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Abstract

Background: The Master Catalog is a collection of evolutionary families, including multiple
sequence alignments, phylogenetic trees and reconstructed ancestral sequences, for all protein-
sequence modules encoded by genes in GenBank. It can therefore support large-scale genomic
surveys, of which we present here The Adaptive Evolution Database (TAED). In TAED, potential
examples of positive adaptation are identified by high values for the normalized ratio of
nonsynonymous to synonymous nucleotide substitution rates (KA/KS values) on branches of an
evolutionary tree between nodes representing reconstructed ancestral sequences. 

Results: Evolutionary trees and reconstructed ancestral sequences were extracted from the
Master Catalog for every subtree containing proteins from the Chordata only or the Embryophyta
only. Branches with high KA/KS values were identified. These represent candidate episodes in the
history of the protein family when the protein may have undergone positive selection, where the
mutant form conferred more fitness than the ancestral form. Such episodes are frequently
associated with change in function. An unexpectedly large number of families (between 10% and
20% of those families examined) were found to have at least one branch with high KA/KS values
above arbitrarily chosen cut-offs (1 and 0.6). Most of these survived a robustness test and were
collected into TAED.

Conclusions: TAED is a raw resource for bioinformaticists interested in data mining and for
experimental evolutionists seeking candidate examples of adaptive evolution for further experimental
study. It can be expanded to include other evolutionary information (for example changes in gene
regulation or splicing) placed in a phylogenetic perspective.
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Table 1

A sample listing from TAED indicating candidate adaptively
evolving genes detected that emanated from the Bovidae node 

Genes with KA/KS > 1.0 

1. T-cell receptor CD3 epsilon chain from Master Catalog family 9668

2. AF092740 cytotoxic T-lymphocyte-associated protein 4 precursor
from Master Catalog family 9698

3. CD5 from Master Catalog family 9700

4. AF110984 intercellular adhesion molecule-1 precursor from Master
Catalog family 9802

5. Interferon alpha/beta receptor-2 from Master Catalog family 9817

6. AF020508 pregnancy-associated glycoprotein 6 from Master Catalog
family 15612

7. MCH OVAR-DQ-ALPHA1 from Master Catalog family 15669

8. Major histocompatibility complex class II from Master Catalog family
21739

9. T-cell receptor gamma from Master Catalog family 21940

Additional genes with KA/KS > 0.6 

10. Interleukin 2 receptor from Master Catalog family 9745

11. Interleukin-3 from Master Catalog family 9775

12. AF019622 myostatin; growth/differentiation factor-8; GDF-8 from
Master Catalog family 20325

13. Fas gene product from Master Catalog family 21743

14. Calpastatin from Master Catalog family 21751

15. Prolactin receptor from Master Catalog family 21853

16. Pre-pro serum albumin from Master Catalog family 21864

17. Immunoglobulin gamma-1 chain from Master Catalog family 21881

18. AF110984 intercellular adhesion molecule-1 precursor from Master
Catalog family 21997

These examples potentially include orthologs between different species of
Bovidae, paralogs, alternatively spliced cDNAs with potentially different
functional effects and intraspecific modifications.



�
��0

� ��
�
� �
� ��� �
���	�
� ��0
� 

�� �"� ����
��� "�����



K1��3�;�������
�
0""
�
��"0�������������������������
�������
7


�	�
� ��� 
���
� ��
� �

0��
� �"� ���
� ����+� E�� �
� ���������� ��

�
�
�	
�� ����� �� ���3������ �
"�������� �"� "0������� ��""
�


"������
�"0���������������������"�$
���

����������
���

�	�


"���������
��� ������
����� ����$
� ��
� "0�������3���
� �
������$

��
�
��
�����������+�9��
5����
����
�����

���
�
��"������7

�
��
��0
��	
�
5����
���������0���#+�

E������0���
5�����������
���1
�#����	
�����0����
����3
�
�+

4��#�����
���"�����

����
��#�	
��
�
�����	
���������

�"��

"0��������� �
��0���
��� ���
��� ��� ��
� ��
�+� 9�


� ����0�


���
����$
���������������������
�	��
�3������
�
5��



����


����������������
�����	������������$�>((?�����
�������

��(

��� 
��1

� 3����� �
� 
5��



�� ��� �
���� ���� ������
�� ��

��

0
�����$
�>('?�����4G������
��
� ���������
��3����

��
� ������
�� ��� ��
� ���0�
� 
#
�
�� �
� ����� �"� ��
� ��
�7

����
��
����
����
�>(6?�����������$��	���0
�
5���������
��"

3�#���
#���#����
�
0""
�
��"0�������������$
+��
�
����"��7

���

���
��
3�#���
���"�
���
�	
��$���������

�"���"0��������

����$
�� 
0��� �
� ��
� ��
���0
�#� �����

�� �	

��#� ����
��

�
��������������

+�

�����������
$��#��"���
���
�#����9�,���
������
��
�
�������"


��
��

��"� �������
� ����$
�����
3������
� ��� ��
����
�$
��


���0������"�����
��
��"���
5����
��#�
�����������
�������


>(/?+� 9�	�
 *� �
� �� 
����
� ��	�
� "���� 9�,�� �
��


����$

	����
+�9�


���
���
���������
�$
�

������3
�
���
���"�
���



��3��$�������

:0
��
�
���0�����
�������$�"�������
����


�����
���

��"���"
+�9�
#����
������#�����0�
��������$
�	
�3

�

�3�� 
�
��

� �"� 	����
�� ������$
�� ���
������
�#� 
����
�� ����7


�����
����������
�
��"���
���0����+�9�
�$
�

������
���
�����


���

� ��� ��
� ���0�
� 
#
�
��� 	��#��0
�0���0�
� ���� �
���7

�0������� �����
� "�
:0
���#� 0��
�� 

�
����
� ��


0�
+� 9�





5����

��������#����
�
���
���������

�"���"0���
��
5�
��7

�
����� 
�0�#� ����0$�� ������$� "���� ����������� 
�
��

� ���

����0$��"0���������
�0�#������	�������

�
5�
��������
�������7

0��������
��+

Conclusions
&���� �� ��#��$
�
���� �
�
�
����
�� ��
� 1��3�
�$
� �"� �����7

���
�$
�

�
������$������
�
��
����
������
�
��
���$���
�

��������3���
� ���	
$��� ��� �
1� �"� 
����
�����3�#
������
��7

�#���� "0������
� ��
� 0��
�� 

�
����
� ��


0�
� ��� ������0���

�����
����
���0������#���
���#+�<�
�
��
�����#�
��0��0�

�"��

��
�����
��
�
5�
����0������
�����$�	�����

�����	
�����
�

��������

7���
�
������
��0��0�

�"��
�����
���0��
���
������7

��#� �"� 
�
��"��� 
5����

�� ���� 

������ ��� 0��
�
����� ��


���0�
��"��������
�
���0����������
��0��0�����
�
�+

D�
� ����#
�
� �"� 9�,�� �������

� ����� ����$� 	�����

�3���

F�CF� ���
� �����
� � *�� ���#� 'N� �"� 
#���#��0
� 
��

� ���

�0���
�� ������
��3���� *-N���� ��
� ��
��$
� 	������ ��� ��


����	�

+�9��
��
����
�
�
���3������
�������������
��
��

��"

�������
�
���0���������	
���
��������$�	�����

���
���


���


���	��
��3�������������C���
0	

:0
���
��
��

��������
�7

�=
�� 	#� ��3
��F�CF� ���
� �����
� �������
��
���� �"� "0��������

���
����#+��
����
�$
�

���
�

:0
��
��"�������
�
�
��

�

��
� $�
��
�� �����0������� �"� ��


� 3���� ���� ���#� ����
�

� ��


���0���#��"�

:0
��
��
���
��0�����
��	0��3������
������3�0


����
�
����
3�
5����

��"�"0�������������$
��������
�	0��
�

������$�	�����

+

�����	����$������
�
�����
�����

��$
�
���
���
�
�����	
����
�

��� ������
� $��	��� ����0�

� �"� ��3� 
���0����� ��
� ���0��
�+

����
��������"������������
�����	�

�3���������������
��"0��7

�����������	�


�3����
��	�
����
���"����$
���#�
������$���
7

������
���#�
+�&0���
�����
�����

��������

����

�0��
�"��


5�
���
�����
�
����
�

�
�����
�
��"���$
�

+�9�
���$��F�CF�

���
� ������ ��� �
����� ��� �� 	������ ����
����$� ������

� 3���

���
��
���#����
�	

����0

"0����
��������"�����$
��"�"0��7

����� "����������
0������ �������

� ���
�

�
�� ��� ��
���0



���
���"��
�����"����0�����	

��#+�&�����
�
5�
���
�����
��

�0������
����0����$�����$��0�����
�#��������
�	�����

����

	
��

�#
��"���"0������������������
����
#
�
�
��"����
�

�+�

&�����#�� ���
� ����	�

� �
��


��
� �� $��3��$� "���
3��1� "��

��
� 
�0�#� �"� �������
� 
���0����+� �
� ����

�
� 	
���
� �����7

�	�
�� ����$

� ��� $
�
� 
5��


����� ���
������
� 
������$� ���7

�
��
�� ���������$�����
��
�� �
���	��������
�
��
��������
�

���
�0�����
�����
�
� �"� ����������� 3���� 	
� ���
�� ��� ���


����	�

��������#��$
�
�����
�
�
����
+�9�
�0������
�$�����
��

�#�������

�0��
��
������$���������
����
�0����
�
��
�����

��
� �

���
�	�
� "��� ��
���#���� ��""
�
��

� 	
�3

�� ���

�#

�
���
��
�
��

+

Materials and methods
�������$� 3���� ��
�4�
�
�� ������$� >*6?� @�
�
���� *+*� �
���
�

"�����
����1��
�
�

�**'B�"�

��"�����$
�"�������
����0

�


����0$�� >(*?A�� F�CF� ���
� �����
� 3
�
� �
���
��0��
�� ����7

	�

73��
� "��� 
���� ���

����� 	������ ��� 
�
�#� 
���0������#

��

� ���������$� $
�

� "���� ��
� ��������� ���� ��


,�	�#���#��+� 9��
� ����#
�
�3�
� �

�����
�� ��� ��


� ��$��7

�
�
� 	
��0

� ��
�
� �
� �


� 
���
��
� "��� ������ ���� ��7

����
���	��


�3��������������
���
����0���
�����0��������"

F�+�9�
�4�
�
��������$�0


��0�����
�

:0
��
����$��
��


$
�
���
��"������0
����<������
�$�	��7������$���


��	���

�
���
�� "���� ����
��� 

:0
��

+� �
��0

� ��
� 4�
�
�

������$� �
� 	�

�� ��� ��� ����#
�
� �"� �0��
��� "�����

�� ����
�

����� 
5�
��
�� "�����

�� ��


� ��
5�
�
��
� ����
� $
�
���


���
���	�
��0�����
�

:0
��
����$��
��
+�

F�CF� ���0

�3
�
�����0���
��"���	�����

�������
���0����7

��#� ��

�	
�3

�����

�0
��$� ��
��
������"��������J�����

������������>'7/?�����"�
���������3�"0�����
���
����"����	�7

	���
�������

�����

:0
��

�>()?+��
���
��0�������"����

����



:0
��

� 3�
� ���
� 0
��$� ��
� &����� ��5��0�� ���
����#

�
�������$#�>(H?+�<���
��
���
��0��
�����

�����

:0
��



����������	�$0���

��0
��$����	�	���
�������

�����

:0
��



��1

� ���
� ����� ����0��� @	#� 3
�$����$� ��	�$0�0
� ��
�����


co
m

m
ent

review
s

repo
rts

depo
sited research

interactio
ns

info
rm

atio
n

refereed research

http://genomebiology.com/2001/2/8/research/0028.5



��������$������
������	�	�����

A ��������3
�0
�������
��0����

���
�� �"� 
���0������#� ��
���#� ����� �
� ��	0
�+� 93�� �0�7�""


3
�
�0

�� ��� ��
���"#� K���
�

���$;����0

� "��� ��
�F�CF� ���


������� *� ���� -+)+� �
�����
� ����	�


� 3
�
� ���
��0��
�� "��


���� �0�7�""+� 9�
� �

0����$� ����

�� �
� "�

�#� ������	�
� "��

"0���
������#
�
����>(-?+�

Acknowledgements
We thank Eric Gaucher for critical reading of this manuscript. We are
indebted to the National Institutes of Health (Grants HG 01729 and MH
55479) for partial support of this work.

References
1. Benner SA, Ellington AD: Interpreting the behavior of

enzymes. Purpose or pedigree? CRC Crit Rev Biochem 1988,
23:369-426.

2. Kimura M: Molecular Evolution Protein Polymorphism and the Neutral
Theory. Berlin: Springer-Verlag, 1982.

3. Li WH, Wu CI, Luo CC: A new method for estimating synony-
mous and nonsynonymous rates of nucleotide substitution
considering the relative likelihood of nucleotide and codon
changes. Mol Biol Evol 1985, 2:150-174.

4. Pamilo P, Bianchi NO: Evolution of the Zfx and Zfy genes: rates
and interdependence between the genes. Mol Biol Evol 1993,
10:271-281.

5. Li WH: Unbiased estimation of the rates of synonymous and
nonsynonymous substitution. J Mol Evol 1993, 36:96-99.

6. Trabesinger-Ruef N, Jermann TM, Zankel TR, Durrant B, Frank G,
Benner SA: Pseudogenes in ribonuclease evolution: a source of
new biomacromolecular function? FEBS Lett 1996, 382:319-322.

7. Messier W, Stewart CB: Episodic adaptive evolution of primate
lysozymes. Nature 1997, 385:151-154.

8. Makalowski W, Boguski MS: Evolutionary parameters of the
transcribed mammalian genome: An analysis of 2820
orthologous rodent and human sequences. Proc Natl Acad Sci
USA 1998, 95:9407-9412.

9. Dahlhoff EP, Rank NE: Functional and physiological conse-
quences of genetic variation at phosphoglucose isomerase:
Heat shock protein expression is related to enzyme geno-
type in a montane beetle. Proc Natl Acad Sci USA 2000, 97:10056-
10061.

10. Zhang J, Ziqian H, Tame JRH, Lu G, Zhang R, Gu X: The crystal
structure of a high oxygen affinity species of haemoglobin
(bar-headed goose haemoglobin in the oxy form). J Mol Biol
1996, 255:484-493.

11. Nei M, Gu X, Sitnikova T: Evolution by the birth-and-death
process in multigene families of the vertebrate immune
system. Proc Natl Acad Sci USA 1997, 94:7799-7806.

12. Crandall KA, Kelsey CR, Imamichi H, Lane HC, Salzman NP: Paral-
lel evolution of drug resistance in HIV: Failure of nonsyn-
onymous/synonymous substitution rate ratio to detect
selection. Mol Biol Evol 1999, 16:372-382.

13. Wigger M: Receptor-Assisted Combinatorial Synthesis. RACS - A New
Approach for Combinatorial Chemistry. Zurich: PhD Thesis 12929,
Swiss Federal Institute of Technology, 1998.

14. Benner SA, Chamberlin SG, Liberles DA, Govindarajan S, and Knecht
L: Functional inferences from reconstructed evolutionary
biology involving rectified databases - an evolutionarily
grounded approach to functional genomics. Res Microbiol 2000,
151:97-106.

15. Duret L, Mouchiroud D, Guoy M: HOVERGEN: a database of
homologous vertebrate genes. Nucleic Acids Res 1994, 22:2360-
2365.

16. Bateman A, Birney E, Durbin R, Eddy SR, Howe KL, Sonnhammer
ELL: The Pfam protein families database. Nucleic Acids Res
2000, 28:263-266.

17. Page RDM, Holmes EC: Molecular Evolution, A Phylogenetic Approach.
Oxford: Blackwell Sciences, 1998.

18. Peltier MR, Raley LC, Liberles DA, Benner SA, Hansen PJ: Evolution-
ary history of the uterine serpins. J Exp Zool 2000, 288:165-174.

19. Endo T, Ikeo K, Gojobori T: Large-scale search for genes on
which positive selection may operate. Mol Biol Evol 1996,
13:685-690.

20. The Adaptive Evolution Database (TAED) 2.1
[http://www.sbc.su.se/~liberles/TAED.html]

21. EraGen Biosciences [http://www.eragen.com]
22. Bode W, Renatus M: Tissue-type plasminogen activator: vari-

ants and crystal/solution structures demarcate structural
determinants of function. Curr Opin Struct Biol 1997, 7:865-872.

23. Nakashima KI, Nobuhisa I, Deshimaru M, Nakai M, Ogawa T, Shimo-
higashi Y, Fukumaki Y, Hattori M, Sakaki Y, Hattori S, Ohno M:
Accelerated evolution in the protein-coding regions is uni-
versal in Crotalinae snake venom gland phospholipase A(2)
isozyme genes. Proc Natl Acad Sci USA 1995, 92:5605-5609.

24. Hughes AL, Nei M: Patterns of nucleotide substitution at
Major Histocompatibility Complex class-I loci reveals over-
dominant selection. Nature 1988, 335:167-170.

25. Lee SJ, McPherron AC: Myostatin and the control of skeletal
muscle mass. Curr Opin Genet Dev 1999, 9:604-607.

26. Benner SA, Trabesinger N, Schreiber D: Post-genomic science:
Converting primary structure into physiological function.
Adv Enzyme Regul 1998, 38:155-180.

27. Fitch WM: Toward defining the course of evolution:
minimum change for a specific tree topology. Syst Zool 1971,
20:406-416.

6 Genome Biology Vol 2 No 8 ��	
��

�������


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Discussion
	Conclusions
	Materials and methods
	Acknowledgements
	References

