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Abstract
Porcine epidemic diarrhea (PED) virus (PEDV) is a globally emerging and re-emerging epizootic swine virus that causes massive
economic losses in the swine industry, with high mortality in piglets. In Vietnam, PED first emerged in 2009 and has now
developed to an endemic stage. This is the first cross-sectional survey performed to evaluate the proportion of PEDV-positive
swine farms in Vietnam from January 2018 to February 2019. Fecal samples from 327 pig farms in northern Vietnam were
collected and tested for PEDV infection by reverse transcription-loop-mediated isothermal amplification (RT-LAMP) method.
The proportion of PEDV-positive farms was 30.9% and PEDV-positive farms were distributed throughout the study area. The
highest proportion of PEDV-positive farms was 70% (7/10) among nucleus production type farms (P < 0.05). Higher proportions
of PEDV-positive farms were found in the Northeast and Red River Delta areas, which are the major areas of pig production
(P < 0.05). The proportion of PEDV-positive farms was higher among larger farms (P < 0.05). Our findings illustrate the high
proportion of PEDV-positive farms in the Vietnamese pig population and will help to better understand the epidemiological
dynamics of PED infection, to estimate impact, and establish and improve prevention and control measures.

Keywords PEDV . Pooled sample . Descriptive survey . Cross-sectional study . Vietnam

Introduction

Economic impacts of transboundary animal diseases (TADs),
which include impacts on production, food security, trade, and
environment. Porcine epidemic diarrhea (PED) is one of the
TADs, worldwide emerging and re-emerging epizootic swine
disease. The global re-emergence of PED requires a deeper
understanding of the dynamics of porcine epidemic diarrhea

virus (PEDV) spread in the world. This study focused on the
current epidemiology of PEDV in Vietnam. Our results will
encourage stakeholders in swine industry to implement pre-
ventive measures for PEDV control appropriately. PEDV is
the causative agent of PED. PED is a devastating disease
characterized by acute enteritis, vomiting, and severe watery
diarrhea and imposes massive economic losses in the swine
industry with high morbidity and mortality in piglets (Song
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and Park 2012; Lee 2015). PEDV was first observed in
England in 1971 and was later reported in European countries
such as Belgium, England, Germany, and France (Wood
1977; Pensaert and De Bouck 1978). Since the 1980s, the
most intense outbreaks have mainly occurred in the swine
industries of Asian countries including Korea, China, Japan,
Philippines, and Thailand (Takahashi et al. 1983; Song and
Park 2012). More recently, a highly pathogenic PEDV was
detected in early 2013 in the United States (US). This PEDV
strain resulted in high morbidity and mortality, dramatically
affecting US swine production, and transmitted further into
neighboring countries (Canada and Mexico) (Kochhar 2014;
Lee 2015; Niederwerder and Hesse 2018). Subsequently,
large-scale PED outbreaks recurred in Japan, South Korea,
and Taiwan (Lin et al. 2014; Lee 2015; Toyomaki et al. 2018).

In Vietnam, pork is one of the most important agricultural
products, contributing 58% of the total agricultural gross do-
mestic product (Dietze 2011). PED was first observed in the
southern provinces in 2009 (Do et al. 2011). Previous studies
demonstrated that the Vietnamese PEDV strains currently cir-
culating are new variants closely related to Chinese strains and
provided evidence of disease spread throughout the major
swine-producing regions (Do et al. 2011; Vui et al. 2014;
Kim et al. 2015; Vui et al. 2015; Choe et al. 2016; Diep et al.
2018). Northern Vietnam has a long border with southern
China, with pigs being transported to China and transportation
vehicles returning daily. The proportion of PEDV-positive
farms is high (41%) in southern China, which could represent
a potential risk for transmission of PEDV to Vietnam (Chen
et al. 2019). PED has now developed to an endemic stage and
continues to cause economic damage for the swine industry in
Vietnam (Lee 2015; Vui et al. 2015; Diep et al. 2018).
However, reporting of PEDV infection to local and national
veterinary organizations is not required. Thus, it is crucial to
better understand the current epidemiology of PEDV in
Vietnam to appropriately implement control programs. The
purpose of this study was therefore to assess the current farm-
level proportion of PEDV-positive farms and to analyze the
basic epidemiological features of PEDV infection in Vietnam.

Materials and methods

Study area and design

Vietnam is divided into eight ecological zones (Northeast,
Northwest, Red River Delta, North Central Coast, Central
Highlands, South Central Coast, Southeast, and Mekong
River Delta) based on similarities in geographical features
and climate, as defined by the General Statistics Office of
Vietnam. In our study, a stratified sampling method was ap-
plied based on the density of pig population. Samples from
327 voluntary farms including backyard farms were collected

between January 2018 and February 2019 from the north
(Northeast, Northwest, and Red River Delta) and central
(North Central Coast) regions of Vietnam where the largest
numbers of pigs are located (approximately 60% of all pig
heads in Vietnam; http://channuoivietnam.com/thong-ke-
chan-nuoi/) (Fig. 1a) and the number of farms is about 2
million farms (including private and company farms). Farms
were defined as one or more buildings located in close
geographical proximity under the same ownership with
animals managed as a single population. Within each herd,
the number of samples required for detection of PEDV was
determined according to within-herd prevalence data obtained
in China (Wang et al. 2016). The required sample size was
estimated as 20 samples per farm. Therefore, on each farm, at
least 20 samples were collected from pigs showing clinical
signs of PED, pigs showing any signs of diarrhea or healthy
animals (Supplementary Data 1). Samples from all pigs were
collected on farms with pig herds of less than 20 animals. On-
farm, fecal samples were collected into tubes or plastic bags.
In total, 6601 fecal samples were collected from 327 farms,
comprising private farms and six industrial swine farms, lo-
cated in 19 provinces in northern Vietnam. For each of the 327
sites, data were available regarding location (commune, dis-
trict, and province), farm size, production type (farrow-to-fin-
ish, farrow-to-wean, nucleus, wean-to-finish (Thomas et al.
2015)), farm identification, and the collection or receipt date
of fecal samples. It has been confirmed that other enteric vi-
ruses including swine acute diarrhea syndrome coronavirus
(SADS-CoV) and transmissible gastroenteritis virus (TGEV)
have never been detected by monitoring in this study area.

Pooled samples

The sensitivity of the pooled testing system indicated that a
pool of up to 15 individual fecal samples could be analyzed
(Mai et al. 2018). In addition, based on preliminary data, we
confirmed the efficiency of the pooled testing system for iden-
tification of PEDV-infected herds (Supplementary Data 2).
Thus, we collected up to 20 individual samples from each
farm and combined these into two pooled samples for test.
All samples were collected in ice boxes, transported on dry
ice, and stored at − 20 °C until use. Briefly, fecal samples were
diluted in phosphate-buffered saline and centrifuged at
2300×g at 4 °C for 10 min as previously described (Mai
et al. 2018). After centrifugation, 100 μL of supernatant from
each pooled sample (10 animals each) were transferred to a
new tube. Finally, the remaining 1 mL of each pooled sample
was stored for future use.

Nucleic acid extraction

Nucleic acid was extracted from all pooled samples from the
327 farms using the taco™ DNA/RNA Extraction Kit
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(GeneReach Biotech, Taichung City 407, Taiwan) and the
taco™ mini Nucleic Acid Automatic Extraction System (ta-
co™mini; Gene Reach Biotech) in accordance with the man-
ufacturer’s instructions. Nucleic acids were eluted in 50 μL of
elution buffer, transferred to fresh tubes, and stored at − 80 °C
for later use.

Diagnostic test methods

We used reverse transcription-loop-mediated isothermal am-
plification (RT-LAMP) with a colori-fluorometric indicator
(CFI) to detect PEDV infection as described previously
(Hayashida et al. 2015; Mai et al. 2018). The results of our
previous study indicated that the accuracy of the RT-LAMP
method was comparable with RT-PCR as the standard diag-
nostic method and 100 times more sensitive (Mai et al. 2018).
As an indicator for the LAMP reaction, we developed a com-
bination of dyes that we designated the CFI. The CFI stock
solution consisted of 3 mM hydroxynaphthol blue (HNB, MP
Biomedicals, Aurora, OH) and 0.35% v/v GelGreen (10,000×
solution, Biotium, Hayward, CA) dissolved in distilled water.
The CFI-RT-LAMP reaction was conducted in a final volume
of 25 μL comprising 2 μL of RNA template, the inner primer
pair (1.6 μM each), the loop primer pair (0.8 μM each), the
outer primer pair (0.2μMeach), 1.6 mM dNTPs, 5M betaine,
20 mM Tris-HCl (pH 8.8), 10 mMKCl, 10 mM (NH4)2SO4,
4 mM MgSO4, 8 U of Bst DNA polymerase (New England
Biolabs, Ipswich, MA), 0.15 U of AMV reverse transcriptase
(Invitrogen, Carlsbad, CA), and 1 μL of CFI stock solution to
allow visual detection. Amplification reactions were

performed at 63 °C for 40 min, then terminated by heating
at 80 °C. All pooled samples were tested using the CFI-RT-
LAMP assay to detect PEDV. Swine herds with at least one
confirmed positive pooled sample were defined as PEDV-
positive farms for the purposes of this study.

Data analysis

Descriptive statistics were computed for all variables. To inves-
tigate associations between the proportion of PEDV-positive
farms and each variable, pairwise comparisons were made
using the chi-squared test with the pairwise.prop.test
function and P values were adjusted using the Bonferroni meth-
od. Ninety-five percent confidence intervals (95% CIs) were
obtained from parameter estimates and P values < 0.05 were
considered statistically significant. We used the glm package in
R to analyze the fitting generalized linear models in themultiple
logistic regression analysis. Backwards stepwise variable selec-
tion was performed, beginning with the least significant vari-
able. After the main effects were identified, all possible two-
way interactions were also examined. The final model was
obtained with P levels for the remaining variables of < 0.05.
The strengths of association between all the variables and
PEDV pig farm status by evaluating the odds ratios (ORs)
and the corresponding CIs. All analyses were conducted using
R (version 3.4.3, Vienna, Austria).

The geographical locations of farms were mapped using a
free and open source Quantum Geographic Information
System (QGIS) version 2.14.14 (https://www.qgis.org/en/
site/). Spatial statistics were used to evaluate the spatial
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a b
Fig. 1 Spatial distribution of pigs
in Vietnam and the geographical
locations of pig farms in northern
Vietnam. a Pig density is
illustrated by deepening shades of
green, indicating category level;
square indicates the study area. b
Digital elevation model of the
location of pig farms in northern
Vietnam. A total of 6601 samples
were collected on 327 pig farms
located in 19 provinces in
northern Vietnam from January
2018 to February 2019. Red dots
indicate PEDV-positive farms
and blue dots indicate PEDV-
negative farms
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distributions of pig farms by using analysis tools with nearest
neighbor statistics in QGIS. The expected average distance is
the average distance between farms in a hypothetical random
distribution while the observed mean distance is based on the
actual average distance from each farm to its nearest
neighboring farm. The nearest neighbor index is used to
evaluate the spatial distribution of pig farms whether they
are clustered or dispersed. If the index is less than 1, the
pattern exhibits clustering. If the index is greater than 1, the
trend is toward dispersion. Z-scores are standard deviations
that very high or very low (negative) z-scores, associated with
very small P values. The average distance to the nearest neigh-
boring farmwas calculated using the nearest neighbor analysis
tool in QGIS. Using this tool, geographical data were returned
as four values: observed mean distance, expected mean dis-
tance, nearest neighbor index, and Z-score. The nearest neigh-
bor index is expressed as the ratio of the observed mean dis-
tance to the expected mean distance. The Z-score calculates a
standardized difference between the observed and expected
value of a statistic.

Results

In total, PEDV was detected on 101 (30.89%) farms during
the study period (Table 1). Out of 101 PEDV-positive farms,
28.71% (29/101) were affected by PED with animals showing
clinical signs while more than 70% (72/101) had subclinically
infected animals. We compared the proportion of PEDV-
positive farms by stratifying by different variables including
farm status, production type, area, and farm size. The results
showed statistically significant differences in PEDV positivity
based on production type, area, and farm size; however, the
proportion of PEDV-positive farms was not associated with
farm status (company vs. private farms). The proportion of
PEDV-positive farms in nucleus production type farms
(70.0%) was higher than those in farrow-to-wean production
type farms (23.9%; P < 0.05). However, the number of nucle-
us farms in this study was limited (10 farms). Moreover, a
higher proportion of PEDV-positive farms was observed in
the Northeast and Red River Delta regions (P < 0.05). The
proportion of PEDV-positive farms was higher among large
farms (≥ 600 animals included sows and/or fattening pigs)
than in small farms (< 600 animals included sows and/or fat-
tening pigs) (P < 0.05; Table 1). The statistics (minimum, 1st
quantile, median, mean, 3rd quantile, maximum) of farm size
were 15.0, 200.0, 600.0, 870.8, 1200.0, and 6000.0, respec-
tively. We used the median value as a threshold to classify the
farm size because the data was not normal distribution. The
result of the multiple logistic regression to assess the interac-
tion between variables including the mean distance to the
closest farm in multiple logistic regression analysis is summa-
rized in Table 2.

CI confidence intervals, FF farrow-to-finish production
type, FW farrow-to-wean production type, WF wean-to-
finish production type

Geographical location mapping of all farms using QGIS
showed that PEDV-positive farms were distributed through-
out the study area (Fig. 1b). The summary distance of geo-
graphical data of all farms including mean, standard deviation,
min, and max values were 0.85, 0.46, 0.01, and 3.4 km, re-
spectively. The nearest neighbor index was 0.44 (less than 1)
and the Z score value was − 19.37 (P < 0.01). This reflected a
high degree of clustering of swine farms.

Discussion

To the best of our knowledge, these findings are the first to
highlight the following two points and thus contribute to the
further understanding of PEDV. First, the proportion of
PEDV-positive pig farms in Vietnam was 30.9% in high-
density pig population areas over the study period. Second,
herd size (≥ 600) and area (Northeast and Red River Delta)
were considered to be risk factors for PEDV spread in
Vietnam.

Our study represents the first cross-sectional PEDV survey
carried out in Vietnam to evaluate the proportion of PEDV-
positive pig farms and capture the basic epidemiologic fea-
tures of PED. The high proportion of PEDV-positive farms in
Vietnam is an important baseline epidemiological feature that
could provide a useful comparison with future findings. Most
piglets are produced in the northern Thai Binh, Hung Yen,
Bac Giang, and Ha Nam provinces in the Northeast and Red
River Delta, and then pigs are transported to other mountain-
ous areas and to southern Vietnam (Dietze 2011). Therefore,
the high proportion of PEDV-positive farms in northern and
central Vietnam could be a potential source of nationwide
PEDV transmission. The proportion of PEDV-positive farms
in Vietnam was higher than that in the US and Japan (27.9%
and 19.5%, respectively) (Alvarez et al. 2016; Sasaki et al.
2017) where syndromic surveillance has been carried out to
help farm owners respond to PED outbreaks (United States
Department of Agriculture and Service 2014; Ministry of
Agriculture Forestry and Fisheries (MAFF) 2016). The results
of a previous study provided evidence of the presence of se-
ropositive animals on PEDV-negative farms (Koike et al.
2018). In this study, PEDV was detected on 30.89% (101/
327) of farms during the study period. In 101 PEDV-
positive farms, 28.71% (29/101) of farms were affected by
PED and had animals showing clinical signs such as severe
watery diarrhea with high morbidity and mortality. More than
70% of PEDV-positive farms had subclinically infected ani-
mals, which could increase the risk of cross-contamination.
However, since the initial detection of PEDV in Vietnam in
2009, no specific biosecurity measures have yet been applied
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to prevent the spread of the virus. During current Vietnamese
PED outbreaks, poor biosecurity procedures related to fo-
mites, animals, and humans could be the major risk factors
underlying nationwide PEDV transmission. Biosecurity prac-
tices such as using different trucks to carry pigs from different
farms based on PEDV infection status, improving in farm
hygiene management and avoiding risky practices associated
with contact with pig excrement, were done to prevent the
spreading of PEDV in Japan and US (United States
Department of Agriculture and Service 2014; Koike et al.
2018). Our results could contribute to producers to implement
similar biosecurity measures to prevent the further spreading
of PEDV in Vietnam.

The higher proportion of PEDV-positive farms observed in
the Northeast and Red River Delta areas containing a higher
density of pig populations was consistent with previous stud-
ies that also indicated that the highest proportion of PEDV-
positive farms was found in high-density pig production areas
(Alvarez et al. 2016; Boniotti et al. 2018). Some northern
provinces in the Northeast and Red River Delta areas are the

main areas of intensive pig production in northern Vietnam
and constitute prime locations for porcine diseases, including
emergence of highly virulent porcine reproductive and respi-
ratory syndrome (PRRS) (Dietze 2011; Lee et al. 2019).
Recently, African swine fever (ASF) was also first detected
in the Red River Delta (Hung Yen and Thai Binh provinces)
on 19 February 2019 (Le et al. 2019) and quickly spread to 24
provinces in the Red River Delta, Northeast, Northwest, and
North Central Coast regions (Food and Agriculture
Organization 2019). Therefore, it is necessary to detect
PEDV-positive farms and implement strict biosecurity mea-
sures to prevent spread of PEDV to other pig production re-
gions in Vietnam such as dividing truck for pig carrying
assigning from different farms based on their PEDV infection
status to prevent the spread of PEDV between farms.

In this study, the nearest neighbor index was 0.44 and there
was a high degree of clustering of swine farms. Airborne
spread of PEDV among neighboring farms due to movement
of animals, humans, and contaminated vehicles was demon-
strated to be a potential mechanism of transmission (Do et al.

Table 1 Proportion of PEDV-
positive pig farms in Vietnam
from January 2018 to February
2019

Variable Number of
collected farms

Number of
PED-positive farms

Proportion of
PED-positive farms

95% CI

Farm status

Companies 197 68 34.5 27.9–41.6

Private 130 33 25.4 18.2–33.8

Production type

FF 185 57 30.8 24.2–38.0

FW 88 21 23.9a 15.4–34.1

Nucleus 10 7 70.0b 34.8–93.3

WF 44 16 36.4 22.4–52.2

Area

Northeast 52 19 36.5a 23.6–51.0

Northwest 11 3 27.3 6.0–61.0

Red River Delta 220 74 33.6a 27.4–40.3

North central coast 44 5 11.4b 3.8–24.6

Size

< 600 160 38 23.8a 17.4–31.1

≥ 600 167 63 37.7b 30.4–45.5

Values with different letters are significantly different from the others (P < 0.05)

Table 2 Result of multiple
logistic regression analysis to
assess the interaction between
variables and PEDV pig farm
status in Vietnam from January
2018 to February 2019

Variables Coefficient SE Z-
statistic

P value OR (95% CI)

Intercept 0.9214 0.4894 1.883 0.05

Size (< 600) − 0.7455 0.2498 − 2.985 0.00284 1.94 (1.20–3.14)

Area (Northeast and Red River Delta) − 1.22 0.4087 − 2.985 0.00283 3.05 (1.38–6.73)

Mean distance − 0.2242 0.4756 − 0.471 0.673
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2011; Beam et al. 2015). Distance from the closest PED-
positive farm (< 1000 m) was indicated as a risk factor for
PEDV transmission (Alonso et al. 2014; Madson et al. 2014;
Beam et al. 2015; Sasaki et al. 2016). Strict biosecurity mea-
sures are very effective in protecting susceptible pigs, but
since the initial detection of PEDV in Vietnam in 2009, no
air treatments by spraying disinfectant water for the surround-
ing environment of PED-positive farms have been conducted
in areas with a high density of pig farms, which could increase
the likelihood of PEDV survival and transmission. As a result,
PEDV-positive farms were distributed throughout the study
area. PED is known to result in significant economic losses
due to the highmorbidity and mortality in neonatal piglets. An
average of 2.7 piglets/sowwere not weaned and the mean time
required to regain baseline production was 10 weeks (Goede
and Morrison 2016). PED has also been indicated to cause
reductions in the number weaned and increased abortions in
sows (Scanlan et al. 2019). For the finishing farms, there was
an increase in mortality and feed conversion ratio and a de-
crease of average daily gain in PEDV-infected farms (Alvarez
et al. 2015; Schweer et al. 2016). It is necessary to identify
PEDV-positive farms and implement thorough biosecurity
management procedures to reduce economic losses due to
PEDV infection including cleaning and disinfection of pig
houses and surrounding environment.

In previous studies, PED farm-level prevalence was higher
on larger farms than on smaller farms (Carvajal et al. 1995;
Sasaki et al. 2017). In our study, the proportion of PEDV-
positive farms was also higher for larger farms. This finding
could be related to an increased number of contacts by a larger
number of staff and more frequent visits of trucks to larger
farms, making these farms more susceptible to PED outbreaks
in comparison with smaller farms. The number of transport
vehicles visiting a farm for pigs and feed has been previously
reported as a potential means of spread for PEDV (Lowe et al.
2014; Sasaki et al. 2016). Moreover, breeding sows are re-
placed more frequently on large farms than on small farms.
A previous study demonstrated that PEDV can persist on a
farm after an initial outbreak if there is a continuous input of
susceptible animals (Pijpers et al. 1993). This could lead to
PEDV-positive large farms remaining in a vicious circle in
which PED outbreaks continue to recur. However, large farms
should be considered at increased risk and should maximize
their biosecurity measures in case of a PED outbreak in the
area by personnel and vehicle restriction.

Farms of the nucleus production type showed the highest
proportion of PEDV-positivity in northern Vietnam. Firstly,
there is a possibility that the nucleus production type intro-
duces their GGP or GP pigs from China or other countries,
and their pigs were infected with PEDV. However, in fact, the
nucleus farms introduce pigs from other countries without the
PEDV quarantine certificate. PEDV was considered to be in-
troduced in feeder pigs, fattening pigs, and adult pigs, and then

spread to piglets (Pensaert and Martelli 2016; Wang et al.
2016). In addition, after the first epidemic period of PED,
PEDV often existed in weaned and feeder pigs of breeding–
finishing herds (Pijpers et al. 1993). The number of sows in a
farm was suspected to play a role in the persistence of PEDV
after the original outbreak (Pensaert andMartelli 2016). Based
on the above reasons, the proportion of PEDV-positive farms
among nucleus production type farms was significantly higher
than other production types. Therefore, sows in nucleus pro-
duction type farms could be a potential risk for PEDV spread
to other pigs of different ages as well as farms of other pro-
duction types. A higher proportion of PEDV-positivity on
farms where sows were present was demonstrated in other
previous studies in the US (Beam et al. 2015; Alvarez et al.
2016). Moreover, all nucleus farms in this study were large
farms and located in areas with higher risk of PEDV infection
with higher pig density and in the main areas of pig production
in the Northeast and Red River Delta. It is therefore critical for
PEDV-positive farms to further tighten biosecurity measures
to prevent cross-contamination between production types, es-
pecially for farms of the nucleus production type including
cleaning and disinfection of pig houses and surrounding envi-
ronment, changing clothes and boots of workers and person-
nel and vehicle restriction.

This study had the limitation that samples were collected
from fewer farms located in mountainous areas, and no sam-
ples were collected from farms located in southern Vietnam.
In addition, though SADS-CoV and TGEV have not been
detected so far, there remains the possibility that other enteric
viruses may be identified if we could perform the appropriate
tests. Therefore, it is important to improve national surveil-
lance data as well as sample collection and management sys-
tems. Further molecular studies including PEDV sequencing
data are required to understand the risk factors associated with
PEDV transmission in Vietnam.

In conclusion, this is the first report of the high proportion
of PEDV-positive farms and the epidemiology of PED in
northern Vietnam by using the pooled testing system to iden-
tify PEDV-infected farms. PEDV was detected in 30.89%
(101/327) of farms during the study period. More than 70%
of PEDV positive farms contained animals that were subclin-
ically infected, which could increase the risk of cross-contam-
ination. Prevention and control strategies should thus be im-
plemented to limit the spread of PEDV in the Vietnamese
swine industry. Our data contribute to further elucidation of
the epidemiological dynamics of PEDV infection, providing
knowledge to establish realistic objectives for the prevention
and/or control of this disease.
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