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Abstract Porcine epidemic diarrhea virus (PEDV) is a coro-
navirus which causes severe diarrhea and fatal dehydration in
piglets. In general, probiotic supplements could enhance re-
covery and protect piglets against enteric pathogens. Seven
local lactic acid bacteria (LAB), (Ent. faecium 79N and 40N,
Lact. plantarum 22F, 25F and 31F, Ped. acidilactici 72N and
Ped. pentosaceus 77F) from pig feces were well-characterized
as high potential probiotics. Cell-free supernatants (CFS) and
live LAB were evaluated for antiviral activities by co-
incubation on Vero cells and challenged with a pandemic
strain of PEDV isolated from pigs in Thailand. Cell survival
and viral inhibition were determined by cytopathic effect
(CPE) reduction assay and confirmed by immunofluores-
cence. At 1:16, CFS dilution (pH 6.3–6.8) showed no cyto-
toxicity in Vero cells and was therefore used as the dilution for
antiviral assays. The diluted CFS of all Lact. plantarum
showed the antiviral effect against PEDV; however, the same
antiviral effect could not be observed in Ent. faecium and
Pediococcus strains. In competitive experiment, only live
Lact. plantarum 25F and Ped. pentosaceus 77F showed
CPE reduction in the viral infected cells to <50% observed
field area. This study concluded that the CFS of all tested
lactobacilli, and live Lact. plantarum (22F and 25F) and
Pediococcus strains 72N and 77F could reduce infectivity of
the pandemic strain of PEDV from pigs in Thailand on the
target Vero cells.
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Introduction

Porcine epidemic diarrhea (PED) is one of the highly conta-
gious and concerning viral diseases in the pig industry. The
disease not only causes fatal watery diarrhea in piglets, but
also significant weight loss in pigs of all ages. Porcine epi-
demic diarrhea virus (PEDV) is an RNAvirus that belongs to
the family Coronaviridae. The recent outbreaks and world-
wide re-emergence of PEDV have been reported in several
countries including the USA, China, Korea, and Thailand [1,
2]. Without the effective protective agents, the disease has led
to great economic losses worldwide [3].

Recent experiments and clinical studies show that gut mi-
crobiota plays an active role in serving as a primary barrier
against food-borne pathogens including viruses [4]. Probiotic
bacteria can promote the host defense mechanisms and mod-
ulation of immune system, with the potential to enhance the
antiviral activity [5, 6]. Among them, the group of lactic acid
bacteria (LAB), including genera Lactobacillus spp.,
Pediococcus spp., and Enterococcus faecium, is generally
used as probiotics in animal productions [7]. The failure in
finding new antiviral substances without adverse side effects
[8] and the benefits of probiotics treatment in patients with
rotavirus (RV) and HIV-associated diarrhea have led to an
increased interest in probiotic bacteria as antiviral inhibitors
[9, 10]. Although many researches show the antiviral effects
of LAB on several viral infections in humans and livestock
[11–13], few studies report on antiviral activity using only
cell-free supernatant against a classical strain of PEDV [8].
To the best of our knowledge, this is the first report on antiviral
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activity using both cell-free supernatant (CFS) and live LAB
cells against a pandemic strain of PEDV.

This study investigated the cytotoxicity and potential anti-
viral activity of selected LAB from pig feces in Thailand as
protective agents against a pandemic strain of PEDV isolated
from pigs in Thailand, in vitro. To determine the antiviral
ability and attachment ability of the LAB strains, as well as
the cytotoxicity of cell-free supernatants (CFS) to Vero cells,
the study used both CFS and live LAB strains on Vero cell
lines challenged with a pandemic strain of PEDV.

Materials and Methods

Cells and Virus

Vero cell line ATCC®CCL-81™was maintained inModified
Eagle’s Medium (MEM) (Gibco™, MA, USA), supplement-
ed with 5% fetal bovine serum (FBS) (Gibco™, MA, USA),
and 1% antibiotic-antimycotic (Gibco™, MA, USA) at 37 °C
in a humidified 5% CO2 atmosphere. PEDV, a pandemic
strain SBPED0211_1 (accession number: JQ966337), was
propagated in Vero cells as described by Hofmann and
Wyler [14]. For the antiviral assay, virus with 100 50% tissue
culture infective dose (100 TCID50/mL) was determined by
the Reed and Muench method [15].

Bacterial Strains and Growth Conditions

Experiments were carried out with three Lact. plantarum
strains 22F (LC035101), 25F (LC035105) and 31F
(LC035106), two Ent. faecium strains 79N (LC035103) and
40N (LC035104), Ped. pentosaceus 77F (LC035102), and
Ped. acidilactici 72N (LC035107) selected from 60 fecal sam-
ples of antibiotic-free commercial and indigenous pigs based
on in vitro probiotic properties. They were able to tolerate pH
2, pH 3, 0.3% ox gall, and grow at 45 °C with ≥104 CFU/mL,
and were acceptable according to European Food Safety
Authority on antimicrobial susceptibility. They were therefore
characterized and identified by 26 phenotypic tests and 16S
rDNA sequence analysis with ≥99% similarities towards the
type s t ra ins (Supplementa ry Table 1 ) . Pr io r to
experimentations, bacterial strains were grown in Man
Rogosa and Sharpe (MRS) broth (Oxoid, Basingstoke,
England) for 48 h at 37 °C under anaerobic condition [16].

CFS Preparation for Cytotoxicity Assay
and Measurement of Antiviral Activity

Bacterial culture supernatants were obtained from growing
bacterial cultures (108 CFU/mL) in 30 mL MRS broth under
anaerobic conditions for 24 h at 37 °C. Supernatants were
collected, measured pH values and two-fold serially diluted

with MEM (1:2 to 1:64). The supernatants were then filtered
with 0.22μm filter (Milipore Corp., Bedford, USA) to remove
any remaining bacterial cells from interfering with the exper-
iments [8].

Determination of Adhering LAB Strains

One hundred microliters of each LAB suspension in MEM
(1 × 108 CFU/mL) was added in triplicate to confluent Vero
cell monolayers in 24 well plates and incubated for 90 min at
37 °C in a humidified 5% CO2 atmosphere. After the incuba-
tion, the Vero cells were fixed and stained according to Lin
et al. (2006). The number of adhered LAB cells per Vero cell
was determined by counting LAB cells on 100 Vero cells, in
15 randomly selected microscopic fields (magnification fold,
×100) [17].

Determination of Cytotoxicity by Neutral red Assay

The cytotoxicity of LAB CFS to Vero cells was determined by
the neutral red assay modified from Borenfreund and Puerner
[18]. Briefly, Vero cell monolayers incubated with LAB CFS
for 4 days were washed with PBS (pH 7.4) and added with
200 μLMEM containing 50 μg/mL neutral red dye. The plate
was incubated, washed with formal-calcium, and added with
0.2 ml of an acetic acid-ethanol mixture. The plate was kept at
room temperature until dissolution. The cell viability was de-
termined by comparison of the absorbance values at 540 nm
obtained for control wells (without CFS) and tested wells
(with CFS). The cytotoxicity assay and the quantitative color-
imetric assay were carried out on the same cell culture plate.

Antiviral Assay

Antiviral Effect of Bacterial Cell-Free Supernatants (CFS)

The two-fold dilutions (1:16 to 1:64) of LAB CFS in MEM
and CFS adjusted to pH 7 by sodium hydroxide (NaOH) were
added on the monolayer of Vero cell as incubation medium
(100 μL/well) followed by PEDV challenge (100 TCID50/
mL). CPEwas determined using CPE scores after an addition-
al 4-day incubation at 37 °C in a humidified 5% CO2 atmo-
sphere. PEDV infected Vero cells without CFS treatment were
used as a positive control. Untreated, non-infected Vero cells
were used as a negative control [8, 12]. CPE scores were
adjusted by CPE area observed under a microscope as; +++
(>75% of observed field area), ++ (50–75% of observed field
area), + (<50% of observed field area) and − (no CPE) as
modified from Kumar et al. [19].
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Co-Incubation of Bacteria and PEDV (Competition
Assay)

One hundred microliters of each live LAB strain at 108 CFU/
mL to 104 CFU/mL in MEM were simultaneously added to
pre-washed Vero cell monolayers in 96 well plates and subse-
quently challenged with 100 μL of 100 TCID50/mL PEDV
(the viral titer remained unchanged). The plates were further
incubated at 37 °C in a humidified 5% CO2 atmosphere for
4 days and observed for CPE. All the controls and CPE scores
were as described above [12, 13].

Immunofluorescence

Immunofluorescence was used to confirm viral infection in
Vero cells; the monolayers of Vero cells were washed with

PBS and air-dried. Cells were fixed with 80% acetone for
15 min. Fluorescein isothiocyanate (FITC) conjugated PEDV
nucleoprotein (NP) monoclonal antibody (Medgene Lab, South
Dakota, USA) against PEDV was added to each well. Plates
were incubated for 30 min at 37 °C in a humidified 5% CO2

atmosphere, washed with PBS, and examined under a fluores-
cent microscope BX51 with DP73 (Olympus, Tokyo, Japan).

Statistical Analysis

The adhering LAB strains were done in triplicate and present-
ed as means ± SD. One-way analysis of variance (ANOVA)
with the Tukey-Kramer post-hoc comparison was performed
to compare means among LAB strains using SPSS 14.0 for
Windows. Differences with P values less than 0.05 were con-
sidered significant.

Results

Seven LAB strains were preliminarily applied on the mono-
layers of Vero cell lines to ensure their adhesion ability
(Fig. 1a). All LAB strains were able to adhere on the Vero

�Fig. 1 a Adhesion ability of seven studied LAB strains on Vero cell
monolayers. The observed magnification fold is ×100. The arrows
indicate adhering bacterial cells. b Number of bacterial cells adhered
per Vero cell. The results are expressed as mean ± standard deviation.
The different letters indicate statistically significant differences between
LAB strains (P < 0.05)

Fig. 2 The cytotoxicity evaluation by neutral red assay onVero cell monolayers after exposure to undiluted and serially twofold dilutions (1:2 to 1:64) of
CFS after day 4 of incubation
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Fig. 3 Antiviral activity of LAB against pandemic strain of PEDV on
infected Vero cells. The CPE reduction was observed under a microscope
at ×100. a No infection. b–d shows the CPE scores as + (<50% of
observed field area), ++ (50–75% of observed field area), and +++
(>75% of observed field area). The reduction of the fluorescent signals

of the infected cells were observed under a fluorescent microscope as e no
infection; f–g shows the reduction signals scored as + (<50% of observed
field area), ++ (50–75% of observed field area), and +++ (>75% of
observed field area). The circles indicate the infectivity area
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cell, while Lact. plantarum strain 25F exhibited the highest
adhesion ability (11.7%) (Fig. 1b). The cytotoxicity assay
showed that at 1:16 to 1:64 CFS dilution of all LAB strains
had no cytotoxicity to morphology of Vero cells (Fig. 2), and
were used for the further antiviral assays. The antiviral effects
of LAB CFS against PEDVon Vero cells was investigated by
co-incubation with serial dilutions of CFS, and CFS adjusted
to pH 7. After the co-incubation, the reduction of viral infec-
tivity could be observed using CPE reduction assays and con-
firmed by qualitative immunofluorescence. A reduction of
immunofluorescence signal indicated a decrease in PEDV in-
fectivity in Vero cell monolayers (Fig. 3). The CFS of Lact.
plantarum (22F, 25F, and 31F) at dilution 1: 16 were able to
reduce the CPE and immunofluorescence signal to less than
50% observed field area (+) compared with only PEDV in-
fected Vero cells (>75% observed field area, +++) (Table 1
and Fig. 3). In contrast, the CFS of Ent. faecium (79N and
40N) at dilution 1:16 exhibited no reduction of CPE and im-
munofluorescence signal. Moreover, at the dilution of 1:32
and 1:64 and adjusted pH 7, no reduction of viral infectivity
was observed from all LAB strains (Table 1 and Fig.3).

Interestingly, at 106 CFU/mL in the competing experiment,
only Lact. plantarum 25F exhibited CPE reduction to 50% of
observed field area (++), and were able to reduce the viral
infectivity to less than 50% observed field area (+) at 107

and 108 CFU/mL compared with the only PEDV infected
Vero cells (+++). While Ped. Pentosaceus 77F and Lact.
plantarum 22F at 107 CFU/mL were able to reduce the viral
infectivity to 50% observed field area (++), only Ped.
pentosaceus 77F at 108 CFU/mL displayed CPE reduction
to less than 50% observed field area (+). In contrast, Ped.
acidilactici 72N only exhibited CPE reduction at 108 CFU/
mL to 50% of the observed field area. Furthermore, there were
no reduction of CPE and immunofluorescence signal ob-
served in any of the bacterial concentrations fromEnt. faecium
(79N and 40N) and Lact. plantarum 31F (Table 1).

Discussion

In this study, we observed the antiviral effects of CFS and live
cells from seven local LAB strains against the pandemic strain
of PEDV, in vitro. All LAB strains were well-characterized on
the basis of probiotic properties including acid-bile tolerance,
thermos-tolerance without a potential of forbidden antimicro-
bial resistant profile (supplementary Table 1). The pandemic
strain of PEDVused in this study was propagated in Vero cell
model. The viral strain was isolated from diseased pigs show-
ing high morbidity and mortality; therefore, it would represent
the true problematic issue in the field.

The low pH (pH 3.5 to 4.5) of LAB CFS [20] may
directly impair the morphology of Vero cells. Our finding
confirmed that at 1:16 dilution of CFS of all lactobacilli
could reduce the CPE without cytotoxicity towards the
Vero cells, but not with the higher dilutions. This might
relate to the lower level of antiviral substances such as
NO−, hydrogen peroxide, fatty acid, lactic acid, and acetic
acid, in higher dilutions [12, 13, 21–23]. Furthermore,
there were no antiviral effects observed from CFS adjusted
to pH 7. Therefore, we assume that the inhibition of viral
infectivity presented in this study might not be derived
from bacteriocins, since it has been proven to also function
at physiological pH [24]. Although, the accurate mecha-
nisms of the antiviral effects from LAB CFS are still un-
clear, several studies have suggested possible explanations.
Firstly, the acidity of CFS might help denaturing the viral
capsid proteins and preventing them from cell attachment
[25]. However, this might not apply for our study since we
could not use the original pH of LAB CFS due to its tox-
icity towards the Vero cell. The more possible mechanism
maybe the hindering and blocking of viral adsorption into
the cells by CFS metabolites [26]. Therefore, the antiviral
substances within CFS and their protective mechanisms
will be investigated in further study.

Table 1 Antiviral activity against PEDV by cell-free supernatant (CFS) and seven live LAB strains on Vero cell monolayers as measured by the
presence of CPE

Bacterial strain Supernatant dilution of LAB Adjusted pH 7 Bacterial concentration Negative control Positive control

1: 16 1: 32 1: 64 108 107 106 105 104

(~pH 6.3) (~pH 6.6) (~pH 6.8)

Ent. faecium 79N +++ +++ +++ +++ +++ +++ +++ +++ +++ − +++

Ent. faecium 40N +++ +++ +++ +++ +++ +++ +++ +++ +++ − +++

Ped. pentosaceus 77F +++ +++ +++ +++ + ++ +++ +++ +++ − +++

Ped. acidilactici 72N +++ +++ +++ +++ ++ +++ +++ +++ +++ − +++

Lact. plantarum 22F + +++ +++ +++ ++ ++ +++ +++ +++ − +++

Lact. plantarum 25F + +++ +++ +++ + + ++ +++ +++ − +++

Lact. plantarum 31F + +++ +++ +++ +++ +++ +++ +++ +++ − +++

Positive control: virus only; negative control: Vero cells only. CPE scores were adjusted by CPE area observed under a microscope as +++ (>75% of
observed field area), ++ (50–75% of observed field area), + (<50% of observed field area), and − (no CPE)
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The direct protective effect of live LAB cells to PEDV on
Vero cells represented a possible scenario of probiotic feed
supplements at the time of viral infection, without any cytotox-
icity to normal Vero cell morphology. Lact. plantarum strain
25F showed the most antiviral efficacy by reduction of CPE on
Vero infected cells. The minimum viable LAB concentration
required to observe antiviral effects at 106 CFU/mL was in
agreement with previous studies against rotavirus and gastroen-
teritis coronavirus, while the strongest effect was shown at 108

CFU/mL [12, 13, 25, 27, 28]. The decrease of viral infectivity
in co-incubation assay could be explained by the competition
for attachment to cell receptors between the bacterial cells and
virus, the interference of viral attachment and cell entry, non-
specific or specific virus trapping, and the Bcross-talk^ signal-
ing between LAB and the host cells which may alter the epi-
thelial cells leading to antiviral responses [12, 25].

In conclusion, the CFS and live LAB in this study showed
protective effects against the pandemic strain of PEDV in
strain-specific manner. CFS of all tested lactobacilli could
reduce viral infectivity in Vero cells, whereas other species
lacked the ability. Live cells of Lact. plantarum strain 25F
provided the greatest antiviral effects on reduction of CPE
from the pandemic strain of PEDV. The preliminary study
offered important findings for further studies for the extraction
of antiviral compounds and the antiviral mechanisms of LAB
with the virus and host.
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