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Hydroxyurea as an Inhibitor of Human 
lmmunodef iciency Virus-Type 1 Replication 

Franco Lori,* Andrei Malykh, Andrea Cara, Daisy Sun, 
John N. Weinstein, Julianna Lisziewicz, Robert C. Gallo 

Hydroxyurea, a drug widely used in therapy of several human diseases, inhibits de- 
oxynucleotide synthesis-and, consequently, DNA synthesis--by blocking the cellular 
enzyme ribonucleotide reductase. Hydroxyurea inhibits human immunodeficiency virus- 
type 1 (HIV-1) DNA synthesis in activated peripheral blood lymphocytes by decreasing the 
amount of intracellular deoxynucleotides, thus suggesting that this drug has an antiviral 
effect. Hydroxyurea has now been shown to block HIV-1 replication in acutely infected 
primary human lymphocytes (quiescent and activated) and macrophages, as well as in 
blood cells infected in vivo obtained from individuals with acquired immunodeficiency 
syndrome (AIDS). The antiviral effect was achieved at nontoxic doses of hydroxyurea, 
lower than those currently used in human therapy. Combination of hydroxyurea with the 
nucleoside analog didanosine (2',3'-dideoxyinosine, or ddl) generated a synergistic in- 
hibitory effect without increasing toxicity. In some instances, inhibition of HIV-1 by hy- 
droxyurea was irreversible, even several weeks after suspension of drug treatment. The 
indirect inhibition of HIV-1 by hydroxyurea is not expected to generate high rates of 
escape mutants. Hydroxyurea therefore appears to be a possible candidate for AIDS 
therapy. 

Further attempts to design drugs for thera- 
py of AIDS are necessary (I). Despite their 
differences in structure, antiviral activity, 
and phannacokinetic properties, ddI, 
zidovudine (azidothymidine, or AZT), non- 
competitive HIV-1 reverse transcriptase in- 
hibitors, and HIV-1 protease inhibitors (2) 
share a common feature: They directly tar- 
get viral proteins. As an alternative ap- 
proach, we have suggested targeting one or 
more cellular components (3). The ratio- 
nale for this strategy is to avoid triggering 
the onset of viral escape mutants as a result 
of direct selective pressure against viral pro- 
teins. Another rationale is to achieve spe- 
cific antiviral effects of the drug with low or 
no toxic effects on the cell. 

Hydroxyurea has been widely used over 
the last 30 years for the treatment of human 
malignancies, especially chronic myeloge- 
nous leukemia and other myeloproliferative 
syndromes (4). More recently, hydroxyurea 
has been proposed for the treatment of sickle 
cell anemia (5). High doses of hydroxyurea 
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are commonly used in leukemia treatment 
(4). Oral administration of the drug at a dose 
of 500 m g w  every 4 hours generated plas- 
ma peak concentrations ranging from 0.5 to 
2.5 mM and trough concentrations of 0.2 to 
0.5 mM (6). Hydroxyurea is a free radical 
auencher and inhibits the cellular enzvme 
ribonucleotide reductase [a rate-limiting en- 
zyme in the synthesis of deoxynucleoside 
triphosphates (dNTPs)]. We have shown 
that, by decreasing the intracellular pool of 
dNTPs, hydroxyurea inhibits HIV-1 DNA 
synthesis, resulting in the generation not 

only of decreased amounts of viral DNA, but 
also mainly incomplete chains (3). Goula- 
louic et al. (7), with Moloney murine leuke- 
mia virus, confirmed that inhibition of re- 
verse transcription by hydroxyurea depends 
on the intracellular nucleotide pool (rather 
than on the precise arrest of the host cell 
cycle). High single doses of hydroxyurea de- 
lay HIV-1 spread in vitro (8). Furthermore, 
by decreasing the amount of cellular dNTPs, 
hydroxyurea was expected to increase the 
uptake and metabolism of nucleoside ana- 
logs, such as ddI or AZT, and consequently 
to enhance the effect of these compounds, 
hopefully in a synergistic manner. We now 
demonstrate that low, subtoxic doses of hy- 
droxyurea, alone or in combination with 
AZT or ddI, block HIV-1 replication. 

Because nonstimulated lymphocytes are 
not productively infected by HIV-1, but 
only allow viral entry and reverse transcrip- 
tion (3, 9), we assessed HIV-1 infection 
in peripheral blood mononuclear cells 
(PBMCs) by monitoring HIV-1 DNA syn- 
thesis (3, 10). Compared to untreated cells, 
HIV-1 DNA synthesis was slower and less 
efficient, and the final DNA was mostly 
incomplete, in hydroxyurea-treated quies- 
cent lymphocytes (Fig. 1). A similar phe- 
nomenon has been described for activated 
lymphocytes (3). The effect of hydroxyurea 
was dose-dependent, especially for the syn- 
thesis of the full-length minus strand DNA 
(R-gag, the longer DNA synthesis product 
analyzed in our experiments). The block of 
DNA synthesis was almost complete at 1 
mM. The DNA shown in Fig. 1 mainly 
represents DNA carried by the incoming 
virions (3, 10); the amount of DNA did not 
vary during the time course and remained 
mostly incomplete. More elongation was 
obsewed at 0.1 mM, although at much 
lower levels compared to the untreated con- 
trol. No cytotoxic effects were obsewed at 
the drug concentrations used in these ex- 
periments (I I )  because quiescent cells do 
not undergo genomic DNA synthesis. 

R-PB- 

Fig. 1. Time course of inhibition of HIV-1 DNA Standards 
1 mM HU 0.1 mM HU No drug - synthesis by hydroxyurea in quiescent PBMCs. Time ,- - -, 

PBMCs were isolated from healthy donors and (hours) 24 48 72 24 48 72 24 48 72 8 8 2 
infected after 2 days with the HIV-1 strain HTLV- 
111, (18) at a multiplicity of infection of 1 in the RU5- 

absence of cell stimulation. After 2 hours at 37"C, 
the cells were washed, and fresh medium con- 
taining hydroxyurea (HU) at the indicated concen- • 
trations was added. Cells were harvested after 24, 
48, and 72 hours and analyzed by quantiatii 
polymerase chain reaction (PCR). Primers were R-gag- t 
used as described (3) to amplify dierent regions 
of the HN-1 genome: R-U5 [between the R and U5 regions of the long terminal repeat (LlR)l, R-PB 
@tween the R region of the LTR and the primer binding site), and R-gag @Ween the R region of the LTR 
and the gag gene). After 30 cydes of PCR amplification and subsequent electrophoresis on 2% agarose, 
the samples were blotted on a nylon membrane and hybridized with a 32P-labeled oligonucleotide as 
described (3). Quantitation of HN-1 DNA during PCR amplification was achieved by comparison with a 
standard curve of serial dilutions of pHXB2(Rip7) plasmid DNA (19). The numbers above the lanes labeled 
"Standards" indicate the number of plasmid copies. 
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Inhibition of HIV-1 replication by hy- 
droxyurea in activated PBMCs was analyzed 
by measuring production of p24 antigen over 
time. Hydroxyurea was used either alone at 
low concentrations or in combination with 
ddI (Fig. 2A). Both hydroxyurea and ddI 
inhibited or delayed (or both) HIV-1 repli- 
cation in a dose-dependent manner. The 
combination of the two drugs completely 
blocked HIV-1 replication (>99.9%); this 
effect was also dose-deoendent. Cell toxicitv. , , 
analyzed by combining cell counts with 
trvuan blue exclusion, reflected the known , L 

properties of the two drugs. Hydroxyurea acts 
mainly as a cytostatic drug, producing arrest 
in early S phase of the cell cycle and, often, 
cell death by secondary mechanisms (12). 
However. on  the basis of the total number of 
viable cells, toxic effects were minimal at 
drug concentrations of <0.1 mM (Fig. 2B). 
The cytotoxicity associated with the combi- 

nation of the two drugs did not differ from 
that apparent with l~~droxyurea alone, pro- 
viding a f ~ ~ r t h e r  advantage for the use of 
hydroxyurea and ddl together because, by 
contrast, the antiviral effects were signifi- 
cantly augmented (Fig. 2, A and B). 

To  determine whether the different num- 
ber of viable cells observed at different drug 
concentrations or during the course of infec- 
tion affected our results (fewer cells alive 
yielding less virus production), we corrected 
the p24 values by dividing them by the 
number of viable cells (Fig. 2C). These re- 
sults showed that the inhibitory action is 
mainly attributable to specific antiviral ef- 
fects of hydroxyurea on viable cells and, 
therefore, not mediated by hydroxyurea cy- 
totoxicity. The combination of hydroxyurea 
and ddI in activated PBMCs was several 
times more potent than the combination 
of hydroxyurea and AZT (1 1 ), consistent 

ddl ( p ~ )  0 0 0 20 2 20 2 20 2 20 2 0 

Fig. 2. Time course of inhibition of HIV-I by hydroxyurea and nucleoside 
analogs in activated PBMCs and macrophages. (A to C) PBMCs from 
healthy donors were infected for 2 hours at 37°C with HIV-I (HTLV-Ill,) (18) 
(multiplicity of infection, 1 )  after stimulation for 2 days with phytohemagglu- 
tinin A and interleukin-2. After washing out the residual virus, cells were 
treated with hydroxyurea (HU), ddl, or both at the concentrations indicated. 
Every 3 or 4 days, supernatants were harvested for p24 analysis (A), viable 
cells were counted (B), and fresh medium and drugs were added. The 

with previous observations (13) and pos- 
sibly attributable to the more effective 
inhibition by hydroxyurea of the synthesis 
of dATP (cellular competitor of ddATP, 
the pharlnacologically active metabolite 
generated from ddI) (3, 14) than of the 
synthesis of other dNTPs (dGTP, dTTP, 
and dCTP) in activated lymphocytes. 

Although a higher variability among dif- 
ferent experiments was observed with primary 
macrophages than with primary PBMCs (in 
each experiment, the same donor was used 
as a source of both PBMCs and macro- 
phages), the dose-dependent inhibition of 
HIV-1 production in macrophages was con- 
sistently apparent at lower concentrations 
of hydroxyurea than in primary PBMCs 
(Fig. 2D). Concentrations of hydroxyurea 
as low as 0.05 mM blocked (>99%) HIV-1 
re~lication in macro~hapes. Combination of 

& " 

hydroxyurea with AZT at concentrations at 

, , , , , , ,  8 ,  

HU ( m ~ ) '  0.1 0.05 0.01 0 0 0.1 0.1 0.05' 0.05'0.01 0.01 0 
ddl (pM) 0 0 0 20 2 20 2 20 2 20 2 0 

1 0 0 1  D fl Dav 3 

amount of p24 in the supernatant was also expressed per I Ofi viable cells 
(C), (D) Macrophages were obtained by cell adhesion after purification of 
PBMCs from healthy donors (20). After incubation for 14 days with granu- 
locyte-macrophage colony-stimulating factor, cells were infected overnight 
with the HIV-I strain Ba-L (20), washed, and treated with H U  and AZT at the 
concentrations indicated. Supernatants were harvested every 3 to 4 days 
for p24 analysis, and fresh medium and drugs were added. Data are means 
t SD (n = 3). 
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which each of the two drugs showed only 
partial inhibition resulted in complete inhi- 
bition (>99.9%). Moreover, 1 mM hy- 
droxyurea had no effect on cell number (Ta- 
.ble 1 ). The combined effects of hydroxyurea 
and AZT observed in macrophages were 
therefore consistent with the effects of hy- 
droxyurea and ddI in primary PBMCs. 

The synergistic effects of the combina- 
tion of hydroxyurea and ddI were derived 
mathematically (15). The quantitative anal- 
ysis shown in Fig. 3 reveals welldefined 
antiviral synergism between hydroxyurea 
and ddI in PBMCs. PI, is the potentiation 
index for hydroxyurea (drug 2) acting on ddI 
(drug 1). A PI, of 0 would indicate additiv- 
ity; a PI, of >O would indicate synergy (po- 
tentiation); and a PI, of l would mean that 
hydroxyurea was as effective through its po- 

Fig. 3. Synergistic activity of ddl and hydroxy- 
urea against HN-1 in PBMCs. (A) The best fit of 
the robust potentiation model in the COMBO 
computer program package to the data (15). The 
bowl-shaped, inward curvature of the fitted sur- 
face indicates synergism, which was confirmed 
by statistical analysis (see text). (B) The null hy- 
pothesis of additivity (no synergism or antago- 
nism), as indicated by the fact that contour lines 
run linearly from axis to axis. Culture conditions 
were as described in the legend to Fig. 2 but with 
a larger number of drug concentrations. (C) Val- 
ues represent p24 production (means 2 SD) for 
three replicates at day 7 after infection. Equiva- 
lent analysis of the data in Fig. 2 gave the follow- 
ing results: PI, = 1.1 ? 0.6, PC,, = 7.9 pM, P 
= 0.04 (one-tail test), P = 0.08 (two-tail test). 
The results were significant in the one-tail sense. 
The marginal statistical significance in the two- 
tail sense related in part to the smaller number of 
data points in the experiment. 

tentiating activity as through its intrinsic 
activity. The PI, value obtained for p24 in 
this experiment was 19.4 + 4.1 (P << 0.01; 
two-tail test). When the results were ex- 
pressed as p24 per million cells, PI, was 24.3 
+- 5.3 (P << 0.01). A useful derived param- 
eter is PC, which is defined as the ratio of 
the 50% u%ibitory concentration (ICsO) of 
drug 2 to PI,. PGo2 represents the concen- 
tration of drug 2 required to increase the 
apparent potency of drug 1 (that is, to de- 
crease its apparent IC,) by a factor of 2 
beyond what would be expected on the h i s  
of the intrinsic activity of drug 2. The lower 
the value of PC,,, the stronger the potenti- 
ation; additivity corresponds to a PC502 a p  
proaching infinity. The values for p24 and 
p24 per million cells in this experiment were 
3.7 and 3.2 kM, respectively. The experi- 

ments shown in Fig. 2 showed trends toward 
synergism when analyzed in the same way, 
but the data sets were too small to achieve 
statistical significance. 

The previous experiments were all per- 
formed with primary human cells and with 
the distantly related HIV-1 isolates HTLV- 
111, and Ba-L, suggesting that hydroxyurea 
alone or in combination could be effective 
on the variety of viral strains detected in 
vivo. We next studied an in v im  system that 
may be the most relevant to the clinical 
situation: primary cells from HIV-1-infected 
individuals. This model combines the use of 
primary cells with primary isolates, in the 
situation of an infection naturally estab- 
lished in vivo. 

In PBMCs from AIDS patients (mainly at 
late stages of the disease), hydmxyurea in- 

500 - a ux, 
e 

2 ux, - 
0 e 0 

w 300 
2 p 200 2 

N 
n 100 2 loo 

0 0 

20 

C HU (PM) 
1 0  10 50 75 100 1 

ddl 
(CM) 

Table 1. HN-1 inhibition and suspension of drugs. Experiments were per- production compared to the untreated control (no drug). Drug treatment of 
formed as described in Fig. 2. The percentage inhibition of HN-1 is given in macrophages was suspended either after 14 days (experiment 1) or after 20 
parentheses after the values for viable cells in experiment 1 and amount of p24 days (experiment 2). Vability of macrophages was derived from the number of 
produced in experiment 2. The percentage was calculated on the basis of p24 adherent cells. 

Gqxfirnent 1 

Hu Viable cells (thousands/cm2) at day after infection (% inhibition of HN-1) 

(mM) 4 7 10 1 4* 21 28 35 

Amount of p24 produced (ng/ml) at day after infection (% inhibition of HN-1) 

3 9 15 20* 23 27 36 44 

'Time of drug suspension. 
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Fig. 4. Time course of inhibition of HIV-I by hydroxyurea and ddl in activated ly, H U  and ddl were added at the indicated concentrations and p24 production 
PBMCs from an individual infected with HIV-1. PBMCs were isolated and in the supernatant (A) and the number of viable cells (B) were determined as 
stimulated for 2 days with phytohemagglutinin Aand interleukin-2. Subsequent- described in the legend to Fig. 2. Data are means t SD (n = 3). 

hibited HIV-1 replication in a dose-depen- 
dent manner and, in combination with ddI, 
showed potentiating effects (Fig. 4A). In 
general, both the pharmacological (Fig. 4A) 
and the cytotoxic (Fig. 4B) effects of hy- 
droxyurea were more pronounced than wlth 
PBMCs from healthy donors, and lower dos- 
es of the drug were subsequently used, espe- 
cially with cells from HIV-1-infected pa- 
tients in the advanced stages of AIDS. In 
some instances, the lowest concentrations of 
both hydroxyurea and ddI stimulated HIV-1 
replication (Fig. 4A). 

Inhibition of HIV-1 in macrophages from 
healthy donors was also measured after sus- 
pension of drug treatment (Table 1). A t  high 
concentrations of hydroxyurea (1  mM), 
HIV-1 was either undetectable or traces of 
HIV-1 were inconsistently detected in the 
culture supernatant. The absence of HIV-1 
replication in infected macrophages was doc- 
umented even several weeks after discon- 
tinuing the drug treatment. For experiment 1 
shown in Table 1, quantitative polymerase 
chain reaction (PCR) analysis was per- 
formed as in Fig. 1 by amplifying the R-gag 
region of the HIV-1 genome with DNA 
extracted from the infected macrophages 3 1 
days after suspension of the drug treatment 
(45 days after infection). Less than one copy 
of viral DNA per 1000 cells was detected, in 
contrast to the large amount of DNA detect- 
ed in the control, in which all cells 
theoretically contained at least one copy of 
vtral DNA. Such a small amount of DNA 
did not yield any detectable production of 
p24. A t  low doses of hydroxyurea (insuffi- 
cient to block HIV-1 replication complete- 
ly), no marked rebound of HIV-1 replication 
was observed after drug suspension, although 
the relative percentage of inhibition de- 
creased with tlme (mainly because the p24 
values in the absence of drugs were lower in 
the last part of the time course) (Table 1). 

The use of hydroxyurea in the treatment 
of AIDS offers several advantages: (i) The 
properties of this drug are well known be- 
cause it has been used in human therapy for 
over 30 years. (ii) Hydroxyurea is extremely 
diffusible, entering all tissues, including the 
central nervous system, with a maximal ve- 
locity that appears infinite (16). (ili) Be- 
cause the brain damage induced by HIV-I 
appears to be mediated by the effects of viral 
replication in macrophages (1 7), which are 
extremely sensitive to the antiviral effects of 
hydroxyurea, we predict that this drug will 
be effective against HIV-1 in these cells and 
a promising candidate for the treatment of 
neuroloeical manifestations of AIDS. (iv) 
~ydroxiurea  is a mildly toxic drug and does 
not cause immunode~ression. Mvelotoxicitv 
is the dose-limiting toxicity for hidroxyurea; 
However, such toxicity can be readily mon- 
itored and is constantly and rapidly revers- 
ible after decreasing the dose or suspending 
the treatment (4). By monitoring simple pa- 
rameters such as per~pheral cell counts, hy- 
droxvurea can be. administered for vears, and , , 

sometimes decades. Furthermore, bone mar- 
row toxicitv is severe onlv when hvdroxvurea 
is used at high doses, cbmparable to ;hose 
used in leukemia treatment (-0.5 to 2.5 
mM) (6), whereas in most of our experi- 
ments concentrations of hydroxyurea 10 to 
100 times lower, in combination with ddI, 
completely inhibited HIV-1 replication. 
However, in the case of bone marrow toxic 
effects, the drug could be temporarily sus- 
pended without an immediate significant re- 
bound (Table 1)  and started again when the 
toxicity was resolved (usually within a few 
days). And (v) hydroxyurea does not inhibit 
HIV-1 directly, but as a result of inhibiting 
the cellular enzyme ribonucleotide reduc- 
tase. Genes encoding cellular enzymes do 
not mutate under physiological conditions, 
and one could expect that HIV-1 resistance 

to hydroxyurea would be far less likely to 
occur than would resistance to conventional 
antiviral drugs. Moreover, the generation of 
nucleoside analog escape mutants should 
also be reduced when these drues are used in - 
combination with hydroxyurea, because of 
the synergistic Inhibition of viral replication 
and the fact that viral replication is essential 
for virus mutation and generation of escape 
mutants. 
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wherez = (a - y)l(a - d )  is the normalized effect. 
In the equatlon for z, y IS the measured p24 level ~n 
natural units, a is the level in the absence of drug, 
and d IS the level at indefinitely hlgh drug concen- 
trations. The variable v defines a surface over C, 
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B, and B, are the corresponding 50%-effect 
slopes; BP, and BP, are slope parameters for the 
potentiating effects; PI, and PI, are potentiation 
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actlng on drug 1, respectively. For the present data, 
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Isolation of Virus Capable of Lysing the Brown 
Tide Microalga, Aureococcus anophagefferens 

K. L. Drewes Milligan and Elizabeth M. Cosper* 

Viruses have been hypothesized to control blooms of Aureococcus anophagefferens gen. 
et sp. nov. (Chrysophyceae), a marine phytoplankton that since 1985 has caused dev- 
astating summer blooms called "brown tide." By means of ultrafiltration methods, viruses 
specific to this alga were isolated from both the Great South Bay and Peconic Bay systems 
of Long Island, New York, during the summer bloom period of 1992. Cell lysis of healthy 
algal cultures was demonstrated, as well as continuing reinfection with serial transfers of 
cultures. Electron microscope surveys yielded images of phage-like virus particles with 
tails that could attach to A. anophagefferens cells within minutes of exposure. The 
isolation and cultivation of this virus highlights the need for further study of viral infection 
of eukaryotic algae and the potential for a better understanding of algal bloom control by 
viral infection. 

B r o w n  tide blooms were first documented 
in 1985, in  Narragansett Bay, Rhode Island, 
in Barnegat Bay, New Jersey, and in the 
Peconic Bay and Great South Bay systems 
of Long Island, New York. These bays ex- 
perienced practically simultaneous algal 
blooms of the eukatyotic microalga, Aureo- 
coccus anophagefferens gen. et sp. nov. 
(Chrvso~hvceae) (1 ). The  blooms colored . , . ,  , . ,  
the water a deep, golden-brown (2), drasti- 
cally reduced light through the water col- 
umn, and caused widespread death of eel- 
grass, Zostera marina (3). The  bloom also 
devastated populations of Argopecten irrudi- 
ans irradians (bay scallop) and Mytilus edulis 
(blue mussel) by apparently causing starva- 
tion and total loss of larval recruitment (4, 
5 ) .  This resulted in  severe monetarv losses 
to local shellfishermen, especially the bay 
scallop industry in Peconic Bay, New York 
(4). 

Massive "&own tide" blooms reappeared 
in Long Island bays in 1986 and, as in  1985, 
remained throughout the summer. Since 
then these blooms have recurred sporadical- 
ly in isolated Long Island embayments, but 
have never returned to Narragansett Bay (6, 
7). Major environmental factors that have 
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been found to contribute to these blooms 
include elevated salinities from drought 
conditions (2),  elevation of organic com- 
pounds or micronutrients in  bay waters 
from runoff (7, 8), reduced grazing (7), and 
restricted circulation of bay waters (9). 

Some cells observed during the original 
1985 transmission electron microscope 

(TEM) survey from Rhode Island bloom 
water contained virus-like particles (VLPs) 
130 to 150 nm in diameter, and the exis- 
tence of a virus specific for A. anophageffe- 
rens was hypothesized to explain sudden 
decreases in algal populations (1 ). W e  
therefore decided to isolate and cultivate 
these viruses. 

A t  two Long Island bloom sites [West 
Neck Bay (WNB) in the Peconic Bay sys- 
tem and Blue Point (BP) in Great South 
Bay], a seawater sample of 20 liters was 
collected at the beginning of the bloom, on  
6 July 1992 at WNB and on  7 July 1992 at 
BP. Sampling was repeated on  14 July 1992 
at WNB. Each sample was filtered through 
a 0.2-p,m Gelman Sciences capsule filter. 
The sample was then concentrated accord- 
ing to the methods of Suttle et al. ( lo ) ,  
except that the lower filtration cutoff was 
10,000 molecular weight (MW) instead of 
30,000 M W  to obtain a 200-ml concentrate 
that could contain potentially infective vi- 
ruses. The  ultrafiltrate (<10,000 M W )  was 
also collected. Concentrate and ultrafiltrate 
were filter-sterilized through a 0.2-p,m 
Nuclepore filter, transferred into sterile 
flasks, and stored at  5°C in the dark. 

Fig. 1. Example of 350 
growth curves of A. 
anophagefferens in cul- 

300 

ture, testing for poten- 250 
tial infectivity by vlral 200 
concentrate from WNB 150 
7/14/92 seawater. In 
each treatment, sym- a 100 

bols (@) represent six 50 
repl~cate tubes, each o 
containing 6 ml [some 2 350 
symbols overlap In (A), 300 
(B), (C), and (D)]. Treat- 
ment and control inocu- 250 

la were added on day 0 200 
to healthy cultures. (A) 150 
Control, no virus added. 
(B) Control, 240 pI (4% 

100 

of 6 ml) of microwaved 50 
(with inactivated vlrus- 0 
es) concentrate added. 0 2 4 6 8 1 0 1 2 0  2 4 6 8 1 0 1 2  

(C) Control, 240 pI (4%) Time (days) 
of ultrafiltrate (without viral particles), size fract~on <10,000 MW added. (D) Example of experimental 
treatment, 360 pI (6%) of viral fraction concentrate added, w~th two infected replicates. Broken line 
represents inoculum extracted for serial transfer to healthy culture. Other experimental concentrations 
not shown were 120 pI (2%) and 240 p1 (4%). 
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