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ABsTucr.-An improved plaque reduction assay for antiviral activity was developed and 
used to examine extracts from sixty-one higher plants. Substantial antiviral activity was ob- 
served in ca. 20%, which is higher than might be expected given the limited metabolic differ- 
ences between viruses and their hosts. The frequent antiviral activity m a y  represent phytoalexins 
elaborated to protect against plant viruses. 

Most successful anti-infective agents act by inhibiting an essential step in a 
metabolic process required by the pathogen but absent in the host. For example, the 
majority of antibiotics inhibit either protein synthesis or cell wall synthesis processes 
that use different pathways in bacteria from those in mammals. In the case of viruses, 
these metabolic differences are not available, because viruses use the host’s protein syn- 
thesis system and membranes, leaving only some aspects of nucleic acid synthesis and 
macromolecule processing distinct from the host metabolism. Consequently, discovery 
of antiviral agents from plants and other natural sources might be expected to be 
difficult. 

Relatively few studies seeking antiviral agents from plants have been reported (1). 
The limited number of studies may reflect perceptions of a poor prognosis for reasons 
discussed above, but they may also reflect the technical challenges involved in conduct- 
ing antiviral assays, which make them inherently more difficult than antibacterial as- 
says. The two basic approaches used in assaying antiviral activity are plaque reduction 
assays and titer reduction assays. Plaque reduction assays use a constant number of viral 
particles and vary the concentration of test substance. Antiviral activity is expressed as a 
reduction in the size or number of viral plaques (areas of killed or morphologically al- 
tered cells) in a cell monolayer. Titer reduction assays use a constant amount of test sub- 
stance and vary the number of viral particles. Antiviral activity is detected as a lower ap- 
parent virus titer, compared to the virus titer determined in the absence of test com- 
pound by serial dilution of the virus suspension to a concentration that gives a number 
of viral plaques small enough to be counted. 

In the present study we have developed a simplified plaque reduction assay for activ- 
ity against either a DNA virus (Herpes simplex type 1, HS- 1) or an RNA virus (vesicular 
stomatitis virus, VSV). Plaque reduction assays typically use a monolayer of cultured 
host cells that are allowed to bind virus and then are overlaid with a layer of medium 
thickened with agar or another thickener that makes plaque formation possible by pre- 
venting mixing due to currents in the medium. Preparations to be tested for antiviral 
activity are either incorporated into the thickened layer or absorbed in a paper disc laid 
on the thickened layer. The thickened layer can cause several types of technical prob- 
lems, including toxicity of the thickener to virus or host cells and absorption or other 
types of interference with unknown antiviral agents being tested. We have modified 
this approach to allow the production of acceptable HS- 1 plaques without the use of a 
thickening agent. The assay size has been reduced to fit the wells (ca. 5 mm diameter) of 
96-well microtiter trays. When these wells are >U filled with medium (150-250 11.1) 
and the cultures are not disturbed during incubation, the small size of the wells pre- 
sumably limits convection currents, which play an important role in dispersing viral 
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particles in larger culture dishes. Presumably the large aggregate molecular weight of 
viral particles prevents significant dispersion by simple diffusion. The use of serial dilu- 
tions of extracts in parallel wells in a tray allows an estimation of end-point concentra- 
tions for antiviral agents. These modifications result in reduced sample size, reduced 
costs, and simplified processing, and they eliminate the potential for interference by 
thickening agents. The assay also allows for cytotoxicity estimations in extracts, which 
are reflected as loss of the cell monolayer in which the plaques are normally formed. 

The modified assay has been used to examine extracts from 61  higher plants. These 
include 56 unselected plants of predominantly temperate origin and five plants (Acwus 
gramineus large and small varieties, Kalanchoe pinnata, Perilla frutescens, and Polygonum 
cuspidaturn) used in Laotian (Hmong) folklore medicine to treat chicken pox ( 2 ) .  Iden- 
tification of plant extracts as having antiviral activity was based on a selectivity index 
defined as the ratio of the maximum non-cytotoxic concentration giving 100% reduc- 
tion in plaque number to the minimum concentration giving 100% reduction in 
plaque number. EtOH extracts that gave a selectivity index of 2 or more with either 
virus are given in Table 1. Saline extracts that exhibited a selectivity index of 2 or more 
are given in Table 2 .  Using this criterion for antiviral activity 11 out of 56 EtOH ex- 
tracts (20%) and 10 out of 56 saline extracts (18%) exhibited activity among unselected 
plants. A modestly higher frequency (2 out of 5) was observed among plants selected for 
reported antiviral activity in folk medicine. Use of a less rigorous criterion for antiviral 
activity (e.g., 80% reduction in plaque number) would identify numerous additional 
extracts as antiviral in this study. 

These results confirm previously reported ( 1, 3-5) observations of up to 30% inci- 
dence of antiviral activity in extracts of plants prepared and assayed by a variety of 
methods. The frequent occurrence of antiviral activity in higher plants contrasts with 
the anticipated difficulty in identifying antiviral agents. The reason for the high fre- 
quency is not known. One plausible explanation is that the antiviral agents detected in 
these studies are phytoalexins, substances produced by the plants to protect against 
plant viruses (6). Although much progress has been made in recent years in characterit- 
ing structures and mechanisms of action of phytoalexins, the full extent of types and ac- 
tions is not known, particularly for plants that are not of major economic importance 
(6). Better understanding of plant antiviral agents and their roles in plants will require 
isolation and characterization of a number of these substances. 

EXPERIMENTAL 

C U L T U R E S . - H ~ ~ ~ ~  simplex type 1 (HS- 1) and vesicular stomatitis virus (VSV) were the gifts of Dr. 
R.G. Hughes, Roswell Park Memorial Institute, Buffalo, New York. Original cultures are available from 
American Type Culture Collection, Rockville, Maryland. Virus stocks were prepared as aliquots ofculture 
medium from Vero cells infected at multiplicity of 1 virion per 10 cells and cultured 3 days. They were 
stored at -80". Working stocks were prepared by titering virus stocks by serial dilution in culture 
medium and assayed in triplicate on Vero monolayers in the wells of microtiter tray. Virus working stock 
suspensions were stored at 4" until used. Vero African green monkey kidney cells were purchased from V i m  
med Laboratories, Minnetonka, Minnesota, and grown in Dulbecco's modified Eagle's medium 
supplemented with 10% calf serum (HyClone Laboratories, Ogden, Utah), 60 pglml penicillin G, and 
100 pglml streptomycin sulfate maintained at 37" in a humidified atmosphere containing about 15% (vlv) 
CO, in air. All medium components were obtained from Sigma Chemical Co., St. Louis, Missouri, unless 
otherwise indicated. Vero stocks were maintained at 34" in culture flasks filled with medium 
supplemented with 1% (vlv) calfserum. Subcultures for virus titration or antiviral screening were grown in 
the wells of microtiter trays (Falcon Microtest 111 96-well trays, Becton Dickinson Labware, Lincoln Park, 
New Jersey) (7,8) by suspending Vero cells in medium following trypsin-EDTA treatment, counting the 
suspension with a hemocytometer, diluting in medium containing 10% calfserum to 2 X lo4 cells per 200 
~1 culture, aliquoting into each well of a tray, and culturing until confluent. 

PREPARATION OF EXTRAcrs .4reen  plant materials were obtained from the University of Min- 
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nesota Landscape Arboretum or commercial outlets. Five plants from Hmong folk medicine were submit- 
ted for antiviral testing by M. Spring 

Alcoholic ExfracfJ.-Fresh plant material (50 g) was diced in 5 volumes of 95% EtOH, homogenized 
in a blender, and shaken for 2 h at room temperature. The mixture was filtered through Whatman No. 1 
paper, and the filtrate was evaporated to dryness under reduced pressure at 40". For assay, residues were dis- 
solved in DMSO at 100 mglml and diluted 50-fold into sterile medium. If necessary, the p H  was read- 
justed to about 7.2 with 0.1 N NaOH or 0.1 N HCI. 

Saline ExtmctJ.-Fresh plant material (20 g) was homogenized with 50 ml saline (0.15 M NaCI) and 
shaken for 2 h at room temperature. The mixture was filtered through Whatman No. 1 paper and sterilized 
by filtration through a type GS 0.22 p m  membrane filter (Millipore Cop., Bedford, Massachusetts). Ex- 
tracts were assayed as 1: 1 dilutions in sterile medium. 

ANTIVIRAL wsAYs.-Microtiter trays with confluent monolayer cultures of Vero cells were in- 
verted, and the medium was shaken out and replaced with serial dilutions of sterile extracts in triplicate in 
100  ~1 medium followed by titered virus in 100  ~1 medium containing 10% calfserum in each well. For 
routine assays about 30 plaques per well of HS- 1 were used or sufficient VSV (10 to 30 infectious particles) 
to almost eliminate the Vero monolayer. In each tray the last row of wells was reserved for controls that 
were not treated with extract or not treated with virus. The trays were cultured for 66 h (HS-1) or 36 h 
(VSV) with care being taken not to disturb the cultures during incubation. The trays were inverted onto a 
pad of paper towels, and the remaining cells were rinsed carefully with medium and fixed with 3.7% for- 
maldehyde in saline for at least 20 min. The k e d  cells were rinsed with H,O, stained with 0.5% crystal 
violet in 20% aqueous EtOH for 30 min, rinsed with H,O, and examined visually. Antiviral activity is 
identified as confluent, relatively unaltered monolayers of stained Vero cells treated with either virus. 
Cytotoxicity was identified as described previously (7,8) in HS-1 assays as loss of the monolayer in excess of 
plaques caused by HS- 1 .  

Several minor variations in the assay procedure outlined above can be carried out to obtain additional 
information about the antiviral mechanisms of active substances. For example, EtOH extracts were also 
examined by an alternate approach in which the cultures were preinfected with virus by adding the virus 
suspension to each well in 200 ~l of medium, incubating 90 min under normal culture conditions, and 
washing away unbound virus before adding extracts. This approach reduces the sensitivity of the assay for 
antiviral agents that act by inactivating viral particle infectivity. It is also possible to test for direct effects 
on viral particles by preincubating high concentrations ofviral particles with test substances. Diluting ten 
thousandfold or more before assay minimizes potential effects on the host cells. In another variation, pro- 
longed incubation (e.g., 1 week) without fixing and staining cells can be used to examine for 100% ihhibi- 
tion of virus multiplication. It is also possible to evaluate antiviral effects at higher virus multiplicity. For 
example, extracts of Waldrtciniafiugatiozh at noncytotoxic concentrations completely inhibit viral repli- 
cation at up to 120,000 virions per well (i.e., about 2 virions per Vero cell in the monolayer). 
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