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Understanding how sequences evolve 
informs how we model DNA data. 

Approaching phylogenetics from 
the point of view of the data … 

Advantages of Molecular Data for 
Tree Building 

•  In all living organisms  
•  most basic level of organization 
•  Genes relatively easy to homologize 
•  Knowledge of molecular evolution 

  a) transmission 
  b) mutation/substitution 

Advantages of Molecular Data for 
Tree Building 

•  Can study extinct biota (younger better) 

•  Large number of characters 

•  mtDNA and nuclear DNA independently 
inherited.  Some nuclear genes 
independent of others. 



DNA data do not guarantee the 
correct phylogeny 

1.  The problem of shared ancestral 
polymorphisms 

2.  Multiple substitutions at a single site 
hide earlier substitutions 

Misleading 
DNA evolution 
 Shared ancestral 
polymorphisms 
(lineage sorting, 
gene-tree vs species-
tree disagreement) 

 Random extinction 

 Depends on time 
between speciation 
events 

short 
time 

long 
time 

random 
extinction 

random 
extinction 

Human, Chimp, Gorilla 



Misleading DNA evolution 
Multiple substitutions hide previous changes 

Brown et al. 1979. PNAS 76:1967 

Types of Substitutions 

Page, R. and E. Holmes.  1998.  Molecular Evolution:  A phylogenetic Approach.  Blackwell. 

Assuming we could  know the ancestral states … 

Difference between mutation and 
substitution 

•  Substitution = mutational changes 
observed in populations (not random) 

•  Mutations = not all observed in 
populations, randomly distributed 
 1) removed by proof reading enzymes 

   2) cause death of cell, gamete, embryo 

Corrections for multiple substitutions 

Jukes-Cantor (1969) Assumptions 
 
1.  A = T = G = C  No nucleotide bias 
2.  Every base changes to every other base with 

equal probability (no TS/TV bias) 
3.  All sites change with the same probability (no 

ASRV) 

Also:  probability substitution & base composition 
remains constant over time/across lineages 



Jukes-Cantor Assumptions Incorrect 

1.  Nucleotide bias is common 
   mtDNA honey bee 84.9% A+T; D. yakuba 78.6% 

2.  TS/TV bias is common 

3.  Substitution probabilities vary along a molecule 
in relation to structural and functional 
constraints (ASRV, RAS models) 

Frati, F., C. Simon, J. Sullivan, D. Swofford.  1997.  JME 44: 145-158. 

Transitions vs Total Substitutions 

% TS 

C 

Pur - Pyr mispairs lead to transitions 

In next round of replication due to Watson-Crick pairing 

purines 

pyrimidines 

Topal, M.D. & J.R. Fresco. 
1976.  Nature 263: 285-289. 



Definition:   
3� vs. 5� end of 
DNA 

Phosphate groups attached 
to the carbons number 3 & 5 
in the deoxyribose sugar. 
 
The two sides of the helix 
are antiparallel (run in 
opposite directions). 

Substitution probabilities 
vary along a molecule in 
relation to structural and 
functional constraints 

Hickson et al. 1996.  MBE 13: 150-169. 

Nuclear vs mt SSU rRNA 

Simon et al. 2006.  AREES. 

Small subunit 
rRNA 

500 eukaryotes mapped onto 
yeast structure, Yves Van de 
Peer 

www.psb.ugent.be/rRNA/varmaps 

Red = most variable 
Blue = least 
Invariable = black 

Substitution probabilities 
vary along a molecule in 
relation to structural and 
functional constraints 



Third domain small 
subunit rRNA 

Simon et al. 2006.  AREES. 

Red = most variable 
Blue = least 
Invariable = black 

Mus 
SSU  
rRNA 
 

Dixon & Hillis 1993 MBE 
 

3rd domain 

Transitions in conserved regions 

* = transitions 
•   = identity 
 

Few sites variable  
(5/300 bp) 
At least four experience 
homoplasy 

Simon et al. 1996. MBE 

12S SSU 
3rd domain 

Fast sites in 
slow molecules 



Cicada 
Primates 
Drosophila 
% pairwise 
sequence 
divergence 

Note different scales.                            Simon et al. 1996. MBE 

12S SSU 
2nd vs 3rd 
 domain 
Mosaic 
Evolution 

tRNA 

Protein coding genes 

Rodent, Bird, Fish                               Kocher et al. 1989. PNAS 86:6196 

Primary structure substitutions influenced by triplet code 

Third position not completely degenerate 

Different probability of change in 2 vs 3 vs 4 vs 6-codon families; �Universal� 
Genetic Code (nuclear) 



Deviation from �Universal� Code; 
mitochondrial code is different 

and varies among taxa 

In Evanoid wasps:  start codon of mitochondrial Nad1 = 
TTG; might be common across Hymenoptera.   
 
In collembola, ATC, ATT, and ATA are used as start 
codons in the COII gene. 
 
In Vertebrates both AUA and AUG are Methionine start 
codons 

Vertebrate mitochondrial code.   
Red = differences from the Universal code 

Codon bias (nucleotide bias) 

Liu & Beckenbach 1992. MPE- codons ending in T & A most used 

(part) 

D. yakuba mtDNA- no CAG, TAG, CGC, AGG in any proteins  

Triplet code- primary structure 

Frati et al. 1997. JME 

   56.7 % of all variable sites are located in 
third positions 

 
 1st 27.9%    2nd 15.4%     3rd  56.7% 

 
96.9% of all third positions are variable 
 
 1st 47.8%    2nd  26.3%    3rd  96.9% 

Collembola display a typical pattern of variation among codon positions 



Substitution 
Rates 
Insulin 
Gene 

Nei 1987 Text P. 81 

Synonymous (silent)- dashed, 
Non-synomous (replacement)- 
Solid line 

silent 

replacement 

Rates of 
Evolution of 
Nuclear 
Protein 
Genes  

Nei 1987 Text P. 240 

Artiodactyls, rodents, 
& primates 

Simon et al. 1994. Annals ESA 

Some genes are more conserved at 
the AA level; most obvious at deeper 
levels 

Substitution rates in 
different protein regions 
 

Li & Graur 1991 



Lunt, Zhang, Szymura, Hewitt. 1996. MBE 5:153-165  

COI gene mean AA variability 

Substitution rates vary within genes… 

Lunt, Zhang, Szymura, Hewitt. 1996. MBE 5:153-165  

COI Gene Structure 

Filled circles = AA variable among insect species 
Boxed AA = special functional significance 

External 

Internal 

Membrane 

The 3� end of the COII molecule is 
more conserved. 
 
Liu & Beckenbach 1992. MPE 

Some AA 
substitutions 
easier than 
others 
  
Four Families of 
Amino Acids 
 

http://matcmadison.edu/
biotech/resources/
proteins/labManual/
images/amino_000.gif 



Clary & Wolstenholme 1985. JME 22:252-271 

Hydropathy profiles allow alignment of genes with low AA similarity 

Among Site Rate Variation 

 Definition:  Model parameters said to be 
�nonidentifiable� when data do not 
contain enough information to estimate 
the parameter with precision (too many 
parameters for the data).  

ASRV, Yang 1996, TREE 11(9):367-372 
•  If all sites in sequence change at same rate = 

Poisson Distribution; otherwise, Negative 
Binomial Distribution 

•  Biggest difference in rate is between variable 
and �invariable� sites 

•  Two classes of �invariable sites� 
–  Highly restricted �not free to vary� 
–  Variable but not observed to vary due to chance 

convergence 
–  % variable sites can�t be calculated by simple 

sequence comparison. 

When calculating genetic distances, 
must take into account ASRV… 

•  Walter Fitch 1970�s �number of sites free to vary� 
 

             GATTTCACGAAATATGCATT 
       ..CC.TT..GG.C..A..CC 

10/20 sites observed to vary = 50% seq diverg  
With five sites not free to vary…  
10/15 sites vary = 75% sequence divergence  



ASRV:  �sites free to vary� not accurate 
By definition: 
 
•  Sites with high probabilities of change will 

accumulate substitutions first 

•  Followed by sites with intermediate 
probabilities of substitutions, 

•  Followed by sites with low probabilities of 
substitutions 

Given enough time 
even sites with low 
probabilities of change 
will accumulate 
substitutions 

= tRNA attachment site 

Better to model ASRV as 
continuous variation 

•  Negative binomial distribution with  
gamma distributed rates 

•  Described by α shape parameter 

•  As α increases to infinity --> equal rates 

•  Smaller alpha = higher ASRV 

Relative substitution rates for 
different α values 



ASRV varies among 
codon positions 
•  2nd- fit neg binom 

 signf diff Poisson 
•  3rd- fit Poisson, not 

neg binom 
•  All- Signf dif neg 

binom & Poisson 
•  Average value 

gives poor picture 
of pattern of ASRV   

ASRV varies among 
codon positions 
•  2nd- fit neg binom 

 signf diff Poisson 
•  3rd- fit Poisson, not 

neg binom 
•  All- Signf dif neg 

binom & Poisson 
•  Average value 

gives poor picture 
of pattern of ASRV   

Improvements on Jukes Cantor 
•  Allow base frequencies to be unequal 
•  Allow transitions to be more common 

than transversions, in fact, allow 
separate estimates of the probability of 
change of all six possible nucleotide 
substitutions 

•  Allow the probability of substitution to 
change along the molecule 

Models of Evolution 
•  GTR 84-90 most general. 

Implementation delayed due to 
computational complexity 

•  HKY 85 & Felsenstein 84 
similar 

•  All are reversible 
•  Some allow unequal nucleotide 

frequency but All assume 
nucleotide bias is 
same in all taxa 

•  None include ASRV 
but it can be added 

    Note:  Tamura-Nei 93 paper did 
include ASRV. 

Simon et al. 2006 AREES 



ASRV >> fit improvement than models 

Frati, Simon, Sullivan, Swofford. 1997. JME 44:145-158  


