and treated as described in
Section 2.8.

After exposure to 200 ug/mL phloretin for 4 h, samples
were prepared as described above. The buffer (20 uL containing
250 mmol/L Tris-HCL pH6.8, 10% SDS, 0.5% bromophenol blue,
50% glycerine, 5% [-mercaptoethanol) was added into 20 uL of
samples. The mixture was boiled for 5 min and cooled on ice.
After heating in boiling-water, the samples were subjected to
SDS-PAGE using a vertical electrophoresis apparatus (DYCZ-
24DN, LY, Beijing). The SDS-PAGE was performed with a 10%
separating gel followed by Coomassie brilliant blue R-250 staining
and decolorizing.

2.10 Statistical analysis

All experiments were replicated at least three times and data
were expressed as means + SD. Statistical analysis was performed
using one-way analysis of variance (ANOVA) by Excel program
at the 95% significance level to express the difference between
two groups. P<0.05 was considered statistically significant.

3 Results
3.1 Measurement of viable cell population

Bacterial viability was determined after 0 and 6 h incubation
with phloretin at different final concentrations. The effect of
phloretin on the viable counts of L. monocytogenes was shown in
Figure 1. With respect to initial viable cell population of different
treatment groups, we observed a 0.42 log, CFU/mL reduction at
100 pg/mL phloretin, and a 0.79 log [CFU/mL reduction with
phloretin at a concentration of 200 ug/mL compared with the
control. These showed an obvious decrease after the addition
of phloretin at concentrations of 100, 200 pg/mL without post-
incubation, while lower concentrations showed no decrease.
After 6 h of incubation, compared with corresponding initial
value, bacteria treated with phloretin at 100 pg/mL decreased
by 1.37 log, CFU/mL and at 200 ug/mL by 1.74 log, CFU/mL,
which showed significantly bactericidal activity at higher
concentrations (p<0.05). Unlike the obvious changing of the
number of viable cells at higher concentrations, in treatments
at 25, 50 pg/mL, the number of viable cells was little change.
These results suggested that phloretin at final concentrations
from 100 to 200 ug/mL could exhibit remarkable antibacterial
effects within 6 h.
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3.2 Leakage of potassium ions

To investigate the effect of phloretin on cell membrane
permeability, we measured the leakage of potassium ions from
treated cells. As observed in Figure 2, the release of potassium
ions from the bacterial cells occurred immediately after the
addition of phloretin at 25 and 50 ug/mL concentrations in the
first 30 min, while little leakage of potassium ions was observed
in control cells in the same period and then the amount of K*
remained constant followed by relatively rapid increase, which
may be due to normal lysis and death of bacteria. Compared
to the control, the leakage of K* after 30min treatment with
phloretin at 25 and 50 pug/mL concentrations increased by
1.59 and 3.20 times, respectively. These results indicated that
permeability of bacteria membrane would be increased to some
extent, which caused the leakage of intracellular ingredient
including K*. It was evident that the amount of extracellular K*
increased with increased concentration of phloretin. The result
clearly meant that cell permeability was changed by phloretin.

3.3 Measurement of adenosine triphosphate (ATP)

To further investigate the antibacterial mode of action of
phloretin, the intracellular and extracellular ATP concentrations
were measured to study the effect on energy synthesis. ATP
content was shown in Figure 3A as a percentage of ATP content
in untreated cells. Figure 3A exhibited the reduction of ATP
content when Lister cells were treated with phloretin at increasing
concentrations, higher concentration of phloretin leading to
lower ATP content. Compared to the control, ATP content
decreased by 21.92%, 28.45%, 40.69%, and 74.80% after addition
of phloretin at different concentrations from 25 to 200 ug/mL,
respectively. As shown in Figure 3B, the tendency of increased
extracellular ATP content and decreased intracellular ATP
content was observed. When cells were treated with 200 pg/mL
phloretin, the extracellular ATP content represented 88.74%
of cellular total ATP, which was 7.9 times higher than the
intracellular ATP value. The above results implied that change
of cytoplasmic membrane permeability might occur, which led
to the losses of cell constituents.

B
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7
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Figure 3. (A) Effect of different concentrations of phloretin on cellular total ATP content; (B) Extracellular and intracellular ATP percentage in

different concentrations of phloretin.
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3.4 Release of cell constituents

The integrity of cell membrane was determined by the
measurement of the release of cell constituents including protein
and 260 nm-absorbing material in the supernatant of tested
bacteria. Compared to control, the concentration of protein
and OD, in suspensions had no significant changes after
adding different concentrations of phloretin to strain (data not
shown). No noticeable variation could be detected with phloretin
concentration values up to 200 pg/mL, demonstrating that
antimicrobial activity of phloretin might not induce membrane
collapsed and cell integrity loss.

3.5 Electron microscopy analysis

TEM and SEM experiments were carried out to directly
observe surface morphology, membrane and intracellular
structure changes in Listeria cells exposed to phloretin. The TEM
images (Figure 4C and 4D) showed that the control and treated
cells both displayed a clearly visible outer membrane layer and
compact surface without release of intracellular components
and notable ruptures or pores on the cell surface. However,
a remarkable electron-light region appeared in the center of
the cells treated with phloretin and intracellular structure was
destroyed, particularly in the nuclear region in which nuclear
acid molecules distribute randomly. The cells seemed to have
condensed or lost cytoplasmic materials, although the overall
cell shape was still recognizable.

Meanwhile, the control cells showed unanimous electron
density, suggesting that the cells are in a normal condition.
Similar results assumed to be condensed DNA and cytoplasmic
proteins of inactivated bacterial cells in TEM images were

obtained after treatment by silver ions (Feng et al., 2000),
polyhexamethylene guanidine hydrochloride (Zhou et al.,
2010) and high hydrostatic pressure processing (Moussa et al.,
2007). As regard to surface morphology of bacterial cells, SEM
photomicrograph of L. monocytogenes cells treated by phloretin
(Figure 4B) exhibited irregularly wrinkled outer surface, with
fragmentation, adhesion and aggregation of damaged cells or
cellular debris, while bacterial cells without phloretin treatment
(Figure 4A) displayed typical bacilliform morphology with full
and glossy surface. These changes in bacteria cells may due to
lysis of cells caused by DNA aggregation.

3.6 Enzymes activity measurements

Another strategy for determining the mode of action of
phloretin against Gram-positive bacteria was performed on the
enzymatic activity of key metabolic enzymes and the results are
shown in Table 1. Statistical analysis revealed that no significant
difference in enzyme activity per microgram protein (P>0.05)
was found between treated and untreated groups for the specific
activities of hexokinase (HK) and isocitrate dehydrogenase (IDH).
These findings demonstrated that phloretin had little effect on
ability of enzyme catalyzing. Inhibition of energetic synthesis
might attribute to reduction of enzyme content.

Table 1. Analytical data of Hexokinase and Isocitrate dehydrogenase
activity.

Isocitrate

Hexokinase P value P value
dehydrogenase
(mU/mg of protein) (mU/mg of protein)
Control 404 470 3.70 0.09 215 171 195 0.59
phloretin  3.75 3.22 2.88 199 185 170

Figure 4. Scanning electron microscopy (A, B) and Transmission electron microscopy (C, D) of L. monocytogenes cells. A, C: Controls; B, D:

treated by phloretin.
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3.7 The decrease of protein synthesis and SDS-PAGE profiles

Protein plays an important role in the life activity of
bacterial cells. Statistical analysis indicated that phloretin could
significantly reduce the synthesis of protein (Figure 5A). The
protein concentrations exhibited a notable decrease in response
to increased phloretin concentration. For the treatment groups
with phloretin concentrations ranging from 25 to 200 pg/mL, the
protein concentrations decreased by 14.37%, 38.14%, 63.57%,
and 83.75%, respectively.

SDS-PAGE profiles of bacterial soluble proteins from bacterial
cells treated with phloretin are shown in Figure 5B. The protein
profiles of bacteria treated with phloretin differed from those of
control. The protein bands of untreated bacteria showed strong
intensities. After treatment with 200 pg/mL for 4 h, the protein
bands faded or even disappeared. Considering no significant
increasing protein contents in the cell-free supernatant confirmed
by lane 3 and lane 4, it suggested that phloretin could decrease
the content of cellular soluble proteins by inhibiting protein
synthesis. In combination with above obtained results, it seemed
to be obvious that reduction of protein synthesis resulted in
the decreasing ATP biosynthesis by affecting enzyme content.

4 Discussion

Previous mechanism of action of flavonoid research
suggested their direct antibacterial activity may be attributable to
5 aspects: cytoplasmic membrane damage, inhibition of nucleic
acid synthesis, inhibition of energy metabolism, inhibition of
cell wall synthesis and inhibition of cell membrane synthesis
(Cushnie & Lamb, 2011). On the basis of previous reports, this
study systematically described the effect of phloretin on cells
of the food-borne pathogen Listeria monocytogenes in order to
elucidate its antibacterial mechanism, which were involved in
integrity of cell membrane, intracellular protein content, ATP
energy level, and nucleic acid morphological character.

Firstly, cell membrane structural alterations including
permeability and integrity were investigated. The bacterial
cytoplasmic membrane provides a permeability barrier to the
passage of small ions and maintains ion homeostasis which is
essential to the maintenance of normal metabolism of the cell.
Therefore, the structural integrity of cell membrane is critical to
bacteria growth and slight changes of cell membrane integrity
can detrimentally affect cell metabolism, eventually causing cell
death (Bajpai et al., 2013; Cox et al., 2001; Sharma et al., 2013;
Zhang et al., 2016).

Changes in membrane integrity by antibacterial agents cause
the release of intracellular components (Lee et al., 2014). As
reported by Barreca et al. (2014), no significant LDH released in
the broth medium from S. aureus ATCC6538, L. monocytogenes
ATCC13932 and S. typhimurium ATCC13311 strains, which
demonstrated that phloretin had no damage on cell membrane
integrity. In order to fully illustrate the effect of phloretin on
cytoplasmic membrane, we monitored the loss of K* in bacterial
suspensions treated with phloretin. Leakage of potassium ions
from L. monocytogenes increased in response to phloretin
treatment, with greater exposure time and concentration resulting
in increased cell leakage. Consistent with these observations,
the percentage of extracellular ATP accounting for cellular total
ATP increased at a phloretin concentration of 25 pg/mL and
over (Figure 3). Absorbance at 260 nm for nucleic acid and
determination of proteins as cell leakage markers are indicators
of membrane integrity (Bajpai et al., 2013). Interestingly, the
results reported here revealed no significant higher OD, and

260nm
protein concentration after phloretin treatment up to 200 pg/mL.

SEM micrographs can intuitively reflect the morphological
alterations of the bacteria surface, while TEM can directly
observe membrane damage and intracellular structure changes.
Subsequently, the morphological alterations by SEM analysis
and the membrane structural integrity by TEM analysis were
investigated. Although phloretin revealed its inhibitory effect

140 A

120

I
. \*\}

protein concentration (pg/ml.)

499 \
20 L)

0 50 100 150

phloretin concentration (pg/mL)

Figure 5. (A) Effect of different concentrations of phloretin on intracellular protein concentration; (B) SDS-PAGE profiles of intracellular and
extracellular proteins treated with phloretin or no phloretin. Lane 1: intracellular protein concentration of untreated cells; Lane 2: intracellular
protein concentration of treated cells with phloretin; Lane 3: extracellular protein concentration of untreated cells; Lane 4: extracellular protein

concentration of treated cells with phloretin.
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as evidenced by the severe morphological alterations on the cell
membrane and a few lysed cells in SEM images, we observed the
membrane integrity still existed from TEM images. Therefore,
current study presented that phloretin increased membrane
permeability, but did not induce membrane damage and cell
integrity loss. It is suggested that cytoplasmic membrane was
probably not the main target for phloretin.

Secondly, energy metabolism as a potential target parameter
to understand the mode of action of antimicrobial agents was
investigated. The total ATP content showed a decreasing rate after
cells exposed to phloretin at different concentrations. This might
have occurred due to the reduction of ATP synthesis according
to the results of metabolic enzymes activity and intracellular
protein concentration.

Hexokinase is the first enzyme in the glycolytic pathway
that catalyzes phosphorylation of glucose to form glucose-6-
phosphate (Azadbar et al., 2009). Isocitrate dehydrogenase is the
key regulatory enzyme of Krebs cycle, one of the most important
metabolic pathways for the generation of energy and metabolites
in the living organism (Barreca et al., 2014). Their activities
play a vital role in normal energetic metabolism of bacterial
cells. Barreca et al. (2014) found phloretin inhibited energetic
metabolism of S. aureus by decreasing enzymatic activity of LDH
and IDH. However, in accordance with statistical analysis, the
specific activities of HK and IDH had no significant reduction
comparatively to the control. The difference of enzymatic activity
might vary depending on the manner used to treat bacterial
cells and the species of bacterial strain. Moreover, it was found
that the protein concentration had obvious decrease caused by
phloretin treatment, which suggested that phloretin inhibited
energetic metabolism more likely by decreasing the enzyme
content. To confirm it, the intracellular protein was further
tested by SDS-PAGE and Bradford’s method. SDS-PAGE profiles
of bacterial soluble proteins suggested that phloretin decreased
the content of cellular soluble proteins. According to reported
literatures (Cloete et al., 2009; Li et al., 2014), the decrease of
protein bands intensities might be that phloretin interfered with
proteins synthesis of bacterial cells.

Using TEM, we found that the intracellular structure of
L. monocytogenes was severely impaired by the addition of
phloretin: remarkably uneven distribution of intracellular
materials was observed, which was attributable to nucleic acid
aggregation. Nucleic acids are involved in the transfer of cellular
information including translation, transcription and DNA
replication (Kohanski et al., 2010). Condensed nucleic acid
would lose their abilities. On such basis, we speculated that the
transcription was ceased due to DNA aggregation by phloretin
treatment, thereby affecting cellular protein concentration
and ATP generation. Subsequently, natural death occurred in
virtue of cell metabolic disturbance, companying with leakage
of intracellular constituents such as K* and ATP. Therefore, it
is inferred that DNA aggregation is the key point of phloretin
antibacterial mechanism. This discovery is important for future
scaling up phloretin application in pharmaceutical and food
industries. However, the specific mode of action and the exact
targets involved in DNA aggregation still requires further study.
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5 Conclusions

In this study, the detail antibacterial effects of phloretin on
Listeria monocytogenes was characterized by viable cell population,
cellular membrane permeability and skeleton integrity, energy
related enzyme activity, intracellular protein determination and
electron microscopy analysis. Phloretin was shown to inhibit
the bacterial growth mainly through increasing cell membrane
permeability and aggregating nuclear acid materials. However, the
specific sites of the membrane and DNA chain where phloretin
can bind with need further study. Conclusively, the findings
in this study may provide a promising method for large-scale
production of phloretin and a potential application of this
flavonoid in antimicrobial pharmaceutical and food industry.
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