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Summary. One method of  determining the degree 
of  base pair divergence between two sources of DNA 
(different strains, species, etc.) is to determine the 
decrease in thermal stability of hybrid duplex DNA 
due to mismatching of base pairs. Attempts to cal- 
ibrate the change in median melting temperature 
(ATm) to base pair mismatch have led to conflicting 
results. We have studied the AT~ between DNAs 
of known sequence over a range of  from 0.55% to 
7.2% base pair mismatch. The relationship of  ATm 
and percent base pair mismatch is remarkably linear 
over this range with a correlation coefficient >0.98. 
A A T  m of I~ corresponds to 1.7% base pair mis- 
match. This conversion is higher than that usually 
assumed and, therefore, rates of DNA evolution es- 
timated by DNA-DNA hybridization studies are 
likely faster than previously thought. 
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Introduction 

Duplex DNA becomes single-stranded under cer- 
tain conditions such as high temperature. When re- 
turned to conditions allowing stable duplex for- 
mation, strands with complementary sequences 
reanneal. The thermal stability of  the reformed du- 
plexes depends upon the fidelity of base pair match- 
ing, A with T and C with G. Perfectly matched 
duplexes have a higher median melting temperature 
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(Tin) than do duplexes with mismatched bases. The 
relationship between change in Tm (ATm) and per- 
cent base pair mismatch is quantitative and thought 
to be linear (Kohne 1970; Britten et al. 1974). This 
property of  DNA has been exploited for a variety 
of studies concerning evolution, especially so-called 
DNA-DNA hybridization experiments. One can use 
ATm to infer rates of DNA evolution (e.g., Britten 
1986) as well as to reconstruct phylogenetic rela- 
tionships (e.g., Sibley and Ahlquist 1984; O'Brien 
et al. 1985; Caccone and Powell 1987; Catzeflis et 
al. 1987; Sheldon 1987, Caccone etal. 1988). How- 
ever, one aspect of change in thermal stability of 
DNA duplexes due to base pair mismatch has re- 
mained unclear: What is the conversion between 
ATm and percent mismatch? With the plethora of 
DNA sequence data now available, it is possible to 
approach this problem directly. 

Earlier studies on this problem were based either 
on synthetic oligonucleotides of  known composition 
or on in vitro chemical modification of base pairing 
(Bautz and Bautz 1964; Uhlenbeck et al. 1968; Laird 
et al. 1969; Hutton and Wetmur 1973). Further- 
more, some of these studies involved RNA-RNA 
or RNA-DNA duplexes. The results varied: a ATm 
of I~ corresponded to between 0.7% and 1.7% base 
pair mismatch. Despite this variation and lack of 
empirical data on natural DNA-DNA duplexes, 
most workers (e.g., Britten et al. 1974; Britten 1986; 
Koop et al. 1986; Catzeflis et al. 1987) have assumed 
a l : l  conversion for DNA duplexes, i.e., 1~ ATm 
corresponds to 1% mismatch. In a previous study 
on mitochondrial DNAs (mtDNA) of known se- 
quences, we found that l~ ATm crrrcsponds to be- 
tween 1.5% and 2.0% mismatch (Powell et al. 1986). 
Here, we confirm this higher conversion over a range 
of percent mismatch. 



MateriaLs and Methods 

Most of this study was done on the rRNA-coding region of  Dro- 
~'ophila mtDNA. The region is 906 bp in length and has been 
sequenced in several species of Drosophila (DeSalle eta] .  1987; 
DeSalle, unpublished). For one comparison we used another re- 
gion of Drosophila mtDNA, the HindllI-B fragment of D. ya- 
kuba, which is about 5 kb in length and contains the cytochrome 
oxidase genes (Wolstenholme and Clary 1985). This was hybrid- 
ized to the corresponding region of D. melanogaster mtDNA. 
There were no insertions/deletions among the rRNA genes. There 
were 14 insertions/deletions (out of  5 kb) between the 1). yakuba 
and D. melanogasterHindllI-B sequences; these include one sev- 
en-base, one three-base, one two-base, and two single-base in- 
sertions/deletions (Wolstenholme and Clary 1985). These occur 
in the intergenic regions and are not clustered. Therefore, we do 
not expect these insertions/deletions to significantly affect ther- 
mal stability. 

All DNA was derived from recombinant plasmids. Tracer 
DNAs (radioactively labeled DNA) were restriction endonuclease 
fragments containing only the Drosophila DNA purified from 
agarose gels. Driver DNAs (unlabeled DNA) were the entire plas- 
mid including the vector sequences. Controls showed that the 
Drosophila mtDNA did not cross-hybridize with vector se- 
quences. The ratio of tracer to driver was 1:> 2000. 

In addition to base pair mismatch, the stability of  DNA du- 
plexes is affected by other factors including base composition (G-  
C pairs bond more strongly than A-T  pairs) and the length of  
the duplex (shorter molecules melt at a lower temperature than 
longer molecules). Our methods allowed us to control these two 
factors. First, the DNA melting was done in a solvent of the 
chaotropic compound, tetraethylammonium chloride (abbrevi- 
ated TEACL), which reduces the strength of  G---C bonds more 
than that of A-T bonds. In 2.4 M TEACL, melting is independent 
of base composition (Melchior and yon Hippel 1973; Chang et 
al. 1974; Orosz and Wetmur 1977). To correct for the effect of  
length of  the duplexes, samples of  DNA to be melted were run 
on an alkaline agarose gel and the tracer lengths determined by 
counting the radioactivity in slices along the lanes (McDonell et 
al. 1977). We used the formula derived by Hail et al. (1980) as 
presented in Hunt el al. (1981) to normalize the T m to that ex- 
pected for a duplex of 500 bp. In these experiments the sizes of 
the duplexes ranged from 116 to 560 bp with a mean of 206 bp. 

Details of  the TEACL method of  D N A - D N A  hybridization 
have been published and will not be repeated here (Hunt et al. 
1981; Powell et al. 1986; Caccone et al. 1987; Caccone and Powell 
1987). The main differences from the more familiar hydroxyl- 
apatite (HAP) method are that melting is done in 2.4 M TEACL 
and the amount  of  single-stranded DNA is determined by SI 
nuclease digestion. The above references can be consulted for 
details, 

Results and Discussion 

Table 1 and Fig. 1 present the results. The range of  
base pair mismatch was from 0.55% to 7.2%. Over 
this range the relationship between ATm and base 
pair mismatch is remarkably linear. Only one point 
(PIL-MIM) lies more than 2 standard errors off the 
regression line. Table 2 presents the regression anal- 
yses including and excluding this point. It makes 
little difference whether this point is included. In 
theory the regression line should pass through the 
origin and indeed the Y-intercept is very close to 
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Table 1. Results of D N A - D N A  hybridizations between cloned 
DNAs of  known sequence and base pair mismatch 

Tracer Driver n &Tm SE 

% base 
pair 
mis- 
match 

1) SILl SIL2 4 0.28 0.09 0.55 
2) SILl PIL 8 1.18 0.08 1.88 
3) PIL PIC 4 1.77 0.14 2.65 
4) PIL PSE 4 2.60 0.24 4.31 
5) PIL MIM 4 2.77 0.17 3.53 
6) SILl SCA 8 3.44 0.13 5.76 
7) PIL SCA 8 3.56 0.11 5.74 
8) SCA FUN 4 4.17 0.19 6.95 
9) YAK MEL 5 4.11 0.31 7.20 

The clones were derived from several drosophilids: D. silvestris 
(SIL 1 and SIL2), D. piIimana (PIL), D. picticornis (P/C), D. pseu- 
doobscura (PSE), D. mimica (MIM), D. funebris (FUN), D. ya- 
kuba (YAK), D. melanogaster (MEL), and Scaptomyza adusta 
(SCA). n is the number  of replicates. The three comparisons with 
eight replicates were done reciprocally, i.e., each species used as 
the tracer and driver. Standard errors were calculated as in Cac- 
cone et al. (1987). The sequence data for lines 1-8 are from 
DeSalle et al. (1987) and for line 9 from Wolstenlaolme and Clary 
(1985) 

Table 2. Analysis of data in Table 1 

Y- in-  
ter- 
cept Slope r Conversion 

No constraints 
All data 0.20 0.57 0.985 1.74 
Remove PIL-MIM 0.08 0.58 0.997 1.71 

Constrained through origin 
All data 0 0.61 0.998 1.64 
Remove P1L-MIM 0 0.60 0.999 1.67 

Mean of  each point considered separately 
All data 
Remove PIL-MIM 

1.63 (0.06) 
1.67 (0.04) 

Regression lines were calculated with and without the single da- 
tum (PIL-MIM) more than 2 standard errors off the regression 
line and with and without the constraint of  passing through the 
origin, r is the correlation coefficient. "Conversion" is the percent 
base pair mismatch corresponding to I*C ATm and was calculated 
as the reciprocal of  the slope. The lower part of  the table presents 
the means of  the conversion calculated separately for each line 
in Table 1; the standard error is in parentheses 

zero. Because of this expectation we have also cal- 
culated the regressions with the constraint of  passing 
through the origin; again this makes little difference 
in the conversion factor. We present another way 
of  analyzing the data in the lower part of  Table 2. 
The conversion factor was calculated separately for 
each line in Table 1 and the means were determined. 
The six conversions in Table 2 range from 1.63 to 
1.74. Because of  experimental error (see SEs in Ta- 
ble 1), the second digit after the decimal in these 
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Table 3. Comparison of HAP and TEACL methods to determine A T  m 

Species compared  

&Tm 

H A P  TEACL 

Drosophila melanogaster-D, simulans 
D. melanogaster-D, orena 
Strongylocentrotus purpuratus-S, drobachiensis 
S. purpuratus-S, franciscanus 

1.9 2.17 + 0.09 
2.3 2.51 --- 0.10 
2.5 2.5 
15 13 

Drosophila H A P  data are from Zwiebel et al. (1982), Drosophila TEACL data from Caccone et al. (1988), and Strongylocentrotus data 
from Hall et al. (1980). Where available, s tandard errors are indicated 

ATm 

LV" 

I ' " [ "  I I 1 I I 

1 2 3 4 5 6 7 

~/o bp m i s m a t c h  

Fig. 1. Graph o f  data in Table 
1. Numbers  correspond to left- 
most  column in Table 1. Bars 
indicate 1 standard error. 
Regression line is drawn using 
all points  without  constraint  o f  
passing through the origin. See 
Table 2 for alternative analyses. 

conversion estimates is meaningless. Therefore, we 
conclude that the best estimate of the conversion is 
that a I~ A T  m indicates 1.7% base pair mismatch. 

In addition to the A T  m statistic, some authors use 
&TsoH (Sibley and Ahlquist 1984), ATtaR (Benve- 
niste 1985), or AT median (Britten 1986). These 
statistics take into consideration the fraction of the 
DNA that did n o t  hybridize under the conditions 
of  the reassocation. We used conditions (1 M 
TEACL, 45~ that require about 75% or greater 
base pair match to form stable duplexes. Because 
the most distant comparison was 7.2% divergent, 
the degree of hybridization should be high. The mean 
percent reassociation for heteroduplexes (duplexes 
formed with tracer and driver from different clones) 
normalized to the homoduplex (duplexes formed 
from tracer and driver from the same clone) was 
97% with a standard deviation of  8%. Therefore our 
results can only be used to calibrate AT m. However, 
this calibration is certainly relevant to interpreting 
the other statistics. 

We have used the TEACL method of  DNA-DNA 
hybridization to calibrate the conversion. There is 
evidence that the conversion would be similar for 
the more familiar hydroxylapatite procedure. Table 
3 presents comparisons of  the few cases where both 
methods have been used on the same species. The 

two procedures appear to yield very similar results. 
Thus, this conversion is probably fairly general for 
liquid hybridization. Whether it is valid for other 
types of  hybridization such as Southern blotting 
(Southern 1975) remains to be determined. 

Although the HAP and TEACL procedures ap- 
pear to yield very similar results, there is another 
procedure for following DNA melting using spec- 
trophotometry. The hyperchromicity of  DNA so- 
lutions increases with increasing percent single- 
stranded DNA. The change in absorbency due to 
temperature change can be followed in a spectro- 
photometer fitted with a temperature controlled cu- 
vette. In such a system, partially as well as fully 
denatured DNA molecules will contribute to the 
absorbency change. However, in both the HAP and 
TEACL procedure, partially denatured molecules 
are probably counted as double-stranded. This is 
because partially denatured molecules can bind to 
HAP. With the TEACL procedure, when the sam- 
ples are removed from the temperature gradient for 
nuclease S 1 digestion, partially denatured sequences 
have an opportunity to "zipper" again. This could 
be an explanation of  the apparent discrepancy be- 
tween our results and those of  Hutton and Wetmur 
(1973) who studied the effect of  chemical modifi- 
cation of  base pairing using spectrophotometry. The 



i m p o r t a n t  p o i n t  is tha t  m o s t  e v o l u t i o n a r y  s tudies  
e m p l o y i n g  D N A - D N A  h y b r i d i z a t i o n  have  used  
e i ther  the H A P  or T E A C L  p rocedure  a n d  thus  ou r  
results  w o u l d  seem to be the p e r t i n e n t  ones  for such 
studies.  

We  be l ieve  our  resul ts  are no t  l im i t ed  to the par -  
t icular  sequences  we s tudied .  Because  we have  used  
the T E A C L  procedure ,  the effect o f  base  c o m p o s i -  
t i on  is negated.  There fo re  ou r  resul t  is app l i cab le  to 

any  D N A  regardless o f  A + T / G + C  rat io.  O n e  cou ld  
argue tha t  r R N A  genes are pecul iar ,  b u t  the  fact tha t  
the p r o t e i n - c o d i n g  (pr imar i ly )  sequence  gives the 
s ame  resul t  ( l ine 9, Tab l e  I) as the r R N A  genes  
argues aga ins t  this. T he re  is s o m e  i n d i c a t i o n  o f  clus- 
ter ing o f  s u b s t i t u t i o n s  in the  r R N A  genes (DeSal le  
et al. 1987). H o w e v e r ,  the  H i n d I I I - B  reg ion  appea r s  
to be l ike a " t yp i ca l "  cod ing  sequence ,  i.e., m o s t  
subs t i t u t i ons  are s y n o n y m o u s  a n d  are fairly " r a n -  
d o m l y "  spread  ove r  the region.  W h e t h e r  there  is 
n o n r a n d o m n e s s  in  the  pa t t e rn  o f  s u b s t i t u t i o n s  in  
the D N A s  we s tud ied  is a m o o t  poin t .  We  used  
" n a t u r a l "  D N A s  tha t  had  d iverged  due  to evo lu -  
t i ona ry  processes.  It  is h ighly  un l ike ly  tha t  e v o l u t i o n  
p roduces  t ru ly  r a n d o m  pa t t e rns  of  subs t i t u t i ons .  W e  
s tud ied  real sequences ,  which  are wha t  are o f  in te r -  
est in  e v o l u t i o n a r y  studies.  

These  resul ts  p r o v i d e  an  a p p a r e n t l y  qu i t e  accu-  
rate c o n v e r s i o n  of  change  in  m e d i a n  me l t i ng  t e m -  
pera tu re  a n d  pe rcen t  base pa i r  m i s m a t c h .  T h e  ac- 
curacy  o f  the c o n v e r s i o n  is i nd i ca t ed  by  the high 
co r re l a t ion  coefficient,  > 0 . 9 8  (Tab le  2). S tud ies  tha t  
e m p l o y e d  the  p r ev ious ly  accepted  1:1 c o n v e r s i o n  
m u s t  n o w  be r eeva lua t ed  in  l ight  o f  these new  data.  
Ra tes  o f  D N A  e v o l u t i o n  based  on  ATm's m u s t  be 
faster t h a n  p rev ious ly  a s sumed .  The  difference is 
no t  t r ivial :  70% faster. F ina l ly ,  this  m o r e  accura te  
c o n v e r s i o n  will a l low be t te r  c o m p a r i s o n  b e t w e e n  

resul ts  f rom D N A - D N A  h y b r i d i z a t i o n  e x p e r i m e n t s  

a n d  sequence  data.  
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