
J Mol Evol (1991) 32:253-261 
Journal of 
Molecular Evolution 
~)  Springer-Verlag New York Inc. 1991 

Angiosperm Origin and Early Stages of Seed Plant Evolution 
Deduced from rRNA Sequence Comparisons 

A.V. Troitsky, Yu.F. Melekhovets, G.M. Rakhimova, V.K. Bobrova, 
K.M. Valiejo-Roman, and A.S. Antonov 

A.N. Belozersky Laboratory of Molecular Biology and Bioorganic Chemistry, 
Moscow State University, Moscow 119899, USSR 

Summary. Complete or partial nucleotide se- 
quences of  five different rRNA species, coded by 
nuclear (18S, 5.8S, and 5S) or chloroplast genomes 
(5S, 4.5S) from a number of  seed plants were de- 
termined. Based on the sequence data, the phylo- 
genetic dendrograms were built by two methods, 
maximum parsimony and compatibility. The to- 
pologies of  the trees for different rRNA species are 
not fully congruent, but they share some common 
features. It may be concluded that both gymno- 
sperms and angiosperms are monophyletic groups. 
The data obtained suggest that the divergence of  all 
the main groups of  extant gymnosperms occurred 
after the branching off of the angiosperm lineage. 
As the time of  divergence of  at least some of  these 
gymnosperm taxa is traceable back to the early Car- 
boniferous, it may be concluded that the genealog- 
ical splitting of  gymnosperm and angiosperm lin- 
eages occurred before this event, at least 360 million 
years ago, i.e., much earlier than the first angiosperm 
fossils were dated. Ancestral forms of  angiosperms 
ought to be searched for among Progymnosper- 
mopsida. Genealogical relationships among gym- 
nosperm taxa cannot be deduced unambiguously on 
the basis of  rRNA data. The only inference may 
be that the taxon Gnetopsida is an artificial one, and 
Gnetum and Ephedra belong to quite different lin- 
eages of gymnosperms. As to the phylogenetic po- 
sition of the two Angiospermae classes, extant 
monocotyledons seem to be a paraphyletic group 
located near the root of the angiosperm branch; it 
emerged at the earliest stages of angiosperm evo- 
lution. We may conclude that either monocotyle- 
donous characters arose independently more than 
once in different groups of  ancient Magnoliales or 

that monocotyledonous forms rather than dicoty- 
ledonous Magnoliales were the earliest angiosperms. 
Judging by the rRNA trees, Magnoliales are the most 
ancient group among dicotyledons. The most an- 
cient lineage among monocotyledons leads to mod- 
em Liliaceae. 
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Introduction 

Phylogenetic relationships among the main groups 
of seed plants remain obscure and are widely dis- 
cussed in the botanical literature (Beck 1976, 1988; 
Doyle 1978; Meyen 1984; Crane 1985; Doyle and 
Donoghue 1987; Krassilov 1989; and papers cited 
therein). In this paper we take a molecular approach 
to the problem. The nucleotide sequences of  plant 
cytosolic 5.8S and 5S rRNAs, chloroplast 4.5S and 
5S rRNAs, and also the partial sequences of  cyto- 
solic 18S rRNA (totally, about 760 positions, ap- 
proximately 11,800 nucleotide residues) have been 
used to construct phylogenetic trees by the com- 
patibility and maximum parsimony methods. 

Although it is widely accepted that rRNA is an 
appropriate molecule for inferring phylogenetic re- 
lations, until recently plant rRNAs were not the 
object of close scrutiny in this respect. Molecular 
phylogenetic studies of plants were performed most- 
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ly b y  s e q u e n c i n g  a s ingle  m o l e c u l a r  species ,  b e  i t  a 
p r o t e i n  o r  r R N A .  T h e r e  is  o n l y  one  p a p e r  in  w h i c h  
the  d a t a  o b t a i n e d  fo r  d i f fe ren t  p l a n t  m o l e c u l a r  spe -  
c ies  were  a n a l y z e d  t o g e t h e r  ( M a r t i n  et  al .  1985). 
M o s t  o f  t he  m a c r o m o l e c u l e s  c o n s i d e r e d  in  t h a t  pa -  
p e r  were  p r o t e i n s  a n d  the  o n l y  r R N A  spec ies  was  
c y t o s o l i c  5S r R N A .  O n l y  d i c o t y l e d o n o u s  a n g i o -  
s p e r m s  were  s tud i ed .  T h e  a u t h o r s  c o n f r o n t e d  cer-  
t a i n  d i f f icu l t ies  wh i l e  t ry ing  to  c o m b i n e  i n d i v i d u a l  
d e n d r o g r a m s  i n to  a g loba l  t ree.  

I n  th i s  p a p e r  we  p r e s e n t  t he  resu l t s  o f  p h y l o g e -  
ne t i c  r e c o n s t r u c t i o n s  b a s e d  o n  the  s equences  o f  f ive 
d i f fe ren t  r R N A  spec ies  a n d  o b t a i n e d  b y  the  two  
m e t h o d s ,  c o m p a t i b i l i t y  a n d  m a x i m u m  p a r s i m o n y .  
P r e l i m i n a r y  c o n s i d e r a t i o n s  were  p u b l i s h e d  ea r l i e r  
( R a k h i m o v a  et  al.  1989; T r o i t s k y  et  al.  1989b) .  

Mater ia l s  and M e t h o d s  

The low molecular weight rRNAs were isolated by the hot phenol 
extraction procedure at pH 5.1 and purified by ion-exchange 
chromatography on DEAE-Toyoperl 650M (Toyo Soda, Japan) 
and electrophoresis on 8% polyacrylamide gel with 7 M urea, pH 
8.3 as described in Troitsky et al. (1984, 1989b). The sequencing 
was performed by the method of Peattie (1979). 

The procedure of total high molecular RNA isolation and 
partial sequencing with the use of reverse transcriptase (Liang et 
at. 1983) were described earlier (Rakhimova et al. 1989). The 
primer for sequencing d(CTTGCTTTGAGCACTCTAATTT) 
specifically interacts with the nucleotides 1533-1549 of nuclear- 
encoded 18 S rRNA [numeration according to Dam set al. (1988)]. 

Dendrograms were constructed by the compatibility method 
(Estabrook 1983; Le Quesne 1983) using the original algorithm 
(Omelyanchuk and Kolchanov 1985) briefly described in our 
earlier papers (Rakhimova et al, 1989; Troitsky et al. 1989b) and 
by the maximum parsimony method using a program from the 
PHYLIP package (Felsenstein 1989). The minimal numbers of 
fixed mutational events in the branches of the trees obtained were 
calculated by the Fitch procedure (Fitch 1971) using a program 
from the VOSTORG package (Zharkikh et al. 1990). 

The algorithm of the compatibility method is based on the 
analysis of elementary trees for the quartets of sequences from 
the alignment. Three topologies for the elementary tree are pos- 
sible for each quartet. Each of the three topologies may be char- 
acterized by a number of compatible sites nt, n2, and n~. Ac- 
cording to the main theorem of the compatibility method 
(Estabrook and MeMorris 1980; Omelyanchuk and Kolchanov 
1985), each set of compatible sites may be used to construct an 
additive tree. It is obvious that only one of these trees reflects 
the real process of divergence of the four sequences analyzed. It 
is suggested that this is the tree with the maximal number of 
compatible sites N~a~ = max{nl, n2, n3}. To evaluate the validity 
of prevalence of one topology over the other two by the number 
of compatible sites, the following criterion was used. Let us sup- 
pose the total number of compatible sites in three elementary 
trees is M = nl + n2 + n3, and these sites are uniformly distributed 
among the trees. Then the probability of obtaining, by chance, 
in one of the three elementary trees the number of compatible 
si tes  Nma ~ (or even higher) will be 

l i M-- i  

i~Nmax 

This value may be considered as a first approximation for the 
statistical estimation of the choice of the best topology of ele- 

mentary trees. If P for a given quartet of nucleotide sequences is 
smaller than a certain threshold level Po (Po "~ 1), this means 
that one of the topologies definitely exceeds two others in the 
number of compatible sites and may be considered as the best 
representation of the true pattern of divergence. For the whole 
tree reconstruction all possible C~ quartets of sequences are con- 
sidered and for each of them the value of P is calculated, The 
tree is constructed by adding in stepwise succession the elemen- 
tary trees with increasing P values. The topologies obtained al 
lower P values are fixed and are not changed in the process of 
addition of elementary trees with higher P. 

Results  and Discuss ion  

T h e  n u c l e o t i d e  s e q u e n c e s  u sed  for  p h y l o g e n e t i c  tree 
b u i l d i n g  a r e  p r e s e n t e d  in  Figs .  1-5 .  Phy logene t i c  
t r ees  c o n s t r u c t e d  for  t he se  f ive d i f fe ren t  cytosol ic  
a n d  c h l o r o p l a s t  r R N A  spec ies  o f  a n u m b e r  o f  land 
p l a n t s  a re  s h o w n  in Fig.  6. D e n d r o g r a m s  for  cyto- 
sol ic  18S r R N A  a n d  c h l o r o p l a s t  4 .5S r R N A  (Fig. 
6 A  a n d  B) a n d  t h o s e  fo r  5S a n d  5.8S r R N A s  (Fig. 
6 C - E )  were  o b t a i n e d  b y  the  c o m p a t i b i l i t y  a n d  the 
m a x i m u m  p a r s i m o n y  m e t h o d s ,  r e spec t ive ly .  Be- 
s ides  t he  c o m p a t i b i l i t y  m e t h o d ,  t he  phy logene t i c  
d e n d r o g r a m s  for  4 .5S a n d  18S r R N A s  were  also 
c o n s t r u c t e d  b y  t h e  m a x i m u m  p a r s i m o n y  m e t h o d ;  
t h e i r  t o p o l o g i e s  p r o v e d  to  be  v e r y  s i m i l a r  to  those 
p r e s e n t e d  in  Fig.  6 A  a n d  B ( d a t a  n o t  shown) .  W h e n  
the  m a x i m u m  p a r s i m o n y  m e t h o d  was  u s e d  to  an- 
a lyze  t he  c o m p l e t e  sets  o f  d a t a  for  a n y  r R N A  stud- 
ied ,  s e ve r a l  d e n d r o g r a m s  w i th  d i f fe ren t  b u t  equa l ly  
p a r s i m o n i o u s  t o p o l o g i e s  were  o b t a i n e d .  T o  over-  
c o m e  th i s  d i f f icu l ty  t he  d e n d r o g r a m s  were  b u i l t  step- 
wise .  A t  the  beg inn ing ,  p a r t i a l l y  o v e r l a p p i n g ,  local ly 
o p t i m a l  d e n d r o g r a m s  were  c o n s t r u c t e d ,  w h i c h  at  the 
n e x t  s t ep  were  b r o u g h t  t o g e t h e r  i n to  t he  g loba l  trees. 
U s i n g  such  a n  a p p r o a c h ,  we  s u p p o s e d  t h a t  t he  p rob -  
a b i l i t y  o f  s i m i l a r i t y  a r i s ing  d u e  to  h o m o p l a s y  is low- 
er  in  s e q u e n c e s  t h a t  h a v e  d i v e r g e d  m o r e  recent ly .  

A s  i t  fo l lows  f r o m  Fig.  6, t he  t o p o l o g i e s  o f  the 
t r ees  for  d i f fe ren t  r R N A  spec ies  a re  n o t  fu l ly  con- 
g ruen t .  Be c a use  in  t he  case  o f  4 .5S  a n d  5S r R N A s  
i t  is n o t  p o s s i b l e  to  f ind  u n a m b i g u o u s l y  the  re la t ive  
p o s i t i o n  for  al l  t he  d i c o t  r e p r e s e n t a t i v e s ,  corre-  
s p o n d i n g  t rees  i n c l u d e  o n l y  a p a r t  o f  d i c o t y l e d o n o u s  
spec ies  for  w h i c h  the  s equences  o f  these  r R N A s  are 
k n o w n .  C o m p a r i n g  the  i n d i v i d u a l  d e n d r o g r a m s  in 
Fig.  6 we  m a y  conclude t ha t  a u n i m o l e c u l a r  den-  
d r o g r a m  d o e s  n o t  a l l o w  def in i t e  c o n c l u s i o n s  to  be 
m a d e  c o n c e r n i n g  p h y l o g e n e t i c  i n t e r r e l a t e d n e s s  o f  
taxa ,  e v e n  i f  an  r R N A  is a n a l y z e d .  

W e  m a y  specu l a t e  t h a t  a g l o b a l  t ree  d e r i v e d  f rom 
a m o r e  r e p r e s e n t a t i v e  set  o f  t he  r R N A  sequences  
w o u l d  g ive  us  a b e t t e r  i n s igh t  i n t o  t he  l a n d  p lan t  
genea logy ,  b u t  t h i s  is  as  ye t  i m p o s s i b l e  b e c a u s e  the  
d a t a  a v a i l a b l e  for  d i f fe ren t  r R N A  spec ies  a re  i n c o m -  
p le te  a n d  o v e r l a p  o n l y  pa r t i a l l y .  T h e  a i m  o f  our  
p r e s e n t  r e s e a r c h  is to  a c c u m u l a t e  d a t a  a n d  t ry  to 
c o n s t r u c t  such  a t ree.  
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* I. Lveopodium annotlnum 

* [2 ]  2, Cyoas revoluta 
[3] 8. Zamia pumila 

* 4, Po~ocarpus na~at 

* 5, Taxus baccata 
*{2] 6. Ephedra koka~ica 

* {2 ]  7. Gnetum ~nemon 

*[2] S.~a~nolia cobus 

*[2] 9. Peperomia s 

*[E] iO. Delphinium elatum 

*[2] 11. Morus nitre 
[1] 12. Glycine max 

*[~] 13, Ptsum sativum 

*[22 I.,I. Potamo~eton natans 
*[2] 15, Narcissus pseudonarcf .ssus 
* 15. Carex biota 
[I] 1?.Orvza sativa 
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* 21. Acorus ~alamus 
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N N ~  AAUU6SAAUGAGUACAA~tECC UUAACSA- GN AACCAUUGGA86CSAAGUCUSGUG 

AN31E ~ AALKF-~ AAUG AGU AC AALE~ AAAUCCCUUAAC GA- GAAN CC AuLr_-F_~C:C_-:-:-:-:-:-:-:-~2 ~ 
GAGUCU- GNAA~AGUACA.4UCUAAAUCCCt~AACC~-  GAANCCAUtF_~GGC~AA52EUC.~t~ 
NAGUCU- GN AAUUC~USAGUACAAUCUAAAUCCCUUAACC~- GAAN CCAUUC~C~AG~ 

8A~AAUUO3AAU~AGUACAAUCUAAAUCCCUUAACGAUC~AtECAUI~AAGUCt~ 

NNNUC~AAU~AAU~GUACAAUCUAAAL~COJUAA~-(~NA~CCAUIJ~A~AAGUC~U~ 

NE~UC~AAUL~L~AGU~DAAUCUAAAUCCCUUAACC~- ~(IAACCAUL~ ~ 

AA~AAUL~U~ACAAUCUAAAUUCCUUAA~- C~AAUNCAUUC~GC~UAG~ 
GAC~UAAULroGAALro~UACAAUCUAAAUCCL~- GGAUCCAUL~SGGC AAGUCU~ 

G~AALPJGGAAUGAGUACAAIEUAAAUCCCUUAACC~A- C43AUCC A~C=C.~C.~ AAGUC'dGGUG 
GUGI]CUC-51]AA~UGA(SUAOAAUOUAAAI~3OCUU~- C~GAUCOA~C,C~GC AAGUC~ 

C, AGICUGGN~UGAGUACAAUCUAAAU~CCUU~C~SA- C~3AN CC ALrUGC-~ AAGUCUC~GL~5 

N ASI~USGAAAUI~UGAGUACAAUCUAAALL~UUAA~- GNAACC AU~AA~UC tVaGU~ 
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10. CN A~ ~ AAUL~AC~AAUAAN~N ANNUUUAAGUU~UUGC AGAUAA~U~U AGUU~ ~ ~  ~ 

11. CNAGCA~NAAUUCCA~ AAUAAN~AUAUUUAAGUU~AC~UA~ ~U-CC43UCCC~CN 
IL CCA(~ A(~AAUUC~ A~AAUA~AUAUUUAA~ A G U U A / ~  ~u t ~ - C C ~ U  

13. CCAGC AO]CGCC/~ AAUIEC A G C U C C A A U A A N G A A U A U U U A A G U U G U U ~ C A G U U A A A A A C ~ L E ' O J ~ ~ -  ~ 
14. qCA~CAGCC~N AAULE~AGCUCC~ UAANC~AUbl/AA[~A~AUAA~U~AGUU~A~U- ~ 

15. CCAC~UC~ AAUUCCAC~AAUAAN SUAUAUUUAAC~AGAUAAA~UP~AGUUNN A U C ~ ~ -  G ~  

16. CAA~UAAUUCCAC~UAN NGUAUAUL~UI~AGNUAAA~CUCGUA~CCUUGN C ~ ~ ~  

17. C C A ( ~ C ~ A A U I / O C A ( ~ O U C X ] A A U A G O G U A U A L R 2 U ~ A G U U ~ A ( ~ ~ G G G C ~ U  
18. CCAGCAC~CO~AAUUOCABOUCO AAUAGCGUAUAUUUAA6'ULIGUUC~2ABUUAAAAABC'LK]6'UA(~C~~~ 
lg. CCAGCAC~ N AUUCCA~ AAUkNN GUAUAUL~JAA6UI~N ~CAGUUAAAAA~AGLrUG~ - C C ~ -  ~ .... U 
'20. OOAGC AC~[X~ AA~CAGCK]L"CAAUAAN6UANNLR/dAA(SUUC-~NGCAC.~AU~AGUUGC.~A~~- ~ 
21. CCAGCAC~SNN AAUUCCAC~AAUAAN6~JAUAUUUA~AGI~GCU~ ~ -  C~GLCUACCU 
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1. N N N N 6 5 2 . ~ A C U ~ U C C K r N N N N b ~ U - ~ A A U ~ A C G C C ~ U L - ~ A L ~ A C U U U  

2. U- - CG~UGU6C ALK~r~AUC~Ub-dOGUCCN~ CC, GCGGC- ~ A ~  A~UUU 

8. UULR]GGUGq,~0A - ~ -  GOGOACCUGGCC~JUAACUG~ UUACULRJ 

4. A- - PS=GL45UGCACCGCCA~~- ~ -  ~A~L'UGGIICGGG- N~ A A ~  GCUC-~JU ACtlUU 

5. A C ~ C ~ A C U C ~ A C ~  C- C ~ -  G I ~ A A I . I L ~  L~NGCC51JUACUUU 

(5, NNNNC~UGCALK~AUO2CGA - G U ~  N C A ~ C ~ A C L r O J  

7. AUCAG~AUC~NNI~2AGIJ~ (~C- A A [ E ~  NL~CUC~C~ACUI~ 

8. CU- AGG~ACCGGAN~NCU~AC- (]C~UN A A C U ~  N C ~  AC~Uffu-UACL~ 

g. UC-A~ACCUA - (~4)CGAU- A ~ A A U ~  UC~- UC~CU~IJUACUUU 

10. UCGUGGtI~WoCACCNC~NC~~AC- CC~=C~U- A C ~ U ~ A A ~  N CGUGC- UCCGGN G C ~  

11. - - - U C ~ A C ~ N G N C ~ ~ -  CGC-- GAU- GCPoCEECUC~AAUU~- NCGN- - - UC~GCL~LnJAC~ 

12. C- - CGGUGUGCACCGG~UUCUGC- CGGCGAU- ~ U G ~ A A C ~  ~CUUU 

13. C- - U ~ G ~ A C I ~ - C C ~ -  G A U - G C G C U ~ A A U L ~ N C G ~  ..... NNC~ACVOU 

14. N- - NNGL~ACC~UC~CUIJ~- U ~ -  [ ~ L ~ I 3 J ~  A ~  

15. UC~IGUGLE~C ACL~3UL~NNNNNUIJ~U- C ~ -  G C O 2 U ~ A A C L ~  ACGC~ULEO3CN A ~  

16. C N - ~ A ~ C C ~ U - S O ~ U U A A  -- UUACUUU 

17. CA- C C ~ A G ~ C ~ -  CSC~U- 8 ~ A A  ACIK]U 

18. UACC43GC A- ~ - CC,~CraAU- C~C.-EUCCUGGCCUUAAcLr.43CCG3C~ U C G ~  GO2GUUACUUU 
lg, CANGGCC-~- GCACCGACCUAC[EGACCCUUCAGC- CG- CGAU- ~ U A G C C U U . , ~ A ~  NCC-- - - I D ~  A ~ A C ' U L U  
L~O, N- A ~ . . . ~ f f O G U G C A C C G G N C ~ U C ~ -  CGG- GAU- ~ NC .... CI~Q~'~IJUACU~ 
~ " CI ~ ~ I  ~ I  ~ U - -  ~ ~ ~  I I ~ ~  ~ 

Fig. 1. Al ignment  o f  partial nucleotide sequences o f  plant 18S rRNAs.  Numbers  in brackets are the references to original papers or  
compilations; *, our  data; i f  they were published earlier, the reference is given in brackets. The first nucleotide is 867 according to 
the al ignment in compilat ion [l] (Dams et al. 1988). Other  references: [2] Rakhimova  et al. 0989) ,  [3] Nairn  and Ferl 0988) .  
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Chloroplast 4. 55 rRNA 

*[4] 1. Mar~hantia polymorpha 

* 2. Ginkgo b l  loba 

* 3. LaDzX sibiPioa 
* 4~ Cycas revoluta 

* 5. Ephedra kokanica 

* 5, Delphinittm consol ida 

[4] 7. Spinacla oleracea 

*[5] 8. Ligutaria ca l th i fo l ia  
[8] g. Apium ~raveoleus 

[7] 10.0enothera berteriana 

*[4] ll.~rus ni~ra 

[8] I~. Slycine max 

[5] 13. Com~llna communis 

[B] 14. Allium tuDerosum 
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Fig. 2. A l ignmen t  o f  p lant  chloroplas t  4.5S r R N A  sequences.  Des ignat ions  are 
the  s ame  as in Fig. 1. [4] Troi t sky  et al. (1989b), [5] Bobrova  et al. (1987), [6] 
C heng  et al. (1986), [7] Schuster  and  Brennicke (1987), [8] Naza r  et al. (1987). 
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Fig. 3. A l ignmen t  o f  p lan t  5.8S 
r R N A  sequences.  Des igna t ions  are 
the  s ame  as in Figs. 1 and  2. [9] 
Troi t sky  et al. (1989a), [10] Melek-  
hove t s  and  Troi t sky  (1990), [11] 
E r d m a n n  and  Wolters  (1986), [121 
Kiss  et al. (1988), [13] K a v a n a g h  
and  T i m m i s  (1988), [14] Schiebel 
and  H e m l e b e n  (1989). 
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10. a G C C ~ C ~ B J t ~ U / ~ J ~ A U C C O -  are the  same as in  Figs. 1 -3 .  [15 ]  W o l t e r s  and  E r d m a n n  (1988) ,  [16 ]  M e -  
l t .  ~ J ~ U / C _ ~ c ~ ~ / ~ c c u -  l ekhovets  et al. (1988) .  
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Fig. 5. Alignment of plant chloroplast 5S rRNA sequences. Desig- 
nations are the same as in Figs. 1-4. [15] Wolters and Erdmann 
(1988), [17] Zhou et al. (1988). 

Although the differences in the topology of the 
trees in Fig. 6 are obvious, they share some common 
features that will be the object of  our consideration 
here. The topologies of  the trees suggest that the 
divergence of  all the main groups of  extant gym- 
nosperms occurred after the branching off of  the 
angiosperm lineage. These groups are Cycadales 
(Cycas, Zarnia, Encephalartos), Coniferales (Meta- 
sequoia, Podocarpus, Taxus, Larix, Picea), Gink- 
goales (Ginkgo), Gnetales (Gnetum), and Ephedrales 
(Ephedra). The taxonomic status of  these groups 
may differ in the systems suggested by botanists, but 
there is a general view now that these groups rep- 
resent all the major gymnosperm lineages (Doyle 
1978; Meyen 1984; Crane 1985; Doyle and Dono- 
ghue 1987; Beck 1988; Krassilov 1989). As the time 
of divergence of  at least some of  these taxa is trace- 
able back to the early Carboniferous, we have con- 
cluded that the genealogical splitting of gymno- 

sperm and angiosperm lines of  descent occurred 
before this event, i.e., at the Devonian-Carbonif- 
erous boundary, approximately 360 million years 
(Myr) ago, shortly after the branching offofthe Pter- 
idophyta lineage (Rakhimova et al. 1989). 

Naturally, proceeding from molecular data alone, 
one cannot imagine the morphology of  these ancient 
extinct angiosperms. Here two possibilities may be 
discussed. One is that such ancestral forms had al- 
ready possessed some specific angiospermous fea- 
tures. The absence of  unequivocal angiosperm fos- 
sils in pre-Cretaceous strata may be due to the 
scarcity of  proangiosperms or their poor preserva- 
tion in some special habitats (Axelrod 1970). The 
second hypothesis, which seems more realistic to 
us, is that up to the early Cretaceous, when massive 
angiosperm radiation occurred, these plants have 
had mostly gymnospermous features, which masked 
their differentiation from extinct gymnosperms. 
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Fig. 6. Phylogenetic dendrograms 
constructed for different plant rRNAs: 
A, cytosolic 18S rRNA, a fragment of  
263 nucleotides from position 867 ac- 
cording to numeration in the compila- 
tion of Dams et al. (1988); B, chloro- 
plast 4.5S rRNA; C, cytosolie 5.8S 
rRNA; D, cytosolic 5S rRNA; E, chlo- 
roplast 5S rRNA. Alignments of se- 
quences are presented in Figs. 1-5. 
Only generic names of  plants are given; 
the full names of the species may be 
found in Figs. 1-5. The units of the 
scales are the minimal numbers of  mu- 
tations (Fitch 1971). At each dendro- 
gram the monocot  species are under- 
lined by dashed lines and gymnosperms 
by straight lines. 
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In any case, the molecular data at our disposal 
show that none of the gymnosperm lineages could 
have been an ancestral one for angiosperms. We 
have suggested therefore that ancestral forms of  an- 
giosperms ought to be searched among Progymno- 
spermopsida (Rakhimova et al. 1989). This conclu- 
sion may explain why at tempts  to deduce 
angiosperms from gymnosperms have failed, even 
though nearly all major groups ofgymnosperms were 
considered as putative ancestors for angiosperms 
(Doyle 1978 ). So the genealogical splitting of  angio- 
sperm and gymnosperm lineages occurred long be- 
fore the formation of the characteristic sets of mor- 
phological characters of  these two groups. It should 
be noted that in the unrooted tree built from the 
partial ribulose bisphosphate decarboxylase se- 
quences, gymnosperms also formed a distinct clus- 
ter separated from angiosperms (Martin and Dowd 
1986). 

Genealogical relationships among gymnosperm 
taxa cannot be deduced unambiguously on the basis 

of  the available rRNA data (see Fig. 1). The only 
inference may be that the taxon Gnetopsida, in- 
cluding Gnetales and Ephedrales, is an artificial one, 
and Gnetum and Ephedra belong to quite different 
lineages of gymnosperms. This contradicts widely 
adopted schemes, specifically those inferred recently 
from the cladistie analyses of  morphological traits 
of  extinct andextant  plants; but some authors have 
come to similar conclusions on the basis of  tradi- 
tional evidence (see Meyen 1984; Crane 1985; Doyle 
and Donoghue 1987; Beck 1988; Krassilov 1989). 

Recently Martin et al. (1989), proceeding from 
the glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) gene sequences of  nine flowering plant 
species, postulated that the divergence of  angio- 
sperms occurred much earlier than is generally ac- 
cepted, i.e., 150 Myr ago. These authors built a tree 
for angiosperm sequences only and placed the root 
between the two monocots, maize and barley, and 
seven dicots. According to the authors, this was the 
earliest branching event, which occurred about 320 
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Myr  ago. The i r  es t imates  are based on the a s sump-  
t ion o f  the constancy o f  molecu la r  evolu t ion  rates 
in different lineages. Crit icized by  G o o d m a n  (1981), 
A n t o n o v  and  Tro i t sky  (1986), Brit ten (1986), and  
Gillespie (1986), this hypothesis  cannot  be taken for 
granted.  In particular,  our  da ta  in Fig. 1 indicate 
tha t  the rate o f  r R N A  evolut ion  in plants  m a y  not  
be equal in different phylogenet ic  lineages. Accord-  
ing to the data  o f  Mar t in  et al. (1989), the rate o f  
G A P D H  evolut ion in different eucaryotes  m a y  vary  
twofold. The  observed  noncons taney  o f  the rates is 
quite sufficient for shifting the posi t ion o f  nodes  on 
the tree considerably.  For  m o r e  correct  es t imates  o f  
the tree topology,  an outgroup of  ang iospermous  
plants  is badly  needed. Such outgroups have  been 
used by  Wolfe et aL (I 989) in their  analysis o f  chlo- 
roplas t  D N A  sequence data,  and  it only  conf i rmed 
the inequali ty o f  the rates o f  molecu la r  evolut ion 
in different lineages and  shifted the t ime  o f  m o n o -  
cot--dicot divergence up to 200 Myr  ago. Both Mar-  
tin et al. (1989) and  Wolfe et al. (1989) analyzed 
too few species. Moreover ,  the only m onoco t s  in 
their  considera t ions  were domes t ica ted  cereals. In  
our  analysis we used the necessary outgroups,  t r ied 
several  kinds o f  r R N A  f rom different cellular com-  
par tments ,  included far m o r e  species, mos t ly  f rom 
wild flora, avo ided  the m o o t  molecular  clock hy- 
pothesis,  and opera ted  only with the paleobotanica l  
datings on the appearance  o f  first gymnospe rms .  
Moreover ,  there are some  grounds to bel ieve that  
in general the r R N A  data  are m o r e  in fo rmat ive  in 
plant  phylogeny reconstruct ion than  the protein data 
(Archie 1989). 

The  o ther  poin t  o f  interest  in the r R N A  dendro-  
grams is the relat ive pos i t ion  o f  m onoco t s  and  di- 
cots. I t  is widely accepted now that  the ancient  an-  
g iosperms were close to extant  Magnoliales  f rom 
which o ther  d icoty ledonous  groups,  as well as 
Monocoty ledones ,  arose. According to some  o f  the 
trees in Fig. 6, extant  monoco ty l edons  are a para-  
phylet ic  g roup  located near  the root  o f  the angio- 
spe rm branch.  The  other  trees at  least do not  con- 
t radict  such an evolu t ionary  pattern.  We  m a y  
conclude that  ei ther  monoco ty l edonous  characters  
arose independent ly  m o r e  than  once in different 
groups o f  ancient  Magnoliales  or  that  monoco ty le -  
dons  ra ther  than  d icoty ledonous  Magnoliales  were 
the earliest angiosperms.  The  latter suggestion seems 
m o r e  plausible by vir tue o f  its greater  p a r s i m o n y  
and gives fresh i m p e t u s t o  the hypothesis  o f  a m o n o -  
coty ledonous  origin o f  ang iosperms  (Burger 198 I). 
I t  is wor th  ment ion ing  that  no definite p r o o f  o f  the 
ranalean hypothesis  (Takhta jan  1969), ei ther neon-  
tological or  paleontological ,  exists. O n  the other  
hand,  avai lable  data  indicate  the early diversifica- 
t ion o fmonoco ty l edons .  The  fossil leaves and  pollen 
with  characters  s imilar  to extant  m onoco t y l edons  

have  been found in the earliest s trata o f  the Potomac 
group (Beck 1976; Doyle  1978; Dahlgren and  Ras- 
mussen  1983; Krass i lov  1989). 

Judging by  the trees in Fig. 6A and B, Containing 
the greatest  n u m b e r  o f  monoco ty l edon  species, 
Magnoliales are the m o s t  ancient  group a m o n g  di- 
cotyledons.  The  m o s t  ancient  lineage a m o n g  mono-  
cotyledons  leads to Liliaceae. 

W h e n  this pape r  was ready for publicat ion,  we 
learned abou t  the s tudy o f  Z i m m e r  et al. (1989) 
concerning an a t t empt  to reconstruct  flowering plant 
evolu t ion  f rom an  analysis o f  18S and 26S rRNA 
part ial  sequences f rom 39 species. Al though the con- 
clusions f rom this work  agree with ours  in the early 
appearance  o f  monoco ty l edons  in the evolu t ion  of 
ang iosperms  (Bobrova  et al. 1987; Troi t sky  et al. 
1989b; R a k h i m o v a  et al. 1989), they differ with 
respect  to relat ionships  between g y m n o s p e r m s  and 
angiosperms.  Z i m m e r  et al. (1989) are inclined to 
th ink  tha t  Gneta les  m a y  be  the sister group o f  an- 
giosperms,  even though they consider  this sugges- 
t ion not  to be fully proven,  as the branching  order 
o f  g y m n o s p e r m  taxa cannot  be  deduced unambig-  
uously. 

Final ly we bel ieve that  the future progress o f  plant 
phylogenetics will depend  not  only on paleo-  and 
neobotanical ,  bu t  on molecular  evidence as well. Yet 
we would stress that  due to some  discrepancies in 
the trees for different molecular  species more  data 
on var ious  molecules  f rom a larger set o f  plant  spe- 
cies are needed in order  to infer  the pat tern  o f  seed 
plant  molecu la r  evolut ion.  

Acknowledgments, We are indebted to I.N. Klikunova for her 
help in computing the sequencing results by the compatibility 
method. 

References 

Antonov AS, Troitsky AV (1986) The results of investigation 
of evolution of plant rRNA evoke doubt in universal fitness 
of the "molecular clock" hypothesis. J Evol Biochem Physiol 
22:343-350 [in Russian] 

Archie JW (1989) Phylogenies of plant families: a demonstra- 
tion of phylogenetic randomness in DNA sequence data de- 
rived from proteins. Evolution 43:1796-1800. 

Axelrod DI (1970) Mesozoic paleogeography and early angio- 
sperm history. Bot Rev 36:277-319 

BeekCB(ed) (1976) Origin and early evolution ofangiosperms. 
Columbia University Press, New York 

Beck CB (ed) (1988) Origin and evolution of gymnosperms. 
Columbia University Press, New York 

Bobrova VK, Troitsky AV, Ponomarev AG, Antonov AS (I 987) 
Low-molecular-weight rRNAs sequences and plant phylogeny 
reconstruction: nucleotide sequences of chloroplast 4.5S 
rRNAs from Aconts calamus (Araceae) and Ligutaria ca#hi- 
folia (Asteraceae). Plant Syst Evol 156:13-27 

Britten RJ (1986) Rates of DNA sequence evolution differ be- 
tween taxonomic groups. Science 231: 39-44 



Burger WC (1981) Heresy revived: the monocot theory of an- 
giosperm origin. Evol Theory 5:189-225 

Cheng Z-Q, Zhang H, Li G-Y (1986) The nucleotide sequences 
of chloroplast 4.5S rRNAs from four species of plants, celery 
(Apium graveoleus), barley (Hordeum vulgare), Chinese chive 
(Allium tuberosum), and dayflower (Commelina communis). 
FEBS Lett 200:193--196 

Crane PR (1985) Phylogenetic analysis of seed plants and the 
origin of angiosperms. Ann Mo Bot Gard 72:716-793 

Dahlgren R, Rasmussen FN (1983) Monocotyledon evolution. 
Characters and phylogenetic estimation. Evol Biol 16:255- 
395 

Dams E, Hendriks L, Van de Peer Y, Neefs J-M, Smits G, Van- 
denbempt I, De Wachter R (1988) Compilation of small 
ribosomal subunit RNA sequences. Nucleic Acids Res 16S: 
r87-r173 

Doyle JA (1978) Origin of angiosperms. Annu Rev Ecol Syst 
9:369-392 

Doyle JA, Donoghue MJ (1987) The importance of fossils in 
elucidating seed plant phylogeny and macroevolution. Rev 
Palaeobot Palynol 50:63-95 

Erdmann VA, WoltersJ (1986) Collection of published 5S, 5.8S 
and 4.5S ribosomal RNA sequences. Nucleic Acids Res 14S: 
rl-r59 

Estabrook GF (1983) The causes of character incompatibility. 
In: Felsenstein J (ed) Numerical taxonomy. NATO ASI Series, 
vol G1. Springer-Verlag, Berlin, pp 279-295 

Estabrook GF, McMorris FR (1980) When is one estimate of 
evolutionary relationships a refinement of another? J Math 
Biol 10:367-373 

Felsenstein J (1989) PHYLIP--phylogeny inference package, 
Version 3.2 

Fitch WM (1971) Toward defining the course of evolution: 
minimum change for specific tree topology. Syst Zoo120:406- 
416 

Gillespie JH (1986) Variability of evolutionary rates of DNA. 
Genetics 113:1077-I091 

Goodman M (1981) Decoding the pattern of protein evolution. 
Progr Biophys Mol Biol 37:105-164 

Kavanagh TA, Timmis JN (1988) Structure of melon rDNA 
and nucleotide sequence of the 17-25S spacer region. Theor 
Appl Genet 76:673-680 

Kiss T, Kis M, Abel S, Solymosy F (1988) Nucleotide sequence 
of the 17S-25S spacer region from tomato rDNA. Nucleic 
Acids Res 16:7179 

Krassilov VA (1989) Origin and early evolution of flowering 
plants. Nauka, Moscow [in Russian] 

Le Quesne WJ (1983) The uniquely derived concept as a basis 
for character compatibility analyses. In: Felsenstein J (ed) 
Numerical taxonomy. NATO ASI Series, vol G1. Springer- 
Verlag, Berlin, pp 296-303 

Liang HQ, Bernard M, Bachellerie J-P (1983) Improved meth- 
od for structure probing in large RNAs: a rapid heterologous 
sequencing approach is coupled to the direct mapping ofnu- 
clease accessible sites. Application of eukaryotic 28S rRNA. 
Nucleic Acids Res 11:5903-5920 

Martin PG, Dowd JM (1986) A phylogenetic tree for some 
monocotyledons and gymnosperms derived from protein se- 
quences. Taxon 35:469--475 

Martin PG, Boulter D, Penny D (1985) Angiosperm phylogeny 
studied using sequences of five macromolecules. Taxon 34: 
393--400 

Martin W, Gierl A, Saedler H (1989) Molecular evidence for 
pre-Cretaceous angiosperm origin. Nature 339:46--48 

Melekhovets YuF, Troitsky AV (1990) Comparative analysis 
of 5.8S rRNA from Ephedra kokanica Regl. (Gymnospermae) 
and other plant species. Biochim Biophys Acta 1048:294-296 

Melekhovets YuF, Troitsky AV, Valiejo-Roman KM, Bobrova 

261 

VK, Antonov AS (1988) Nucleotide sequences ofcytosolic 
5S ribosomal RNAs from two gymnosperms, Gnetum gne- 
mon and Ephedra kokanica. Nucleic Acids Res 16:4155 

Meyen SV (1984) Basic features of gymnosperm systematies 
and phylogeny as evidenced by the fossil record. Bot Rev 50: 
1-111 

Nairn CJ, Ferl RJ (1988) The complete nucleotide sequence of 
the small-subunit ribosomal RNA coding region for the cycad 
Zamia pumila: phylogenetic implieations. J Mol Evol 27: 
I33-141 

Nazar RN, McDougall J, Van Ryk DI (1987) Structure and 
evolution of the 4.5-5S ribosomal RNA intergenic region 
from Glycine max (soya bean). Nucleic Acids Res 15:7593- 
7603 

Omelyanchuk LV, Kolchanov NA (1985) Algorithm for ad- 
ditive tree building from sets of homologous sequences. Ve- 
racity of phylogenetic reconstructions. In: Algorithmic anal- 
ysis of structural information (Computer Systems), no 112. 
IM SO AN SSSR Novosibirsk, pp 46--55 [in Russian] 

Peattie DA (1979) Direct chemical method of sequencing RNA. 
Proc Natl Acad Sci USA 76:1760-1764 

Rakhimova GM, Troitsky AV, Klikunova IN, Antonov AS 
(1989) Phylogenetic analysis of 18S rRNA partial sequences 
from 14 higher plant species. Mol Biol 23:830-842 [in Rus- 
sian] 

Schiebel K, Hemleben V (1989) Nucleotide sequence of the 
18S-25S spacer region from rDNA of mung bean. Nucleic 
Acids Res 17:2852 

Schuster W, Brennicke A (1987) Plastid DNA in the mito- 
chondrial genome of Oenothera: intra- and interorganelle re- 
arrangements involving part of the plastid ribosomal cistron. 
Mol Gen Genet 210:44-51 

Takhtajan AL (1969) Flowering plants: origin and dispersal. 
Smithsonian, Washington, DC 

Troitsky AV, Bobrova VK, Ponomarev AG, Antonov AS (1984) 
The nucleotide sequence of chloroplast 4.5S rRNA from 
Mnium rugicum (Bryophyta): mosses also possess this type 
ofRNA. FEBS Lett 176:105-109 

Troitsky AV, Bobrova VK, Melekhovets YuF, Valiejo-Roman 
KM (1989a) The nucleotide sequence of 5.8S rRNA from 
the moss Mniurn rugicum Laur. Nucleic Acids Res 17:459 

Troitsky AV, Valiejo-Roman KM, Melekhovets YuF, Bobrova 
VK, Omelyanchuk LV, Antonov AS (1989b) Higher plant 
phylogeny reconstruction based on chloroplast 4.5S and 5S 
rRNAs. Nucleotide sequences in 4.5S rRNAs from five plant 
species. J Evol Biochem Physiol 25:167-175 [in Russian] 

Wolfe KH, Gouy M, Yang Y-W, Sharp PM, Li W-H (1989) 
Date of the monocot-dicot divergence estimated from chlo- 
roplast DNA sequence data. Proc Natl Acad Sci USA 86: 
6201--6205 

Wolters J, Erdmann VA (1988) Compilation of 5S rRNA and 
5S rRNA gene sequences. Nucleic Acids Res 16S:rl-r70 

Zharkikh AA, Rzhetsky AYu, Morosov PS, Sitnikova TL, Krush- 
kal JS, Matushkin YuG (1990) VOSTORG: package of mi- 
crocomputer programs ofphylogenetic analysis. In: Modelling 
and computer methods in molecular biology and genetics. 
Abstracts of the International Conference, Novosibirsk, pp 
217-218 

Zhou X, Liu W, Wang M (1988) Comparative study on the 
evolution of chloroplast ribosomal 5S RNA of a living fossil 
plant, Cycas revoluta Thunb. FEBS Left 235:30-34 

Zimmer EA, Hamby RK, Arnold ML, Leblanc DA, Theriot EC 
(1989) Ribosomal RNA phylogenies and flowering plant evo- 
lution. In: Fernholn B, Bremer K, JiSrnvall H (eds) The hi- 
erarchy of life. Elsevier Science Publishers BV (Biomedical 
Division), Amsterdam, pp 205-214 

Received June 1, 1990/Revised October 15, 1990 


