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Summary. The evolution of 5sRNA of 17 organisms ranging from human to 

bacteria has been studied using a sequence homology analysis. 

The evolutionary rate of 5sRNA genes has been estimated to be 

2.2xlO -IO replacement per one nucleotide site per year. This value is 

about the same as that of cytochrome C or tRNA's (= 2×10-10). 

A phylogenic tree of these organisms including both eukaryotes and 

prokaryotes has been constructed from the evolutionary distances (the 

rate of nucleotide substitution per site) data. The time of divergence 

of prokaryotes and eukaryotes was estimated to be > 1.75xi09 years ago 

and the branching order in eukaryotic kingdoms is consistent with the 

traditional order. Blue-green algae separated from the bacterial stem 

1.3xlO 9 years ago after eukaryotes had branched. 
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INTRODUCTION 

Because of its universal occurrence as the sole protein 

synthetic machinary in all organisms, the ribosome seems to 

be one of the most useful molecular complexes to study the 

biologically meaningful phylogeny among organisms. Since 

RNA, unlike polypeptide, has no codon degeneracy nor masked 

multihits, evolutionary relationships deduced from base se- 

quences are more reliable than those deduced from polypep- 

tides (Holmquist et al., 1972). Recently, a considerable 

number of 5sRNA species, a unique constitutent of 5Os (60s) 

ribosomal subunit, in different organisms have been comple- 

tely or nearly sequenced. These sequences provide us with 

sufficient information for the study of phylogenic relation- 

ships among a wide range of organism as in the cases of cyto- 

chrome C and hemoglobin. 
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In the present study, we compared sequences of seventeen 

different 5sRNA species including ten prokaryotes and seven 

eukaryotes, and constructed a phylogenic tree for these or- 

ganisms. 

MATERIALS AND TECHNIQUES 

a) 5sRNA Sequences 

The 5sRNA sequences used in this study were obtained from 

the literature listed in Table I. 

b) Alignment of 5sRNA 

To obtain the sequence homology between two 5sRNA molecules, 

the GAAC or GAUC sequences at about position 40-45 were first 

matched and then the homology was statistically estimated on 

the remaining sequences. Here, we define Aj and Bi respect- 

ively as the jth and ith nucleotide of 5sRNA (A) and 5sRNA (B) 

from their 5'-terminal, and represent the columns and the 

rows of the two dimensional array, i.e., matrix (MAT). 

The cell MATij then represents a pair combination that con- 

tains Aj and Bi. A pathway is signified by line which 

connects cells of the array. All possible pair combinations 

between A and B can be constructed from this MAT, and every 

possible sequence comparison is also represented by pathways 

through the matrix. When MATij is part of the pathway, both 

i and j must increase in value. Either i or j must increase 

by only one but the other index may increase by one or more. 

In this study, MATij was assigned the cell value, one, if 

Aj is the same kind of nucleotide as Bi. If they are dif- 

ferent nucleotides, MATij was assigned zero. A penalty fac- 

tor, a number subtracted for every gap made, may be assess- 

ed as a barrier to allow the gap. No gap would be allowed 

unless the benefit from allowing the gap would exeed the 

barrier. The "best matched pathway" is then one for which 

the sum of the assigned cell values (less than any penalty 

factors) is largest (Needleman & Wunsh, 1970). We assigned 

here that one gap is equal to two nucleotide substitutions 

(Dayhoff & Barker, 1972). With these two primary restric- 

tions (GAAC fixation and assignment of gap penalties) the 

"best match" was obtained from the matrix with minimum gap 

insertions. The matrix was punched out by a computer (NEAC 

2200 Model 25OB). Altogether 150 matrices were made. 
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c) The Rate of Nucleotide Substitution 

Since the rate of nucleotide substitution during evolution 

has been reported to be constant per site per year in most 

of the informational macrom01ecules, we assumed the same for 

5sRNA. All equations shown below were essentially the same 

as those used by Kimura & Ohta (1971, 1972, 1973). 

The rate K(nu), the average number of nucleotide substi- 

tutions per site, may be shown as follows: 

(1) K(nu) = -3/4 in (I-(4/3)~) 

where i is the fraction of corresponding sites which differ 

from each other. 

The standard error (~K) of the K(nu) is given as 

(2) ~K = (1-1)n 

where n is the number of nucleotide sites for which com- 

parison of nucleotides can be made. The rate of substitution 

per nucleotide per site per year (k) may be calculated as 

(3) k = K(nu)/2T 

where T is the number of years that have elapsed since the 

evolutionary divergence of the two polynucleotides from 

their common ancestor. 

d) Construction of the Phylogenic Tree 

The K(nu) value, conventionally called "evolutionary distance" 

in this study, was used for the construction of the phylo- 

genic tree. All of the pairs of organisms were rearranged in 

the order of increasing K(nu) values from Table 4, and the 

pair to be formed first was decided simply by choosing the 

pair with the smallest K(nu) values. The value of I/2K(nu) 

of the pair was taken to settle the branching point between 

them. The branching points between two or more pairs were 

determined from the average numbers of I/2K(nu) between the 

pairs. In Fig. l, the time scale, which had been calculated 

from K(nu) values from Eq. (3), was used in the abscissa. 
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RESULTS AND DISCUSSION 

a) Alignment of 5sRNA 

There are a number of methods to compare more than two homo- 

logous molecules. The visual comparison is sometimes useful. 

However, as one molecule of 5sRNA is composed of 116 to 121 

nucleotides, this method is quite tedious and moreover a 

certain rationalisation is usually requested for the sig- 

nificance of the results obtained. 
The ideal way would be a comparison of the primary struc- 

tures as aligned according to the constructed secondary or 

tertiary structure of the molecules. However, possible 

secondary structure models have been suggested for several 

5SRNA by Forget & Weissman (1969), Brownlee et al. (1972), 

Nishikawa & Takemura (1974), Jordan et al. (1974), Kearns & 

Wong (1974) and others, without establishing their common 

structure. It is therefore difficult at present to compare 

the 5sRNA's with this sort of information. 

The third way to obtain the "best matches" between two 

sequences would be the purely statistical approach. Given 

two definite sequences, Needleman & Wunsch (1970) devised 

an algorithm for finding the longest common sequences with- 

out considering gap constraints. If the length of the 

nucleotide chain is relatively short, this method might be 

useful. However in the case of 5sRNA, we could not detect 

any significant difference in homology among widely diverged 

5sRNA species and/or random sequences by this method (data 
not shown). 

Sankoff (1972) gave an algorithm for constructing "best 

matches" between two sequences under constraints on the 

number of gaps allowed. The probability distributions for 

the tests of significance were calculated using a Monte- 

Carlo method. However, this method was too complex and needed 

too much time for computation. We have therefore decided to 

use the following method. 

In all 5sRNA's, so far sequenced, there is a long 

nucleotide sequence between positions 20 and 60 which has 

been highly conserved (Corry et al., 1974). All 5sRNA's of 

prokaryotes have a GAAC sequence within this conserved re- 

gion at about position 40-45. This sequence is complementary 

to GT~C in all prokaryotic tRNA molecules (Forget & Weissman, 

1967), which suggests that the sequence of 5sRNA probably 

interacts with the common GT~C loop of tRNA (Ofengand & 
Henes, 1969; Shimizu et al., 1973; Erdmann et al., 1973; 

Richter et al., 1973). Eukaryotic initiator tRNA's (of yeast 

and rabbit cytoplasm) have the sequence GAUC in place of 
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Table 2 

Number of nucleotide residues which differs from each other (left lower 

half) and number of gaps inserted (right upper half) 

KB XK XO CC SC SB TU AN BM BS PF PM SM EA AA ST gC 

8 
KB 0 0 3 6 6 6 6 6 5 I0 8 8 8 8 8 

8 XK 9 0 3 6 6 6 6 6 5 I0 8 8 8 8 8 

XO 15 6 3 6 6 6 6 6 5 i0 8 8 8 8 8 8 

CC 40 43 46 6 6 6 7 6 4 7 5 5 5 5 5 5 

SC 46 48 52 57 0 0 9 7 8 9 9 9 9 9 9 9 

SB 47 49 53 58 4 0 9 7 8 9 9 9 9 9 9 9 

TU 48 50 54 57 2 6 9 7 8 9 9 9 9 9 9 9 

AN 67 68 67 57 56 56 57 4 7 4 4 4 4 4 4 4 

BM 56 59 64 50 50 50 49 48 3 4 4 4 4 4 4 4 

BS 59 61 65 59 49 49 47 40 24 3 7 7 7 7 7 7 

PF 52 53 52 54 55 54 56 49 44 53 Z Z 2 2 2 2 

PM 45 50 51 5Z 46 47 44 45 52 39 34 0 O 0 0 0 

SM 47 51 52 54 46 47 44 41 30 57 39 7 0 0 0 0 

EA 46 50 50 53 45 46 43 43 33 37 38 8 6 0 0 0 

AA 47 50 51 54 44 45 42 43 30 37 36 5 5 5 0 0 

ST 47 50 51 55 45 46 43 41 3Z 37 37 5 3 4 3 0 

EC 46 49 50 55 45 46 43 43 32 35 36 5 4 4 3 2 

GT~C which is common in all the known eukaryotic tRNA's 

(Simsek et al., 1973). The sequence GAUC which is comp- 

lementary to GAUC is found also at about position 40-45 

5sRNA of human KB cell, xenopus lae~s, T. utilis and s. cerevisiae. 

(TWo exceptions have however been reported: GAUA in S. carls- 

bergensis and GAAC in Chlorella). The occurrence of similar 

sequences having functionally the same meaning in this par- 

ticular region of the molecules suggests their common origin. 

Therefore when two 5sRNA molecules are compared to derive 

the sequence homology, it is reasonable first to match this 

GAAC or GAUC region between the two and then the "best match 

alignment" is statistically obtained on the rest of the se- 

quences with minimum gap insertions. 

By the procedure discussed above and described in Mate~ 

rials and Techniques, the number of sites which differ from 

each other and the number of gaps to be inserted were ob- 

tained (Table 2). Based on these data, "best match align- 

ments" were constructed and the representative ones are 

shown in Table 3. 

b) Rate of Nucleotide Substitution in 5sRNA 

Two homologous molecules were compared only on the non- 

gapped nucleotide sites to obtain the rate of substitutions 

in the course of evolution. Deletions and insertions (=gaps) 

are usually not taken into account even if they exist (see 

Kimura & Ohta, 1971). Therefore, K(nu) (=evolutionary dis- 

tance) was computed without considering gaps using Eq. (I) 

(Table 4). 
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Table 3 

Representative 5sRNA alignments. Parenthesis and underline: undetermined. 

The s q u a r e d - o f f  s e q u e n c e s  (GAAC o r  GAUC): s e q u e n c e  f i r s t  f i x e d .  

Sequences of PM, SM, EA, AA and ST were not completely determined and 

t h e r e f o r e  r e c o n s t r u c t e d  f r o m  o l i g o n u c l e o t i d e  maps  ( S o g i n  e t  a l . ,  1 9 7 4 ) .  

N o t  a l l  s e q u e n c e  c o m p a r i s o n s  w e r e  shown h e r e ,  s i n c e  t h e  s e q u e n c e s  i n  

v e r t e b r a t e  g r o u p s  (KB, XK, XO),  y e a s t  g r o u p s  (SC, SB, TU) and  e n t e r o -  

bacteria groups (EC, ST, AA, EA, SM, PM) are about the same in each group 

I I I 

I Z 3 4 5 6 7 a 9 0 : z 
o 0 0 0 o 0 0 0 0 o 0 0 

KB c~'~cUA~GGccAUAccA~U~AAc~cG~c~GA~c~cG~c~c~AA~cUAAGcA~G~c~cG~cUG~UAc~A~U~A~GGA~AccGc~UG~GJ.~x~Acc~c~AcG~U 
CC &UGCUACGUUCAUAC*ACCACGAAAGCACCCGAUCCCAUC CGGAAGUUAAACGUGGUUGGGCUCGAGUAGUACUGGGUUGGGAGA~UACCUGAGUGGGAACCCCGACGgAGUGU. 

KB GU~UACGG~CAUA~A~cUGAA~G~Gc~GA~U~GUCUUC~UCGGAAG~UAAGCAGGGu~GGGC~UG~'GUUAGUA~UUGGAUGGGAGA~G~U~GGAAUA~GGGUGCUGU~GG~UU 
SC GGUUGCOGCCAUAUCUACCAGAAAGCACCGUUCUCCGUC ACUOUAGUUAAGCUGGUAAGAGCCUGACCGAGUAGUGUAGUGGOUGACGAUAGGCGAAAGUCAOGUGCUGCAAUC U 

KB GUCU*AcGG~AUAc~A~G~UeGAAcGCG~GAU~U~GUe~GGAAGcUAAGcA~GGU~GGGCcUGGUUAGUACUUGGAUG~GAGA~GCCU~GGAAUA~G~GUGCUGUAGG~UU 
AN UCCUGGUGUCUAUGGCGGUAUGGAACCACUCUGACCCCAUCC CAGUUG=UGA *AACAUACCUGCGOCAACGAUAGCU*CCCGGGUAGCCGGUCGCUAAAAUAGCUGGACGCCAGGUC 

KB Gu~UA~GGCCAUA~A~CUGAA~GCGcCcGAU~U~GUeC~ACGGAAs~UAAG~AGGGU~GGG~UGGUUAGUAcUUGGAUGGGA~A~CG~UGGGAAUA~nGGUG~UGUAGGcUU 
BM UCUGGUGGCGAUAGCGAAGAGOUCACACCCGUUCCCAUAC CGGAAGUUAAGCUCUUUAGCGCC*=AAUGGUAGUUGG**GACUUUGUCCCUGUGAGAGUAGGACGUUGCCAGGC* 

KD GU~UA~GG~AUA~A~UUGA*ACG~C~GAU~U~GU*~U~A~GGAAG~UAAGcAGGGU~GGG~UGGUUAGUA~UUGGAUGG~AGAc~G~C~GGGAAUA~GGGUGcUGUA~G~UU 
BS CCUAGUGACAAUAGCGAGOAGAGAAACACCCGUCUCCAUCCC CGGAAGUUAAGC*UCUCCCAGCGCCGAUGOUAGUUOG*GGCCAOCGCCCCUG~CAAGAGUAGGUUGUCGCUAGGC 

KB ~G~U~UACGG~A*UA~A~c~UGAA~G~Gcc~GAU~UCGU~CU~u~GGAAG~UAAG~AGGGUCGGGCcUGGUUAGUA~UuGGAU~GGAGA~GG~UGGGAAUAC~GGGUG~UGUAG*G~UU 
PF UGUUCUGUGACGAGUAGUGGCAUUGGAACACCUGAUCCCAUCC CAGAGGUGAAACGAUGCAUCGCC**GAUGGUAGUGUG"*GGOUUUCCCGAUGUCAAGAUCUCO*ACCAUAGAGCAU 

KB ~GU~UA*~GG~AUAc~A~CCUGAA~GcG~CGAUCUCGUeCCU~GGAAGCUAAG~AGGGUCGGG~UGGUUAGUA~UUGGAUGGGAGA~CGG~UGGG~AUAG~GGGUG~UG~UAGGCUU 
EC UGCCUGGCGGCCGUAGCGCGGUGGUCCGACCUGACGCCAUGC CAGAAGUGAAACGCCGUAGCGCC~GA*UGGUAGUGUG**GGGUCUCCCCAUGCGAGAGUAGGGAACUGCCAGGCAU 

CC ~GGUUGCGG~AUAU~UAccAGAAAG~A~GUU~U~cGU~UGUAGUUAAG~UGG~AAGAG~CUGA~GAGUAGUGUAGUGGGUGACC~UACG~GAAAcU~AGGUG~uGcAAU~ U 
AUGCUACGUUCAUA~CACCACGAAAGGACGCGAUCGCAUC *UCGGA~GUU#~AACGUGGUUGGGCUCGACUAGUACUGGGUUGGGAGAUUACCUGAGUGGGXACCCCG=AC*GUAGUGU 

SC 

CC * ~ U G c ~ A ~ G U ~ A U A ~ A ~ C A C G A A A G ~ A C C ~ G A ~ C ~ A U * ~ G G A A G U u A A A ~ G U G G U U G G G ~ C G A C U A G ~ A ~ U G G G U U G G G A G A ~ U A C C U G A G U G G G A A c ~ C G A ~ G ~ G U G ~  

BM UCUGGUGGCGAUAGCGAAGAGGUCA*CACCCGUUCCGAUAC CGGAAGUUAAGC~UCUUUAG=~CGCCAAUGGUAGUUGG*;GACUUUGUCCCUGUGAGAGUAGGACGUUGCCAGGC 

CC ~AUG~UA~GUUCAUA~A~A~GAAAG~A~C~GAU~AU~CCA~GGAAGUUAAA~GUGGUUGGGcU~GA~UAGUA~UGGG~UGGGAGAUUA~CUGAGUGGGAA~GA~GUAGU~U 
BS CCUAGUGACAAUAGCOAGGAGAGAAACACCCGUCUCCAUCC CGGA~AOUUAAGCUCUCCCAGCGCCGA*UGGUAGUUGG*GGCCAGCGCCOCUGCAAGAGUAGGUUGUCGCUAGGC 

C C  =:AUGCUACGUUCA~UA eCACCAC~AAAG~ACCCGAUcCCAU~CCA~UCG~AAGUUAAACGUGGUUGGGCUCGA~UAGUAC~GGGUUGGGAGAUUACCUGAGUGGGAACCGcGAGGUAGU~U 
pF UGUUCUGUGACGAGUAGUGGCAUUGGAACACCUGAUCCCAUCC UCAGAGGUGAAACGAUGCAUCGC~CGA~UGGUAGUGUSOGGUUUCCCCAUGUCAAGAUGUOGACCAUAGAGCAU~ 

CC AUGCU*AcGUU~AUACACccAcGAAAG~A~CCGAU~C~AU~CCA~GGAAGUUAAA~GUGUUGGG~U~GA~UAGUA~UGGGUUGGGAGAUUAc~UGAGUGGGAACC~GA~G~AGUGU 
EC UOCCUGGCGGCCGUAGCGCGGUGGUCCCACCUGAGC~CAUGC CAGAAGUGXAACGCCGUAGCGCCGA*UGGUAGUGUGGGGUCUCCCCAUGCGAGAGUAGGGAACUGCCAGGCAU 

SC ~GUUGCGGccAUAU~UA~cAGAAAGGA~GU~UcUc~GU~AcU~UAGUUAAG~UGGUAAGAGccUGA~cGAGUAGUGUAGUGGGUGAC~AUAcG~GAAA~U~AGGUGcUG~AAU~U* 
AN UGCUGGUGUCUAUGGCGGUAUGGAACCACUCUGACCCCAUCG C~AGUUGUGAAAC*~AUACCUGCGGCAACGA*UAG~CUCCCGGGUAGCCGGUCGCUAAAAUAGCUCGACGCCAGGUC 

SC G~UUG~GG~AUAUCUAc~AGAAAG~A*~UUcU~GU~A~UGUAGUUAAG~UGGUAAGAG~UGA~GAGUAGUGUAGUGGGUGACcAUA~G~GAAA~uCAGGUG~UG~AAUCU 
BM UCUGGUGOCGAUAGCGAAGAGGUCACACCCGUUCCCAUAC C*GGAAGUUAAGCUCUUUAGCGCC=AA*UG*GUAQUUGGGACUUUGUCCCUGUGAGAGUAGGACGU~,UGCCAGGC* 

G G U U G C G G C C ~ U A U C U A C G A G A ~ A A G C A C C G U U C U C C G U ~ C  C U G U A G U U A A G C U G G U A A G A G C C U G A C C G A G U A G U G U A G U G G G U G A C C A U A C G C G A A A C U C A G G U G C U G C A A ~ = U C U  
SCBs C~UAGUGA~AAUAGCGAGGAGAGAAA~A~cCGUcU~AUCc~C*~GAAGUUAAGcU~*UC~AGCG~GAU~*GUAGU*UGGGG~CAG~G~CUG~AAGAGUAGGUUGUCG~UAGG~ 

SC *GsU*UG~GGc~A*UAUcuACCAGAAAGCACCx~GUUcUC~GU~ACUGUAGUUAAG~UGGUAA~AG~UGAcCGAGUAGUGUAGUGGGUGA~AUA~G~GAAA~UcAGGUGCUG~AAU~U 
pF UGUUCUGUGACGAGUAG~GCAUUGGAACACCU~UCC U~AGAGG~GAAACGA~GCA~CGCC'~:GA~G~,G~AG~GUGGGGUUUCCC~AUGU~CAA~AUGUCGACCAUAGAGC~U 

SC ~G~GUUG~GGG~AUAU~UAc~A~AAAG~A~GGUU~UccGU~`GC~UA~UGUAGUUAAG~UGGUAAGAG~UGA~GAGUAGUGUAGUGGGUGA~AUACG~G~AAcU~AGGUGCuGcAA*U~*U 
EC UGCCUGGCGGGCGUA~CGGUGGUCCCACC~AUGCC C'~A~AAG~GAAA~G~CGUAGC~C~*GA`>~G~:GUAGUG~G~GGGU~C~CCAUGCGAGAGUAGGGAACUGCCAGG~AU 

AN U~UGGUGU~UAUGG~GGUAUGGAA~CA~U~UGA~GcAU~A~AGUusuGAAAcAUA~UG~GG~AA~GAUA~CU~C~GGGUAG~GGUCG~UAAAAUA~cU~GAcGCcAGGU~ 
BM U CUGGUGGCGAUAGCGAAOAGGUCACAC*CCGUUCCCAUACC CGGAAGUUAAGCUCUUUAGCGCCAAUGGUAGUUGGGACUUUGUCCCU*GUGAGAGUAG~ACGUUGCCAGG*C 

UCCUGGUGUCUAUGGCG,:GUAUGGAACCACUCUGACCCCAUCCC CAGUUGUGAAAC~AUACCUGCGGCAACGAUA6CUCCCGGGUAGCCGGUC*GCUAAAAUAGCUCGACGCCAGGUC 
B S  ~CCUAGUGACAAUAGCGAGGAGAGAA~CAC~CCGUCUCCAUCC CGGAA~UUAAGCUCUCCCAGCGGCGAUGGUAOUUG;~GGGCCAGCGCCCCUGCAAGAGUAGGUUGUCGCUAGG~,C 

AN ~ccU~GUGU~UAUc~GGuAUG~AA~cAcUcUGAccccA~ccc~c~G~uG~G~AcAUAccUGcG~AAc~AUAG~ccccc~AGcca~U~Gc~AAAAuAG~UcGAc~c~A~G~c~  
EC UGCCUGGCGGCCGUAGCGCGGUGGUCCCAC CUGACCCCAUGCC CAGAAGUGAAACGCCGUAGCGCCGAUGGUAG~,UGUGGGGUCUCCCCAUGCGAGAGUAGGGAACUGCCAGGCAU 

B~ U~GGUGGcGAUAG~GAAGzGGU~AcAGC~GUUcCcAUACc~GGAAGUUAAG~UCU*UUAG~Gc~AAUGGUAGUU*GGGA~UUUGU~UGUGAGAGUAGGACGUUGccAGG~ 
B S  CCUAGUGACAAUAOCGAGGAGAGAAACACCCGUCUCCAUCCC CGGAAOUUAAGCUCUCCCAGCGCCGAUGGUAGUUGGGGCCAGCGCCCCUGCAAGAGUAGGUUGUCGCUAGGC 

BM U~UGGUG~G~GGA:UA~GAAGAGGU~A~A~CGUUC~CAUACC~CGGAAGUUAAGCU~UUUAGCGCCAAUGGUAG~UGGGA~UUuGU~CCUGU~GAGAGUAGGACGUUG~AGG~* 
PF UGUUGUGUGAGGAGUAGUGGCAUUGGAACACCUGAUCCCAUCCC CAGAGGUGAAACGAUGCAUCGCCGAUGGUAGUGUGGGGUUUCCCCAUGUCAAGAUCUCGACCAUA,GAGCAU 

B~ U~CUGGUGG~GAUAG~GAA~AGGU~A~A~GUU~C~AUA~GGGAAGUUAAGCU~UUUAG~GC~AAUGGUAGUUGGGACUUUGUCCCU~UGAGAGUAGGACGUUGCCAGG~* 
E C  U G C C U G G C G G C C G U A G C G C ~ G U G G U C C C A C C U G A C C C C A U G C C  CAGAAGUGA~.ACGCCGUAGCGCCGAUGGUAGUGUGGGGUCUGCCCAUGCGAGAGUAGGGAACUGCCAGGCAU 

~S CCUA~UGACAAUAG~CGAG~AGAG~AAcA~GU~U~CAU~U~G~AAGUUAAGcUCU~c~AG~Gc~GAUGGUA~UUGGGG~AGCG~C~cUG~AAGAGUAGGUUGU~G~UAGGC 
PF UGUUCUGUGACGAGUAGUGGGAUUGGAACACCUGAUCCCAUCC CAGAGGUGAAACGAUGCAUCGCCGAUGGUAOUGUGGGGUUUCCCCAUGUCAAGAUCUCGACCAUAGAGCAU 

BS ..... c~UAGUGA~AAUAG~GA~GAGAGAAA~A~cC~U~UC~AUC~C~GG~AGUUAAG~U~Uc~AG~G~GAUGGuA6UUGGGG~AG~G~cc~UG~A~GAGUAGGUuGUCG~UAGG~** 
EC UGCCUOGCGGCCGUAGCGCGGUG,~GUCCCACCUGACCCCAUGCC CAGAAGUGAAACGC*CGUAGCGCCGAUGGUAGUGUGGGGUCUC=CCCAUGCGAGAGUAGGGAACUGCCAGGCAU 

PF UGUU~UGUGAcGAGUAGUGGCAUUGGAAcA~UGAU~AU~C~AGAGGUGAAA~GA~G~AUcG~GAUGGUAGUGUGGGGUUUc~GcAUGUcAAGAU~U~GA~AUA~A*G~AU 
EC UG,~CCUGGCGGCCGUAGCGGGGUGGUCCCACCUGACCCCAUGCC CAGAA~UGAAACGCCGUAGCGCCGAUGGUAGUGUGGGGUCUCCCCAUGCGAGAGUAGGGAACUGCCAGGCAU 

GUCUACGGCCAUACCACCCUGAACGCGCCCGAUCUCGUC UCGGAAGCUAAGCAGGGUCGGGCCUGGUUAGUACUUOGAUGGGAGACCGCCUGGGAAUACCGGGUGCUGUA~GCUU 
X K  - C  . . . . . . . . .  C . . . . . . . . . . .  A . U  . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  U . . . . . . . . . . . . .  , . . A  . . . .  U C  . . . . . . . .  
X O  " C  . . . . . . . .  : C  . . . . . . . . . . .  A . U -  - U  . . . . . . . . . . .  a . . . . .  G .  U A  . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . .  U - G  . . . . . . . . . . . . . .  A . . . .  U C  . . . . . . . .  

~ C  C G A G U A G U G U A G U G G G U G A C C A U A C G C G A A A C U C A G G U G C U G C A A U C U  TU ............... U~A~ .................................... ~ .......... 

s~ :iii::::./::::::.:ii.:i:1111:::ii:::::: [..iiiiiiiiiii.illlilliiii.ii[i[illi[[;iiii[iiiiiiiiiii[[ii~iiillliiiillll 

UGCCUGGCGGCCGUAGCGCGGUGGUGCGACCUGACCCCAUGC CAGAAGUGAAACGCCGUAGCGCCGAUGGUAGUGUGGGGUCUCCCCAUGCGAGAGUAGGGAACUGCCAGGCAU 
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Table 4 

Fraction of different sites between two 5sRNA's (~; lower left half) and 

evolutionary distance (K(nu) ; upper right half) 

K~ XK XO CC SC SB TU AN BM BS PF PM $M EA AA ST EC 

KB 0.079 0.137 0.451 0,564 0.58Z 0.601 1.081 0.786 0.837 0,693 0.546 0,5%2 0.564 0.582 0~58Z 0.564 

XK 0,075 0,05Z 0.499 0,602 0.6Zl 0,641 I,IZ0 0.864 0~891 0.715 0.641 0.662 0.641 0.641 0.641 0.62] 

XO 0. IZ5 0.050 0.550 0,685 0.705 0.727 1.081 1,016 1,016 0.69Z 0.66Z 0.68Z 0.641 0.661 0.661 0.641 

CC 0,339 0.364 0.390 0,786 0.811 0.786 0.799 0,659 0,838 0.727 0.673 0.716 0.694 0.716 0.739 0,739 

SC 0.397 0.414 0.448 0,487 0.035 0.017 0.774 0,650 0.6Z1 0,750 0.57Z 0.57Z 0,553 0.535 0,553 0.553 

SB 0.405 0.42Z 0.457 0,496 0,033 0.051 0.774 0.650 0,621 0.727 0.590 0.590 0,571 0.553 0.571 0.571 

TU 0.414 0,431 0.465 0.487 0.017 0.050 0.798 0.6Z0 0.581 0.773 0.535 0.535 0.517 0.500 0.517 0.517 

AN 0,573 0.581 0,573 0.491 0,483 0.485 0,491 0.602 0,46Z 0.605 0.532 0.467 0.46? 0,499 0.467" 0,499 

BM 0.487 0.515 0.557 0,436 0.435 0.435 0.426 0.4]4 0,24Z 0.529 0.343 0.317 0.35g 0,317 0.344 0.344 

BS 0.504 0,521 0.556 0.504 0.4ZZ 0.4ZZ 0.405 0,345 0.Z07 0.705 0.446 0.415 0.415 0.415 0.415 0.386 

PF 0.452 0.461 0.452 0.466 0.474 0.466 0.483 0.415 0.379 0.456 0.360 0,431 0.416 0.387 0.402 0.387 

PM 0.388 0.431 0.440 0,444 0,400 0.409 0.383 0.381 0.Z76 0.35 0.286 0.061 0.070 0.043 0.043 0.043 

SM 0,405 0.440 0,448 0.46Z 0.400 0.409 0.505 0.347 0.Z59 0.519 0.3Z5 0.050 0.05Z 0.043 0.025 0.034 

EA 0.397 0.431 0,431 0,453 0.391 0,400 0.374 0.564 0,284 0.319 0.319 0.067 0.050 O.043 0.034 0.034 

AA 0,405 0,451 0,440 0.461 0,383 0.391 0.365 0.364 0.259 0.519 0.303 0.042 0.04Z 0.04Z 0.025 0.025 

ST 0.405 0.451 0,440 0,470 0.391 0,400 0.374 0.347 0,Z76 0.519 0.311 0.042 0.025 0.033 0.025 0,017 

EC 0.397 0.422 0.431 0.470 0.391 0.400 0.374 0.364 0.276 0.302 0.303 0.042 0.033 0.033 0.025 O,017 

Assuming that the rate of nucleotide substitution in 

5sRNA of all organisms is constant, the substitution rate 

was directly obtained from the 5sRNA difference between 

human (h) and xenopus kidney (xk) or ovary (xo) 5sRNA. The 

evolutionary distance between human and Xenopus K(nu)h-xk or 

K(nU)h_x o was 0.079 ± 0.026 or 0.137 ± 0.034 where the error 

was computed using Eq. (2). It has been known from paleontolo- 

gical studies that the common ancestor of the amphibians and 

the mammals appeared about 250 million years ago (see 

Simpson, 1950). It then follows that kh_xk is 1.58xi0 -IO and 

kh_xo is 2.74×10 -10 . In this study, the mean of kh_xk and 

kh_xo was used for the evolutionary clock. The mean value 

kh_ x = 2.2xi0 -I0 is almost the same as the one (2.3×10 -10 ) 

obtained by Kimura & Ohta (1973) based on the time scale 

estimated by cytochrome C. Thus the rate of nucleotide sub- 

stitution in 5sRNA is considerably slow during evolution. 

It is about the same rate as that of tRNA (2.2xiO -I0 ± 

0.5×10 -10 ) or of cytochrome C (2.0×10 -10 ± 0.8xi0 -I0) 

(Holmquist et al., 1973). 

c) The Phylogenic Tree 

The phylogenic tree constructed from K(nu) values (evol- 

utionary distances) of 5sRNA for different organisms is 

shown in Fig. 1. The lowest node represents the divergence 

of two populations, one of which developed into the bacterial 

and blue-green algal groups, and the other eventually evolved 

into an ancestor of the eukaryotes. 
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fluorescens 

l ~ ~iProteus mirab/lis Erwinia aeroideae 
5erratia marcescens 

s,, ~Aerobacter aepagenes 
~ S a l m o n e l l a  typhimurium 

EschericMb coli 
billion years -1.5 -1.0 -0.5 0 

Fig. 1 

Phylogenic tree constructed from 5sRNA sequence comparisons 

The time of divergence of prokaryotes and eukaryotes was 

estimated to be ~1.75×I09 years ago. This is in almost exact 

agreement with the value of 1.8×109 years obtained by 

Kimura & Ohta (1973) who compared 5sRNA sequences of four 

different organisms. These values are also in good accord- 

ance with that calculated from the Precambrian fossil re- 

cords (between I×109 and 2xiO 9 years ago) (Barghoorn, 1971). 

Since the alignments of 5sRNA's were based on the "best 

(maximum) matches" between two molecules, the actual time 

of divergence could be somewhat greater than that calculated 

here. 

A possible branching order deduced from the 5sRNA data of 

eukaryotic kingdoms is Fungi, Planta and Animalia. The Fungi 

group diverged from the Chlorella-animal stem ~1.7×I09 years 

ago, and the different fungi species dealt with here diverged 

yery recently in evolution. More 5sRNA data, especially of 

Planta and Protista, may be required to elaborate on these 

branching orders. Even so, the order presented here is con- 

sistent with the traditional branching order, but not, how- 

ever, with that from cytochrome C (McLauglin & Dayhoff, 1973). 

According to Fig. l, blue-green algae separated ~1.3×IO 9 

years ago from Bacilli-E. coli stem after eukaryotes had 

branched. However, the amino acid sequence of ferredoxin or 
cytochrome f of blue-green algae is more similar to that of 
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eukaryotes than to that of photosynthetic bacteria (Wada et 

al., 1974; Ambler & Bartsch, 1975), and therefore, according 

to these data, blue-green algae should have been separated 

from the bacterial stem before eukaryotes had branched. It 

has been speculated that the eukaryotic chloroplasts were 

derived from symbiotic prokaryotes related to blue-green 

algae (see Margulis, 1970), and the remainder, including 

cytoplasmic ribosomes, were of genuine eukaryotic origin. 

If this is true, the phylogenic tree should be made from 

the molecules of genuine eukaryotic origin and not from 

those of possible parasitic nature. Then the discrepancy 

between the tree constructed from cytoplasmic ribosomal 

5sRNA and the one from photosynthetic components may easily 

be understood. 

In Enterobacteriaceae, the six species studied here branched 

quite recently, and the order of branching nearly reflects 

the taxonomic relatedness (Osawa et al., 1971; Pace & 

Campbell, 1971). In bacterilogy, enterobacteria, pseudomonas 

and blue-green algae are classified into gram-negative organ- 

isms and Bacilli into gram-positive. Since blue-green algae 

differentiated from the others ~1.3×I09 years ago, the an- 

cestor of these bacteria could be gram-negative; some time 

after the branching between Bacilli and enterobacteria, Bacilli 

became gram-positive, and other bacteria have remained gram- 

negative. Thus the gram-positive bacteria branched from the 

gram-negative stem ~1.2xlO 9 years ago. 
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