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Summary. The secondary structure of 5S rRNA 
has been elucidated by a cladistic analysis resulting 
in minimal models for eukaryotes, eubacteria, and 
halophilic--methanogenic archaebacteria, as well as 
for an ur-5S rRNA. This ancestor of  all present-day 
5S rRNA molecules is compared with an ur-tRNA 
and can be fitted into a tRNA-like structure allowing 
tertiary-structure interactions at the equivalent po- 
sitions. A phylogenet ic  analysis of  eukaryot ic  
5SrRNA and 16S rRNA sequences confirms partic- 
ular monophyletic taxa: rhodophytes (red algae), 
chlorobionts (green algae and plants), metazoans 
(multicellular animals), euglenozoans (euglenids and 
trypanosomatids), a group of  zygomycetes (exclud- 
ing Kickxellales), a group ofascomycetes (excluding 
Protomycetales), two distinct groups of  basidio- 
mycetes, and a group consisting of  phaeophyceans 
(brown algae) and oomycetes (water molds). The 
Euglenozoa show a distinct relation to the Eumycota 
(true fungi) and Metazoa. An analysis of  archae- 
bacterial sequences substantiates the paraphyletic 
nature of this third urkingdom defining the eubac- 
teria as a sister group of  the halophile-methanogens 
and defining the eukaryotes as a sister group of  a 
particular lineage of  the eocytes/sulfur-dependents. 
The latter fact implies that even the eocytes/sulfur- 
dependent archaebacteria are paraphyletic. 
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Introduction 

Most sequence comparisons are usually based on 
the neutral theory of  molecular evolution (Kimura 
1968; King and Jukes 1969) and yield phenograms 
typical for numerical taxonomy. 

Phylogenetic systematics sensu Hennig (1966), 
called cladistics in the Anglo-American literature, 
has for a long time been a tool for morphologists 
only and has hardly found entry into textbooks. Cla- 
distic computer methods for sequence comparison 
such as the maximum parsimony method, which 
requires the reconstruction of  ancestral sequences, 
are limited because the data cannot exceed a certain 
number of  sequences and a certain number of  nu- 
cleotides. 

A pure cladistic analysis makes a distinction be- 
tween plesiomorphic (primitive, ancient) and apo- 
morphic (derived) characteristics. Application of 
cladistic methods to nucleic acid secondary and pri- 
mary structure requires characters of  very low vari- 
ability: One of  the alternatives should be easily de- 
finable as plesiomorphic. Such characters include 
insertions/deletions, odd base pairs (non-Watson- 
Crick base pairs that nonetheless do not disturb he- 
lical conformation), and so-called signature nucleo- 
tides. In this article we report a broad cladistic anal- 
ysis based on 5S and 16S rRNA primary and 
secondary structure. 

Materials and Methods 

The published 5S rRNA sequences are compiled in the Berlin 
RNA Databank (Erdmann and Wolters 1986) and consist of 218 
eukaryotic, 113 eubacterial, 11 plastid, 4 mitochondrial, and 15 
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Fig. 1. Minimal model o f  eubacterial 5S 
rRNA secondary structure. Squares indi- 
cate conserved base pairing; circles, un- 
paired nucleotides. Dotted lines indicate 
possible helix extensions. Filled squares 
and circles indicate positions that are 
unique to this model. Where assignment 
was possible, plesiomorphic bases are indi- 
cated by letters at particular positions. Dif- 
fering bases in the m~ority  of  groups are 
marked with arrows. Occurrences of  AC 
and U U  odd base pairs are also marked 
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chaebacteria. Symbols as in Fig. 1 

archaebacterial sequences. The cyanelle and cytoplasmic se- 
quences of Cyanophora paradoxa are from Maxwell and Liu 
(1986). The 16S rRNA sequences are from the biannual com- 
pilation of Huysmans and DeWachter (1986a) and are supple- 
mented with those ofEuplotes aediculatus (Sogin et al. 1986a), 
Crithidia fasciculata (Schnare et al. 1986), Paramecium tetra 
urelia (Sogin and Elwood 1986), Trypanosoma brucei and Eu- 
glenn gracilis (Sogin et al. 1986b), Acanthamoeba castellanii 
(Gunderson and Sogin 1986), and Plasmodium berghei (Gun- 
derson et al. 1986). 

Resul t s  and D i s c u s s i o n  

5S rRNA Secondary S t ruc ture - -The  M i n i m a l  
Model  

A consensus 5S rRNA structure can be defined by 
five helical regions (A-E). Figures 1-3 show minimal 
models for eukaryotes, eubacteria, and halophilic- 
methanogenic archaebacteria, respectively. Termi- 
nus alterations leave the length of  helix A somewhat 
unclear; a primitive helix A should consist of at least 
10 bp. The outermost 6 bp of  the helix [positions 
2:119 to 7:1 13 according to the general numbering 
system of  Delihas et al. (1984) and Erdmann and 

Wolters (1986)] are highly variable, while the in- 
nermost 4 bp (positions 8:112 to 11:109) are more 
conserved. The variable part is affected by several 
insertions in archaebacteria; a base-pair deletion re- 
duces the total helix-A length to 9 bp in Thermo-  
p lasma and eukaryotes; and base pair 3:117 is a U U  
odd base pair in a group ofBasidiomycota. A shorter 
helix A in firmibacteria (Gram-positives with low 
GC content) has led Hori and Osawa (1978) to de- 
fine a 5S rRNA secondary structure called the 116N- 
type, but is actually due to different processing of 
the pre-5S rRNA (Stiekema et al. 1980). The inclu- 
sion of base pair 12:113 in the 116N type is not 
proven by compensating base changes. In the 5S 
rRNAs of  most rhodobacteria (purple bacteria and 
relatives) of the beta and gamma subdivisions, base 
pair 11:109 ought to be a CA odd base pair, con- 
sistent with biochemical investigations (Digweed et 
al. 1986; Wolters et al. 1986). Not considering CA 
base pairing, Hod  and Osawa (1978) call this sec- 
ondary structure the 120N type. CA odd base pairs 
are frequently tolerated next to bulge loops--the A 
is positioned next to the loop (see also positions 17: 
67, 31:51, and 73:103). Taking this into account 
results in a uniform internal end for helix A. 

Helix B is at least 7 bp long. The first 3 bp, which 
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embed an unpaired nucleotide, are more conserved, 
While the following 4 bp are highly variable. Ad- 
.ditional base pairing of positions 23:60 (usually GC) 
is often proposed, but this fails to show compen- 
sating base changes and is not even possible (UC) 
In Charophyta and Embryophyta (land plants). The 
Unpaired base is deleted in the archaebacteria Ther- 
moplasrna and Sulfolobus, while an insertion on the 
OpPosite site results in a continuous helix in another 
archaebacterium, Octopus Spring Isolate 1. The 
Variable part bears an insertion in Rhodophyta. The 
base-pairing scheme is shifted by one base in some 
Species of the alpha-3 subdivision of  rhodobacteria 
(Fig. 4). 

The most conserved helix is helix C with its two 
looped-out nucleotides. In some species of the beta 
SUbdivision of  rhodobacteria a CA odd base pair is 
Present at positions 31:51 adjacent to the bulge, 
Whereas in some Endomycetidae these positions 
Seem to contain unpaired bases. The base-pairing 
SCheme is altered in some remote species, resulting 
In a shift of  the bulge loop (Fig. 5). Some authors 
include a CG base pair in eubacteria at positions 
28:56, but evidence from compensated base changes 
~s again lacking. 

The major difference among the 5S rRNAs of 
eubacteria, eukaryotes, and several archaebacterial 
branches is obviously in the number of base pairs 
in helix D, which ranges from two in eubacteria to 
SeVen (or ten) in the archaebacterium Sulfolobus. A 
detailed analysis has been presented in other pub- 
lications from our laboratory (Erdmann et al. 1986, 
1987; Wolters et al. 1986). In halophilic-methano- 
genie archaebacteria, UU odd base pairs appear to 
contribute to helix formation in this area. For eu- 
.bacteria some authors propose additional base pair- 
lng at positions 73:103 (AU) and 74:102 (UG) 
(beWachter et al. 1982; Delihas et al. 1984), but 
evidence from compensating base changes is lack- 
lug; moreover, in cyanobacteria, plastids, and my- 
eoplasmas, base pairing is impossible. Delihas et al. 
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(1984) even propose a helix continuous with helix 
E and containing several odd base pairs. In eukary- 
otes we consider helix D to be 5 bp long. There is 
no evidence from compensating base changes for 
GU pairing of bases 69:107; bases 74:102 can pair 
only in some Metazoa and some Embryophyta, and 
an AC odd base pair at positions 73:103 in Chlo- 
robionta and a group of  Ascomycota suggests an 
adjacent bulge that leaves positions 74:102 un- 
paired. 

Helix E originally consisted of eight base pairs 
and a looped-out U residue, but was subject to re- 
peated deletions in eubacteria and the archaebac- 
terial orders Methanobacteriales and Methanococ- 
cales. Base pair 81:95 turns to AC in a group of  
Basiodiomycota, U U  in Mesozoa and Metazoa, and 
UU/YY in various eubacteria (18 of  25 firmicutes, 
1 of  9 alpha rhodobacteria, 2 of 9 beta rhodobac- 
teria, all 4 cyanobacteria, and 6 of  11 plastids). 

5S rRNA Tertiary Structure--The tRNA Origin 

Our cladistic analysis of 5S rRNA secondary struc- 
ture has revealed an ur-5S rRNA, the ancestor of  
all present-day 5S rRNA molecules (Fig. 6). Where 
possible a plesiomorphic nucleotide has been as- 
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Fig. 7, Nucleotide A is plesiomorphic; nucleotide C, apo- 
morphic. This diagram shows why only synapomorphic char- 
acteristics can define monophyletic groups 

signed to some positions of  medium and low vari- 
ability. In the same way an ur-tRNA has been re- 
constructed. If  one disregards parts of  the molecules 
that are subject to deletions, namely helix E in 5S 
rRNA and the D H U  stem and loop in tRNA, 5S 
rRNA can be fitted to a three-dimensional structure 
like that of  tRNA, allowing tertiary interactions at 
the equivalent positions (Fig. 6) (Wolters and Erd- 
mann 1986). Helix E can then backfold parallel to 
either helix C or helix D. Loop e and the looped- 
out U residue of  helix E would then interact either 
with loop b or with loop a. The alternative orien- 
tations of  helix E might be the result o f  a molecular 
switch triggered through the interaction of  loop c 
with loop d, as proposed for tRNA (Moros et al. 
1986). In eubacteria, helix E is freed for successive 
deletions possibly due to the lack of  a special protein 
factor, and the molecular switch in these organisms 

might be triggered by a somewhat different mech- 
anism: U103:A104 might replace U77:A78 in bind- 
ing with loop c in one of  the conformations. 

Phylogenetic Considerations--The Cladistic 
Approach 

Very few laboratories have produced phylogenetic 
trees derived from 5S rRNA sequence data that cov- 
er the whole range of  organisms. Of  those that have, 
the laboratories of  Hori in Japan (Hori and Osawa 
1986) and DeWachter in Belgium (Huysmans and 
DeWachter 1986b) used unweighted or weighted 
pairwise grouping; Walker (1985) in Nova  Scotia, 
concentrating on fungi and more recently on general 
eukaryotic evolution, used the present-day-ancestor 
method. One glance at their trees shows that they 
contradict not only one another, but also those de- 
rived from 16S rRNA data (oligonucleotide cata- 
logues or complete sequences) and basic general sys- 
tematics. Besides inaccurate sequencing, especially 
of  RNA, a major problem is the different pace of 
evolution (different fixation rates) in different or- 
ganisms. One approach to this problem is excluding 
positions of  high variability and assigning signature 
nucleotides, or even signature nucleotide combi- 
nations (Walker 1985), to specific taxa. But signa- 
ture nucleotides are useful only if  one also does a 



Cladistic evaluation. Consider, for example, a po- 
sition at which one group of  organisms has A, another 
C. A clustering procedure would create two clusters: 
One A and one C cluster. If  one then concludes that 
these clusters represent monophyletic groups, one 
is absolutely misled (Fig. 7). Natural groups are de- 
fiaed only by synapomorphic (shared derived) char- 
acters. One has to decide the direction of  the mu- 
tational event, A to C or C to A. If  there is no 
OUtgroup for comparison, the only help one can get 
is from other biological information. 

�9 Archaebacteria are assumed to be the most an- 
Cient and primitive organisms adapted to environ- 
meats also thought to be primitive to the early earth 
(Flahn and Haug 1986). Eukaryotes appeared latest 
ia the fossil record; they represent a higher level of  
Cellular organization embedding mitochondria ,  
Which are derived from eubacteria. This implies the 
existence of  the respective eubacterial division prior 
to the endosymbiotic event. No sequences of  a mi- 
t~ nonparasite eukaryote, a candidate 
for the urkaryote, are available at present. This as- 
SUraption is supported by the fact that the 5S rRNA 
~s most diverse among archaebacteria and within ~ at group among the thermoacidophilic phenotype. 

he plesiomorphic condition is therefore defined by 
the presence in most phyla of  either eubacteria or 
eukaryotes and most orders of  archaebacteria. Each 
Position of  5S rRNA has been investigated (data not 
shown) for the following types of  variability: 

1. CON, the character is 100% CONserved. 
2. SGL, a synapomorphic characteristic is pres- 

ent in only a SinGLe species or genus. This 
fact might have two reasons: (a) The species 
or genus is a member o f a  monophyletic tax- 
on, which is only represented by a single 
species. The addition of  related sequences 
would lead to a classification as CLU (see 
below); or (b) the isolated occurrence of  the 
character is due to a sequencing error or clon- 
ing mutation; it should disappear after re- 
sequencing or reexamination of the sequence 
data. 

3. CLU, the synapomorphic characters are 
CLUstered in one or few groups. There is a 
strong selection pressure on this character 
but unlike the CONserved ones, a mutation 
can be fixed. The probability of  parallel mu- 
tations is very low; if  they occur it is expected 
that they hit remote groups. The probability 
of  back mutations only exists within a short 
period after the mutational event before it 
has been established. 

4. SCA, the same apomorphic character is 
SCAttered throughout the various groups. 
Optimal functioning prefers one character but 
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tolerates another one. A "leaky" selection 
pressure leads to numerous parallel muta- 
tions. A high degree of  back mutations from 
the tolerated to the optimal character is ob- 
served. The phylogenetic significance is re- 
duced to a lower systematic level. 

Points 5, 6, and 7 refer only to bases: 
5. SEM, the character consists o f  two nucleo- 

tides that are both selected for. 
6. EXC, the character consists of  three nucleo- 

tides that are selected for or, better, of  one 
nucleotide that is selected against or EX- 
Cluded. 
VAR, the character consists of  VARiable nu- 
cleotides. 

7. 

The neutral selection/random drift mechanism is 
only valid for the variable positions, in which no 
plesiomorphic condition could be defined. In the 
ur-5S rRNA the variable positions amount to only 
49 of  128 positions, i.e., 38%, 90% of them ap- 
pearing in double-stranded regions. With this meth- 
od, synapomorphic conditions and monophyletic 
taxa can be defined first by insertions/deletions (Ta- 
ble 1), second by odd base pairs (Table 2), and third 
by signature nucleotides (Table 3) using the char- 
acters rated CLU. The mutational events leading to 
the synapomorphic conditions on the molecular level 
(CLU) appear synchronous with innovational mu- 
tations on the metabolic, cytological, and morpho- 
logical level used to define monophyletic taxa for 
eukaryotes in the past. Recognized monophyletic 
taxa for eubacteria are taken from Woese et al. 
(1985), for archaebacteria from Schnabel et al. (1983) 
and Woese and Olsen (1986). 

Phylogeny of Eukaryotes 

Rhodophyta (3 sequences). Red algae are clearly de- 
fined by an insertion in helix B (position 20.1). Rho- 
dophytes and the zygomycete Coemansia are the 
only eukaryotes sharing the presence of  position 41 
with eubacteria and archaebacteria. The appearance 
in a single species of  the zygomyceteous order Kick- 
xeUales points to a reinsertion at least for Coeman- 
sia; whether this is also the case in rhodophytes or 
whether they retained the plesiomorphic condition 
cannot be decided yet, but the absence of  position 
41 in the archaebacterium Octopus Spring Isolate 1 
points to a reinsertion in rhodophytes, too. 

Chlorobiota (33 sequences). This grouping, also 
called the chlorophyte series (Taylor 1978) or Vir- 
idiplantae (Cavalier-Smith 1983) comprises Vol- 
vophyta, Chlorophyta (green algae), Charophyta 
(stoneworts), and Embryophyta (land plants). It is 
defined by an A in position 43 and an AC odd base 
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Table 1. Insertions and deletions in 5S rRNA 

Position 

P l e s i o -  

m o r -  Apo- 
phic morphic 
char- char- Vari- 
acter acter ability'Monophyletic taxa b 

1 N DEL 3 1. Thermoplasma 
2. Eukaryota 

INS Three orders of Zygomy- 
cota (Mucorales, Ento- 
mophthorales, Harpel- 
lales) (8) 

4.1 -- INS 2 1. Methanococcales and 
-bacteriales (3) 

2. Thermococcus 
5.1-5.2 -- INS 1 Octopus Spring Isolate 1 

(arc) 
6:114 NN DEL 2 1. Eukaryota 

2. Thermoplasma 
7.1 -- INS 1 Octopus Spring Isolate 1 

(arc) 
20.1 -- INS 2 1. Rhodophyta (3) 

2. mt Angiospermae (4) 
30.1 - -  INS 1 Cyanobacteria and pt (15) 
36 C DEL 1 Synechococcus and pt (13) 
41 Y DEL 3 Octopus Spring Isolate 1 

(arc) and Eukaryota 
INS 1. Rhodophyta (3) 

2. Coemansia (Zygomy- 
cota) 

52.1 -- INS 1 Endomycetidae and Asco- 
mycetidae (Plecto-, 
Pyreno-, Disco-, and 
Hyphomycetes) (31) 

66 A DEL 2 1. Sulfolobus 
2. Thermoplasma 

74.1 N DEL 2 1. Sulfolobus 
2. Eubacteria 

74.2 -- INS 2 1. Methanobrevibacter 
2. Saccharomycetales (As- 

comycota) (7) 
84.1 U DEL 2 1. Methanococcales and 

-bacteriales 
2. Eubacteria 

104.2 N DEL 1 Octopus Spring Isolate 1 
(arc) 

104.3 -- INS 1 A group of ustomycetes 
not yet named com- 
prising Microbotryum. 
Rhodosporidium, Aes- 
sosporon, Ustilago sca- 
biosae, Sphacelotheca, 
Rhizoctonia crocorum, 
and R. iemalis, Pachn- 
ocybe, and Agaricostil- 
bum (10) 

107 U DEL 1 Sulfolobus 
1 0 8  - -  INS 2 Eubacteria 

DEL Vibrio marinus (gamma 
' rhodobacteria) 

114.1 -- INS 1 Sulfolobus 

arc, Archaebacterium; INS, insertion; DEL, deletion; N, variable 
position; pt, plastid; rot, mitochondrion 

The number of mutations per position of all extant organisms 
b The number in parentheses following the taxon name refers to 
the number of different 5S rRNA sequences 

T a b l e  2. Odd base pairs in 5S rRNA a 

Plesio- 
m o r -  

phic Apo- 
Posi- char- morphic Varia- 
tion acter character bility Monophyletic taxa 

3:117 NN UU 2 

73:103 NN AC 2 

81:95 NN UU ? 

UU/YY 

AC 

1. A group of Basidiomy- 
cota preliminarily 
named Doliporomy- 
cetes (28) 

2. Nadsonia (Ascomyco- 
ta) 

1. Chlorobiota (33) 
2. Pyrenomycetes, Moni- 

linia, Aureobasidium 
(12) 

I. Metazoa (68) 
2. Dicyema (Mesozoa) 
1. Gram-positive bacteria 

(18 of 25) 
2. Alpha rhodobacteria (1 

of 9) 
3. Beta rhodobacteria (2 

of 9) 
4. Cyanobacteria and 

plastids (10 of 15) 
A group of higher basidio- 

mycetes including rusts 
and not yet named (13) 

- O d d  base pairs are defined as those that are able to replaCe 
Watson--Crick base pairs without disturbing the helical confor- 
mation, so that double-strand-specific nuelease will still cleave- 
This has been demonstrated for AC and UU. For abbreviations 
and further explanation, see Table 1 

pa i r  at  pos i t ions  73:103.  A de ta i l ed  ana lys i s  o f  this 
g roup  (Fig. 8) agrees wi th  the  c lus ter  ana lys i s  o f  Hor i  
et al. (1985). 

Metazoa  (68 sequences) and  Mesozoa  (1 se- 
quence). Mul t iceUula r  a n i m a l s  a n d  the  single meso-  
zoan  species Dicyema share a U U  o d d  base  pa i r  at 
pos i t i ons  81:95,  u n i q u e  in  eukaryo tes  b u t  f requen t  
in  several  eubac te r ia l  groups.  T h i s  fact increases  the 
va r i ab i l i t y  o f  these pos i t i ons  so tha t  para l le l  events  

shou ld  no t  be  exc luded  for the  two groups  (compare  
O h a m a  et al. 1984). M e s o z o a  is cons ide red  to be a 
sister  g roup  o f  Metazoa ,  a l though  its m i t o c h o n d r i a l  
cristae are t u b u l a r  whereas  m e t a z o a n s  h a v e  l amel la r  
cristae. 

Eumyco ta  (87 sequences). The  unif lagel la te  ChY- 
t r i d i o m y c o t a  (2 sequences)  a n d  the  nonf lagel la te  

Z y g o m y c o t a  (11 sequences) ,  A s c o m y c o t a  (35 se- 
quences) ,  a n d  B a s i d i o m y c o t a  (39 sequences)  are 
general ly  t hough t  to compr i s e  a m o n o p h y l e t i c  l in- 
eage because  o f  the presence  o f  ch i t in  i n  the i r  cell 

walls  a n d  the  a m i n o - a d i p i c  ac id  (AAA) p a t h w a y  in  

lys ine  synthes is  (L6John  1974). In  5S r R N A  no  sig- 



Table 3. Bases of low variability in 5S rRNA = 

Plesio- Apo- 
ITlor- mOT- 

phic phic 
Posi, char- char- Vari- 
tion acter acter ability Monophyletic taxa 

37 U/C A 2 1. pt Euglena (3) 
2. Streptomyces (Actinobac- 

teria) 
39 A G 3-5 1. Methanobacteriales 

2. Thermococcus 
3-5. Eukaryotic group H b 

(164) 
43 C A 4 1. Octopus Spring Isolate 1 

(arc) 
2. Dipsacomyces and Linderi- 

na (Zygomycota) (2) 
3. Artemia (Crustacea) 
4. Chlorobiota (33) 

4S A C 3 1. Chrysophyta (2) and oo- 
mycetes (2) 

2. Asomycefidae (Plecto-, 
Pyreno-, Disco-, and Hy- 
phomycetes) (22) 

3. Chlamydomonas (2) 
46 A U 2-4 1. Methanococcales and -bac- 

teriales (3) 
2-4. Eukaryotic group H b 

(164) 
49 C U 2 1. Kinetoplastida (2) and Eu- 

glenn (2) 
2. Porphyra (2) 

69 G U 1 pt guglena (3) 
77 U C 1 Sulfolobus 
78 A C 1 Sulfolobus 
99 A G 1 Sulfolobus 

= l~or abbreviations bE and explanation, see Table 1 
ukaryotic group H comprises (a) Chrysophyta (2) and oo- 

taYeetes (2); (b) Dictyostelium, Physarurn, and Amoebidium; (c) 
CryPtophyta; (d) Chytridio- (2), Zygo- (11), Asco- (33), and 

asidiomycota (39); (e) Kinetoplastida (2) and Euglena (2); and 
(i) Metazoa except Haliclona (Porifera) (67) 

nature nucleotides are found to support the mon- 
~ of  the four eumycotan phyla. Terminus al- 
terations can be used to elucidate the phylogeny of 
the Zygomycota, defining a subphylum consisting 
of the orders Mucorales, Entomophthorales, and 
blarpellales (Fig. 9). 

Two ascomycete genera, Protomyces and Schizo- 
~ aCcharomyces, exhibit plesiomorphic characteris- 
les while the two subphyla Endomycetidae and As- 

e~rayeetidae share an insertion at position 52.1 (Fig. 
10). The Ascomycetidae comprising plectomycetes, 
PYreno om cetes Momhnta and mycetes, the two disc y " " " 

richophaea, and the hyphomycete Aureobasidiurn 
are clearly defined by a mutation from A to C in 
Position 45; a position of very low variability. 

Analysis of  5S rRNA revises basidiomycete sys- 
tematics deduced from morphology and creates a 
new phylogeny with new groupings to which hardly 
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Fig. 8. Cladogram of Chlorobiota as deduced from 5S rRNA 
secondary and primary structure. Position numbering is accord- 
ing to the general system of Erdmann and Wolters (1986). The 
numbers in parentheses indicate the numbers of species se- 
quenced 

any conventional name can be assigned (Fig. 11). 
The phylum Basidiomycota is split into two groups, 
one having an insertion at position 104.3 and com- 
prising saprophytes and ustomycetes that attack di- 
cotyledons, the other exhibiting a UU odd base pair 
at positions 3:117 and comprising ustomycetes that 
attack monoeotyledons and hymenomycetes (higher 
basidiomycetes). Within the latter grouping the hy- 
menomycetes form a monophyletic group defined 
by GC instead of UG at positions 80:96. An AC 
odd base pair at positions 81:95 defines a subgroup 
of hymenomycetes not yet named. 

Euglenozoa (4 sequences). Phototrophic and pha- 
gotrophic euglenoids (Euglenida) and trypanosomes 
(Kinetoplastida), collectively called Euglenozoa by 
Cavalier-Smith (1983), and the cyanelle-containing 
Cyanophora represent a distinct group sharing a C 
to U mutation at position 47. Cytological investi- 
gations have led to a proposal for a bodonid-like 
ancestor for this group (Willey and Wibel 1985). 
Plastidless euglenoids are therefore primitive, and 
the acquisition of  plastids an apomorphy. Present 
data from 5S rRNA sequences cannot resolve the 
question whether phototrophic euglenoids evolved 
by an uptake ofa cyanobacterium (Cyanophora stage) 
or ofa  eukaryotic volvophytean algae (Gibbs 1978). 

Chrysobionta (8 sequences). Also called the 
chromophyte series (Taylor 1978) or the Chromista 
(Cavalier-Smith 1983), this lineage is represented 
by only a single cryptophyte, a single dinophyte, and 
two closely related phaeophyceans (brown algae) be- 
longing to the phylum Chrysophyta. Position 45 is 
changed from A to C in brown algae and oomycetes 
(water molds), proving a close relationship between 
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Fig. 10. Cladogram of  Ascomycota as 
deduced from 5S rRNA secondary and 
primary structure. " INS" indicates an 
insertion. Other conventions are as in 
Fig. 8 

oomycetes and the phylum Chrysophyta, both of 
which have typical heterokont flagella. In 1858, 
Pringsheim had already suggested that water molds 
are phylogenetically linked to the Xanthophyceae 
(formerly Tribophyceae). No other signature is found 
to define this lineage. 

Figure 12 shows a phylogeny of the Euglenozoa 
and Chrysobionta, the groups with hairy flagella, 
based on cytological and biochemical criteria. Clus- 
tering procedures group the dinophyte species with 
the Ciliophora, but a phylogenetic analysis reveals 
no specific relationship. Thraustomycetes (thraus- 
tochytridiomycetes) exhibit typical heterokont fla- 
gella and are generally classified with the oomycetes 

and labyrinthulomycetes. Their 5S rRNA, however, 
is totally different from the oomycetean type, and 
even the RNAs of the two examined species are 
quite different from each other. ThraustomyceteS 
show plesiomorphic characteristics, so their origila 
remains unclear. 

Ciliophora (10 sequences). The ciliates cannot be 
defined by any signature nucleotide but remain a 
distinct cluster in all treeing procedures. 

Rhizopoda (4 sequences). This group is repre- 
sented by Acanthamoeba (Amoebina), Dictyoste- 
lium (Acrasea), Physarum (Myxogastria), and 
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Table 4. Bases of low variability that resolve the phylogeny of eukaryotes 

Taxa 194 521 

Position 

568 570 600 1235 1464 1593 2040 2085 
2120: 
2250 

Eubacteria 

Rhodobacteria (purple) (4) R G U C 
Sulfur-dependent & Myxobacteria (2) R G U C 
Cyanobacteria (1) & plastids (4) R G U C 
Firmicutes (Gram-positives) (4) R G U C 
Bacteroides/Flavobact./Cyt ophaga (2) R G U C 

Archaebacteria 

Halobacteriales (4) A G U C 
Methanomicrobiales (1) A G U C 
Methanococcales (1) A G U C 
Methanohacteriales (1) A G U C 
Sulfolobales (l)  A G U C 
Thermoproteales (1) A G U C 

Plesiomorphic character A G U C 

Eukaryota 

A(3) 
Ciliophora (5) A U U C(2) 
Plasmodium (Apicomplexa, Sporozoa) A U U A 
Dictyostelium (Acrasea) 2 refs A U U C 
Acanthamoeba (Amoebina) U U U A 
Spermatophyta (3) U U C A 
Kinetoplastida (2) U U U C 
Euglena (Euglenida) U C C A 
Saccharomyces (Ascomycota) U A C A 
Metazoa (7) U C C A 

Positions used in Fig. 12 x x 

A A C G G A 
A A C G G A 
A A C C~I G A 
A A C G G A 
A A C Gb2 G A 

C C U G G A 
A A U G G A 
A C U G G A 
A C U G G A 
A A U G G A 
A A C G G A 

A A Y G G A 

CG 
CO 
CG 
CG 
AU 

AU 
AU 
CO 
CO 
CG 
CG 

CG 

A(4) U(4) U(4) 
A A U(1) A(I) G A(I) CG 
A A A A G C CG 
A A A A A A CG 
A A A U C U CG 
A C A U C C CG 
A A C U C U UA 
A A U A G U UA 
A A A A C U CA 
C U C A G U CA 

X X XX 

A pt Chlamydomonas 
b A Bacteroides 
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Fig. 13. Cladogram of Eukaryota as deduced from complete 16S rRNA sequences. Position numbering is done according to the 
system used in the biannual compilation of  Huysmans and DeWachter (1986a). Other conventions are as in Fig. 8 
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Fig. 14. Cladogram of archaebacteria and the origins of eubac- 
teria and eukaryotes as deduced from 5S rRNA sequences. "DEL" 
indicates a deletion. Other conventions are as in Figs. 8 and 10 

Arnoebidium (Amoebidiales). Cytological investi- 
gations have led to the conclusion that the obligate 
amoeboid stage in protostelids (amoeboflagellates) 
has evolved independently several t imes (Spiegel 
and Feldman 1985). Therefore solitary amoeba are 
Probably a polyphyletic assemblage, but might 
nevertheless have their origin in one particular group. 

Major Divisions Among Eukaryotes. There are two 
Positions in 5S rRNA, both in loop c, that are of  
Special interest. In archaebacteria and eubacteria A39 
and A46 are rather conserved. This plesiomorphic 
configuration also exists in some eukaryotic lin- 
eages, namely Rhodophyta ,  Chlorobiota, thrausto- 
mYcetes, Ciliophora, and Acanthamoeba, whereas 
G39 and U46 are found in Metazoa (except one 
Poriferan species), Eumycota,  Euglenozoa, Phaeo- 
Phyceae and oomycetes, the cryptophyte species, 
and the rhizopods Dictyostelium, Physarum, and 
hmoebidium (but not  Acanthamoeba). The dino- 
.Phytean and mesozoan characters are in some way 
Intermediate. They both exhibit a C at position 46; 
the dinophyte has a U at position 39, as in some 
archae, and eubacteria, and the mesozoan has the 
Plesiomorphic A39. Does the second lineage defined 
by G39 and U46 represent a monophylet ic  group? 
Since only one of  three poriferan species that form 
a distinct cluster shows the plesiomorphic character, 
it is best explained by coordinate back mutations,  
and therefore the phylogenetic value of  this signa- 
ture is quite reduced. 

The cladistic approach should be as easily applied 
to COmplete 16S rRNA sequences even if  the num- 
ber and range of  species investigated are still rela- 
tiVely small. A detailed analysis reveals 12 positions 

Table 5. Bases of low variability in 16S rRNA that show the 
paraphyletic character of archaebacteria 

Position" Plesio- Apo- Vari- Monophyletic taxa 
mor- mor- ability 
phic phic 
char- char- 
acter acter 

1413:2098 AU GC 2 
CG 

1440:1923 CG UA 1 

2012 G C 1 

2043 G C 1 

2044 G C ? 

Y 

G 

Therrnoproteus and eu- 
karyotes, eubacteria 

Halophilic-methanogenic 
archaebacteria and eu- 
bacteria 

Halophilic-methanogenic 
archaebacteria and eu- 
bacteria 

Halophilic-methanogenic 
archaebacteria and eu- 
bacteria 

Halophilic--methanogenic 
archaebacteria 

Bacillus and Mycoplasma 
(Gram-positives); rho- 
dobacteria (purple bac- 
teria); and Desulfovib- 
rio, Bacteroides, and 
Flavobacterium 

1. Heliobacterium (Gram- 
positives?) 

2. Myxococcus (Myxobac- 
teria) 

3. Anacystis (Cyanobac- 
teria) 

Numbering is according to the annual compilation of 16S rRNA 
sequences (Huysmans and De Wachter 1986a) 

that are rather conserved in archae- and eubacteria 
but for which eukaryotes show some variation due 
to their higher rate o f  evolution (Table 4). Positions 
570, 1464, 1593, and 2085 (according to the bian- 
nual compilation o f  Huysmans  and DeWachter  
1986a) show variation even within the phylum Cil- 
iophora and are of  l imited value. Figure 13 shows 
a tentative cladogram derived from 6 of  the 12 po- 
sitions. The tree resembles that  derived by a vari- 
ation o f  the Fitch-Margoliash matrix method  (Sogin 
et al. 1986b) with one exception: The origin o f  the 
euglenid and kinetoplastid flagellates is considerably 
more ancient in the Fitch-Margoliash-type analysis. 

The cladistic analysis o f  both 5S rRNA and com- 
plete 16S rRNA defines a monophylet ic  group that  
consists at least of  the euglenids and kinetoplastids. 
This monophylet ic  group shows a close relationship 
to the Eumycota  and Metazoa. This is in ha rmony  
with biological reasoning: Euglenida and Eumycota  
have been proposed to be sister groups (Whittaker 
1969) because both use the apomorphic  amino- 
adipic acid pathway for lysine synthesis, whereas 
archaebacteria, eubacteria, and other eukaryotes use 
the diamino-pimelic acid pathway. Metazoa cannot 
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synthesize lysine and must acquire it heterotrophic- 
ally. The fact that Chlorobiota are more primitive 
also perfectly fits with the phylogeny &dev ian t  mi- 
tochondrial codes (Wallace 1983) and the absence 
of  a mitochondrial 5S rRNA as in Eumycota and 
Metazoa. The different positioning obtained with 
the matrix method might be the result of the higher 
rates of  evolution observed in parasites such as try- 
panosomes,  Plasmodium (Sporozoa), Mesozoa,  
nematodes, and mycoplasmas. The deeper branch- 
ing of  the Eumycota obtained using a clustering 
method and 5S rRNA sequences (Huysmans and 
DeWachter 1986b) might be due to the same effect. 

The Archaebacterial Dogma 

Within the archaebacteria the 5S rRNAs of ther- 
moacidophi l ic  organisms (Sulfolobus, Octopus  
Spring Isolate 1, Thermococcus, and Thermoplas- 
ma) show the highest degree of  structural diversity, 
while those of the halophilic-methanogenic types 
show consistent features. Therefore the thermoaci- 
dophilic phenotype is considered primitive. Differ- 
ent thermoacidophilic species share different char- 
acteristics with eukaryotes; for example, there is a 
deletion of  base pair 6:114 (helix A) in Thermo- 
plasma, but the number of  bases in helix D is iden- 
tical to that found in halophiles and methanogens. 
A deletion of  position 41 (loop c) in Octopus Spring 
Isolate 1 is also shared with eukaryotes, where it 
apparently has reinserted twice: once in rhodo- 
phytes and once in the zygomycete Coemansia. A 
deletion in the 3' segment of helix D in Octopus 
Spring Isolate 1, Sulfolobus and Thermococcus to 
be a step towards the eukaryotic condition (but also 
towards the eubacterial condition, in which even 
more deletions have occurred in this region). Sul- 

folobus and Thermococcus could adopt similar base- 
pairing schemes (the most primitive?) while that of 
Octopus Spring Isolate 1 resembles that of  eukary- 
otes. The latter species might indeed be a candidate 
for a sister taxon of  eukaryotes (Fig. 14), implying 
that even eocytes/sulfur-dependents are paraphy- 
letic. 

A cladistic analysis of 16S rRNA reveals three 
positions in which eukaryotes share a nucleotide 
with the eocytes/sulfur-dependents while at these 
positions eubacteria share another with halophile" 
methanogens, all at the 100% level (Table 5, Fig. 
15). This supports the proposal ofZillig et al. (1982) 
and Lake et al. (1984) that eukaryotes are derived 
from eocytes/sulfur-dependents and that eubacteria 
are derived from halophile-methanogens, i.e., ar- 
chaebacteria are a paraphyletic group. 

The thermoacidophil ic  genus Thermoplasma 
clearly clusters with the halophile-methanogens ac- 
cording to Woese and Olsen (1986); their 5S rRNA 
exhibits the same base-pairing scheme in helix D. 

Methanobacteriales and Methanococcales are def- 
inite sister groups defined by an A to U mutation 
at position 46 in 5S rRNA and an A to C mutation 
at position 1235 in 16S rRNA. Halobacteriales and 
Methanomicrobiales are also definite sister groups 
defined by a CG to AU mutation at positions 2120: 
2250 in 16S rRNA. No specific relationship of  eu- 
bacteria to the Halobacteriales as proposed by Lake 
et al. (1985) could be detected; the 16S rRNA cla- 
distic analysis shows a more remote affiliation with 
the halophilic-methanogenic archaebacteria, which 
are clearly defined as monophyletic by two char- 
acteristies. The occurrence of  a sulfur metabolisna 
in some eubacterial divisions might be a primitive 
characteristic--an affiliation with a novel ther- 
moacidophile would not be an unexpected future 
discovery. 
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