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Abstract 

There has been great controversy between neutralists and selectionists 

concerning what proportion of mutants contributed to gene evolution as 

advantageous mutants. Several studies have shown that there are some genes 

on which positive selection operates through comparison and statistical 

analysis of nucleotide sequences, but no one have been able to estimate the 

proportion of genes on which positive selection operates among all the genes 

available. One reason is that conducting such research involves a large 

amount of DNA sequence data and coordinated analysis in order to conduct 

large-scale searches for candidate genes making full use of sophisticated 

computers. The purpose of this study was to investigate the role of positive 

selection in the course of gene evolution. For the first attempt, I estimated the 

proportion of genes on which positive selection may operate utilizing a 

large-scale search. 

In P ART I, I discuss the strategy and results of a large-scale search for 

genes on which positive selection may operate. In this study, a large-scale 

, 

search is defined as search for genes which can fulfill certain criteria by 

utilizing a large amount of DNA sequence data using the computers of high 

level processibility including a super computer. The search was performed 
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Abstract 

using the following strategies: 1) alignment construction for the 3,595 groups 

of homologous sequences of non-partial coding sequences available in the 

DDBJ DNA Database Release 11; 2) comparison of numbers of synonymous 

and non synonymous substitutions. From the search, 17 homologous gene 

groups were obtained as candidate genes on which positive selection may 

operate. They constituted 0.47% of all the gene groups examined in the study. 

Interestingly enough, nine out of the 1 7 gene groups were for surface proteins 

of viruses and parasites. A window analysis of numbers of synonymous and 

nonsynonymous substitutions was performed to locate possible within-gene 

regions subject to positive selection. The analysis indicated that a region 

where the number of nonsynonymous substitutions was larger than that of 

synonymous substitutions corresponded to a known antigenic epitope region. 

In PART II, an additional search was conducted to find genes which 

contained a region or a segment subject to positive selection. This search was 

performed because the nucleotide sites responsible for positive selection 

usually are not spread throughout the entire gene even when positive selection 

is operating. This was the cause of my inability to locate MHC genes in the 

search in PART I, because positive selection is shown to be operating only on 

the antigenic sites in MHC genes. In the new search shown in part II, 192 

gene groups were obtained as candidate genes having within-gene regions 
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Abstract 

where positive selection may operate. They constituted about five percent of 

all the genes examined. 
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PART I 
Large-Scale Search for 

Genes on Which 
Positive Selection May 

Operate 

Introduction 

The neutral theory of molecular evolution maintains that fixation of 

neutral mutations by random genetic drift within a population is the basis of 

evolution of most genes (Kimura 1983). Adaptive mutations can contribute 

to gene evolution more directly than neutral mutations, though they may 

occur at an extremely low frequency. Most deleterious mutations, on the 

other hand, do not contribute to gene evolution because they have a great 

chance of being lost within a small number of generations even though they 

may occur at a high frequency. 

The genes on which positive selection operates are considered to have 

an evolutionary characteristic in which the number (dN) of non synonymous 
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PART I A large-scale search for genes on which positive selection may operate 

substitution is larger than that (ds) of synonymous substitutions, because 

positive selection favors the nonsynonymous substitution which causes 

adaptive amino acid changes rather than the synonymous substitution which 

does not cause any amino acid changes. By adopting this characteristic as the 

criterion, it was been shown that the highly polymorphic genes for major 

histocompatibility complex (MHC) classes I and II, may be subjected to 

positive selection due to the fact that ds is significantly larger than dN at 

antigen recognition sites in the genes (Hughes and Nei 1988, 1989). Similarly, 

several other genes can be considered candidate genes on which positive 

selection may operate, such as the stomach lysozyme genes of ruminants 

(Irwin and Wilson 1990), visual pigment genes (Yokoyama and Yokoyama 

1990), homeobox genes (Kappen et al. 1989), gamma hemoglobin (Fitch et al. 

1991), alcohol dehydrogenase genes (Long and Langley 1993), ion channel 

genes (Strong et al. 1993), growth hormone genes (Ohta 1993), a I-antitrypsin 

genes (Ohta 1994), and abalone sperm lysin genes (Youn-Ho Lee et al. 1995). 

Since these studies were conducted on the individual cases, the proportion of 

such genes on which positive selection operates has been previously 

unknown. Thus, it is very important to understand what proportion of genes 

are affected by positive selection and the identity of these genes, in order to 

understand not only the evolutionary mechanisms of the genes but also the 
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PART I A large-scale search for genes on which positive selection may operate 

relationship between the evolutionary process and the functions of those 

genes. 

With the aim of answering these intriguing questions, I developed a 

new method to facilitate a systematic search for candidate genes from the 

DNA sequence database on which positive selection may operate. In this 

method, I created a multiple alignment database of 3,595 homologous cDNA 

sequences, and estimated the numbers of synonymous and nonsynonymous 

substitutions among all possible pairs in all homologous DNA sequences. 
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PART I A large-scale search for genes on which positive selection may operate 

Materials and Methods 

Construction of coding sequence database 

The coding sequence database was constructed from a total of57,741 

entries of DNA sequences in DNA Database DDBJ Release 11 which 

included the databases DDBJ, EMBL and GenBank. In the feature table of 

entries, coding region is represented as follows: 

CDS 

CDS 

CDS 

CDS 

CDS 

CDS 

262 .. 1434 
/note="transforming growth factor-beta precursor" 
/codon start=l 

jOin(67I .. 857,1607 .. l752) 
/product="Preproinsulin" 
/codon start=l 

join (complement (7420 .. 7474),complement(7l6l .. 7284), 
complement(5203 .. 5326)) 
/note="preapolipoprotein C-lll" 
/codon start=l 

complement(join(1073l .. l0787,complement(9299 .. 9965), 
7559 .. 9162)) 
/note="immediate early transcriptional activator lEllO" 

<3 .. 1232 
/note="alpha-l-antitrypsin precursor" 
/codon start=l 

1. .849 -
/product="calpastatin" 
/gene="calpastatin" 
/codon start=l 
/partial 

.. where the terms mean: 

CDS 
join 
complement 
/partial 
/pseudo 

coding region 
joining more than two fragments of sequence 
the reverse-complement sequence of the region 
partial sequence 
pseudo gene 

To isolate coding regions and join them into a single cDNA sequence from 
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PART I A large-scale search for genes on which positive selection may operate 

these complicated grammatical expressions, I developed a computer program 

named 'cds}' using programming languages C and 'yacc '. 'yacc' stands for 

'J!-et another (2ompiler (2ompiler,' which was designed for creating compilers 

of programming languages (Abo and Ullman 1977). Description errors for 

coding regions in the database were carefully avoided by checking the 

following points: 1) the number of nucleotides should be a multiple of three; 

2) initiation co dons must be ATG, CTG, GTG or TTG; and 3) no termination 

codons should be contained within the described frames. I also excluded 

partial sequences and pseudogenes from the present study by referring to the 

feature table in entries of the database. As a result, nucleotide sequences for 

24,832 complete coding regions were obtained from all the entries in the 

database. 

The database for homologous amino acid sequences 

All the coding sequences extracted by cds} were translated into the 

amino acid sequences. The amino acid sequences obtained were then 

categorized into an appropriate number of gene groups of homologous 

sequences by using the computer program BLAST, which was designed for 

homology search (Altschul et al. 1990). I set 0.5 as the maximum threshold of 

expected probability score in the homology search. Homologies of the 
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PART I A large-scale search for genes on which positive selection may operate 

sequence groups were then examined using the algorithm of global homology 

search originally developed by Needleman and Wunsch (Needleman and 

Wunsch 1970). I used only the sequences which had a similarity score larger 

than 25% of the score of the original sequence. These homologous sequences 

were then multiply-aligned to create the database called "SODHO Ver.2" 

(Gojobori et al. 1993). Recently, SODHO Ver.3 was constructed by applying 

the similar procedures to DDBJ Release 20. 

Back translation of alignments of amino acid sequence into 

alignments of DNA sequences 

The multiple alignments of homologous amino acid sequences were 

converted into nucleotide sequence alignments by referring to the 

corresponding cDNA sequences. The set of resulting alignments was named 

"cDNA multiple alignments." 

Search for candidate genes by comparing dN with dsfor 

whole coding sequences 

Candidate genes on which positive selection may operate were 

18 



PART I A large-scale search for genes on which positive selection may operate 

searched for by comparing the estimated number (ds) of synonymous 

substitutions with that (dN) of non synonymous substitutions. The values of ds 

and dN were estimated by Nei and Gojobori's (1986) method for all sequence 

pairs in the cDNA multiple alignments for each gene group. If dN's were 

larger than the ds's for more than half of the sequence pairs compared in a 

particular gene group, the gene group was regarded as a candidate. I excluded 

gene groups in which either ds or dN was larger than 1 to avoid the saturation 

effect of nucleotide substitutions in the estimation process. I also inspected 

the resulting alignments manually to exclude such things as frame shift. The 

entire procedures for finding candidate genes are summarized in Figure 1. 

Window analysis for ds and dN of candidate genes 

In order to identify particular regions where positive selection may be 

operating within candidate genes, I conducted a window analysis. 

A window was defined as a sequence region of with a 20-codon length 

on an alignment of homologous genes. In a window analysis, ds and dN are 

estimated for each window along the nucleotide sites, codon by codon, to test 

whether dN is larger than ds. If dN is larger than ds in the within-gene region, 

the region was considered to be subject to positive selection. 
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PART I A large-scale search for genes on which positive selection may operate 

DDBJ/EMBUGenBank DNA database 

LOcus Jl.P!-WoIl'105A. 4410 bp d:s-DNA BCT 

57,741 sequences 
excluding 
synthetic sequences IlEf'I1HTrON A. margl.nale :surraca antlgen AmFIOS gene , cotnplete cd:! . 

ACCESSION H32971 
l".£!'WORDS outer membrane protein TlllpA/ :surtace a ntl.gen . 
SOURCE A . lI:olrginale \i:solate Florida) initilll body DNA, clones pFLIO and 

,...." . 

nATURES 
CO< 

Loc:a.tiOl'l/Qualitien 
1972 . • 

lnote .... :surtace antigen AmUOS" 
/codon :stal:twl 

tni:lc_teature 2002: . 2693 

BASE COUIlT 
ORIGIN 

Inote .. repeal region" 
970 iii 966 c 1314 9 1140 t 

1 eaagccgctg taggggC'!}aa aattgtagct cgggaaacta la.tctcccta cagaaaggac 
61 qtaacggcta aggtgtacgg gcqc:gaCljltg acgi'uilaaaga tgaaacttct ggaaaagcag 

121 aagaagggaa aaaagagglt gcggtc:tatt wtaatgtca acgttcctca aagcgcgttc 
181 atacaggccc taaaaatgaa ggaetgaege qcatqaatge atgageetgq tgtqaetgeq 
241 tqeacaatet gggetatgqc tttacttgtg gcgattgtgg eeqaeatccg geteaecetg 

\

Non-partial 

coding sequences 

Amino Acid Sequences 
cDNA sequence database 

Trallslation APMMO"l05A·I 
:rurlaee l'II!lfl05 '"'' 00<rn 

>APMAKFI05A-1 BCT H32871 
DJ:flIfITIOH 
ACCISSJON 
SJ:QUIICCIC 

A. lMrglnale lIur!aee antl.gen AlnF105 gene, CONplete call. 
H32S11 

5 10 15 20 25 30 • ,ae!-A . r:lacginale surface antigen l'vnFl05 gene , complete call . 
,seco - the lItandard genetic code 
11912 •. 4275 

antl.gen 
lHSAEYVl>TQSOOSSSASGQQQES$VS5QSE 

31 A5T SSQ LGADS 5 S AG GQQQIi 5 S VS S Q 5 OQA 
51ST 5S OLGAOSS S A GGQ OQES S V S S Q S DQA S 
n TS 5 0 LGAD 5 5 5 AG GQQ QE S 5 V5 5Q S DQA 5 T 

121 5 5 Q L GAD 5 S 5 A G G Q Q Q Ii 5 S V S S Q S 0 Q A 5 T $ 

Homology search ----------------------------------------
Homology database SODHO Ver. 2 

J.FtWalOSA·l LVRSHFHD5G LSLGSIRLVL HQVGOXLGLQ YLAQAFADSV VV.MDVQ55G 
APtCAKl'!aA·l LVJ\SHIBOSG LSLGSIRLVL KQVGDKLGLQ GLJ>lGEGYAT YLAQAFAD5V VVAAOVQSSG 
AJI'IO.KiIe611.·1 LVJ\SBlHDSG LSLG5IRLVL HQVGDltLGLQ GLXIGEGYAT YLAQAFJI!ISV VVAAOAQSSD 

LVRSUlHDSG L5LGSIRLVL HQVGDXLGLQ GLKIGEGYAT fL1I.QlU"AI)SV VVAADVQSSG 

APIOJO'105.A-l Jl.CS)'SLDSAl l\IIViTSWS1.B GGLVSItGFOR OTKVERGOLE AFVOFKFGGV SYHDGWASAA 
APtWoII95A·l ACl'TGLDSJl.I A$VJ;TSWSLH GGLVRXDrDlI OTKVXRGOLE MVOFHYGGV SYDOGNJl.SAl\. 
J.lIKIU«86A·l )'Cl'1ISLDSJl.I AHVt:KSWSLR GGLVS,",OFOJl DTEVltRGOLE AFVOFMTGGV 5YDOGHASAA 
;\lIHMY/OA·l Jl.CSASLOSAI AHVETSWSLB GGLV5KGfDR DTXVERGDLE AFVDFKrGGV SYHOGMASAA 

APMAMFI0SA·l RSVUTLAGlI YDALGISYHO LOKLOADTLf SVVSFSAGSA JOROAVSDAA DXfll,VJ.t1YGG 
Jl.$VLJ:TLAGtt VOALGISYVO LOJlLDADTLf SVVSFSAASA 10RGJl.VSOAA DXFRVM-4FGG 

APfIWCIf8Q- l VOALGISYlIQ LOKLOAOTLY SVVSFSAGYA IDRGAVSOAA 
APKAMVlOA-l PSVLULAGU VDALGI5Yl1Q LOXLDADTLY SVVSFSAGSA lOIlGAVSOAA 

Alignment oj cDNA sequences 

cDNA sequence alignments 
APMAMrlOS1.·1 
APM1I.HI95A.-l 
AR19.MV86A·1 
APHAKV1DA-l 

qcg tge tet gee age ett 93e agc gcg atc gc:a aac gtt gag e eg 
QC9' tge eet aec gqe ett gae age geg ate 9c:a age gtt gag aeg 
gcg tge eet gee aqe ett gae age geg atc gca aae gtt gag aag 
qcg tgc tct gce agc ctt gat: age ge9 ate gc:a aae qtt 9a9 acg 

24,610 sequences 

APKAHrL 0 SA· 1 
APKlI.MI95A-l 
APKAMIo/86J1.-1 
Al'19.KV10A·l 

teg t99 tee ctg cae ggc ggc etg gta age .Hla 9gt tt t gae eqt 
teq tgg tee etq cae gge gge etg gta cge aaa gat ttt qae cgt 
teq tgq tee etg cae gge qqc ceq qta aqe aaa gat ttt gac cgt 
teg tgg tee etg cae gge 9ge etq gta age aao 99t ttt gac cqt 

3,595 gene groups 

Estimation oj ds and dN 
using Nei alld Gojobori's method 

Estimates of ds and dN 
APKAMF10SA-l 

;>'pKAKI95A-l 0.0039 0 . 0211 APMAMI95A·l 
Al'MllHW86J1.-1 0.0021 0 . 0123 0 . 0021 0 . 0215 Al')oQKW1I6A-l 
APHAMV10A-! 0 . 00230 . 0000 0 . 0068 0 . 0198 0 . 0045 0 . 0136 

Gene groups amollg which d,v> dsJor 
" more than one half oj all pairs 

Candidate genes on which 
positive selection may operate 

Figure 1. Search strategies for genes on which positive selection operates. 
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PART I A large-scale search for genes on which positive selection may operate 

Results and Discussion 

Ratio of candidate genes on which positive selection may 

operate 

A total of 24,832 complete coding sequences were extracted from the 

DNA sequence database. All of those sequences were classified into 3,595 

homologous gene groups except for 4,845 unclassifiable sequences. 

Unclassifiable sequences were defined as sequences that were not included in 

any of the gene groups of the cDNA multiple alignments. Surveying the 

3,595 homologous gene groups, I searched for gene groups which met the 

criterion of dN being larger than ds for more than half of the pairs in each gene 

group. Finally, I obtained 17 gene groups considered as candidate genes on 

which positive selection may operate (Table 1). The candidate genes thus 

constituted 0.47% of all the gene groups examined. 

Members of candidate genes 

Interestingly enough, eight of the 17 candidate genes were antigenic 

surface proteins of parasites and viruses (Table 1). They included the outer 

membrane protein gene (amp) of Chlamydia, an envelope protein gene of the 
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PART I A large-scale search for genes on which positive selection may operate 

equine infectious anemia virus, the merozoite surface antigen 2 (MSA2) gene 

of malaria parasite Plasmodium Jalciparum, the E gene of phages 04, FX174 

and S13, the glycoprotein gene, gH, of pseudorabies virus, the sigma-1 

protein gene of the reovirus, the major surface protein (msp1 a) of rickettsia 

Anaplasma marginale, and an invasion plasmid antigen of Shigella. These 

results might indicate that amino acid changes are taking place on these genes 

in order to allow the organisms to escape from the defensive system of the 

hosts, such as the immune system of vertebrates. I will discuss the 

characteristic features later for the remaining gene groups. 

1. Gene groups on which positive selection may operate. 

surface antigen (MSA2) gene Plasmodium Jalciparum 18 1.1 x 1O-1± 1.6x 10-2 1.3x 1O-1± 1.2x I 
surface protein (mspl a) gene Anaplasma marginale 4 5.4x 10-3±6.0x 10-6 l.4x 10-2±5.8xl 0-5 

protein (amp) gene Chlamydia 5 3 .6x 1 0-1±2.0x 1 0-1 l.2x 1 O-I± 1.8x I 0-2 

Equine infectious anemia virus 6 1.0x 1 0-2±.2.6x 1 0-5 1.1 x 1 0-2± 1.8x 10-5 

Pseudorabies virus 3 2.3xlO-3±6.5xl0-7 3.0x I 0-3±1.0x 1 0-7 

phages G4, ¢ X174 and S13 4 1.4x 1O-1±8.4x 10-3 1.7x 1 O-I±1.3x I 0-2 

protein gene Reovirus 4 3.4x 1O-3±1.2xl 0-5 7.7x 1 0-3±1.5x 1 0-5 

plasmid antigen gene (ipaC) Shigella 3 0.0 1.6x 1 0-3±1.2x 10-6 

plasmid antigen gene (ipaD) Shigella 3 2.0x 1O-2±1.2x 10-4 2.4x 1 0-2±2.6x 1 0-4 
hormone Aplysia calif arnica 6 1.1 x 1 0-1±5.lx 1 0-3 1.6xlO- l ±l.lxI0-2 

hormone A peptide Aplysia calif arnica 3 8.3xlO-3±3.lx 10-5 8.7x 1O-3± 1.8x 10-5 

Fo subunit (atp-2) gene Escherichia coli 4 7.2x I 0-3±2.6x 10-5 9.7x I 0-3±3.3x I 0-5 

resistance protein gene Escherichia coli 3 1.8x 1O-3± 1. 7x 10-6 2.8xI0-3±1.0xI0-6 

molecule gene (yadA) Yersinia 3 5.2x 1O-2±2.5x 10-4 6.7x 1O-2±1.3 x 10-4 

steroid binding protein Rat 7 1. 7xlO- l ± 1.5xlO-2 1.9x I 0-1±2.4x I 0-2 

Snake lJ 2.8x 1O-1±2.6x 10-2 3.7xlO-I±2.2xlO-2 

cerevisiae 3 4. 7x 1O-3± 1.1 x 1 0-5 8.9x 1O-3±I.4xl 0-5 

The number of synonymous substitutions per site. The number of nonsynonymous 
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PART I A large-scale search for genes on which positive selection may operate 

Identification of the within-gene region where positive 

selection operates 

With the aim of locating regions where positive selection operates 

within candidate genes, I conducted a window analysis for all 17 candidate 

genes. I will use the results for two candidate genes as examples. 

(i) The case of merozoite surface antigen 2 genes of malaria 

The first example is the merozoite surface antigen 2 (MSA2) genes of 

malaria P. Jalciparum. Malaria is a well-known parasite that causes malarial 

fever. MSA2 is known to be one of the genes expressed during asexual stages 

in malarial life cycle (Smythe et al. 1988). Merozoite is the stage of the 

malarial life cycle in which malaria is exposed to the human blood stream 

outside of the time of infection. Thus, it is quite possible that the genes 

expressed in the merozoite stage are targets of the immune attack from the 

human body. In fact, a high degree of polymorphism of MSA2,just like that in 

MHC genes, has been reported in various studies (Smythe et al. 1988, 1990, 

1991; Elliott et al. 1990; Fenton et al. 1991; Marshall et al. 1991). 

Figure 2 shows the results of the window analysis for two alleles of 

MSA2. The window size is twenty codon length. It is clear from the figure 
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PART I A large-scale search for genes on which positive selection may operate 

that there are two regions (around 65-350 and 400-600) where the number of 

non synonymous substitutions is high and no synonymous substitution is 

observed. Although the function of the second region is not well understood, 

the first region corresponds exactly to an antigenic epitope already known 

(Figure 3; Fenton et al. 1991). This suggests that positive selection is 

operating on the antigenic epitopes of MSA2 to facilitate escape from the host 

immune system. It also implies that the second region found in this analysis is 

another possible antigenic epitope. 

It is very interesting that no synonymous substitutions were found over 

the entire region of MSA2. In the case of MSAl, another malaria surface 

protein gene, a small number of synonymous substitutions have been 

observed (Hughes 1991, 1992). One possible explanation is the short 

divergence time between the alleles. This explanation, however, is unlikely, 

because so many nonsynonymous substitutions were observed between the 

,alleles. Another possibility is the reduction of synonymous substitutions. It 

is noteworthy that the genome of P. Jalciparum is extremely A+T rich, the 

G+C content being only 18% at the codon third positions (Musto et al. 1995). 

This implies that nucleotide substitutions occur mostly between A and T 

-
through some kind of mutation pressure. It is clear from the genetic codes that 

nucleotide changes between A and T alter coded amino acids even at the third 

24 



PART I A large-scale search for genes on which positive selection may operate 

codon position except the four codon box. Whether nucleotide substitutions 

occur from A or T to G or C, it is possible that the mutated site return back 

easily to A or T under the pressure. For example, suppose that a synonymous 

substitution from A to G takes place at a codon AAA for lysine, changing this 

codon into AAG for lysine. It has then tendency that a back mutation from 

AAG to AAA easily takes place by strong mutation pressure toward A+T. 

Thus, it may not be able to observe any synonymous substitutions even 

though they are really occurring (Musto et al. 1995). 

0.8 ,------------------, 

0.7 

g <IJ 0.6 
- = 0.5 
= = 'S 0.4 
t "§ 0.3 

<IJ 0.2 
= z 0.1 

1 121 241 361 481 601 721 841 

Site number 

Figure 2. Window analysis of merozoite surface antigen 2 (MSA2) gene of Plasmodium 
Jalciparum. Numbers of synonymous and nonsynonymous substitutions are plotted along 
nucleotide sites. Nonsynonymous substitution is indicated by red line. No synonymous 
substitution was observed in the present pair. 
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Figure 3. The gene structure of MSA2. 
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