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Abstract Aqueous Hibiscus sabdariffa extracts possess

antimicrobial properties with limited information available

on their antiviral effects. Aichi virus (AiV) is an emerging

foodborne pathogen that causes gastroenteritis. Vaccines

are currently unavailable to prevent their disease trans-

mission. The objective of this study was to determine the

antiviral effects of aqueous H. sabdariffa extracts against

AiV. AiV at *5 log PFU/ml was incubated with undiluted

(200 mg/ml), 1:1 (100 mg/ml) or 1:5 (40 mg/ml) diluted

aqueous hibiscus extract (pH 3.6), phosphate-buffered

saline (pH 7.2 as control), or malic acid (pH 3.0, acid

control) at 37 �C over 24 h. Treatments were stopped by

serially diluting in cell-culture media containing fetal

bovine serum and titers were determined using plaque

assays on confluent Vero cells. Each treatment was repli-

cated thrice and assayed in duplicate. AiV did not show

any significant reduction with 1:1 (100 mg/ml) or 1:5

(40 mg/ml) diluted aqueous hibiscus extracts or malic acid

after 0.5, 1, or 2 h at 37 �C. However, AiV titers were

reduced to non-detectable levels after 24 h with all the

three tested concentrations, while malic acid showed only

0.93 log PFU/ml reduction after 24 h. AiV was reduced by

0.5 and 0.9 log PFU/ml with undiluted extracts (200 mg/

ml) after 2 and 6 h, respectively. AiV treated with 1:1

(100 mg/ml) and 1:5 (40 mg/ml) diluted extracts showed a

minimal *0.3 log PFU/ml reduction after 6 h. These

extracts show promise to reduce AiV titers mainly through

alteration of virus structure, though higher concentrations

may have improved effects.

Keywords Aichi virus � Reduction � Aqueous H.
sabdariffa calyces

Introduction

Aichi virus (AiV) is an emerging foodborne enteric virus

that was first associated with an outbreak of diarrhea that

occurred in March, 1989 in Aichi Prefecture, Japan (Ya-

mashita et al. 1991). It was found in stool specimens of

patients who had consumed raw oysters (Yamashita et al.

1991). AiV belongs to the Picornaviridae family under the

genus Kobuvirus, with currently three different known

species, A, B, and C (Yamashita et al. 1991, 1995, 1998,

2001, 2014). AiV is a single-stranded, positive-sense, non-

enveloped RNA virus, small and round in structure with a

size of *30 nM in diameter (Yamashita et al. 1995, 1998,

2001). The length of the RNA excluding the poly (A) tail is

8374 nucleotides, where the nonstructural protein L (lea-

der) is encoded at the N-terminus followed by three

structural capsid proteins VPO, VP3, and VP1 and seven

nonstructural proteins 2A, 2B, 2C, 3A, 3B, 3C, and 3D

(Yamashita et al. 2014).

AiV is primarily transmitted by the fecal-oral route, and

contaminated water and shellfish enable the spread of this

emerging virus (Le Guyader et al. 2008; Goyer et al. 2008;

Yamashita et al. 1991). AiV causes gastroenteritis with an

incubation period ranging from 3 to 7 days (Reynolds

2013). The common symptoms of AiV infection include

nausea, abdominal pain, fever, vomiting, and diarrhea that

can last for 3–10 days (Lodder et al. 2013; Reynolds 2013;

Švraka-Latifovic 2011). AiV has been reported to have
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different circulation and infection rates among different

populations, and thus far has been isolated from Japan,

Pakistan, Southeast Asia, Brazil, Germany, France, Tuni-

sia, Hungary, China, and Finland indicating its worldwide

emergence (Blanton et al. 2006; Hall et al. 2014; Lodder

et al. 2013; Reuter et al. 2009; Ribes et al. 2010; Scallan

et al. 2011; Yamashita et al. 1991, 1995, 1998, 2001,

2014). AiV is known to have a cytopathic effect on Vero

and BSC-1 cells and can be cultivated in the lab (Ya-

mashita et al. 2014). Currently, there are no vaccines

available for AiV prophylaxis and the infectious doses for

AiV are unknown.

Very few studies have been reported in literature on

methods to control the spread of this virus and its disease

that include processing approaches such as heat, high

hydrostatic pressure, disinfection by ultraviolet light,

chlorine, and various alcohol-based sanitizers (Cromeans

et al. 2014; Fino and Kniel 2008; Kingsley et al. 2004).

Hence, it is important to study the effects of alternate

control measures including natural antimicrobials to con-

trol its spread. Hibiscus sabdariffa of the family Mal-

vaceae, commonly referred to as ‘‘roselle’’ is an annual,

tropical, or subtropical plant, typically used for ornamental

purposes (Morton 1987; Da-Costa et al. 2014). However,

their red calyces are also used to prepare beverages, jams,

jellies, salad toppings, or coloring, that are rich in bioac-

tives including anthocyanins, phenolic acids, organic acids

(malic and tartaric), saponins, and alkaloids (Ali et al.

2005; Joshi et al. 2015; Kakkar and Bais 2014; Morton

1987; Saini et al. 2012; Tsai et al. 2002; Da-Costa et al.

2014). Their aqueous extracts are considered GRAS (gen-

erally recognized as safe) as a food additive in beverage

flavorings by the U.S. Food and Drug Administration (21

CFR 172.510) (Joshi et al. 2015). H. sabdariffa calyces are

known to possess antioxidant, anti-diabetic, anticancer,

cardioprotective, and antimicrobial properties (Borges

et al. 2013; Cowan 1999; Lin et al. 2005; Liu et al. 2005;

McKay et al. 2010; Yang et al. 2013; Joshi et al. 2015).

These extracts have been reported to have antimicrobial

effects against Staphylococcus aureus (including methi-

cillin-resistant S. aureus (MRSA)), S. epidermidis,

Escherichia coli, E. coli O157:H7 (Olaye, 2007; Fullerton

et al. 2011); Klebsiella pneumoniae, Pseudomonas aerug-

inosa, Acinetobacter baumannii (Liu et al. 2005), Propi-

onibacterium acnes (Chomnawang et al. 2005), Salmonella

Typhimurium, Listeria monocytogenes, Campylobacter,

and Bacillus cereus (Chao and Yin 2009; Liue et al. 2005;

Ravishankar et al. 2012; Yin and Chao 2008). Methanolic

extracts of whole plants of dried H. sabdariffa were

reported to have antibacterial activity against E. coli, En-

terobacter cloacae, E. aerogenes, K. pneumoniae, P.

aeruginosa, and P. stuartii with minimum inhibitory con-

centrations (MIC’s) ranging from 128 to 1024 lg/ml

(Djeussi et al. 2013). Water extracts of H. sabdariffa were

also shown to inhibit the growth of E. coli, B. subtilis, and

S. aureus with higher antimicrobial effects with increasing

tested concentrations that ranged from 25 to 200 mg/ml as

determined by a paper disk method (Jung et al. 2013).

Literature is currently scarce on the antiviral effects of

aqueous H. sabdariffa extracts. Only recently our lab

reported that aqueous H. sabdariffa extracts (HE) showed

promising results for the reduction of cultivable human

norovirus surrogates and hepatitis A virus (Joshi et al.

2015). Feline calicivirus (FCV-F9) titers were shown to be

reduced to undetectable levels after 15 min, while murine

norovirus (MNV-1) was reported to be reduced by

1.77 ± 0.10 and 1.88 ± 0.12 log PFU/ml after 6 h at

37 �C with 40 and 100 mg/ml HE, respectively (Joshi et al.

2015). MNV-1 was shown to be further reduced to unde-

tectable levels after 24 h at 37 �C by both 40 and 100 mg/

ml HE concentrations, and HAV titers were reduced to

undetectable levels by both HE concentrations after 24 h at

37 �C (Joshi et al. 2015).

Therefore, the objective of this study was to (1) deter-

mine the antiviral effects of aqueous extracts of H. sab-

dariffa calyces (HE) against the infectious titers of AiV at

37 �C over 24 h using plaque assays; and (2) to gain

insights on the mode of action of these extracts on the AiV

capsid structure using transmission electron microscopy

(TEM) and also using time-of-addition assays to determine

their effects on host-cell binding and viral replication.

Materials and Methods

Hibiscus sabdariffa Aqueous Extract Preparation

Dried H. sabdariffa calyces (commercially available,

MiCostenita brand) were locally obtained from a grocery

store. Twenty-five grams of these dried calyces were added

to 125 ml (to make a 200 mg/ml working stock) of

deionized distilled water and boiled for 1 min, the super-

natant was first filtered, centrifuged at 40009g for 3 min,

and then filter-sterilized through a 0.2-lm filter and stored

at 4 �C until further use as reported before (Joshi et al.

2015). The filtered stock was further aseptically diluted in

sterile water, stored at refrigeration, or used immediately.

Aichi Virus and Host Cells

Aichi virus (AiV) was obtained as a gift from Dr. David

Kingsley (USDA ARS, Delaware). The Vero host cells

were propagated in 175 cm2 flasks in Dulbecco’s Modified

Eagle’s Medium/Ham’s F-12 (DMEM-F12; HyClone

Laboratories, Logan, UT) containing 2 % heat-inactivated

fetal bovine serum (FBS, HyClone Laboratories) and
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1 9 Anti–Anti (Antibiotic–Antimycotic, Invitrogen, Grand

Island, NY) at 37 �C under 5 % CO2 in a water-jacketed

CO2 incubator. AiV was propagated using previously

reported standard procedures (Fino and Kniel 2008).

Briefly, AiV stocks were prepared by infecting Vero host

cells (when 90 % confluent) in 175 cm2 flasks for 3 days,

under 5 % CO2 at 37 �C. The infected cells were then

freeze-thawed at least twice, centrifuged at 50009g for

10 min, and the supernatant was filtered through a 0.2-lm
filter, stored at -80 �C until further use, and plaque

assayed to determine infectious titers.

Antiviral Effect of Aqueous H. sabdariffa Extracts

Equal volumes of AiV (*5 log PFU/ml) were mixed with

aqueous H. sabdariffa extracts (HE) (40, 100, or 200 mg/

ml; pH 3.6), malic acid (10 mM; pH 3.0 as a control), or

10 mM phosphate-buffered saline (PBS, pH 7.2 as another

control) and incubated at 37 �C for 0.5, 1, 2, 6, or 24 h as

described before for human norovirus surrogates and hep-

atitis A virus (HAV) (Joshi et al. 2015). The pH of the

virus–HE mix was around pH 5.0. Treatments were stop-

ped by diluting in cell-culture media containing 10 % heat-

inactivated fetal bovine serum (FBS), followed by serial

dilutions in cell-culture media containing 2 % FBS and

AiV infectivity was determined using standard plaque

assays (Fino and Kniel 2008; Kingsley et al. 2004). Each

experiment was replicated thrice and assayed in duplicate.

Time-of-Addition Assays

Time-of-addition assays were conducted in order to

determine the mode of action of aqueous HE against

infectious AiV using previously described procedures

(Joshi et al. 2015; Su and D’Souza, 2013; Su et al. 2010a,

2010b). Aqueous HE (at a 1:40 dilution; 5 mg/ml; at the

non-toxic levels to the host cells) was directly added to

confluent Vero cells prior to infection in order to determine

the effect on blocking of AiV attachment to the Vero host

cells.

Cytotoxicity assays using serial dilutions of HE in

DMEM-F12 media containing FBS to confluent Vero cells

followed by incubation for up to 3 d were carried out and

cells were inspected visually and under the light micro-

scope. Cells treated with the various dilutions of the

extracts were also overlaid with DMEM-F12 containing

0.75 % agarose, incubated for 3 d, and then stained with

neutral red solution. Cytopathic effects were determined by

both visual inspection under the optical light microscope

and by neutral red staining.

Aqueous HE at 5 mg/ml (at the non-toxic levels to

the host cells) was also added after allowing for virus

infection of the Vero host cells to determine the effect

of HE treatment on viral replication. Standard plaque

assay procedures were then followed as described

above.

Transmission Electron Microscopy (TEM) Analysis

AiV at *7 log PFU/ml was mixed with equal volumes of

100 mg/ml HE or sterile distilled water (control) and

incubated at 37 �C for 6 and 24 h. The previously descri-

bed procedures were followed for staining and visualiza-

tion by TEM. Briefly, fresh glow-discharged, formvar- and

carbon-coated copper grids were coated with 10 ll treated
and untreated AiV samples, stained with uranyl acetate for

1 min, and allowed to dry (Joshi et al. 2015; Su and

D’Souza, 2013; Su et al. 2010a, 2010b). The stained AiV

samples were visualized under a Hitachi H800 transmission

electron microscope at 75 keV (with the assistance of Dr.

Dunlap) at the UT-Knoxville Advanced Microscopy and

Imaging Center.

Statistical Analysis

Statistical analysis was carried out using ANOVA with

SAS software (version 9.3, SAS Institute, Cary, NC, USA)

and Tukey’s test as described earlier on a completely

randomized design with data obtained from three replicates

of treated AiV and control AiV (Joshi et al. 2015; Su and

D’Souza 2013; Su et al. 2010a, 2010b).

Results

Aichi Virus Infectious Titer Reduction by Aqueous

H. sabdariffa Extracts

AiV did not show any significant reduction in titers after

incubation with 1:1 (100 mg/ml) or 1:5 (40 mg/ml) diluted

hibiscus extracts or malic acid after 0.5, 1, or 2 h at 37 �C
(p[ 0.05). Aqueous HE at 40 mg/ml showed 0.39–0.51

log PFU/ml reduction in AiV titers after 2 and 6 h and

reduction to non-detectable levels after 24 h at 37 �C.
Similarly, aqueous HE at 100 mg/ml showed minimal

reduction in AiV titers from 0.15 to 0.51 log PFU/ml after

2 and 6 h and reduction to non-detectable levels after 24 h

at 37 �C. Aqueous HE at 200 mg/ml showed reductions in

AiV titers from 0.51 to 0.91 log PFU/ml after 2 and 6 h,

and reduction to non-detectable levels after 24 h at 37 �C
(Fig. 1). Thus, it appears that higher concentrations of HE

are needed to show faster antiviral effects against AiV.

Malic acid (10 mM, pH 3.0) resulted in only 0.9 log PFU/

ml reduction of AiV titers after 24 h.
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Time-of-Addition Assays

Pre- and post-infection assays with the aqueous HE (5 mg/

ml) on Vero host cells showed minimal reductions in AiV

titers, where mere reductions of only *0.17 and 0.11 log

PFU/ml, respectively were observed from initial titers of

5.8 or 5.6 log PFU/ml (Table 1). Thus, pre-infection

treatment results showed that there was minimal to no

effect on blocking of binding of virus to the host-cell

receptors. Similarly, post-infection treatment assays

showed that there was minimal effect on the inhibition of

viral replication (note when using the low concentration of

5 mg/ml HE that was not toxic to the host cell).

Transmission Electron Microscopy of Treated

and Untreated AiV Samples

Transmission electronmicroscopy showed coating of the HE-

treated AiV particles compared to controls and deformation/

reduction in shape/size of the HE-treated AiV particles com-

pared to intact untreated AiV particle images (Fig. 2).

Discussion

Aqueous HE was found to be effective in reducing AiV

titers in a concentration and time-dependent manner at

37 �C. All three tested concentrations (40, 100, and

200 mg/ml) of aqueous HE showed reduction of AiV to

non-detectable levels after 24 h. Undiluted aqueous

extracts (200 mg/ml) showed 0.91 log PFU/ml reduction in

AiV titers after 6 h compared to 0.5 log PFU/ml reductions

observed after 6 h with 100 mg/ml HE. It is also important

to note that our concentrated stock of 200 mg/ml HE was

stored at refrigeration temperature (4 �C) and used over a

month that showed stability as it resulted in consistent

antiviral activity. The working stock was further diluted to

freshly prepare lower concentrations from the 200 mg/ml

HE just before use. From the results obtained against AiV,

higher concentrations and longer treatment times with HE

seem to have an improved antiviral effect against AiV titers

that may be suitable to decrease or prevent transmission

and outbreaks related to AiV. However, these are only

preliminary in vitro results and hence, further studies with

food systems and simulated gastric conditions as well as

feeding studies and clinical trials are needed. Also,

appropriate regulatory approvals are needed before any

health claims can be made for use.

When comparing the reduction of AiV titers by HE to

human norovirus surrogates, murine norovirus (MNV-1)

titers were reported to be reduced by 1.19 ± 0.02,

1.30 ± 0.02, and 1.77 ± 0.10 log PFU/ml after treatment

with 40 mg/ml HE for 1, 3, and 6 h at 37 �C, respectively
and to undetectable levels after 24 h, while reductions of

1.18 ± 0.04, 1.27 ± 0.01, and 1.88 ± 0.12 log PFU/ml

were obtained with 100 mg/ml HE after 1, 3, and 6 h,

respectively and to undetectable levels after 24 h at 37 �C
(Joshi et al. 2015). Aqueous HE was also found to be

effective in reducing FCV-F9 titers to undetectable levels

(\102 PFU/ml detection limit of the assay) after 15 min at

37 �C with 40 and 100 mg/ml aqueous HE concentrations

(Joshi et al. 2015). Thus, it appears that AiV is more resistant

thanMNV-1 and also FCV-F9 to treatment with aqueous HE

at lower concentrations and incubation times at 37 �C.

Fig. 1 Reduction of Aichi virus (AiV) titers after treatment with

aqueous extracts of hibiscus calyces (40 mg/ml (1:5 dilution),

100 mg/ml (1:1 dilution), and 200 mg/ml (undiluted)) over 24 h at

37 �C. Each experiment was carried out in duplicate and replicated

thrice. (Error bars denote standard deviations from three replicate

experiments). Reduction to non-detectable levels were obtained after

24 h with undiluted (200 mg/ml) and diluted (40 and 100 mg/ml) HE

Table 1 Effect of aqueous hibiscus extract (5 mg/ml; tested using these non-cytotoxic levels to Vero host cells) against Aichi virus titers using

(A) blocking of Aichi virus binding to host cells, and (B) inhibition replication at 37 �C

Aichi virus Titer (log PFU/

ml)

Control (DMEM-F12 containing 2 %

FBS)

Aqueous Hibiscus sabdariffa extracts (5 mg/

ml)

(A) Binding (pre-treatment) Recovered titer 5.83 ± 0.05 (log PFU/ml) 5.66 ± 0.09 (log PFU/ml)

Reduction 0 0.17

(B) Replication (post-

infection)

Recovered titer 5.73 ± 0.03 (log PFU/ml) 5.62 ± 0.07 (log PFU/ml)

Reduction 0 0.11

Data from three replicates are reported as Mean ± SD
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Similarly, AiV appears to be more resistant to aqueous

HE treatment than even the sturdy hepatitis A virus, where

HE at 40 mg/ml was shown to reduce HAV by 1.29 ± 0.05

and 1.14 ± 0.01 log PFU/ml after 3 and 6 h and to unde-

tectable levels after 24 h, and HE at 100 mg/ml reduced

HAV by 1.37 ± 0.02 and 1.33 ± 0.01 log PFU/ml after 3

and 6 h and reduction to undetectable levels after 24 h

(Joshi et al. 2015).

As 10 mM malic acid (pH 3.0) resulted in only 0.9 log

PFU/ml reduction after 24 h, the main effects of HE

against AiV do not seem to be due to pH alone but are also

potentially associated with the bioactivity of the entire

aqueous extract together with pH that caused reduction to

non-detectable levels after 24 h. The time-of-addition

assays did not provide any useful insights on the effects of

aqueous HE (at the tested concentrations) on either pre-

vention of AiV attachment to the host cell or on inhibition

of AiV replication. However, TEM analysis did reveal

coating of the treated AiV particles and deformation in size

and shape of the treated AiV particles compared to the

observed intact untreated AiV particles. Therefore, it

appears that the aqueous HE at higher concentrations can

play a role by having an effect on the capsid structure and

thus reducing infectivity of AiV particles.

Ethanolic extracts of H. sabdariffa leaves (10 and

15 mg/ml) were reported to have antiviral properties

Fig. 2 Transmission electron

microscopy images of Aichi

virus (AiV) treated with water

as a control (a), (left image after
6 h and right images after 24 h),

and with aqueous Hibiscus

sabdariffa extracts (100 mg/ml)

after 6 h (b) and after 24 h (c) at
37 �C
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against measles virus, as a pre-infection treatment, that

caused inhibition of binding to host-cell receptors thus

preventing the virus adsorption to host cells (Sunday

et al. 2010). However, no significant change in titers was

observed in the case of host-cell pre-infection treatment

or post-infection treatment with aqueous HE in the cur-

rent study with AiV. Thus, it could be that the aqueous

HE antiviral effect is by direct action on the AiV par-

ticles that cause decrease in recovery of infectious titers.

Epigallocatechin gallate at 12 mg/ml obtained from green

tea extract has also been reported to have significant

antiviral activity against the cultivable human norovirus

surrogate, FCV-F9 (Oh et al. 2013), which is similar to

that obtained after 15 min treatment with 40 mg/ml of

aqueous HE that caused FCV-F9 reduction to unde-

tectable levels (Joshi et al. 2015). However, AiV does

appear to be more resistant to treatment with aqueous HE

than FCV-F9 as it requires 24 h treatment with aqueous

HE for reduction to non-detectable levels to occur.

Plant phenolic extracts are also reported to have

antiviral effects against foodborne viruses that cause

human gastroenteritis. Cranberry proanthocyanidins (C-

PAC) at 0.03 % was reported to decrease FCV-F9, MNV-

1, as well as bacteriophage MS2 and /-X174 titers by 5.0,

2.8, 0.8, and 3.7 log PFU/ml, respectively from initial viral

titers of *5 log PFU/ml after 1 h at room temperature (Su

et al. 2010a, 2010b). Commercial grape seed extract (GSE)

at 0.025 % (Gravinol-S) was also reported to reduce FCV-

F9, MNV-1, hepatitis A virus, and bacteriophage MS2 at

initial *5 log PFU/ml titer levels by 5.0, 1.5, 1.9, and 1.4

log PFU/ml, respectively after 2 h at 37 �C (Su and

D’Souza 2011). Also, pomegranate polyphenols (PP) at

2 mg/ml was reported to decrease FCV-F9 titers from *5

log PFU/ml to undetectable levels within 30 min at room

temperature, and decreased MNV-1 titers by 0.5 and 0.9

log PFU/ml after 10 and 60 min, respectively (Su et al.

2011). For FCV-F9 and MNV-1, the reported activities of

the polyphenols based on the tested concentrations, tem-

peratures, and times, appear to follow the order of

C-PAC[GSE[ PP[HE. Thus, overall AiV appears to

be more resistant to the tested concentration of HE at 37 �C
than the tested foodborne viruses.

There appears to be a growing consumer demand for

hibiscus tea and hibiscus use in the food industry. This study

on the antiviral effects of aqueous H. sabdariffa extracts

against AiV show promise for their use as additives in food

and beverages or for direct consumption to decrease food-

borne viral illness incidence or to alleviate human foodborne

viral illness symptoms. As reported previously by other

researchers and discussed previously (Joshi et al. 2015),

hibiscus extracts at 40 mg/ml was also shown to reduce S.

aureus to undetectable levels after 168 h in skim and whole

milk, while E. coli was shown to be reduced to

undetectable levels after 96 h with 60 mg/ml hibiscus

extract in skim and whole milk (Higginbotham et al. 2014a).

For direct food application as rinses, 1 h treatment of artifi-

cially spiked hotdogs with 240 mg/ml hibiscus extracts was

shown to reduce L. monocytogenes to 1.5 log CFU/ml and

MRSA to undetectable levels from initial levels of 9 log

CFU/ml when used as an antimicrobial hot dog rinse (Hig-

ginbotham et al. 2014b). Additionally, pectin-based apple,

carrot, and hibiscus edible films containing carvacrol and

cinnamaldehyde were shown to inactivate L. monocytogenes

(Ravishankar et al. 2012). Therefore, as indicated above,

further studies need to be carried out with these aqueous

Hibiscus sabdariffa extracts in model food systems, and also

for their use as washes or edible films, and in simulated

gastrointestinal tract conditions to test their effects against

AiV titers under in vivo conditions. Higher concentrations of

aqueous HE and longer incubation times may be needed for

optimal antiviral effects against AiV.

Conclusions

Aqueous Hibiscus sabdariffa calyx extracts show potential

to decrease Aichi virus titers after 24 h at 37 �C. However,
the antiviral effect is lower than that observed for human

norovirus surrogates. The extracts at the tested concentra-

tions did not show inhibition of viral replication or

blocking of binding to host-cell receptors, though capsid

structure alteration was observed. Thus, the main effect

could potentially be due to damage of the viral structure or

coating of the viral particles.
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