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Viroids: Structure and Funct 

SCIENCE 

In this article, recent advances in our 
knowledge of the physical-chemical 
properties of viroids and of their inter- 
actions with susceptible host cells are 
summarized. Also, possible mechanisms 
of viroid replication are discussed and 
the question is raised as to whether vi- 

|ion roids exist in life forms other than higher 
plants. 

T. 0. Diener 
Purification 

Viroids are distinct nucleic acid spe- 
cies of relatively low molecular weight 
(1.1 to 1.3 x 105) that can be isolated 
from certain organisms afflicted with 
specific maladies. They are not detect- 
able in healthy individuals of the same 
species but, when introduced into such 
individuals, they replicate autonomously 
despite their small size and cause the ap- 

tissue. Later, in 1971, sedimentation and 
gel electrophoretic analyses conclusively 
demonstrated that the infectious RNA is 
far smaller than the smallest genomes of 
autonomously replicating viruses (7). No 
evidence could be found for the presence 
of a helper virus in uninfected tissue (7); 
it thus appeared that, despite its small 
size, the RNA was able to replicate au- 

Summary. Viroids are nucleic acid species of relatively low molecular weight and 
unique structure that cause several important diseases of cultivated plants. Similar 
nucleic acid species may be responsible for certain diseases of animals and humans. 
Viroids are the smallest known agents of infectious disease. Unlike viral nucleic acids, 
viroids are not encapsidated. Despite their small size, viroids replicate autonomously 
in cells of susceptible plant species. Known viroids are single-stranded, covalently 
closed circular, as well as linear, RNA molecules with extensive regions of intra- 
molecular complementarity; they exist in their native state as highly base-paired rods. 

pearance of the characteristic disease 
syndrome (1). In certain other species, 
however, some viroids replicate without 
producing obvious disease symptoms. 
Unlike viral nucleic acids, viroids are not 
encapsidated; that is, no viruslike nu- 
cleoprotein particles occur in infected 
tissue (2). Viroids are the smallest 
known agents of infectious disease (3); 
so far, they are definitely known to exist 
only in higher plants and to consist of 
RNA (4). 

The first viroid was discovered in at- 
tempts to purify and characterize the 
causative agent of the potato spindle tu- 
ber disease, which for many years had 
been assumed to be of viral etiology (5). 
In 1967 it was reported (6) that the trans- 
missible agent of this disease is a free 
RNA and that no viral nucleoprotein par- 
ticles (virions) are detectable in infected 
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tonomously in susceptible cells. Because 
of the basic differences between this in- 
fectious agent and conventional viruses, 
the term viroid was introduced to denote 
pathogenic nucleic acids with properties 
similar to those of the potato spindle tu- 
ber agent (PSTV) (7). 

Five additional plant diseases-citrus 
exocortis (8), chrysanthemum stunt (9), 
cucumber pale fruit (10), chrysanthe- 
mum chlorotic mottle (/1), and hop stunt 
(12)-are now known to be caused by vi- 
roids and a sixth, coconut cadang-ca- 
dang, probably also is of viroid etiology 
(13). Furthermore, a viroid has been iso- 
lated from apparently healthy Columnea 
erythrophae plants that causes symp- 
toms similar to, if not identical with, 
those of PSTV in tomato and potato, yet 
it is distinct from PSTV in its primary 
structure (14). 

Although viroids constitute only a 
small portion of the RNA extractable 
from infected tissue, large-scale extrac- 
tion of leaves and improvements in the 
methods of viroid separation and purifi- 
cation made it possible to obtain viroid 
preparations essentially free of contami- 
nating host nucleic acids (15). In Fig. 1, 
the ultraviolet-light absorption profiles of 
low-molecular-weight RNA preparations 
from uninfected control and PSTV-in- 
fected tomato leaves, fractionated by 
polyacrylamide gel electrophoresis, are 
compared. A prominent component (in- 
dicated by II) is found only in the RNA 
prepared from PSTV-infected leaves; 
and infectivity distribution in the gel 
coincides with this component. These 
observations allowed purification of 
PSTV and other viroids in amounts suf- 
ficient for biophysical and biochemical 
analyses (16). 

Molecular Structure 

Electron microscopy of purified PSTV 
revealed a uniform population of rods 
(about 50 nanometers long) with widths 
similar to that of double-stranded DNA 
(17) (Fig. 2). Although these observa- 
tions suggested that PSTV is double- 
stranded, other results were not compat- 
ible with this concept. Thus, from hy- 
droxyapatite columns the viroid mostly 
elutes at a lower phosphate buffer con- 
centration than does double-stranded 
RNA (18), and its elution pattern from 
CF- 11 cellulose is consistent with the 
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Fig. 1. (a) Ultraviolet absorp- 
tion profile of an RNA prepa- 
ration from healthy tomato 
leaves after electrophoresis in 
a 20 percent polyacrylamide 
gel. (b) Ultraviolet absorption 
(-) and infectivity distribu- 
tion (------) of an RNA prepara- 
tion from PSTV-infected to- 
mato leaves after electropho- 
resis in a 20 percent poly- 
acrylamide gel. The 5S is for 
5S ribosomal RNA; compo- 
nents I, III, and IV are un- 
identified minor components 
of cellular RNA; component II 

8000 is PSTV. Electrophoretic mi- 
x gration from right to left. [Re- 

produced from Diener (15), 
>. courtesy of Academic Press] 
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Fig. 2. Electron micrograph of PSTV (arrows) mixed with a double-stranded DNA, coliphage T7 
DNA. Scale bar, 0.5 /xm. [Courtesy of T. Koller and J. M. Sogo, Swiss Federal Institute of 
Technology, Zurich] 
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presence of both single- and double- 
stranded infectious molecules (19). Simi- 
lar results have been reported for the cit- 
rus exocortis viroid (CEV) (20). 

The thermal denaturation properties of 
PSTV (15) and CEV (21) are also not 
compatible with those of double- 
stranded RNA. As shown in Fig. 3, 
PSTV melts at lower temperatures than 
does double-stranded RNA, but dena- 
turation occurs over a narrower temper- 
ature range than denaturation of single- 
stranded RNA's. Values for Tm (the tem- 
perature at which 50 percent of the mole- 
cules are denatured) of 50? to 58?C and 
total hyperchromicities of 10 to 24 per- 
cent have been measured for various vi- 
roids under ionic conditions equivalent 
to 0.01 to 0.1 x SSC (SSC is 0.15M so- 
dium chloride and 0.015M sodium citrate 
atpH 7.0) (13, 15, 21, 22). These results 
suggest that native viroids are single- 
stranded RNA molecules with hair- 
pin-like configurations and extensive re- 
gions of intramolecular base-pairing (15, 
17). 

After denaturation of PSTV by heating 
in the presence of formaldehyde, the 
RNA reproducibly separates into two 
distinct bands upon electrophoresis in 
high concentration polyacrylamide gels 
under denaturing conditions (23). Re- 
sults obtained by electron microscopy of 
denatured viroids explained this previ- 
ously puzzling observation. 

McClements and Kaesberg (24, 25) 
first demonstrated the presence of cova- 
lently closed circular RNA molecules in 
purified viroid preparations by electron 
microscopy. To eliminate secondary 
structure, PSTV was treated wth formal- 
dehyde at 63?C, and the formylated RNA 
spread at a formamide concentration of 
45 percent (25). Figure 4 shows that 
three structures were evident in such 
preparations: seemingly double-stranded 
rods, with a mean length of 50 nm; 
single-stranded circular molecules with a 
mean length of 140 nm; and single- 
stranded linear molecules with a mean 
length of 110 nm. In contrast to partially 
denatured preparations, no hairpin struc- 
tures were detected in any preparations 
of formylated RNA (25). The presence of 
circles and the complete absence of hair- 
pin structures suggested to the authors 
that the circular molecules are covalent- 
ly closed rather than held together by in- 
visibly short base-paired segments (25). 
In two independent isolates of PSTV, the 
proportion of circular to linear molecules 
was nearly the same: 20 percent of the 
molecules were circular, 70 percent were 
linear, and 10 percent remained in their 
native conformation even after formyla- 
tion (24, 25). 
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Fig. 3. Thermal denaturation profiles of (a) 
yeast tRNA; (b) PSTV; and (c) a mixture 
of cucumber mosaic virus double-stranded 
RNA's 1, 2, and 3 in 0.1 x SSC containing 0.1 
mM EDTA. 

Results of RNA oligonucleotide map- 
ping (fingerprinting) (26), done with a 
mixture of the two components, make it 
unlikely that the circular and linear 
PSTV structures are two distinct RNA 
species. More likely, the two structures 
represent two stages of maturity of 
PSTV. In the presence of formamide and 
urea, PSTV can be separated by gel elec- 
trophoresis into two fractions (27). One 
fraction contains predominantly circular 
molecules; the second fraction contains 
exclusively linear molecules. Bioassay 
on tomato demonstrated that both circu- 
lar and linear molecules are infectious 
(27). 

These results conflict with those of 
Sanger et al. (22) who consider viroids to 
be exclusively covalently closed circular 
RNA molecules and linear molecules to 
be rare (0.5 to 1.0 percent) and to arise 
solely by "nicking" of circular mole- 
cules during viroid isolation and purifica- 
tion. Indeed, exposure of viroid prepara- 
tions in alkaline buffers to elevated tem- 
peratures in the presence of Mg2+ has 
been shown to lead to a conversion of 
circular viroid molecules to linear 
strands, as well as to further fragmenta- 
tion of the linear molecules (28). Because 
some purification procedures (4, 16) sub- 
ject viroids to comparable conditions (al- 
though not at elevated temperatures), 
the presence of linear molecules in viroid 
preparations has been attributed to 
Mg2+-catalyzed cleavage of viroid circles 
(28). However, in contrast to the linear 
molecules present in preparations ob- 
tained by these purification procedures 
[which have specific infectivities com- 
parable to those of circular molecules 
(27)], linear viroid molecules obtained by 
Mg2+-catalyzed cleavage of circles ex- 
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hibit little, if any, infectivity (28). It 
would appear, therefore, that the two 
types of linear viroid molecules are not 
identical, but further work is evident- 
ly required to clarify these observa- 
tions and to determine the biological 
significance, if any, of linear viroid 
molecules. 

Viroids may be radioactively labeled 
in vivo by introduction of phosphorus-32 
through roots of infected plants (29). Ki- 
netic studies of the in vivo labeling of cir- 
cular and linear PSTV molecules with 
varying times of 32P incorporation sug- 
gest that linear PSTV arises in vivo by 
cleavage of circular PSTV molecules 
(30). 

Molecular Weight 

Early attempts to determine the mo- 
lecular weight of viroids had to depend 
on the detection of the RNA by infec- 
tivity tests. Combined sedimentation and 
gel electrophoretic analyses of native 
PSTV resulted in a molecular weight es- 
timate of 5 x 104 (7). The low molecular 
weight of PSTV was confirmed by its 
ability to penetrate small pore size poly- 
acrylamide gels that exclude high-mo- 
lecular-weight RNA's (31). In another 
study, similar molecular weight values 
were obtained for PSTV and CEV (32), 
whereas other workers reported an esti- 
mate of 1.25 x 105 daltons for CEV (8). 
Later, when purified PSTV had become 
available, gel electrophoresis of formyl- 
ated RNA resulted in an estimate of 7.5 
to 8.5 x 104 daltons (23). 

Although these and other determina- 
tions conclusively demonstrated that vi- 
roids are far smaller than the genomes of 
conventional viruses, it is now clear that 
unambiguous molecular weight determi- 
nations by such comparative methods 
were not feasible because of the then un- 
known molecular structure of viroids, 
which rendered all RNA standards of 
known molecular weight inappropriate. 

Sensitivity to irradiation with both ul- 
traviolet light and ionizing radiation has 
also been used to estimate viroid molec- 
ular weights (target volumes). Thus, 
PSTV has been shown to require 70 to 90 
times the dose of 254-nm ultraviolet light 
for inactivation than does tobacco ring- 
spot virus (33); and a molecular weight of 
1.1 x 105 has been calculated for CEV 
on the basis of its relative sensitivity to 
ionizing radiation (34). 

Determination of the molecular 
weights of three viroids by equilibrium 
sedimentation under denaturing condi- 
tions resulted in values of 119,000 ? 

4,000, 127,000 ? 4,000, and 110,000 ? 
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Fig. 4. Composite electron micrograph of 
formaldehyde-treated PSTV spread in the pres- 
ence of 45 percent formamide. Scale bar, 0.2 
,tm. (a) Native PSTV; (b) completely dena- 
tured circular PSTV; and (c) completely de- 
natured linear PSTV. [Reproduced from 
McClements and Kaesberg (25), courtesy of 
the authors and Academic Press] 

5,000 for CEV, PSTV, and cucumber 
pale fruit viroid (CPFV), respectively 
(22). As calculated from its primary se- 
quence, the sodium salt of PSTV has a 
molecular weight of 123,337 (35). 

Primary Structure 

Despite their apparent homogeneity, 
purified viroid preparations might con- 
ceivably be composed of a population of 
several RNA species of about equal 
length but different nucleotide sequence 
which together might constitute a viral 
genome of more or less conventional 
size. Early experiments showed, how- 
ever, that the infectivity dilution curve of 
PSTV is of the single-hit type, suggesting 
that for successful infection only one 
type of particle is required at each infec- 
tion site (36). More decisive evidence 
has been obtained by two-dimensional 
fingerprinting of oligonucleotides de- 
rived from PSTV or CEV by digestion 
with either pancreatic or T1 ribonu- 
cleases (26). With each viroid, the com- 
plexity of the resulting oligonucleotide 
pattern was compatible with an RNA of 
250 to 300 nucleotides and, because this 
number agreed fairly well with the mo- 
lecular weight estimates of the viroids, 
these viroid preparations appeared to 
contain only one specific RNA species 
and not a mixture of several different 
species. These results also clearly dem- 
onstrated that PSTV and CEV do not 
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have the same primary sequence (37). 
Similar experiments demonstrated that 
chrysanthemum stunt viroid and the co- 
conut cadang-cadang disease-associated 
RNA also are distinct RNA species with 
defined primary structures (38); and with 
somewhat different methodology, Gross 
et al. (39) have confirmed these con- 
clusions for PSTV, CEV, and chry- 
santhemum stunt viroid. 

With PSTV, the existence of strains 
that differ in the severity of symptom ex- 
pression in potato or tomato have long 
been recognized (1); and it has been 
demonstrated that mild, moderate, and 
severe strains of PSTV have minor dif- 
ferences in their nucleotide sequences 
(40). 

Evidently, viroids constitute genetic 
systems whose properties are encoded in 
the nucleotide sequences of their 
RNA's. Consistent with this conclusion 
is the observation that the nucleotide se- 
quences of individual "species" of vi- 
roids, such as PSTV, CEV, or chry- 
santhemum stunt viroid, differ exten- 
sively from each other, whereas the se- 
quences of strains of one "species" 
differ only slightly. 

The complete primary sequence of 
PSTV has been determined (35) by a 
combination of procedures, consisting of 
conventional digestions (complete and 
partial) by pancreatic and T1 ribonu- 
cleases and newer base-specific cleavage 
of long 5'-terminal-labeled oligonucleo- 
tides, followed by polyacrylamide gel 
fractionation. The RNA consists of 359 
ribonucleotides (73 adenosine, 77 uri- 
dine, 101 guanosine, and 108 cytidine 

monophosphate molecules); no modified 
nucleotides were found at the 5' termi- 
nus of any fragment sequenced (35). One 
unusual feature of the PSTV sequence is 
a stretch of 18 purines, mainly adenines, 
in positions 48 to 65 (Fig. 5). Similar se- 
quences have also been identified in oth- 
er viroids (35). 

Secondary Structure 

On the basis of quantitative thermody- 
namic and kinetic studies of their ther- 
mal denaturation, Henco et al. (41) con- 
cluded that viroids contain an uninter- 
rupted double helix of 52 base pairs, 
as well as several short double-helical 
stretches, and they proposed a tentative 
model for the secondary structure of vi- 
roids. 

The presence of a long, uninterrupted 
double helix in PSTV or CEV is in- 
compatible with the results of experi- 
ments in which treatment of unlabeled 
PSTV or iodine-125-labeled CEV prepa- 
rations with double-strand-specific Esch- 
erichia coli ribonuclease III affected nei- 
ther the electrophoretic mobility of 
PSTV or 125I-labeled CEV (38) nor the in- 
fectivity of PSTV (42). For RNA to be 
cleaved by ribonuclease III, it must con- 
tain either an extended region of perfect 
double-stranded RNA (25 or more base 
pairs) or a highly specialized RNA se- 
quence (43); the lack of effect implies 
that neither viroid contains such regions. 

In a further study (44), a refinement of 
the earlier model was proposed: Viroids 
exist in their native conformation as ex- 

tended rodlike structures characterized 
by a series of double-helical sections and 
internal loops. Between 250 and 300 nu- 
cleotides are needed to interpret the 
thermodynamic properties of the mole- 
cules (44). In contrast to the earlier mod- 
el, the refined model proposes that, on 
the average, each helical sequence of 
four to five base pairs is followed by a 
defect in the form of an internal loop of 
two bases (44). 

The nucleotide sequence of PSTV (35) 
precludes a perfect intramolecular base 
complementarity within the viroid mole- 
cule. Thus, the rigid, rodlike structure of 
PSTV must be based on a defective 
rather than a homogeneous RNA helix 
(45) in confirmation of conclusions ar- 
rived at earlier by different techniques. 

Figure 5 shows the secondary struc- 
ture model of PSTV proposed on the 
basis of its known nucleotide sequence 
(35). In this model, the primary sequence 
has been arranged to maximize the num- 
ber of base pairs, as well as to reflect the 
location of sites of preferential nuclease 
cleavage and the sensitivity of cytidine 
residues to modification by sodium bisul- 
fite (45). According to this model, a total 
of 122 base pairs (73 guanine-cytosine, 
38 adenine-uracil, and 11 guanine-uracil 
pairs) are involved. 

Present knowledge clearly indicates 
that viroids have a novel structure. Co- 
valently closed circular single-stranded 
RNA molecules have not been reported 
previously. Also, the very high degree of 
intramolecular complementarity, which 
results in collapsed circles and hair- 
pin structures with the appearance of 
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Fig. 5. Proposed secondary structure of PSTV. This structure was derived by arranging the primary sequence of PSTV to maximize intra- 
molecular base-pairing and by subsequent consideration of the observed nuclease and bisulfite sensitivities of PSTV. Arrows indicate sites 
easily cleaved during controlled nuclease digestion; only those sites whose location has been precisely determined were considered. The length of 
the arrows is related to the number of cleavages observed at the respective sites, and the numbers at the arrows indicate how often the cleavage 
was observed. Single letter codes identify the different nucleases used: B, bacterial alkaline phosphatase from Boehringer containing an unknown 
nuclease; C, pancreatic ribonuclease containing e-carboxymethyllysine at position 41; T, ribonuclease T1; P, unmodified pancreatic ribonu- 
clease; S, nuclease from Staphylococcus aureus; and Ph, ribonuclease Phy I from Physarum polycephalum. Heavy bars indicate resistance of 
cytosine residues to bisulfite modification, and asterisks indicate cytosine converted to uracil residues by bisulfite treatment. [Reproduced from 
Gross et al. (35), courtesy of the authors and Macmillan Journals Ltd., London] 
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double-stranded RNA molecules, is un- 
usual. It is difficult to believe that this 
structure of viroids does not have impor- 
tant biological significance. 

Viroid-Host Cell Interactions 

When viroids are introduced into sus- 
ceptible cells, they are capable of auton- 
omous replication; that is, replication 
without the assistance of a helper virus 
(7). This basic biological fact raises a 
number of intriguing questions. Fore- 
most among these are the following. (i) 
By what mechanisms are viroids repli- 
cated? (ii) By what mechanisms do vi- 
roids incite diseases in certain hosts, yet 
replicate in many other susceptible plant 
species without discernible damage to 
the host? (iii) How did viroids originate? 

In contrast to the extensive knowledge 
of viroid structure that has been 
achieved, it is not yet possible to answer 
these questions. 

Subcellular Location of Viroids 

Bioassays of subcellular fractions pre- 
pared from PSTV-infected tomato tissue 
demonstrated that only the tissue debris 
and nuclear fractions contain appre- 
ciable infectivity (2). The chloroplast, 
mitochondrial, ribosomal, and superna- 
tant fractions contain only traces of in- 
fectivity. Most infectivity is chromatin- 
associated and can be extracted as free 
RNA with phosphate buffer. The signifi- 
cant infectivity associated with the tissue 
debris probably is due to incomplete ex- 
traction of nuclei. The CEV is also lo- 
cated primarily in the nuclear fraction in 
close association with the chromatin 
(32). Comparison of nuclei isolated from 
uninoculated and PSTV-infected tomato 
leaf tissue showed that nuclei from in- 
fected tissue are larger and have in- 
creased RNA/DNA and protein/DNA ra- 
tios (46). 

The fact that infectious PSTV is lo- 
cated primarily in the nuclei of infected 
cells does not prove that it is synthesized 
there. However, experiments with an 
RNA-synthesizing system in vitro, in 
which purified cell nuclei from infected 
tomato leaves were used as an enzyme 
source, demonstrated that this is the 
case (46). It appears, therefore, that the 
infecting viroid migrates to the nucleus 
(by an unknown mechanism) and is repli- 
cated there. The absence of significant 
amounts of PSTV in the cytoplasmic 
fraction of infected cells suggests that 
most of the progeny viroid remains in the 
nucleus. 
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Viroids as Messenger RNA's 

Viroids are of sufficient chain length to 
code for a polypeptide of about 10,000 
daltons, although, with circular PSTV, 
the uneven number of 359 nucleotides 
theoretically permits three rounds of 
translation (35). 

Testing in vitro for messenger RNA 
function of PSTV and CEV in cell-free 
protein-synthesizing systems from wheat 
germ, wheat embryo, E. coli and Pseu- 
domonas aeruginosa showed that nei- 
ther viroid has this function (47). In- 
cubation at 60?C with extracts from 
the thermophilic Bacillus stearothermo- 
philus and denaturation with dimethyl 
sulfoxide were tried in the hope that 
these procedures might permit ribosome 
recognition of RNA regions normally in- 
accessible in vitro, but no viroid messen- 
ger activity was induced (47). Further- 
more, CEV is not translated in Xenopus 
laevis oocytes, even after polyadenyla- 
tion in vitro, and does not interfere with 
the translation of endogenous messenger 
RNA's (mRNA's) (48). 

Although viroids thus do not act as 
mRNA's in protein-synthesizing systems 
in vitro, they might be translated in vivo. 
Preexisting host enzymes might accept 
the infecting viroid as a template and 
synthesize a complementary strand 
which might then act as an mRNA. RNA 
sequences complementary to viroids 
have been identified in infected tissue 
(49) and, with PSTV, the complementary 
strand, as constructed from the nucle- 
otide sequence of the viroid (35), could 
theoretically serve as an mRNA (50). 
Neither PSTV nor its complement con- 
tain adenine-uracil-guanine initiation 
triplets, but the complementary strand 
contains four guanine-uracil-guanine 
triplets and six possible termination trip- 
lets that could theoretically result in four 
polypeptides containing 108, 79, 43, or 
28 amino acids (50). With CEV, com- 
plementary RNA strands are present in 
both the cytoplasmic and nuclear frac- 
tions after cell fractionation (49), where- 
as infectious CEV is primarily found in 
the nucleus. Also, complementary se- 
quences located in the cytoplasmic frac- 
tion are mostly insoluble in 2M lithium 
chloride; that is, they appear to be essen- 
tially single-stranded molecules (49). 

These properties of the complementa- 
ry strands would a priori render them 
more suitable to act as mRNA's than is 
the case with the infectious viroid mole- 
cules. Whether they do act in this capac- 
ity has not been determined but, if they 
do, novel, viroid-specific proteins should 
be detectable in protein preparations 
from infected host tissue. Comparisons 

of protein species in healthy and PSTV- 
infected tomato (51) and healthy and 
CEV-infected Gynura aurantiaca (52) 
did not, however, reveal qualitative dif- 
ferences between healthy and infected 
plants. In both studies, synthesis of cer- 
tain polypeptides was enhanced in in- 
fected as compared with healthy tissue 
(51, 52), but, presumably, these are host- 
and not viroid-specific polypeptides. 

These results, however, must be re- 
garded with caution, because the one-di- 
mensional SDS (sodium dodecyl sul- 
fate)-polyacrylamide gel electrophoresis 
systems used in both studies may not be 
adequate to separate any viroid-specific 
low-molecular-weight polypeptides from 
host-specific polypeptides of similar 
size. 

On the basis of present knowledge, it 
appears unlikely that the infectious vi- 
roid strand serves as an mRNA. Thus, 
the complementary RNA (cRNA) se- 
quences detectable in infected tissue are 
probably synthesized by a preexisting 
host-specific enzyme and not by a viroid- 
coded one. Whether or not comple- 
mentary viroid strands are translated is 
still an unsettled question, but even if 
they are, involvement of any resulting 
polypeptides in viroid replication would 
appear questionable (53). 

RNA- or DNA-Directed Replication? 

Whether the mechanism of viroid rep- 
lication involves transcription from RNA 
or DNA templates is not known. Theo- 
retically, an RNA-directed mechanism 
requires the presence of RNA sequences 
complementary to the entire viroid in in- 
fected tissue, as well as a preexisting 
host enzyme with the specificity of an 
RNA-directed RNA polymerase. 

A DNA-directed mechanism requires 
the presence of DNA sequences com- 
plementary to the entire viroid. These 
DNA sequences might already be pres- 
ent, in repressed form, in uninfected 
hosts or they might be synthesized as a 
consequence of infection with viroids. In 
the latter case, a preexisting host en- 
zyme with the specificity of an RNA-di- 
rected DNA polymerase (reverse tran- 
scriptase) would also be required. To 
distinguish between RNA- or DNA-di- 
rected mechanisms, the effects of certain 
antibiotic compounds on viroid replica- 
tion have been investigated. 

Actinomycin D is widely used as a 
specific inhibitor of DNA-directed RNA 
synthesis; it neither binds to double- 
stranded RNA (54) nor inhibits tobacco 
mosaic virus replication, once the infec- 
tion has been established (55). 
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In a study of the effect of actinomycin 
D on subsequent PSTV synthesis, leaf 
strips from healthy and PSTV-infected 
plants were first incubated with acti- 
nomycin D or water and then in solutions 
containing tritiated uracil. Extraction of 
nucleic acids and analysis by poly- 
acrylamide gel electrophoresis revealed 
3H incorporation into a component with 
electrophoretic mobility identical to that 
of PSTV in extracts from infected 
leaves, but 3H incorporation into PSTV 
could not be detected when leaf strips 
were treated with actinomycin D under 
conditions that do not seriously inhibit 
the replication of several plant viral 
RNA's (56). Similar results were ob- 
tained with an RNA synthesizing system 
in vitro in which purified cell nuclei from 
healthy or PSTV-infected tomato leaves 
were used as an enzyme source (46). Iso- 
lation of low-molecular-weight RNA's 
from the reaction mixtures in vitro and 
analysis by gel electrophoresis showed 
that, in this system also, PSTV replica- 
tion is sensitive to actinomycin D. 

Sensitivity of viroid replication to acti- 
nomycin D has been confirmed recently 
in a study of CPFV synthesis in pro- 
toplasts isolated from tomato leaves (57). 
In the same study, the effect of a-amani- 
tine on viroid synthesis has been in- 
vestigated. Intracellular concentrations 
(10-8M) of a-amanitine sufficient to in- 
hibit tomato DNA-directed RNA poly- 
merase II inhibited CPFV replication, 
but did not inhibit either tobacco mosaic 
virus RNA replication or the RNA poly- 
merase Ill-directed synthesis of host 5S 
and transfer RNA (57). 

All of these studies suggest that DNA- 
directed RNA synthesis may be involved 
in viroid replication and, in view of the 
results with a-amanitine, it appears that 
this involvement may be mediated by 
RNA polymerase II. 

The following results of molecular hy- 
bridization experiments between labeled 
viroids and DNA isolated from host 
plants might possibly also be interpreted 
as favoring DNA-directed replication of 
viroids. 

Semancik and Geelen (58) originally 
reported that 125I-labeled CEV hybrid- 
izes specifically with "DNA-rich prepa- 
rations" from CEV-infected tomato or 
Gynura aurantiaca, but not with "DNA- 
rich preparations" from uninfected to- 
bacco, cowpea, tomato, or Gynura. The 
experimental results, however, can be 
criticized for technical reasons (59). 
Thus, presence of RNA sequences com- 
plementary to CEV in the "DNA-rich 
preparations" would have permitted the 
formation of RNA-CEV duplexes as well 
as of DNA-CEV hybrids. In a later re- 
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port from the same laboratory (49), the 
existence of RNA sequences comple- 
mentary to CEV has indeed been docu- 
mented, but the relation between these 
RNA sequences and the previously re- 
ported DNA sequences has not been 
clarified. 

In another investigation of DNA se- 
quences complementary to viroids (60), 
rigorously purified DNA preparations 
were used in molecular hybridization ex- 
periments, thus eliminating the possi- 
bility of RNA-viroid duplex formation. 
These studies demonstrated that infre- 
quent, if not unique, sequences com- 
plementary to PSTV occur in the DNA's 
of several uninfected solanaceous plant 
species in which PSTV is capable of rep- 
lication (60). DNA titration experiments 
indicated that the DNA's of uninfected 
tomato, potato, and Physalis peruviana 
contain sequences complementary to at 
least 60 percent of the PSTV molecule, 
whereas the DNA's of Chinese cabbage 
or barley, plants not known to be hosts 
of PSTV, contain sequences com- 
plementary to at most a small portion of 
PSTV or no complementary sequences 
(60). Other experiments showed that in- 
fection with PSTV has no detectable ef- 
fect on the hybridization kinetics be- 
tween PSTV and host DNA, indicating 
that no new DNA sequences are synthe- 
sized as a consequence of infection (60). 
Whether or not these DNA sequences 
are used in PSTV replication is not 
known. 

Experimental evidence that seems to 
favor RNA-directed viroid replication 
has also been obtained. Thus, it appears 
to have been established beyond reason- 
able doubt that uninfected cells of a num- 
ber of plant species contain enzymes that 
are able to transcribe RNA from RNA 
templates. Such enzymes were first iso- 
lated from Chinese cabbage and tobacco 
leaves (61), but enzymes with similar 
properties have now been found in sev- 
eral other plant species (62). These en- 
zymes require the presence of a divalent 
metal ion and of four ribonucleotide tri- 
phosphates for activity. The enzymes 
show no template specificity; apparently 
they will accept any single-stranded 
RNA. The reaction product is double- 
stranded RNA. 

An enzyme with similar properties has 
been detected in healthy tomato leaves; 
enzymatic activity is greatly enhanced 
by the addition of PSTV, as well as by 
several other RNA species, but not by 
addition of DNA (63). As has been point- 
ed out (61), such preexisting RNA-di- 
rected RNA polymerases may well be in- 
volved in viroid replication, but whether 
this is, indeed, the case, is not known. 

Another indication that viroid replica- 
tion may be RNA-directed consists of 
the demonstration of RNA sequences 
complementary to viroids in infected 
plants. Molecular hybridization between 
1251-labeled CEV and various nucleic 
acid fractions from healthy and CEV-in- 
fected Gynura showed that significant 
RNA sequences complementary to CEV 
were detectable only with nucleic acid 
fractions from infected tissue (49). Treat- 
ment of nucleic acid preparations with 
pancreatic ribonuclease or with NaOH, 
but not treatment with deoxyribonu- 
clease, abolished their ability to hybrid- 
ize with 125I-labeled CEV. The high Tm 
values, sharp melting profiles, and in- 
sensitivity to ribonuclease H of these hy- 
brids (49) indicate that they are well 
matched RNA . RNA duplexes. 

Involvement of these complementary 
RNA sequences in viroid replication re- 
quires that the entire viroid sequence is 
represented. So far, this has not been 
demonstrated. 

If viroids were transcribed from pre- 
existing DNA templates, one might ex- 
pect that viroids propagated in different 
hosts would have somewhat different 
primary structures, because the informa- 
tion for this structure would reside pri- 
marily with host DNA and not with the 
infecting viroid. Theoretically, the viroid 
genome could undergo major alterations 
upon replication in different hosts. If, 
however, viroid replication were DNA- 
independent, that is, if viroids were 
transcribed from complementary RNA 
strands produced after infection with the 
incoming viroid serving as template, 
such major alterations in the primary 
structure evidently could not occur. 
Thus, determination, in different hosts, 
of the primary structure of progeny vi- 
roids should give clues to the mode of vi- 
roid replication. 

Two different approaches to this prob- 
lem have yielded results indicating that 
the primary structure of viroids is faith- 
fully maintained, regardless of the host 
in which the RNA is propagated. 

In one study, PSTV and CEV were 
each propagated in both tomato and Gv- 
nura; and the progeny viroids were ana- 
lyzed by fingerprinting of ribonuclease 
T1 digests (64). The results clearly in- 
dicated that the primary sequence of 
each viroid is maintained, irrespective of 
the host in which it is replicated (64). 

In a second approach, hybridization 
reactions between DNA complementary 
to PSTV (cDNA) prepared in vitro (65) 
and PSTV propagated either in tomato, 
tobacco, Gynura, or chrysanthemum did 
not disclose any differences in the extent 
of hybridization, thus indicating that the 
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viroid does not undergo significant se- 
quence alterations if propagated in any 
of these hosts (14). Evidently, this se- 
quence is determined by the infecting vi- 
roid and not by the host. 

In summary, indications for both 
DNA- and RNA-directed viroid replica- 
tion exist, but the latter possibility ap- 
pears more likely. It is possible that the 
incoming viroid is transcribed by host 
RNA-directed RNA polymerase into a 
complementary RNA strand, from 
which, in turn, progeny viroid molecules 
are transcribed. If so, the demonstrated 
sensitivity of viroid replication to treat- 
ment with actinomycin D and a-amani- 
tine might be explained by a complete 
dependence of viroid replication on the 
continued synthesis of a short-lived host 
RNA. As has been suggested earlier (/), 
such a host RNA might most plausibly 
serve as a primer for RNA-directed vi- 
roid replication. 

Such a scheme would be analogous to 
that operative in influenza virus RNA 
replication. Replication of influenza vi- 
rus in vivo is inhibited by actinomycin D 
and a-amanitine (66), but RNA synthesis 
in vitro is resistant to these inhibitors. 
Recently, it has been shown (67) that 
synthesis of influenza "plus" strands in 
vitro by the virion-associated polymer- 
ase requires host mRNA as primer. Be- 
cause this mRNA is synthesized by 
DNA-directed RNA polymerase II, syn- 
thesis is blocked by low concentrations 
of a-amanitine. 

Despite the plausibility of such a 
scheme as applied to viroid replication, it 
must be stressed that present informa- 
tion does not rule out other modes of 
replication. 

Possible Mechanisms of Pathogenesis 

It is not known how viroids interfere 
with their host's metabolism to produce 
the characteristic macroscopic symp- 
toms observed in certain species. The 
nuclear location and replication of vi- 
roids and their apparent inability to act 
as mRNA's suggest, however, that these 
symptoms may be caused by inter- 
ference with gene regulation in the in- 
fected host cells. 

The PSTV has an extended host range, 
particularly among solanaceous plant 
species, but in most host species no dam- 
age resulting from viroid replication is 
discernible (1). Thus, in these symptom- 
less hosts, viroid-induced metabolic ab- 
errations do not occur, or, if they occur, 
they must be harmless in the particular 
genetic milieu of the host. 

With both PSTV (51) and CEV (52), 
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certain host proteins occur in larger 
amounts in infected than in healthy tis- 
sue. Possibly these aberrations in host 
protein synthesis are related to the path- 
ogenic properties of viroids. 

Possible Origin of Viroids 

The finding of sequences comple- 
mentary to PSTV in the DNA's from 
several uninfected host species (60) sug- 
gests that PSTV originated from host ge- 
netic material. Among the species test- 
ed, several solanaceous species have 
DNA's with the highest affinity to PSTV; 
the more phylogenetically distant a plant 
species is from solanaceous plants, the 
fewer PSTV-related sequences are gen- 
erally found in the DNA (60). This sup- 
ports the idea that PSTV originated from 
genes normally present in certain sola- 
naceous plant species. 

With the discovery of split genes and 
RNA splicing (68), it has become appar- 
ent that viroids might have originated by 
circularization of spliced-out intervening 
sequences (introns). Although introns 
are generally regarded as "nonsense" 
sequences and are believed to be rapidly 
degraded, one might speculate that if 
such excised sequences would permit 
extensive regions of intramolecular base- 
pairing (as do viroids), they might be- 
come stabilized and thus escape degra- 
dation. 

Question of Animal Viroids 

Although viroids are definitely known 
to occur only in higher plants, similar 
agents may exist in other forms of life. It 
appears reasonable to search for viroids 
in the many instances in which viral 
etiology of an infectious disease has been 
assumed, but in which no causative 
agent has been identified. 

One case in point is a group of animal 
and human diseases, the subacute 
spongiform encephalopathies (69). On 
the basis of comparisons of known prop- 
erties of PSTV with those of the agent of 
one of these, scrapie, the hypothesis has 
been advanced that the latter may be a 
viroid (70). Efforts to isolate infectious 
nucleic acid from brain preparations of 
scrapie-infected animals were fruitless 
(71), but some evidence suggests that 
disease-specific low-molecular-weight 
DNA (72) occurs in infected tissue. Also, 
a DNA component essential for the ex- 
pression of scrapie infectivity has been 
identified recently (73) and this infec- 
tious DNA appears to be of relatively 
low molecular weight (74). 

Although further characterization of 
this DNA and confirmation of the find- 
ings are required, present results suggest 
that viroid-like nucleic acids may exist in 
organisms other than higher plants and 
that such entities may be responsible for 
certain infectious diseases of animals as 
well as of plants. 
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Radio astronomy has added greatly to 
our understanding of the structure and 
dynamics of the universe. The cosmic 
microwave background radiation, con- 
sidered a relic of the explosion at the be- 
ginning of the universe some 18 billion 
years ago, is one of the most powerful 
aids in determining these features of the 
universe. This article is about the discov- 
ery of the cosmic microwave back- 
ground radiation. It starts with a section 
on radio astronomical measuring tech- 
niques. This is followed by the history of 
the detection of the background radia- 
tion, its identification, and finally by a 
summary of our present knowledge of its 
properties. 
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Radio Astronomical Methods 

A radio telescope pointing at the sky 
receives radiation not only from space, 
but also from other sources including the 
ground, the earth's atmosphere, and the 
components of the radio telescope itself. 
The 20-foot (6-meter) horn-reflector an- 
tenna at Bell Laboratories (Fig. 1), 
which was used to discover the cosmic 
microwave background radiation, was 
particularly suited to distinguish this 
weak, uniform radiation from other, 
much stronger sources. In order to un- 
derstand this measurement, it is neces- 
sary to discuss the design and operation 
of a radio telescope, especially its two 
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major components, the antenna and the 
radiometer (1). 

An antenna collects radiation from a 
desired direction incident upon an area, 
called its collecting area, and focuses it 
on a receiver. An antenna is normally de- 
signed to maximize its response in the di- 
rection in which it is pointed and mini- 
mize its response in other directions. 

The 20-foot horn-reflector shown in 
Fig. 1 was built by A. B. Crawford and 
his associates (2) in 1960 to be used with 
an ultra low-noise communications re- 
ceiver for signals bounced from the Echo 
satellite. It consists of a large expanding 
waveguide, or horn, with an off-axis sec- 
tion of a parabolic reflector at the end. 
The focus of the paraboloid is located at 
the apex of the horn, so that a plane 
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