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Summary. Quanti tat ive studies on the genetic 
variat ion o f  plant viruses are very scarce, in spite 
o f  their theoretical and applied importance.  We re- 
port  here on the genetic variability o f  field isolates 
o f  the plant R N A  virus tobacco mild green mosaic  
virus (TMGMV)  naturally infecting the wild plant 
Nicot iana  glauca Grah. The populations studied were 
composed  o f  a high number  o f  haplotypes. Two 
main  features are found regarding T M G M V  vari- 
ation: First, there is no correlation between genetic 
proximity  o f  isolates and geographic proximity of  
the sites f rom which they were obtained; and second, 
the est imated divergence among  haplotypes is low, 
and values are mainta ined regardless o f  the scale o f  
the distance between the sites f rom which the iso- 
lates come. No  comparable  studies have been done 
with a plant R N A  virus, and these two features seem 
to be unique for this system as compared  with other  
R N A  viruses. 
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Introduction 

In the past 15 years molecular  methods  o f  genome 
compar ison  have been extensively applied to bac- 
terial and animal  R N A  viruses, yielding data on 
which models  that  describe the structure and evo- 
lution o f  R N A  genomes have been built, giving a 
general picture o f  high genetic variat ion in R N A  
viruses (Domingo and Hol land 1988). In spite o f  
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the theoretical and applied impor tance  o f  genetic 
studies o f  the populat ions o f  plant pathogens (Wolfe 
and Caten 1987), quanti tat ive studies on the vari- 
at ion o f  plant viruses are very scarce (Van Vloten- 
Dot ing and Bol 1988). We present here for the first 
t ime an analysis o f  the genetic variat ion o f  randomly 
sampled populat ions o f  an R N A  virus naturally in- 
fecting a wild plant. The chosen system was tobacco 
mild green mosaic tobamovi rus  (TMGMV),  a plus 
sense R N A  virus with a 6.4-kb monopar t i te  genome 
(Wetter 1986), that  in nature infects N i c o t i a n a  glau- 
ca Grab.,  a wild Solanaceae found in areas o f  Med- 
i terranean climate throughout  the world. The data 
obtained show that this plant R N A  virus is exceed- 
ingly stable genetically. 

Materials and Methods 

Virus Isolates and Sampling. Sixty-nine isolates of TMGMV 
naturally infecting N. glauca in SE Spain were collected in 1985 
and 1986 through two types of sampling: a large-scale sample 
(LS) over a 300-km transect covering the optimal area of the 
distribution in Spain of the host plant (Fig. IA), and five small- 
scale samples (SS) in five of the discrete stands in which the plant 
grows in this area (stands E, C, S, R, and P in Fig. 1A and B). 
These stands appear as well-defined groups isolated from other 
N. glauca plants. Plants were always randomly sampled by sam- 
piing one plant each x meters (x varying with the scale of the 
sample) on previously fixed itineraries. Four TMGMV isolates 
from Australia, the gift of Dr. J.W. Randles, named as in Randles 
et al. (1981), were also included in the study. 

Genomic Comparisons. Isolates from individual plants were 
biologically cloned through single lesion passage in Nicotiana 
tabacum L. Xanthi-nc and multiplied in N. tabacum Samsum. 
We had shown previously that clones represent the uneloned field 
isolate from which they were derived (Rodriguez-Cerezo and 
Gareia-Arenal 1989), and for a number of isolates it was shown 
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Fig. 1. Area of sampling of TMGMV from N. glauea in SE 
Spain. A Large-scale sample; A1-17 indicates sites where the 17 
LS isolates were obtained; E, S, P, R, and C indicate the position 
of five N. glauca stands from where the 52 (10 for E, 11 for S, 
10 for P, 10 for R, 11 for C) SS isolates were obtained. Isolates 
were named by a letter (A, E, S, P, R, C) and a number: consec- 
utive numbers indicate plants sampled consecutively and thus, 
nearest sites of isolate obtainment. B Map of stand C indicating 
the position of all N. glauca plants (*, e), of those tested for viral 
infection (*, Ci), and of those infected by TMGMV (O, Ci). 

that the clone and the parent uncloned isolate had the same 
fingerprint. Thus, it is legitimate to compare clones derived from 
field isolates, a procedure otherwise unavoidable, as mixed in- 
fections with other viruses were found to be very frequent in N. 
glauca. The genomic RNAs were compared by two-dimensional 
electrophoretic maps of oligonueleotides generated by complete 
digestion with RNase TI (TI fingerprints) as in Garcia-Arenal 
et al. (1984), except that 25% polyacrylamide gels were used for 
the second dimensions. RNase T1 cleaves internucleotide link- 
ages on the 3' side of guanylate residues (Gp), so that from a 
large heteropolymeric RNA a series of oligonucleotides are pro- 
duced each having a 3' Gp residue. Only the large oligonucleo- 
tides (>-- 10 bases), representing unique sequences, have been con- 
sidered for the analysis of the relatedness of the different genomie 
RNAs, according to Aaronson et al.'s (1982) evaluation of the 
method. For TMGMV RNA a typical fingerprint (Fig. 2) resolves 
about 55 oligonucleotides in the size range of 10-25 bases. The 
size distribution of the oligonucleotides has been determined by 
sequencing (not shown), and they were found to represent 12~ 
of the 6400-nucleotide-long TMGMV RNA. 

The intra- and interpopulational divergences were estimated 
as follows. Let m, and m~ be the number of oligonucleotides for 
RNA sequences i and j, and mjj the number of oligonucleotides 
shared by the two sequences. The fraction of shared oligonu- 
cleotides, F~j, is estimated by F~j = 2miJ(mi + mj). According to 
Nei (1987) the mean number of nucleotide substitutions, d~j, per 
site can be estimated by ~j = -(2/r)log~G, where r is the length 
of the recognition sequence (in our ease r = 1) and G is estimated 
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by the iteration formula G = IF(3 - 2G])] '~" where GI is a trial 
value of G, for example, G = F j'. The iterative computation is 
done until G = O~. Usually a few cycles of iteration are sufficient. 
Once dij is estimated, we can estimate the intra- and interpopula- 
tional divergences. Following Nei (1987), if there are n different 
haplotypes in populations k and 1, and xi and yj are the sample 
frequencies of the ith and jth haplotypes for populations k and 
!, respectively, then the average number of nucleotide substitu- 
tions for a randomly chosen pair ofhaplotypes, Dk, in population 
k can be estimated by 

ij 

where n~ is the number of sequences sampled. The net average 
number of nucleotide substitutions, Dkt, between RNA haplo- 
types from k and I is estimated by 

ij 

where ~ is the nucleotide substitution between the ith haplotype 
from k and jth haplotype from I. The net nucleotide substitution, 
or the average minimum genetic distance, between s populations 
is given by 

b m ~- ~ I~kl/[S(S - -  1)1 

Similarities (shared oligonucleotides) among fingerprint types 
(Nei 1987) were used in UPGMA cluster analyses. Fitch and 
Margoliash's method using d~ estimates between haplotypes was 
also used to construct a phylogenetic tree. 

R e s u l t s  

Genetic Variation in Populations of T M G M V  

Six ty -n ine  o u t o f  90 N. glauea plants ,  ga thered  in  
b o t h  LS a n d  SS sampl ing ,  were f o u n d  to be in fec ted  
wi th  T M G M V  regardless  o f  the i r  showing  s y m p -  
t o m s  or  no t ,  w h i c h  suggests a long  v i r u s / h o s t  as- 
soc ia t ion  typica l  o f  e n d e m i c  s i tua t ions .  

T h e  v i ra l  p o p u l a t i o n s  s tud ied  were f o u n d  to be  
c o m p o s e d  o f  a h igh n u m b e r  o f  different  hap lo types :  
the  four  A U S  isola tes  c o r r e s p o n d  to four  di f ferent  

hap lo types  a n d  the  17 LS isola tes  to  15. Al l  these  
hap lo types  a p p e a r  to be  c losely re la ted  as i nd i c a t e d  
by  the  f rac t ion  o f  shared  o l igonuc leo t ides  be tween  

two  g iven  hap lo types ,  w h i c h  averages  0 .930  + 0.031 

for the  LS group  o f  isola tes  a n d  0 .919 + 0 .042 for 
the LS a n d  A U S  isola tes  poo led  together.  T h e  52 
SS isolates  c o r r e s p o n d  to  32 hap lo types  in  w h i c h  
o n l y  five appea r  i n  two different  s tands ,  a n d  n o n e  
in  m o r e  t h a n  two s tands .  T h e  average f rac t ion  o f  
shared  o l igonuc leo t ides  be tween  two hap lo types  o f  
this  g roup  is 0 .950  + 0.020.  T w o  th i rds  o f  the  spots  

de f in ing  a ha p l o t ype  were f o u n d  to be i n v a r i a n t  for 
all  the  51 haplo types .  

T h e  e s t i m a t e d  va lues  for i n t r a p o p u l a t i o n a l  di-  
ve rgence  are smal l  i n  all  cases: 0 .0142  o n  the  average  
for the  five p o p u l a t i o n s  b e l o n g i n g  to the  SS isolate  
g roup  (Table  1A), 0 .0216  for  the  LS isolates,  a n d  
0 .0342  for the  p o o l e d  LS + A U S  isolates.  T h e  ne t  
i n t e r p o p u l a t i o n a l  d ive rgence  va lues  are a lso smal l ,  

s t ress ing aga in  the  l i m i t e d  d ive rgence  a m o n g  hap -  
lotypes:  they  average  0 .0026  w h e n  c o m p a r i n g  the  
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Fig. 2. Fingerprints of  T M G M V  corresponding to isolates in SS-C (C 1 = C7 = C8, C2, C3, C4, C5 = C 11, C6, C9, and C I 0 as, in 
Fig. 1B). Additional ( - )  and missing (O) oligonucleotides with respect to C1 are indicated. (x) and 0a), positions of xylencyanol and 
bromophenol  blue, respectively. Oligonucleotides used for comparisons (-> 10 n long) are positioned below the line in CI.  Arrows in 
C10 indicate direction of  first and second electrophoresis. 
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Fig. 3. UPGMA cluster analysis of AUS and LS haplotypes 
of TMGMV. Scale represents values of the fraction of shared 
oligonucleotides (F~) between two given haplotypes. 

five populations of  SS isolates (Table 1 B) and reach 
only 0.0380 when the LS and AUS isolates are com- 
pared. 

Relationships among Haplotypes 

U P G M A  clustering of  LS and AUS isolates on the 
basis of  the values of  shared oligonucleotides among 
pairs ofhaplotypes (Fig. 3) shows that the Australian 
isolates group together separately from the Spanish 
ones. Within the subgroup of  Spanish isolates, a lack 
of  correlation between genetic and geographic prox. 
imity of  their sites of  origin is observed. To further 
investigate this point, a matrix of  geographic dis- 
tances was built on data of  the longitude, latitude, 
and altitude of  each stand (data not shown) and 
compared with the matrix of  the net interpopula- 
tional genetic distances of  the five groups of  SS iso- 
lates (Table 1B) by means of  Mantel's nonpara- 
metric test (Manly 1985). No significant correlation 
between both matrices was found. 

Evolutionary relationships among haplotypes 
were established by Fitch and Margoliash's method. 
The same type of  unrooted tree was obtained with 
haplotypes belonging to either the LS or SS isolates, 
or to a mixture of  both (Fig. 4): haplotypes diverge 
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Values of intrapopulational (A) and inte~opulational (B) divergences among SS isolates coming from different stands of 

A B 

Stand Divergence  Stand E S P R C 

E 
S 
P 
R 
C 

Mean value 

0.0121 E - -  0 .0018 0.0023 0 .0012 0 .0024 
0 .0146 S - -  0 .0013 0 .0025 0 .0040 
0.0191 P - -  0 .0024 0 .0047 
0 .0154 R - -  0 .0035 
0 .0100 Average m i n i m u m  genetic d is tance  

0 .0142 D .  = 0.0026 
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Fig. 4. U n r o o t e d  phylogenct ic  
tree following Fi tch and  Margo-  
l iash 's  m e t h o d  o f  17 r a n d o m l y  cho-  
sen T M G M V  haplo types  corre- 
s lmnd ing  to LS isolates (Ai) or  to SS 
isolates (Ei, Si, Ri, Pi, Ci). The  
A U S 8  isolate was in t roduced  as out -  
group.  

from a central (possible ancestral) haplotype, but 
intermediate haplotypes arising by mutation accu- 
mulation have not been detected in our screening. 
Again, the AUS isolate used as outgroup is only 
partially differentiated from the Spanish ones, and 
again there is no correlation between the geographic 
origin of  the Spanish isolates and their position in 
the tree. 

Discussion 

The pat tern o f  var iabi l i ty  here described for 
TMGMV is similar to the one reported for isolates 
sampled during epidemics in pepper caused by the 
closely related pepper mild mottle tobamovirus 
(PMMV) (Rodriguez-Cerezo et al. 1989). These vi- 
ruses are similar in the limited divergence among 
haplotypes that do not conform to clear evolution- 
ary lines. Nevertheless there is a significant (P < 
0.05) difference in the distribution ofhaplotype fre- 
quencies: for PMMV 4 haplotypes (out of  9) account 
for 75% of the isolates, whereas for TMGMV the 4 
more frequent haplotypes (of 32) represent 35% of 
the isolates, and 19 haplotypes represent 75% of the 

isolates. This may be compared with what has been 
frequently reported for phytopathogenic fungi (Bur- 
don 1987; Wolfe and Caten 1987): in crop epidemics 
fungal populations are dominated by a few geno- 
types, being more heterogeneous in endemics on 
wild hosts. This difference has been related to host 
factors, both genetic (i.e., higher genetic heteroge- 
neity in wild hosts) and ecological (i.e., density and 
distribution as it affects host availability), which 
could also account for what is observed for PMMV 
and TMGMV. 

The variability model for TMGMV is also sim- 
ilar to models reported for animal RNA viruses such 
as influenza C (Buonagurio et al. 1986a) or foot- 
and-mouth disease (Dopazo et al. 1988) in which 
isolates from different evolutionary lines cocircu- 
late, and is clearly different from those that evolved 
rapidly by mutation accumulation as reported for 
influenza A (Buonagnrio et al. 1986b), enterovirus 
EV70 (Takeda et al. 1984), or vesicular stomatitis 
virus (Nichol et al. 1989). 

Two outstanding features of  TMGMV variation 
need to he stressed: (1) The lack of  correlation be- 
tween the genetic proximity of the isolates and the 
geographical proximity of  the sites from which they 
were obtained. This is not explained in epidemio- 
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logical terms: the only known way o f  natural spread 
for T M G M V  is direct contact  between plants, as 
there are no known vectors and the virus is not  seed 
transmit ted (Randles et al. 1981). (2) The narrow 
limit o f  divergence among  haplotypes, mos t  dra- 
matically reflected in the low values for divergences, 
that  are mainta ined regardless o f  the scale o f  the 
distance between the sites f rom which the isolates 
come (a few meters in an N. glauca stand for SS 
isolates, 300 km for LS isolates, and thousands  o f  
km when AUS isolates are considered). Al though 
high genetic stability has been reported for plant 
viruses (Block et al. 1987; Van Vloten-Doting and 
Bol 1988), a quanti tat ive analysis such as the one 
presented here has not  been reported previously, 
and it is not  easy to explain the high genetic stability 
detected. It  does not  seem likely that the error fre- 
quency for T M G M V  R N A  replicase would be lower 
than for other R N A  viruses, for which similar values 
have been reported (Smith and Inglis 1987; Do-  
mingo and Hol land 1988). An alternative hypoth-  
esis would be to consider the functional constraints 
(negative selection) to variat ion that would limit the 
sites in the genome that can vary, as is suggested by 
the high propor t ion  o f  sites invariant  among  the 
haplotypes (Kimura  1985). This would in turn place 
an upper limit on  the number  o f  possible variants, 
and it could explain the two above-stressed features. 
Selective factors, related to the nature o f  plant in- 
fection by viruses and to the heterogeneous nature 
o f  R N A  genome populations,  cannot  be discarded 
and may  contr ibute to the observed variability lim- 
its: a single virus particle could initiate infection into 
a plant cell, and infected cells could thus become 
resistant to later infections by related strains (Mat- 
thews 1981). Unde r  these conditions,  each new in- 
fection event  would select the mos t  frequent variant  
f rom the heterogeneous populat ion o f  related ge- 
nome  sequences replicating into the plant and acting 
as inoculum source. It  is relevant to note that  under  
equil ibrium condit ions in tissues where viral ac- 
cumula t ion  has reached its m a x i m u m  the hetero- 
geneous genome populat ion for T M G M V  has been 
shown (Rodriguez-Cerezo and Garcia-Arenal  1989) 
to be largely domina ted  by a prevailing (master) 
sequence. 
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