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Abstract Blueberry and blueberry extracts are known for
their health benefits and antimicrobial properties. Natural
therapeutic or preventive options to decrease the incidences
of foodborne viral illnesses are becoming popular and
being researched. This study aimed to determine the
antiviral effects of blueberry juice (BJ) and blueberry
proanthocyanidins (BB-PAC, B-type PAC structurally
different from A-type PAC found in cranberries) against
the infectivity of hepatitis A virus (HAV) and human
norovirus surrogates (feline calicivirus (FCV-F9) and
murine norovirus (MNV-1)) at 37 °C over 24 h using
standard plaque assays. Viruses at ~5 log PFU/ml were
mixed with equal volumes of BJ (pH 2.8), neutralized BJ
(pH 7.0), BB-PAC (1, 2, 4, and 10 mg/ml), malic acid (pH
3.0), or phosphate-buffered saline (pH 7.2) and incubated
over 24 h at 37 °C. Each experiment was carried out in
duplicate and replicated thrice. FCV-F9 titers were found
to be reduced to undetectable levels with 1 and 2 mg/ml
BB-PAC after 5 min, with 0.5 mg/ml BB-PAC after 1-h,
and with BJ after 3-h. MNV-1 titers were reduced to
undetectable levels after 3 h with 1, 2, and 5 mg/ml BB-
PAC and after 6 h with BJ. HAV titers were reduced to
undetectable levels after 30 min with 2 and 5 mg/ml BB-
PAC, after 3 h with 1 mg/ml BB-PAC, and by ~2 log
PFU/ml with BJ after 24-h. BB-PAC shows preventive
potential against infection by the tested enteric viruses in a
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dose- and time-dependent manner, although further in vitro
studies in model food systems and in vivo studies using
animal models are warranted.

Keywords Enteric viruses - Blueberry juice - Blueberry
(B-type) proanthocyanidins - Reduction

Introduction

Foodborne pathogens in the United States lead to an esti-
mated 9.4 million illnesses, 55,961 hospitalizations, and
1,351 deaths of which foodborne viruses such as human
norovirus alone are responsible for 5.5 million illnesses
(58 %) per year (Scallan et al. 2011). Recent reports
indicate that this number has risen to 21 million illnesses
per year (Hall et al. 2013). Foodborne viruses are now
recognized all over the world as public health concerns and
therefore effective natural alternatives to control their
spread are being researched. This is important for the
treatment or potential alleviation of illness symptoms and
prevention of disease in the current absence of available
vaccines for human noroviruses. The antiviral effects of
grape seed extract (GSE), that has high phenolic content,
against human norovirus surrogates, FCV-F9 and MNV-1,
and hepatitis A virus (HAV) at 37 °C for 2 h has been
reported (Su and D’Souza 2011). Cranberry juice that is
rich in polyphenols and its proanthocyanidins (PAC) were
also reported to cause reduction of human norovirus sur-
rogates (Su, Howell, and D’Souza 2010a). However,
cranberries are rich in PACs with A-type linkages (A-type
PAC) that account for 51-91 % of total PACs (Blumberg
et al. 2013) that differ from B-type PAC present in blue-
berries. B-type PACs can be converted to A-type PAC by
radical oxidation (Kondo et al. 2000). The structural
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difference between A-type and B-type PAC is noteworthy,
as it can influence their biological activity (Blumberg et al.
2013). The A-type PACs exhibit significantly greater
inhibition of adhesion of P-fimbriated Escherichia coli to
uroepithelial cells in vitro than the B-type PACs, which is
the initial step in the development of urinary tract infection
(UTID) (Howell et al. 1998). However, the effects of B-type
PACs such as those found in blueberries against foodborne
viruses need to be explored.

Blueberries are reported to contain around 88-261 mg
of proanthocyanidin/100 g of edible portion as per the
USDA database for flavonoid content (USDA Database for
the proanthocyanidin Content of Selected Foods, August
2004). In addition to PACs, blueberries also contain other
structurally related polyphenols, including anthocyanins
and flavonoids (Huang et al. 2012). Blueberries and its
polyphenols have been evaluated for their potential health
benefits including their anticarcinogenic, neuroprotective,
cardioprotective, antibacterial, and antiviral properties
(Zafra-Stone et al. 2007; Heinonen 2007; Hou 2003; Basu
et al. 2010; Elks et al. 2011; Joshi et al. 2014). Blueberry
extracts at a concentration of 0.25 % are known to have
antimicrobial activity and are reported to cause 50.5 %
inhibition of Helicobacter pylori, the bacterium associated
with ulcers (Chatterjee et al. 2004). Water and ethanol
extracts of blueberries at 24 ppm were reported reduce
Listeria monocytogenes by 5.90 log CFU/ml after 24 h at
37 °C in vitro (Park et al. 2011). Also, monomeric phe-
nolics acids (0.4 g/L gallic acid) from blueberries were
shown to cause 5 log CFU/ml reduction of E. coli O157:H7
along with cell-membrane damage after 24 h at 37 °C
in vitro (Lacombe et al. 2013). Additionally, using the
HCYV replicon cell system, the methanol extract fraction of
blueberry leaves (0.112-2200 pg/ml) was shown to inhibit
hepatitis C (HCV) virus subgenomic expression after 72 h
at 37 °C (Takeshita et al. 2009). Hydrolysable and gal-
loylated tannin (0.03-0.1 pg/ml) was shown to inhibit the
adsorption of herpes simplex virus to its hosts, African
green monkey kidney cells and human adenocarcinoma
cells at 37 °C (Fukuchi et al. 1989). Human norovirus
surrogates such as feline calicivirus (FCV-F9) and murine
norovirus (MNV-1) have been studied for survival in
commercial blueberry juice (BJ) at 4 °C, where FCV-F9
was undetectable after 24 h from initial 5 log PFU/ml,
whereas MNV-1 showed minimal reduction after 21 days
at 4 °C (Horm et al., 2010).

Therefore, the objective of this study was to determine
the effect of BJ and blueberry proanthocyanidins (BB-
PAC) on the infectivity of HAV and human norovirus
surrogates (FCV-F9 and MNV-1) at 37 °C over a period of
up to 24 h using standardized plaque assays. The main
rationale for this study was to understand the role of
blueberry extracts and BJ in the prevention or alleviation of
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gastrointestinal disease caused by human enteric viruses,
particularly human noroviruses and HAV. Thus, the study
was carried out at 37 °C for over 24 h to determine the
dose and time needed for enteric viral reduction to non-
detection levels at body temperature.

Materials and Methods
Viruses and Cell Lines

Feline calicivirus (FCV-F9) and its host, Crandell Rees
Feline Kidney (CRFK) cells were purchased from ATCC
(ATCC identifying number VR-2057, Manassas, VA).
Murine norovirus (MNV-1) was kindly gifted by Dr. Skip
Virgin (Washington Univ., St. Louis, MO) and RAW 264.7
cells were obtained from the University of Tennessee at
Knoxville. Hepatitis A virus (HAV; strain HM175) and
fetal rhesus monkey kidney (FRhK4) cells were provided
by our collaborator, Dr. Kalmia Kniel (University of
Delaware). As described before, all three host cell lines
were maintained using Dulbecco’s Modified Eagle’s
Medium/Ham’s F-12 (DMEM-F12; HyClone Laboratories,
Logan, UT) containing 10 % heat-inactivated fetal bovine
serum (FBS, HyClone Laboratories) and 1x Anti—Anti
(Antibiotic—Antimycotic, Invitrogen, Grand Island, NY) at
37 °C in an atmosphere containing 5 % CO, (Su and
D’Souza 2011; Joshi et al. 2015).

Propagation of Viruses

Previously described methods were used to prepare stocks
of FCV-F9, MNV-1, and HAV, by inoculation of their
respective host cell lines when 90 % confluent followed by
incubation for 2, 6, and 8 days, respectively under 5 %
CO, at 37 °C (Su and D’Souza 2011). Briefly, the viruses
were harvested by 1 to 3 freeze thaw cycles followed by
centrifugation at 5,000xg for 10 min. The resulting
supernatant was filtered through a 0.2 um filter, aliquoted,
stored at —80 °C until further use and titers of the recovered
viral stocks were determined using standard reported pla-
que assays as described earlier (Su and D’Souza 2011;
Joshi et al. 2015).

Isolation of PAC From Blueberries

Proanthocyanidins were isolated by Dr. Amy Howell
(Marucci Center for Blueberry and Cranberry Research,
Rutgers University, Chatsworth, NJ) from frozen highbush
blueberry fruit (Vaccinium corymbosum L.) using solid-
phase chromatography according to a well-established
method for proanthocyanidin isolation (Howell et al.
2005). Briefly, blueberry fruit was homogenized with 70 %
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aqueous acetone, filtered, and the pulp discarded. The
collected extract was concentrated under reduced pressure
to remove acetone. The blueberry extract was suspended in
water, applied to a preconditioned C-18 solid-phase chro-
matography column and washed with water to remove
sugars, followed by acidified aqueous methanol to remove
acids. The fats and waxes retained on the C-18 sorbent
were discarded. The polyphenolic fraction containing
anthocyanins, flavonol glycosides, and PAC (confirmed
using reverse phase HPLC with diode array detection) was
eluted with 100 % methanol and dried under reduced
pressure. This fraction was suspended in 50 % ethanol,
applied to a preconditioned Sephadex LH-20 column,
which was washed with 50 % ethanol to remove low
molecular weight anthocyanins and flavonol glycosides.
PAC adsorbed to the LH-20 were eluted from the column
with 70 % aqueous acetone, and monitored using diode
array detection at 280 nm. The absence of absorption at
360-450 nm confirmed that anthocyanins and flavonol
glycosides were removed. Acetone was removed under
reduced pressure and the resulting purified proantho-
cyanidin extract freeze dried. Electrospray mass spec-
trometry, B¢ NMR, matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry and acid cat-
alyzed degradation with phloroglucinol have all been uti-
lized to confirm the purity of PAC present in the extract
obtained using this method (Howell et al. 2005).

Effect of BJ] and BB-PAC on Host Cells Lines

Cytopathic effects of BB-PAC, BJ (pH 2.8) and NBJ
(neutralized BJ; pH 7.0) treatments on the host cell lines
were also determined. The maximum concentration of BB-
PAC used to treat the virus directly in suspension was 5 mg/
ml. However, after subsequent 10-fold dilution of the virus-
treated mix in cell-culture media containing 10 % FBS to
stop the reaction, the host cell lines are typically exposed to
only this dilution of the treatment (with 0.5 mg/ml as the
maximum concentration of BB-PAC) during the plaque
assay to determine viral infectivity. Thus, each individual
confluent host cell line in 6-well plates were exposed to
0.5 mg/ml BB-PAC and BJ and NBJ for 2 h at 37 °C and
observed under an optical microscope (Fisher Scientific,
Pittsburgh, PA; 120 VAC) to determine visible cytopathic
effects or changes in cellular morphology. Ethanol at 0.5 %
concentration (as this would be the maximum concentration
the host would be exposed to after viral treatment with BB-
PAC) did not show any visible effect on the host cells.

Antiviral Effect of BJ and BB-PAC

Commercial BJ (cocktail with grape and apple juice;
preservatives listed include malic acid and sodium citrate;

the polyphenol content is not provided, however literature
states 88-261 mg proanthocyanidin/100 g edible blue-
berry) was purchased from local grocery stores and BB-
PAC was fractionated by Dr. Amy Howell (as described
above) and kindly gifted for this work. BB-PAC was dis-
solved in 10 % ethanol and filter sterilized through 0.2
micron filters to obtain a stock of 10 mg/ml. Equal volumes
of each virus at a titer of ~5 log PFU/ml was individually
mixed with BJ (pH 2.8), BB-PAC (1, 2, 4, and 10 mg/ml),
malic acid (10 mM, pH 3.0), neutralized BJ (pH 7 using
4 M sodium hydroxide, NaOH), 10 % ethanol (control; as
10 mg/ml BB-PAC stock was prepared in 10 % ethanol
and then subsequently diluted in sterile water to get lower
working stock solutions) or phosphate-buffered saline
(PBS; 7.2 as control), and incubated at 37 °C for 5
(0.08 h), 15 (0.25 h), 30 (0.5 h), 60 (1 h), 120 (2 h), 180
(3 h), 360 min (6 h), or 24 h. Treatments were stopped
using initial serial dilutions of the treated virus with cell-
culture media containing 10 % heat-inactivated FBS, fol-
lowed by dilutions in cell-culture media containing 2 %
FBS. The infectivity of viruses was evaluated using stan-
dard plaque assays as described before (D’Souza and Su
2010; Su and D’Souza 2011; Joshi et al. 2015). Each
experiment was replicated thrice and assayed in duplicate.

Effect of BB-PAC on Viral Adsorption
and Replication

To determine the effect of BB-PAC on viral replication,
host CRFK, RAW 264.7, and FRhK4 cells in 6-well plates
were first infected with FCV-F9, MNV-1, and HAYV,
respectively for 2 h, viruses were aspirated, followed by
treatment with BB-PAC (0.5 mg/ml) for 20 min at 37 °C,
the BB-PAC solution was aspirated and then overlaid with
media as in previously reported plaque assays (Su and
D’Souza 2011). This 0.5 mg/ml BB-PAC concentration
was the highest amount that could be used directly on the
host cell without causing any cytopathic effect on the host
cells. This is the limitation of this assay as higher con-
centrations cannot be directly used to determine viral
adsorption or replication inhibition by this assay. To
determine effects on viral adsorption/binding, media was
aspirated and the host cells were pretreated with 500 pl of
BB-PAC (0.5 mg/ml) for 20 min, followed by aspiration of
the unadsorbed BB-PAC and subsequent viral infection for
2 h at 37 °C, and aspiration of media. Cells were then
overlaid with complete cell-culture media containing 0.75
or 1 % agarose. After incubation for 2 to 8 days at 37 °C
under 5 % CO,, a second overlay containing neutral red
was added followed by incubation at 37 °C under 5 % CO,
until visualization of plaques and plaques were counted and
recorded as plaque-forming units (PFU/ml) (Su, Howell,
and D’Souza 2010a; Su and D’Souza, 2011).

@ Springer



238

Food Environ Virol (2016) 8:235-243

Statistical Analysis

Statistical analysis was carried out using ANOVA with
SAS software (version 9.3, SAS Institute, Cary, NC, USA)
and Tukey’s test with data obtained from the three repli-
cations for each individual treated virus and compared to
control untreated virus assayed in duplicate as described in
previous studies (Su and D’Souza, 2011; Su and D’Souza
2013; Su et al., 2010a; Su, Howell, and D’Souza 2010b;
Joshi et al. 2015).

Results
Effect of BB-PAC and BJ on Host Cells Lines

BB-PAC at a concentration of 0.5 mg/ml was not found to
be cytotoxic to the tested host cell lines. Undiluted BJ
when added directly to the host cells had some cytopathic
effects after 2 h as visualized under the inverted light
microscope causing some sloughing/peeling of the cell
monolayer. However, neutralized BJ (NBJ) did not show
any morphological visual changes in the host cells and was
hence used in further time of addition experiments. In the
experiment involving direct treatment of viruses with BB-
PAC, the treated viruses are first 10-fold serially diluted
and then added to the host cells. Thus, the host cells are
exposed to a maximum of 20-fold diluted BB-PAC and that
did not result in any cytopathic effect on the host cells as
observed under the light microscope.

Reduction of Viral Titers by BB-PAC and BJ

All three tested viruses were found to be susceptible to the
BB-PAC treatment carried out at 37 °C. FCV-F9 at initial
titers of ~5 log PFU/ml were reduced to unde-
tectable levels (to <2 log PFU/ml per detection limit of the
assay) after 5 min with 1, 2, and 5 mg/ml BB-PAC, and to
undetectable levels (>3 log PFU/ml reduction) after
60 min with 0.5 mg/ml BB-PAC. After 5 min, lower
concentration of 0.5 mg/ml BB-PAC reduced FCV-F9
titers by only 1.33 log PFU/ml and after 30 min by 2.19 log
PFU/ml (Table 1). Since, reduction to nondetectable levels
occurred after 60 min with the lowest tested concentration
of 0.5 mg/ml BB-PAC, further/longer BB-PAC treatment
times of 3, 6, and 24 h for FCV-F9 were not carried out.
MNV-1 was less sensitive to BB-PAC treatments com-
pared to FCV-F9, where MNV-1 at initial titers of ~5 log
PFU/ml were reduced to undetectable levels only after 3 h
with 1, 2, and 5 mg/ml of BB-PAC. Lower concentration
of 0.5 mg/ml BB-PAC caused MNV-1 reductions of 1.47
log PFU/ml after 3 h and caused slightly higher reductions
of 1.83 log PFU/ml after 6 h. (Table 2). Since, reduction of
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MNV-1 to nondetectable levels were not obtained with the
lower 0.5 mg/ml BB-PAC concentration after even 3 h,
further studies with BB-PAC treatment for MNV-1 until
6 h that mimic time for digestion at 37 °C was carried out.

HAV titers were reduced to undetectable levels after
30 min with 2 and 5 mg/ml BB-PAC, whereas 1 mg/ml
BB-PAC reduced HAV titers by 1.71 log PFU/ml after
30 min and to undetectable levels only after 3 h (Table 3).
Lower concentration of 0.5 mg/ml BB-PAC caused mini-
mal reductions of 0.55, 0.79 and 0.69 log PFU/ml in HAV
titers after 1, 3, and 6 h at 37 °C, respectively. This showed
that increasing the time of treatment did not have improved
effects against HAV for the lower concentration of 0.5 mg/
BB-PAC.

Commercial BJ did not have much effect on reducing
the viral titers after shorter contact times, but the effect
did increase over time. Among the three tested viruses,
FCV-F9 was the most sensitive, where BJ reduced FCV-
F9 titers to undetectable levels after 3 h (Table 4).
However, BJ did not have a significant effect on MNV-1
and HAV after 3 h, hence further treatment for longer
times up to 24 h to mimic slow digestion were carried
out, but were not needed for FCV-F9 that were reduced to
nondetectable levels after 3 h with BJ. MNV-1 titers were
reduced to undetectable levels only after 24 h with BJ
while HAV was reduced by 1.86 log PFU/ml after 24 h
with BJ (Table 5,6). Both, malic acid (pH 3.0, control)
and NBJ (pH 7.0) did not have any significant effect in
reducing the titers of all the three viruses, compared to
non-neutralized BJ (pH 2.8) that showed ~2-3 log PFU/
ml reduction after 24 h. Thus, the reduction cannot be
attributed solely to pH effects, indicating that BJ bioac-
tives contributed to the reduction. The actual levels of
BB-PAC in the commercial BJ are not known, though
88-261 mg of proanthocyanidin/100 g of edible portion
of blueberries are reported in literature (USDA database
for proanthocyanidin Content of Selected Foods, August
2004). The possibility that the variety, season, and pro-
cessing approaches could ultimately affect the levels of
BB-PAC in prepared BJs cannot be ruled out, which
could result in different bioactivity levels.

Effect of BB-PAC and BJ on Viral Adsorption
and Viral Replication

Treatment of host cells with 0.5 mg/ml BB-PAC before
viral infection reduced the titers of FCV-F9, MNV-1, and
HAV by 0.63, 0.54, and 0.34 log PFU/ml, respectively
(Table 7A). When the cells were treated with 0.5 mg/ml
BB-PAC postviral infection, reductions of 0.38, 0.23, and
0.03 log PFU/ml were obtained for FCV-F9, MNV-1, and
HAYV, respectively (Table 7B). These results suggest that
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Table 1 Effect of 0.5 to 5.n.1g/ Time Recovered titer (Log PFU/ml)
ml blueberry proanthocyanidins (Min)
(BB-PAC) on ~5 log PFU/ml PBS Ethanol BB- PAC BB-PAC BB-PAC BB-PAC
FCV-F9 at 37 °C over 2 h (10 %) (0.5 mg/ml) (1 mg/ml) (2 mg/ml) (5 mg/ml)
5 4.87 £ 0.07* 4.76 + 0.05* 3.54 + 0.10° <24 <2¢ <24
30 483 +0.05° 477 +0.06°  2.64 £ 0.27° <24 <4 <24
60 5.03 £ 0.06° 473 £0.06°  <2¢ <24 <2¢ <24
120 5.03 £ 0.06°  4.99 £ 0.06 < <24 < <24

Table 2 Effect of 0.5-5 mg/ml
blueberry proanthocyanidins
(BB-PAC) on ~5 log PFU/ml
MNV-1 at 37 °C over 6 h

Table 3 Effect of 0.5 to 5 mg/
ml blueberry proanthocyanidins
(BB-PAC) on ~5 log PFU/ml
HAYV at 37 °C over 6 h

Table 4 Effect of BJ on ~5
log PFU/ml FCV-F9 at 37 °C
over 6 h

abed Dyfferent letters denote significant differences when compared between each column (p <0.05).
Detection limit for the assay was 2 log PFU/ml

Time Recovered titer (Log PFU/ml)
.
(Min) CBs Ethanol BB-PAC BB-PAC BB-PAC BB-PAC

(10 %) (0.5 mg/ml) (1 mg/ml) (2 mg/ml) (5 mg/ml)
30 4.89 £+ 0.08° 4.56 + 0.08° 3.80 + 0.06*° 3.71 £ 0.05>¢ 3.43 £ 0.09>° 3.28 + 0.22°¢
60 4.84 + 0.10° 4.82 +0.08° 3.67 £ 0.13°  3.49 £ 0.08"° 3.19 + 0.19° 2.78 + 0.28°
120 476 £ 0.01* 4.56 + 0.08* 3.70 £ 0.13°  3.46 £+ 0.06>° 3.17 £ 0.12°  2.76 £ 0.09°
180 475 £ 0.07° 475 +£0.07° 328 £0.12° <2¢ <24 <
360 4.63 £0.17*° 4.61 + 0.07* 2.80 + 0.07° <2¢ <24 <2

abed Different letters denote significant differences when compared between each column (p <0.05).
Detection limit for the assay was 2 log PFU/ml

Time  Recovered titer (Log PFU/ml)

Min

(Min) PBS Ethanol BB-PAC BB-PAC BB-PAC BB- PAC
(10 %) (0.5 mg/ml) (1 mg/ml) (2 mg/ml) (5 mg/ml)

15 4.81 £ 0.05° 4.80 £+ 0.04° NP==* 3.27 £0.08° 279 £0.16° 2.35 £ 0.12°

30 478 +£0.03* 4.75 + 0.03* NP** 3.07 £ 024 <2 <24

60 483 4+ 0.07° 471 £0.13* 428 £0.11* 258 +£0.14° < <24

180 4854 0.12° 477 £0.16* 4.06 £ 0.18%° < <24 <¢

360 4.81 +£0.13* 461 £0.16* 4.12 £ 0.09%° <24 <2d <

abe Different letters denote significant differences when compared between each column (p < 0.05)

Detection limit for the assay was 2 log PFU/ml

** NP = not performed

Recovered titer (Log PFU/ml)

Time PBS Blueberry juice Neutralized Malic acid
(Min) (pH 2.8) blueberry juice (pH 3.0)
(pH 7.0)

30 4.83 £+ 0.05° 439 + 0.08° 4.87 + 0.03* 4.85 £ 0.04°
60 5.17 £ 0.10° 3.58 £ 0.09° 4.84 £+ 0.08° 4.85 £ 0.04°
120 5.17 £ 0.10° 2.76 + 0.30¢ 474 £ 0.02° 4.80 £ 0.03°
180 4.85 £+ 0.05° <2° 4.77 £+ 0.04%° 439 £ 0.12°
360 4.99 £+ 0.07° <2¢ 476 + 0.03*° 439 + 0.12°

abede Dyfferent letters denote significant differences when compared between each column (p < 0.05).
Detection limit for the assay was 2 log PFU/ml
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Table 5 Effect of BJ on ~5
log PFU/ml MNV-1 at 37 °C

Recovered titer (Log PFU/ml)

over 24 h Time PBS Blueberry juice Neutralized Malic acid
(Hour) (pH 2.8) blueberry juice (pH 3.0)
(pH 7.0)
1 4.57 + 0.07° 433 + 0.05° 4.32 + 0.06° 479 + 0.04°
475 + 0.07° 424 + 0.10° 426 + 0.11° 478 + 0.02°
4.50 + 0.07° 4.02 £ 0.13*° 4.05 £ 0.13%° 4.45 + 0.05°
24 4.04 £+ 0.19° <2 3.88 £ 0.18° 4.12 4+ 0.09*°

aP< Different letters denote significant differences when compared between each column (p < 0.05).
Detection limit for the assay was 2 log PFU/ml

Table 6 Effect of BJ on ~5
log PFU/ml HAV at 37 °C over

Recovered titer (Log PFU/ml)

24 h Time PBS Blueberry juice Neutralized Malic acid
(Hour) (pH 2.8) blueberry juice (pH 3.0)
(pH 7.0)

1 4.78 £+ 0.04* 3.63 + 0.07* 4.73 + 0.05% 4.76 + 0.05*
2 477 + 0.02* 3.85 + 0.05" 4.72 + 0.02* 477 + 0.07*
3 4.90 £+ 0.05* 3.63 + 0.32%¢ 4.79 + 0.03* 4.76 £+ 0.05%
6 4.80 £+ 0.05* 3.45 £+ 0.05° 4.52 £ 0.22% 447 £ 0.12%
24 4.63 + 0.07* 277 + 0.12¢ 4.52 + 0.22% 4.32 + 0.04*

abed Dyifferent letters denote significant differences when compared between each column (p < 0.05).
Detection limit for the assay was 2 log PFU/ml

Table 7 Effect of blueberry proanthocyanidins (0.5 mg/ml BB-PAC)
on (A) binding and (B) replication of FCV-F9, MNV-1, and HAV at
37 °C

Virus Recovered titer (Log PFU/ml)
Control (DMEM) BB-PAC (0.5 mg/ml)
(A)
FCV-F9 6.17 + 0.02° 5.54 + 0.10~°
MNV-1 5.76 + 0.07* 5.22 + 0.10*°
HAV 5.83 + 0.02% 5.49 + 0.09%°
B)
FCV-F9 6.33 £+ 0.02* 5.95 + 0.03*°
MNV-1 5.72 £+ 0.03* 5.49 £+ 0.09*
HAV 5.73 +£ 0.03* 5.70 £+ 0.04*

ab Different letters denote significant differences when compared
between each row(p < 0.05). Detection limit for the assay was 2 log
PFU/ml

BB-PAC at 0.5 mg/ml plays a modest role in the preven-
tion of virus attachment to the host and on viral adsorption
rather than on inhibiting replication. Due to the assay
limitation where higher BB-PAC concentrations showed
cytopathic effects upon direct contact with the host cells,
further studies with concentrations higher than 0.5 mg/ml
BB-PAC could not be undertaken.
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Discussion

BB-PAC and BJ were found to be effective in reducing the
titers of all the three tested viruses. BB-PAC showed dose
and time-dependence effects against the three tested viru-
ses where higher concentration and longer time had the
greatest antiviral effects especially for MNV-1 and HAV.
Between the two tested human norovirus surrogates, FCV-
F9 was found to be the more sensitive surrogate to treat-
ments than MNV-1 and particularly sensitive to lower pH
conditions (Cannon et al. 2006). This is not surprising as
similar patterns are reported when comparing FCV-F9 and
MNV-1 using chemical treatments such as trisodium
phosphate (TSP) and plant-derived extracts such as grape
seed extract, GSE (Su and D’Souza 2011; Su, Sangster, and
D’Souza 2010c). Previous studies have also shown that
MNV-1 is the sturdier of the surrogates when exposed to
extreme heat and pH (Cannon et al. 2006). HAV was found
to be moderately sensitive to BB-PAC treatment where
complete reduction was achieved with 2 and 5 mg/ml BB-
PAC after 30 min. HAV is known to be highly stable in the
environment and can retain infectivity for long periods of
time, and can survive in mineral water stored at room
temperature for up to 300 days (Biziagos et al. 1988). It is
also resistant to extreme acidic pH, where it was shown to
survive in acidic marinade at pH 3.75 over 4 weeks and at
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pH 1.0 even after 5 h (Hewitt and Greening 2004; Scholz
et al. 1989). Thus, the observed antiviral effect of BB-PAC
against HAV is quite noteworthy.

Bioactive compounds such as gallic acid, epicatechin,
tannins, and PAC found in berry fruits are known to be
effective antimicrobial agents (Khurana et al. 2013;
Bahadoran et al. 2013; Li et al. 2013). Polyphenols from
fruits such as pomegranate, cranberry, grapes (seed), and
other plant extracts have been shown to possess antiviral
properties including against human norovirus surrogates
(Su et al., 2010a; Su et al., 2010d; Oh et al. 2012). How-
ever, as mentioned in the introduction, the phenolic com-
position and amounts vary between the various fruit types,
where blueberries contain mostly B-type PAC while
cranberries mainly contain A-type PAC.

For comparison of effects, FCV-F9 was found to be
undetectable after 1 day in BJ as well as in orange and
pomegranate juice blend at 4 °C (Horm et al. 2012; Horm
and D’Souza 2011). MNV-1 was reported to be completely
reduced after 7 days in the orange and pome-
granate juice blend, however only 1 log PFU/ml reduction
of MNV-1 was observed in BJ at 4 °C (Horm et al. 2012;
Horm and D’Souza, 2011). Black raspberry juice at 6 %
was found to reduce MNV-1 plaque formation by 99 %
after 1 h at 37 °C (Oh et al. 2012). However in the current
study, BJ treatment needed longer contact time to achieve
similar reduction, which could be attributed to the fact that
black raspberry juice was freshly made by hand, and might
have a higher concentration of polyphenols with different
composition, whereas commercially available BJ was used
in our study. This study aimed at primarily determining the
effects of commercially available juices and BB-PAC from
blueberries as potential preventive and therapeutic options
against enteric viral infections. However, the effects of the
food matrix, gastrointestinal conditions, immune system,
and other factors need to be considered and results of
feeding studies and appropriate regulatory approval need to
be obtained before any recommendations can be made.
Grape seed extract (GSE), cranberry PAC, and pome-
granate polyphenols (PP) have been reported for their
antiviral properties against FCV-F9 and MNV-1 (Su and
D’Souza 2011; Su et al., 2010a, Su et al., 2010d). FCV-F9
and MNV-1 were reported to be reduced to unde-
tectable levels and by 2.95 log PFU/ml, respectively with
0.6 mg/ml cranberry PAC after 1 h at RT (Su et al., 2010a;
b). GSE at 0.5 and 1 mg/ml were found to reduce FCV-F9
titers to undetectable levels within 15 min at 37 °C and
RT, and MNV-1 titers by ~1 log PFU/ml after 1 h at
37 °C and RT (Su and D’Souza 2011). FCV-F9 and MNV-
1 were also reported to be sensitive to PP treatments at RT,
where PP at 2 mg/ml decreased FCV-F9 titers to unde-
tectable levels after 30 min and MNV-1 titers were reduced
by 0.9 log PFU/ml after 60 min (Su et al., 2010d). In this

study, BB-PAC at 2 mg/ml reduced FCV-F9 titers to
undetectable levels within 5 min and MNV-1 by 1.65 log
PFU/ml after 60 min at 37 °C. When comparing these
polyphenol extracts for their antiviral activity against FCV-
F9 and MNV-1, their effect follows the order of cranberry
PAC > GSE > BB-PAC > PP.

In comparison to human norovirus surrogates, fewer
studies are reported in literature on the antiviral effects of
natural extracts against HAV. In a previous study, GSE at
1 mg/ml was shown to reduce HAV titers from initial 5 log
PFU/ml by 2.89 log PFU/ml after 2 h at 37 °C (Su and
D’Souza 2011). HAV titers at initial 5.74 log PFU/ml were
also shown to be decreased by 0.66 log PFU/ml when
treated with 10 pg/mL Korean red ginseng, and decreased
by 0.37 log PFU/ml when treated with 10 pg/mL purified
ginsenoside extract after 24 h at 37 °C (Lee et al. 2013).
BB-PAC treatment, although at a higher concentration, was
found to be effective in reducing HAV titers where 2 mg/
ml BB-PAC caused reduction to undetectable levels within
30 min at 37 °C.

Neutralized BJ did not have any significant effect in
reducing the titers of the tested viruses. As PACs are
known to be stable under acidic conditions, increasing the
pH can change the structure of PAC, thereby potentially
changing its bioactivity. Moreover, the malic acid (pH 3.0)
pH control by itself alone also did not significantly con-
tribute to the viral titer reduction. It could be speculated
that both the bioactive components of BJ and the acidic pH
together contributed towards the antiviral activity. Bioac-
tive components of BJ were not individually analyzed for
antiviral activity in this study.

Extensive research is being carried out to study the
mode of action of these polyphenols and their interaction
with the viruses and their host cells. Researchers have
proposed several theories as to the effects of plant
polyphenols in vitro. Lingonberry PACs were reported to
have an effect on host penetration by herpes simplex virus-
2 (HSV-2) without much effect on viral attachment (Cheng
et al. 2005). In another study with HSV-2, PAC from an
African resurrection plant was found to inhibit both virus
attachment and penetration (Gescher et al. 2011). Black
raspberry juice was shown to be effective in reducing
plaque formation of MNV-1 with pretreatment of host cells
(effect on attachment) and after infection of host cells by
treated viruses (Oh et al. 2012). However, these researchers
showed that post treatment of cells after infection did not
have any significant effect suggesting that the antiviral
activity occurred at the point of host cell attachment or
entry and not after infection or replication (Oh et al. 2012).

In this study, BB-PAC was shown to have limited
effects in preventing viral adsorption to the host cells, with
even lesser effects on viral replication (based on the limi-
tation of the assay that cannot directly test higher
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concentrations of BB-PAC on the host cells compared to
the concentrations ranging from 0.5 to 5 mg/ml BB-PAC
used directly to inactivate the virus in suspension). The
limited prevention of viral adsorption (relatively low
amount of reduction) could be attributed to binding of the
BB-PAC to the host cell receptors or alternately to the virus
itself and causing disruption of the virus capsid. As mini-
mal viral reduction was obtained after infection of the host
cells (postinfection) with the BB-PAC treatment, it appears
that BB-PAC does not play any significant role in
inhibiting viral replication. These findings are in agreement
with the study conducted with PE (persimmon extract)
where no significant effect pre- or postinfection was
reported and that the maximal antiviral activity was
obtained by direct treatment of the virus particles (Ueda
et al. 2013). Similar findings were reported for ginsenoside
extract (5 pg/mL) treatment against HAV, where a very
low reduction in titer was reported when the host cells were
pretreated with the extract (Lee et al. 2013). Similar results
with GSE on viral adsorption of FCV-F9, MNV-1, and
HAYV were previously reported, with less effect on repli-
cation (Su and D’Souza 2011). However, PAC from
blueberry leaves was shown to have a pronounced effect on
replication of the enveloped hepatitis C (HCV) virus by
inhibiting expression of NS-3 gene (nonstructural gene-3),
along with blocking of nuclear ribonucleoprotein essential
for subgenomic replication (Takeshita et al. 2009). Thus,
the mechanism of action seems to differ depending on the
virus and the source and type of the PAC.

It is well recognized that the effectiveness of antimi-
crobials can decrease in the presence complex food
matrices where the components of foods such as lipids,
proteins, or other acidic or alkaline conditions may inter-
fere with the antiviral properties. Hence, along with
studying the effect of these blueberry polyphenols on the
viral infectivity in vitro, it is also crucial to further inves-
tigate their effectiveness in presence of food matrices and
under simulated gastric conditions for use as potential
antiviral therapeutics. Some studies have been conducted
with plant extracts (hibiscus) in milk and apple juice
against E. coli and Staphylococcus aureus where antimi-
crobial activity was shown to decrease in foods with higher
lipid and protein load (Higginbotham et al. 2014). A sim-
ilar study was carried out using black tea and tea in milk
against the oral pathogen Streptococcus mutans, where
reduced antimicrobial activity of tea made in milk was
reported (Abd Allah et al. 2012). This decrease in activity
was attributed to the complex formation of milk proteins
and tea polyphenols and subsequent decrease in the
bioavailability of polyphenols. Therefore, future studies are
aimed to determine the antiviral effects of BB-PAC in food
systems such as milk (high in lipids) and apple juice, and
also simulated gastric conditions. Furthermore, animal

@ Springer

feeding studies with blueberries and BB-PAC using pre-
and postchallenge should also be carried out to determine
antiviral effects against enteric viruses.

Overall, this study determined the ability of BJ and BB-
PAC to decrease human norovirus surrogate virus and
HAV titers in a dose and time-dependent manner. Thus,
they show potential as preventive or therapeutic options
against viral gastrointestinal illness caused by these enteric
viruses.
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