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ABSTRACT 
The nucleotide sequences encoding the  mature portion of 3 1 ribulose 1,5-bisphosphate carboxylase 

small subunit (SSU) genes from 17 genera of plants, green algae and cyanobacteria were examined. 
Among the  465 pairwise sequence comparisons, SSU multigene family members within the same 
species  were more similar to each other in  nonsynonymous or replacement nucleotide substitutions 
(RNS) than they  were to SSU sequences in any other organism. The concerted evolution of 
independent SSU gene lineages  within closely related plant species  suggests that homogenization of 
RNS  positions  has occurred  at least once in the life  of each genus. The rate of expected RNS among 
mature SSU sequences was calculated to be 1.25 X 1 O-’/site/yr for  the first 70 million  years (MY) of 
divergence with a significant  slowing to 0.13 X 1 O-’/site/yr for  the next 1,400 MY. The data suggest 
that  mature SSU sequences do not accumulate more than 20% differences in the RNS  positions 
without compensatory changes in other components of  this  enzyme  system. During the first 70 MY 
of divergence between species, the  rate of expected synonymous or silent nucleotide substitutions 
(SNS) is -6.6 X 10-g/site/yr. This is five  times the RNS rate  and is similar to  the silent rate observed 
in animals. In striking contrast, SNS and RNS do not show this correlation among SSU gene family 
members within a species. A mechanism  involving gene conversion  within the exons followed by 
selection for biased gene conversion products with conservation of  RNS  positions and divergence of 
SNS  positions is discussed. A SSU gene tree based on corrected RNS for 31 SSU sequences is 
presented and agrees well  with a species tree based on morphological and cytogenetic traits for  the 
17 genera examined. SSU gene comparisons may  be  useful  in predicting phylogenetic relationships 
and in some  cases divergence times  of various plant, algal and cyanobacterial species. 

R IBULOSE 1,5-bisphosphate carboxylase is the 
most abundant  protein in green plants and is 

composed of eight identical large  subunits (LSU) and 
eight identical small subunits (SSU). Investigation of 
genetic  segregation of isoelectric variants of the large 
and small subunit polypeptides revealed that  the large 
subunit is maternally inherited  and  encoded by the 
chloroplast  genome, whereas the SSU is encoded by 
the nuclear  genome (MIZIORKO and LORMER 1983). 
Genetic analysis  of isoelectric focusing of SSU iso- 
forms suggests that between one  and five genes  en- 
code  the small subunit (KAWASHIMIA and WILDMAN 
1972; CHEN e ta l .  1975; GATENBY and COCKING 1978; 
CHEN and WILDMAN 1980). A number of laboratories 
confirmed  that the small subunit is encoded by a small 
multigene family  in higher plants and  green algae. 
Subfamilies of SSU sequence have been  identified 
within several SSU gene families and in some cases 
there  are  tandem  repeats of one or more of the 
subfamily representatives (DUNSMUIR, SMITH and 
BEDBROOK 1983; PICHERSKY et al .  1986; DEAN et al .  
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1987). There is at least 70% amino acid similarity 
among  the  mature  peptide  regions of  all higher  plant 
SSU sequences, making this a  reasonable  gene  for 
sequence comparisons between  distant  plant species. 
Initial studies on  the divergence of SSU genes sug- 
gested that a mechanism of concerted  evolution has 
homogenized SSU sequences within some species 
(PICHERSKY et al .  1986; DEAN et al .  1987; O’NEAL et 
al .  1987). 

The small subunit  genes in eukaryotes  encode  a 
precursor composed of a  transit  peptide of approxi- 
mately 50 amino acids and  the  mature  peptide of 
approximately 120  amino acids. The transit  peptide 
is removed as the  mature SSU peptide is transported 
across the organellar  membrane into  the chloroplast 
(CHUA and SCHMIDT 1978; SMITH and ELLIS 1979). 
The transit sequences of the small subunit  genes  are 
quite  divergent, varying greatly in number of amino 
acids and in amino acid sequence (BERRY-LOWE et al. 
1982; MISHKIND, WESSLER and SCHMIDT 1985). Thus 
quantitative analysis of divergence is difficult for this 
portion of the SSU sequence. 

Nucleotide sequences of structural  genes have been 
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used to  quantify  the  divergence  between  genes  and 
proteins (WILSON, CARLSON and WHITE 1977;  PERLER 
et al. 1980; MIYATA and HAYASHIDA 1982).  Nucleo- 
tide  changes  within a coding  region  can  be  separated 
into silent  (synonymous)  nucleotide  substitutions 
(SNS) and  replacement  (nonsynonymous)  nucleotide 
substitutions (RNS). SNS are nucleotide  changes 
which do  not  change  the  encoded  amino  acid,  whereas 
RNS  change  the  encoded  amino  acid. The SNS  rate 
is fairly constant for different  genes  in  the  animal 
kingdom  and  SNS  increase  linearly  with  time. T h e  
rate of SNS has  been  estimated  to be 5.37 X IO-’/ 
site/yr o r  1 .O% SNS/I .9 million years (MY) (MIYATA 
and HAYASHIDA 1982; MIYATA et al. 1982).  For  con- 
served  coding  regions  the  RNS  rate is much slower 
and  RNS  accumulation is linear for long  periods of 
time for some  genes.  However,  rates of accumulation 
of RNS vary  according  to  the degree of conservation 
of the  protein  sequence.  Initial  studies  examining  the 
divergence of SSU amino  acid  sequences  suggested 
that  the  RNS clock  may be linear  within  plant  sub- 
classes (MARTIN and DOWD 1988).  However,  no  at- 
tempt has  been  made  to  account for the  problems 
which  arise in comparing  the  products  of this  multi- 
gene family. 

This  manuscript  analyzes  the  divergence of the SSU 
DNA  sequences  encoding  the  mature  peptide  from a 
variety of plant, algal and  cyanobacterial  species. The 
fractions of SNS  and RNS are analyzed  among 31 
small subunit  genes  isolated  from 17 different  photo- 
synthetic  organisms,  utilizing an extension of the 
method  of PERLER et al. (1980).  Phenograms  have 
been  constructed  using  the  method of SAITOU and 
NEI (1987).  Rates  of  RNS  and  SNS  accumulation for 
the SSU mature  sequence  have  been  examined. T h e  
evolutionary  relationships  among  multigene family 
members  are discussed. 

MATERIALS AND METHODS 

Computational analysis of sequence: The divergence 
analysis program DIV (HIGHTOWER and MEAGHER 1985; 
RICE 1987) was written to operate  under  UNIX, based on 
the methods of PERLER et al. (1 980)  and  SHAH, HIGHTOWER 
and MEAGHER (1 983). Pathways of nucleotide substitution 
between codons are considered equiprobable by this 
method. The substitutions are categorized 1,  2  or 3, de- 
pending on the  number of  possible substitutions that will 
create no change in amino acid  (SNS) or will change the 
amino acid (RNS) and are statistically  weighted  as such. For 
example, the change of a proline codon from CCA to CCG 
is a category 3 SNS  since a change from A  to  three  other 
bases results in a silent change. The change of a lysine codon 
from AAA to an asparginine codon AAC  is a category 2 
RNS change because changing the  third position to  C  or T 
results in an amino acid replacement. The assumption is 
made in this method that substitution of  any nucleotide 
occurs at any nucleotide site with equal probability. The 
fraction of SNS or RNS are calculated by comparing the 
number of changes observed with the potential number of 

SNS or RNS  sites over the two sequences analyzed.  Multiple 
hit  kinetics are also taken into consideration for each cate- 
gory of change and result in corrected SNS and corrected 
RNS  values. There  are approximately five category 2 SNS 
sites and five category 1 RNS  sites generated by isoleucine 
codons between  any two SSU sequences. In the event that 
a large fraction of changes occur at these sites, which rep- 
resent such a small portion of the total sequence, they  can 
drastically bias the multiple  hit correction. As recommended 
by PERLER et al. (1980) these two categories have been 
omitted when calculating the corrected values (HIGHTOWER 
and MEAGHER 1986). 

In calculating both the rates of nucleotide substitution 
and the ratios of SNS to RNS, a statement of potential error 
is often presented along with the calculated value in the 
text. The calculated error represents the  standard deviation 
of  all the data considered (MCCLAVE and DIETRICH 1982). 

Constructing  gene  trees: Phenograms showing the rela- 
tionships  of SSU sequences were constructed based on RNS 
and SNS  values  using the neighbor joining (NJ) method 
(SAITOU and NEI 1987) and  the unweighted pair group 
mean averaging method (UPGMA) (SOKAL and SNEATH 
1963). The NJ method begins  with a star-like topology, and 
it iteratively constructs a binary tree by connecting se- 
quences or groups of sequences that successively  minimize 
sums  of branch lengths of intermediately produced trees. 
The NJ method is less sensitive than UPGMA to variations 
in substitution rates across  lineages, and it produces an 
unrooted  tree. The UPGMA method was used to allow 
comparison of NJ trees with those produced by a well 
studied method that produce a  rooted  tree. 

Small  subunit genes  examined. The 42 different SSU 
sequences analyzed are presented in the  third column of 
Table  1  and include 32 genomic sequences and 10 cDNA 
sequences. These sequences were retrieved from the  NIH 
and EMBL data bases or from published manuscripts and 
theses and are referenced in column 5 of Table 1. An initial 
screening of the 86 1 pairwise comparisons revealed several 
gene sequences which were either identical in nucleotide 
sequence, differed by fewer than 2 silent nucleotide changes, 
or differed by the deletion of a single codon. The similar or 
duplicate gene/sequences (column 3, Table I) were grouped 
together and given a single SSU sequence abbreviation 
(column 1, Table l), reducing the number of sequences 
analyzed to  3  1,  or  to 465 pairwise comparisons. The genetic 
mapping (VALLEJOS, TANKSLEY and BERNATZKEY 1986)  and 
recently published physical mapping (SUGITA et al. 1987) of 
the tomato SSU sequences, combined with the comparative 
sequence analysis presented in  this manuscript suggest that 
the cDNA sequences, Tm4 and Tm5, represent the RNA 
product of Tm2 and need not have been included in the 
final  set  of sequences analyzed. The nucleotide differences 
between these three sequences probably represent discrep- 
ancies  in sequencing or recording into  the  data base and 
have little impact on the  text of the manuscript. Therefore, 
Tm4 and Tm5 sequences have been omitted from most 
discussions  in the text. 

Alignment and some editing of the  mature portion of the 
SSU sequences is required because the PERLER et al. (1980) 
analysis proceeds codon by codon and  therefore can only  be 
carried out  on sequences of the same length. Each sequence 
was aligned for maximum  homology  (SMITH and WATER- 
MAN 198 1) with the  mature soybean sequence, Soyl which 
contains 369 nucleotides (BERRY-LOWE et al. 1982). Only 
alignments which kept codons intact were accepted. The 
alignment of four example sequences are shown  in Figure 
1. Based on  the numbering of the  123 codons in the  mature 
soybean sequence, Soyl (BERRY-LOWE et al. 1982),  the 
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TABLE 1 

Ribulose-l,5-bisphosphate carboxylase  small  subunit  sequences examined 
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Abbrev.  Genus,  species 
IVS 

Gene/Clone No. Reference 

Anb 1 

Ancl 
Cmyl 
Cmy2 
CUC 1 
Cyn 1 
Fla 1 
Ice 1 
Lem 1 
Lem2 
Lem3 
Pea 1 
Pea2 
Pea3 
Pet 1 
Pet2 
Pet3* 
Pot 1 

- 
- 

- 

- 
soy 1 
Soy2 
Sun 1 
Tm 1 

Tm2* 
Tm3 

Tm4 
Tm5 
Tobl 

Tob2* 
Wh 1 
Wh2 
Zeal 

- 

Anabaena 7  120 

Anacystis  nidulans 6301 
Chlamydomonas  reinhardtii 

Cucumis  sativus 
Cyanophora  paradoxa 
Flaveria  trineruia 
Mesembryanthemum  cyrstallinum 
Lemna  gibba 

Pisum  sativum 

Petunia “Mitchell” 

Solanum  tuberosum 
Glycine  max 

Helianthus  annuus 
Lycopersicon esculentum 

Nicotiana  sylvestris 

Nicotiana  tabacum 
Triticum  aestivum var. ERA 

Zea mays 

An606 

pANPll55 
rbcS 1 
rbcS2 

rbcS 
None 
rbcS 
5A - 5B 
40A - 40 B 

pcu5/1539 

pLgSSU 

pPS-2.4 
rbcS-3A - 3C 

ss3.6 
61 1 
ssul lA, 51 1 
301, ssu8 
rbcS-c 
SRS 1 
SRS4 
rbcS 
RbcS- 1 
LESS 1  7 
R~cs-2 
Rbcs-3A 
-3B, 3C 

LESS5 
pSTV34, 
pSEM 1 , 2  
NtSS23 

Rbcs-2A 

pws4.3 
PW9 
rbcs - ssu 

0 

0 
3 
3 

cDNA 
0 

cDNA 
cDNA 

1 
1 

cDNA 
2 
2 
2 
2 
2 
3 

cDNA 
2 
2 
2 
2 

cDNA 
3 
2 

cDNA 
cDNA 
cDNA 

2 
3 
1 

cDNA 
1 

NIERZWICKI-BAUER, CURTIS and HASELKORN 

SHINOZAKI and  SUCIURA (1 983) 
GOLDSCHMIDT~LERMONT  and RAHIRE (1 986) 
GOLDSCHMIDT-CLERMONT and RAHIRE (1 986) 
GREENLAND, THOMAS and WALDEN (1 987) 
STARNES et al. (1 985) 
ADAMS et al. (1 987) 
DERWHER et al. (1 987) 
STIEKEMA, WIMPEE and TOBIN (1 983) 
WIMPEE (1 984) 
STIEKEMA, WIMPEE and TOBIN (1 983) 
FLUHR et al. (1 986) 
CORUZZI et al. (1 984) 
CASHMORE (1 983) 
DEAN et al. (1 987) 
TUMER et al. (1 986) and DEAN et al. (1 987) 
DEAN et al. (1 987) and TUMER et al. (1 986) 
WOLTER et al. (1 988) 
BERRY-LOWE et al. (1 982) 
GRANDBASTIEN et al. (1 986) 
WAKSMAN,  LEBRUN and FREYSSINET (1 987) 
SUCITA et al. (1 987) and PICHERSKY et al. (1 986) 
MCKNIGHT, ALEXANDER and BABCOCK (1986) 
SUCITA et al. (1 987) 
SUCITA et al. (1 987) and 
PICHERSKY et al. (1 986) 
PICHERSKY et al. (1 986) 
MCKNIGHT, ALEXANDER  and BABCOCK  (1 986) 
PINCK et al. (1 984) 

MAZUR and CHUI (1 985) 
BROCLIE et al. (1 983) 
BROCLIE et al. (1 983) 
LEBRUN, WAKSMAN and FREYSSINET (1 987) and 

(1984) 

MATSUOKA et al. (1 987) 

Abbrev. is the abbreviation used  in this manuscript to describe a particular SSU sequence. cDNA sequences are underlined. The genes 
within Solanaceae with three introns which are discussed  in detail in the text are marked with an asterisk. Gene/clone is the designation given 
to this sequence in the original published manuscript. When two genes/clones differ by only one or two nucleotide substitutions they are 
given the same Abbrev. and shown to be approximately (-) the same sequence. Genes/clones which are identical in sequence are separated 
by a comma. IVS No. refers to  the number of intervening sequences which interrupt  the transcript of this SSU gene, unless a cDNA clone 
was analyzed. 

following editorial changes were made in the remaining 
sequences (for examples see Figure 1). Place marker codons 
(XXX) were inserted to make up  for deletion of codons 
relative to  the soybean sequence. After codon position  two, 
Ambl  and  Cynl had 2  and  3 marker codons inserted, 
respectively; after position 33 Zeal received one marker 
codon; after position 45  Anbl and  Ancl received one codon 
while Cynl received 4 codons; after position  47 Leml, 2, 
3, and  Zeal received one codon and Anbl received 8 
codons; after position 48  Ancl received 8 codons; after 
position 55 Cynl received 7 codons; after position 62  Ancl 
and  Anbl each received 3 codons; after position 65  Cynl 
received 1 codon; after position 12  1 Cyn 1 received 2 marker 
codons and  the  three Lem sequences received 2 codons. 
Comparisons between codons where one  or both codons 
were marker codons were not scored at all and had little 
impact on  the calculated nucleotide substitutions of  two 
mature SSU sequences, since the values were based on  a 
fraction of  all  possible diverging sites  (see  below) and not 

I _  

the absolute numbers of changes. An extra 1 and  5 codons 
were deleted from the  Cmyl  and Cmy2 sequences after 
positions 44 and  60, respectively. After codon 47 one codon 
was deleted from Wh 1  and Wh2  sequences. All extra codons 
after codon 123 were deleted from the Cuc 1, Ice 1, Cmy 1 - 
2  and  Whl-2 sequences. These editorial changes resulted in 
all 123 codons being compared among dicots sequences and 
approximately 106 codons being compared between angio- 
sperms and  the most distantly related sequence from cyano- 
bacterial species, Cynl (Figure 1). In this  case, 47-49 of the 
106 codons (3  18 nt) compared encode identical amino acids. 
For comparison, when the nuclear encoded 18s rRNA 
sequence from maize is compared to  the 16s rRNA se- 
quence from Anacystis there are 1090 alignable positions 
and  529 of these are nucleotide differences (LAKE 1987). 
Even  in these distant comparisons many fewer ambiguities 
arise in the alignment of SSU sequences than for rRNA 
small subunit sequences (LAKE  1987).  Furthermore, differ- 
ences in the total numbers of SSU codons compared should 
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27 54 
ATG  CAG  GTG  TGG  CCA  CCA ATT GGC  AAG  AAG  AAG TTC GAG ACT CTT TCC TAC  TTG 
MET G l n   V a l   T r p  Pro Pro I le Gly L y s   L y s   L y s  Phe G l u   T h r   L e u  Ser T y r   L e u  
ATG  CAG  GTA  TGG  CCA  CCA TAT GGA  AAG  AAG  AAG  TAC  GAG  ACA CTC  TCA  TAC CTT 

ATG  CAG  GTG  TGG  CCG  GCC  TAC  GGC  AAC  AAG  AAG TTC GAG  ACG CTG  TCG  TAC  CTG 

ATG  CAA XXX XXX XXX CTT AGA  GTA  GAA  CGT  AAG TTC GAA ACT TTT  TCT TAT  TTA 

18 
81 108 

CCA  GAC CTC GAT  GAT  GCC  CAA TTG GCC  AAG  GAA  GTC  GAA  TAC CTT CTA AGG AAA 
P r o   A s p   L e u   A s p   A s p   A l a  Gln L e u   A l a   L y s   G l u   V a l   G l u   T y r   L e u   L e u   A r g   L y s  
CCC  GAT TTG ACC  GAC  GAA  CAA TTG  CTC AAA GAA ATT GAG  TAC CTT TTG AAC  AAG 

CCG CCG CTG TCG ACG GAC GAC CTG CTG AAG CAG GTG GAC TAC CTG CTG CGC AAC 

CCA CCA TTA AAC GAC CAA CAG ATT GCG CGT CAA TTA CAA TAC GCA CTT TCC AAT 
- Pro - Ser T h r  A s p  A s p  - L e u  - Gln - A s p  - - - - A s n  

- Pro - A s n  - G l n  - I le  - Arg G i n   L e u   G l n  - A l a  - Ser A s n  
27 36 

135 1 6 2  
GGA  TGG ATT CCT TGC TTG GAA TTC GAG TTG GAG  CAC  GGT TTC GTG  TAC  CGT  GAG 
Gly T r p  I l e  P r o   C y s   L e u   G l u  Phe G l u   L e u  Glu H i s  Gly Phe V a l   T y r   A r g  Glu 
GGA  TGG GTT CCT TGC TTG GAA TTC GAG ACT GAG  CAC  GGA TTT GTC  TAC  CGT  GAA 

GGC  TGG ATA  CCC  TGC CTC GAG TTC AGC  AAG  GTC XXX GGC TTC GTG  TAC  CGC  GAG 
- Ser L y s   V a l  

GGT TAT AGC  CCA  GCA ATC GAA TTC AGT X X X  X X X  X X X  XXX TTT ACA  GGT AAA GCT 
- T y r  Ser - A l a  I l e  - - Ser - T h r  Gly L y s  Ala 

4 5  54 
189 216 

CAC  AAC AAG TCA CCT CGA  TAC TAT GAT  GGA  CGC  TAC  TGG  ACC  ATG  TGG  AAG  CTG 
H i s  A s n  Lys Ser Pro A r g   T y r   T y r   A s p  Gly Arg T y r   T r p   T h r  MET T r p   L y s   L e u  
TAT CAC  GCA  TCA  CCA  GGA  TAC TAT GAT  GGA  AGG  TAC  TGG  ACA  ATG  TGG  AAG  TTG 

AAC TCC ACC TCC CCG  TGC  TAC  TAC  GAC  GGC  CGC  TAC  TGG  ACC  ATG  TGG  AAG  CTG 

GAA XXX  XXX XXX XXX  XXX XXX  XXX GAC TTA GTA XXX TGG ACT  TTA TGG AAA TTA 
G l u  - L e u   V a l  - - L e u  - - - 

63 72 
243  270 

CCT ATG TTT GGC  TGC ACT GAT  GCT TCT CAG  GTG TTG AAG  GAG CTT CAA  GAG  GCT 
Pro MET P h e  Gly C y s   T h r   A s p   A l a  Ser G l n   V a l   L e u   L y s   G l u   L e u  Gln Glu A l a  
CCC  ATG TTT GGT  TGC  ACT  GAT  GCT  ACC  CAA  GTC  TTG  GGT  GAG  CTC  CAA  GAG GCC 

CCC  ATG TTC GGC  TGC  AAC  GAC  GCC  ACC  CAG  GTG  TAC  AAG  GAG  CTG  CAG  GAG  GCC 

CCT TTA TTT GGT  GCA  CAA TCT CCT GAA  GAA  GTA CTT AGC  GAA ATT CAA  GCT  TGT 
- L e u  - - A l a  Gln Ser P r o  Glu Glu - - Ser - I le  - A l a   C y s  

81 90 
297 3 2 4  

AAG ACT GCA  TAC  CCC  AAT  GGC TTC ATC  CGT  ATC ATT GGA TTT GAC  AAC GTT CGC 

AAG AAG GCT TAC CCA AAT GCA TGG ATC AGA ATC ATC GGA TTC GAC AAC GTT CGT 
L y s  T h r  A l a  T y r  Pro A s n  G l y  P h e  I l e  A r g  I le  I l e  G l y  P h e  A s p  A s n  V a l  A r g  

ATC AAA TCC TAC CCG GAC GCC TTC CAC CGC GTC ATC GGC TTC GAC AAC ATC AAG 

AAA CAA CAG TTC CCT AAT GCT TAC ATT CGT GTT GTA GCA TTT GAC TCT ATC AGA 

" - "  - T y r  - - - - T y r  - - - - - - 

- " -  - A l a   T y r  - A s n  - - - - - - - - - 

" L e u   A r g   V a l  Glu A r g  - - - 
9 

- P h e  - - - 

" - T h r  - Glu - - L e u  - - Ile - - - - A s n  - 

- - V a l  - - - - - - T h r  - - - - - - - - 
- - - - - - - - " " -  

T y r  H i s  A l a  - - G l y  - - - - - - - - - - - - 
A s n  Ser T h r  - - C y s  - - - - - - - - - - - - 

- - - - - - - - T h r  - - - Gly - - - - - 

"" - A s n  - - T h r  - - T y r  - - - - - - 

- L y s  - - - - A l a   T r p  - - - - - - - - - - 

I l e  L y s  Ser - - A s p   A l a  - His - V a l  - - - - - I le  L y s  

- Gln G l n  Phe - - A l a   T y r  - - V a l   V a l   A l a  - - Ser I l e  - 
99 108 

351 
CAA GTG  CAG TGC ATC AGC TTC ATC  GCC  TAC  AAG  CCC  CCA  GGC TTC 
Gln V a l   G l n   C y s  I l e  Ser Phe I le  A l a   T y r   L y s  Pro Pro G l y  P h e  
CAA  GTG  CAG TGC ATC AGT TTC ATT GCC  TAC  AAG  CCC  GAA  GGC  TAC 

CAG  ACG  CAG TGC  GTC AGC TTC ATC  GCC  TAC  AAG  CCC CCG  GGC  AGC 
- Glu - T y r  

CAA GTT CAA ACT TTA ATG TTC TTA GTT TAC AAA CCA TTA XXX XXX 

117 1 2 3  

" " - " - " -  
- T h r  - - V a l  - - - - - - - - - Ser 

" - T h r   L e u  MET - L e u   V a l  - - - L e u  

soy1 

Pet l  

Zeal 

C y n l  

s o y 1  

P e t l  

Zeal 

C y n l  

soy1 

P e t l  

Zeal 

C y n l  

soy1 

Pet l  

Zeal 

C y n l  

s o y 1  

P e t l  

Zeal 

C y n l  

soy1 

P e t l  

Zeal 

C y n l  

soy 1 

P e t l  

Z e a l  

C y n l  

FIGURE 1 .-Alignment of mature SSU sequences. The nucleotide sequence (-369 nt) and  encoded mature SSU polypeptide sequence 
(-123 aa) are presented for four SSU genes with varying degrees of divergence (soybean, Soyl: petunia, Petl; maize, Zeal;  and cyanophora, 
Cynl).  These example sequences illustrate the editing,  alignment,  and  degree of homology  among  numerous distantly related SSU sequences 
compared in this study (for more details see MATERIALS AND METHODS). Insertions of codons to maintain correct codon alignment are marked 
with XXX.  Amino acids which are identical with the soybean Soyl sequence are marked with a (-). Nucleotide numbers for the mature 
sequence are listed above the sequences and mature amino acid numbers below and are based on  the  unedited mature soybean sequence, 
Soyl  (BERRY-LOWE et al. 1982). 
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FIGURE 2.-Species tree relating the 17 organisms from which SSU sequences were examined. The phylogenetic relationships indicated 
are based on mega-fossils, pollen, morphology and chemistry of the various plant groups. When relevant, the taxonomic names of the genus, 
family, order, subclass,  class and kingdom are indicated. The time in  millions of years (MY) refer to  the estimated time of divergence of the 
various species from a common ancestor or the  age of the group. Additional details are given in MATERIALS AND METHODS. 

not bias the calculation of RNS and SNS  since the potential 
number of silent or replacement sites is taken into account 
in  each  pairwise comparison (PERLER et al. 1980). 

Phylogenetic  relationships  among  species: The approx- 
imate phylogenetic relationships among  the 17 species ex- 
amined were inferred from a  literature survey  of the fossil 
record and morphological traits (Figure 2). CRONQUIST'S 
(1981) taxonomic treatment was used for  the 13 angio- 
sperms. Estimates of the divergence time of  two  species 
from a common ancestor were  based on CRONQUIST'S (198 1) 
estimates of the time of origin of each class,  subclass, order 
or family on megafossil and/or fossil pollen data. Nomencla- 
ture  for  a few subfamilies or tribes not described in CRON- 
QUIsT (1981) were taken from BECK (1976) or HEYWOOD 
(1 978). Putative phylogenetic relationships and divergence 
times relating the  three kingdoms, represented by vascular 
plants, green algae and blue green algae were obtained from 
TAYLOR (1981), MARCULIS and  SCHWARTZ  (1982), DOYLE 
and  HICKEY (1 982), JONES and LUCHSINCER (1 986), GUN- 
DERSON et al. (1987),  and  OCHMAN  and WILSON (1987). 
CREPET  and TAYLOR (1985) have  mega-fossil data which 
extends back 56 MY for Papilionoideae, the subfamily to 
which  pea and soybean belong, indicating that their family 
Fabaceae must  be at least  as ancient. The radiation of the 
angiosperm subclasses examined (Commelinidae,  Arecidae, 
Dilleniidae,  Caryophyllidae and Rosidae) lies early enough in 

the evolution of  all angiosperms (1 40 MY) that  no  attempt 
was made to distinguish further  their possible phylogenetic 
relationships or their divergence times. The time of origin 
and  the time of divergence of  most angiosperm subclasses 
will be  assumed to be 140 MY. However, most taxonomic 
treatments based on fossil data suggest a recent divergence 
of the Asteridae from the Rosidae, about 65 MY before the 
present. The divergence of aquatic monocots from other 
monocots occurred some time after  the divergence of mon- 
ocots from dicots and was placed at  120 MY ago. These 
dates represent a minimum estimate of the origin and di- 
vergence of each group since the most ancient members 
(and in particular the common ancestors of the groups 
examined) were probably not prevalent enough to have 
been detected as  fossils. 

In certain cases the calculated divergence times may rep- 
resent overestimates of the actual divergence times for 
several  species. The phylogenetic relationship of the two 
tribes, Cestreae and Solaneae, within the family Solanaceae is 
not clear and thus the divergence time of  all four species 
from a common ancestor will be  assumed to be that of the 
origin of the family, 40 MY ago. Likewise, the time of  family 
origin will be  used to estimate the divergence time between 
the two Asteraceae species (25 MY), two Fabaceae species (56 
MY) and two Poaceae species (70 MY). The oldest fossil 
record for green algal-like eukaryotic cells are dated at 750 
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Lem2 
Tm I 
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Tm3 
soy2 
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Flal  
Sun1 

Cmy2 
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A n c l  
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Pel3 Pcal  Pel1 P e l 2  LemZ Tml  Tm2 Tm3 Soy2 C y n l  Zeal Flal Sun1 Ice1 Cmy2 C m y l  Ancl  Soy1 Anbl  

0 ,8128 , 4020   , 6479   1565   , 7367   , 3676   , 5578   , 9276  NaN 1.816  .9087  1.114  ,7377  1.959  1.5984.438  36422.567 
,2104 0 ,7178  ,9968 NaN ,9875  ,7539  ,9400.6478  1.084 NaN ,8868 1.013 1.163 NaN NaN 1.656  ,7306  1.961 
,0095  ,1949 0 ,7982  1.773  ,7834  ,3886 S 3 1 1  ,9150 NaN  NaN 1.040  1.093  ,8806 NaN  NaN 2.137  ,9803  1.934 
,0071  .2040.0103 0 1.078 1 . 1 1 5  ,8188 ,6552 1.024 NaN 1.426  ,9985  1.111  ,8241  1.614 1.382 1.579  1.034 NaN 
,1896  ,2568  ,1966  ,1785 0 NaN  NaN 1.7172.260 NaN .4903  1.449  1.982  1.221  ,4434  ,3769.9247  1.2072.150 
,0878  .2092  ,0895 ,1015 ,2077 0 ,6699  ,6149  ,7252 NaN NaN 1.127  1.120  1.136  1.902  5.016 NaN ,7596  1.749 
,0816  ,1938  ,0711  ,0827  ,1903  ,0223 0 ,5710  ,8302 NaN NaN 1.088 ,9520  ,9338 NaN  NaN  NaN ,8467 NaN 
,0826  ,1929  ,0722 ,0838 ,1952  ,0174  ,0071 0 ,8488 NaN 1.384  1.037 1:OSl .6938 NaN 4.807 1.224 ,9466 NaN 
,1235  ,1467.1318  ,1295 ,2013 ,1619.1569  ,1591 0 2.427  1.297 1.053 1.243  ,8594 1.305 1.524 NaN ,23221 .898  
,5664  ,6528  ,5701  ,5680  ,6061 ,5880 ,5987  ,6093  ,5464 0 NaN 1.416  1.136 2.181 NaN  NaN NaN NaN 1.623 
,2311  ,2506,2391  ,2321  ,1963  .2648  ,2741  ,2689.2410  ,5996 0 1.786 NaN 1.408  ,4222  ,4058  ,8329 1.212 NaN 
, 1 5 3 5  ,2119  ,1668  ,1659  ,2126  .I715  ,1780  ,1795  ,1394  ,5998  ,2473 0 ,4634 1.003 NaN NaN 1.406  ,8657  2.667 
,2062  ,1911  ,1938  ,2050.2293  .2198.20J7   ,2021  ,1772  ,6017  ,3018  ,0719 0 ,9525  1.584  1.971 NaN ,9618  1 .633 
,1463  ,1965  ,1451  ,1507  . I876  ,1557 ,1515 ,1499  ,1539  ,5539  ,2313  ,1762.2072 0 1.522 1.289  1.408  ,9097  1.650 
,4289  ,4235  ,4300  ,4260  ,4172  ,4105  ,4188  ,4151  ,4056  .4947  ,4434  ,4285  .4383  ,4198 0 ,0471  1.027 1.151 1.753 
,4204  ,4401  ,4215  ,4175  ,4124  ,4085  .4104  .4105  ,4152  ,4911  ,4420  ,435  ,4500  ,4058  ,0139 0 1.006  1.278  2.235 

,1226 ,1401 ,1307 ,1286 ,214 ,1591 ,1492 ,1485.0169 3 4 6 4 . 2 3 0 3  ,1492 ,1781  ,1630 ,427 .4426.5334 0 1.355 
, 5 8 5 1  ,5986 ,5677 ,5519 ,5923 ,5954 ,5955 ,6031 ,5330 ,4468  ,6184 ,6009  ,5490 ,5706 ,5133 ,5101 0 1.288 1.596 

,5382 ,5325 ,5296 ,5234 ,5293 ,5719 ,5750 ,5746  SO14 ,3392 ,5505 , 5 3 8 3  ,5578 ,5527 ,5907 ,5693 ,2880 ,4978 0 

Lem3 W h l  Pes2  Pea3 C u c l  Tobl  Tm4 Tm5 Leml Wh2 Pall  TobZ 

1.423  1.786  ,8597  ,8620  ,8953  ,4806 , 3 8 1 8  .3796  1.852  1.425  ,5317  ,4119 

1.606 NaN ,7541  ,7794 1.018 ,4397  ,3732  ,4024  2.260 NaN ,5635  ,3769 
NaN NaN ,0421  ,0807  ,8620  ,8845  ,7539  .77S7 NaN 1.759  ,9249  ,8845 

,0991  ,5459 NaN  NaN 1.057 NaN 2.010 NaN ,0748  ,5945 NaN 2.096 
1.052 1 . 5 1 1  1.060  1.222  1.065  ,7063  ,8744 ,8315 1.204  1.395  ,9543.6183 

NaN 1.794  ,9434  1.041  ,9688  ,5664  ,6863  ,6824 NaN 1.609  ,2419.5664 
NaN 2.185 ,7768 ,8181 ,811  ,4427  ,0272  ,0087 NaN 1.839 ,5188 ,3698 
1.431 NaN ,9279  1.016  ,7835  ,4977  ,5901  ,5861 NaN 4.694  ,3945  ,4800 
1.256  1.369  ,7163  ,6728  ,5267  ,7637  ,8879  ,8465 NaN 1.368  ,6018  ,7226 

,5617 ,4836  NaN NaN 1.717 1.662 NaN NsN 3 0 7 0 . 6 3 2 4  I 6 0 4  1.471 
NaN NaN 1.058 1.055 NaN NaN NaN NaN NaN 3.703 NaN NaN 

1.292  1.371  ,9311 1.005 ,9914  ,8913 1.112 1.117  1.460  1.295  ,9039  ,8913 
1.697  1.345  1.024  1.192  1.157  1.056 1.003 ,9822 NaN 1.258  ,8907  1.056 
1.294  1.258 1.225 1.206  ,7483  ,9182  ,8578  ,9712  1.397  1.196  ,7642  ,8705 
,4836 .7601  NaN NaN 1.408 NaN NaN  NaN ,4892 ,8009  1.850 NaN 
,4675  ,7748 NaN  NaN 1.283 NaN NaN  NaN ,4198  ,8712  1 .9554.858 
,9347  1.437  1.799  1.671  1.425 1.581 NaN NaN ,9049  1.465 NaN 1.305 

2.237 2.117 2.008 1.712 1.909 NaN NaN NaN 5 650 1 0 7 6  I 001) N-N 
1.102 1.335 ,8056 ,8094 ,6104 ,7824 ,9068 ,8641 1.222 L l l 4  ,6833 .7412 

Lem3 ,2030  ,2639  ,2101  ,1919  ,0218 2 1 3 0  ,1956  ,2087  .2219  .6152  .22?4  .2267  .2448 2 1 7 5  .4525  .4475  .6241  .2106 s 5 1 8  0 ,5462 NaN NaN I 091  N ~ N  I ann  N ~ N  n6.95 I 1 1 s  d AS? 
. - . .. , "  

. ~~~ ~ ~ ~.. .~~ ~ ~ ~... ~ ~ 

W h l  ,2440  ,2573  ,2557  ,2428  ,1768  ,2388  ,2552  ,2579  ,2378  ,5900  ,1683 ,2288 ,2478  .2300.4371  ,4351  ,5957  ,2477  ,6155 ,1918 0 NaN NaN 2.089  1.605  1.990  2.212  ,5645  ,2261  1.336 1 . 5 2 5  
Pea2  ,2104 0 ,1949  ,2040.2568  ,2092,1938  ,1929.1467  ,6528  ,2506  .2119.1911  .1965.4235  ,4401  ,5986  ,1401  ,5325 ,2639 ,2573  0 ,0971  ,9471  ,8896  ,7768,8035 NaN 2 . 3 5 1  , 9179 ,8896  
Pea3  ,2016  ,0041  ,1860  ,1951  ,2448  ,2004  ,1849  ,1840  ,1574  .6411  ,2348  ,2215 .ZOO0 ,1961  ,4446  ,4457  ,6038  ,1409  ,5203 ,2520  ,2437  .004l 0 ,9002  ,9555 ,8580 ,8470 NaN 5.080 ,9963  ,9555 
Cucl  ,1946  ,2364,1931  .1962.1911  ,2045  ,1997  ,2042.1696  ,5469.2591  ,2072.2165  ,2275  ,4440  ,4559,5858  ,1706,5749 ,2156 ,2313   , 2364 ,2336  0 ,8919  ,899  ,8289  1 .2102.290  .7482.8492 

.~ - ~ - - ..I_- " " - ~  . . ,~"_._".  

Tm4 ,0816 ,1938  ,0711 ,0827  ,1903 ,0223 0 ,0071 ,1569 ,5987 ,2741 ,1780 ,2057 ,1515 ,4188 ,4104 ,5955  ,1492 ,5804 ,1956 ,2552 ,1938 ,1849 ,1997 ,0311 0 ,0366 NaN 1.743 3 3 1 6  3705 
Tobl ,0949 ,1670 ,0843  ,0962.2083 ,0460 , 0 3 1 1  ,0304 ,1542 ,5999 ,2747 ,1696 ,1938 ,1461 ,3990 ,4078  ,5827 ,1467 ,5711 ,2138 ,2568 ,1670 ,1610 ,1942 0 ,4420 ,4524 NaN 1.514 ,4316 ,0620 

Tm5 ,0851 .1900.0746  ,0862  ,1863  ,0255 ,0031 .0102.1531  ,6037  ,2697  ,1742  ,2017  ,1477  ,4133  ,4049  ,6084  ,1455  ,5677  ,1916  ,2509  ,1900 . I810  ,1997  ,0279 ,0031 0 NaN 1.851 .5290  ,3799 
Leml  ,1917  ,2591  .I987  ,1805 0 ,2084  ,1911  ,1960  ,2034  ,6101  ,1923  ,2148  ,2350  ,1897  ,4124  ,4076  ,5962  ,2161  ,5329 .0218 ,1759  ,2591  ,2471  ,1962  ,2104  ,1911  ,1871 0 ,5801 N ~ N  N ~ N  
Wh2 ,2520  ,2596.2637  ,2508  ,1793  ,2467  ,2611  ,2604  ,2404  ,5778  ,1622  ,2346  ,2481 ,2305 ,4430  ,4412  ,5947  ,2536  ,6088  ,1943  ,0057  ,2596  ,2462  ,2318  ,2626  ,2611  ,2567  ,1784 0 1.371  1.441 
Pot1  ,0877  ,1906.0824  ,0943  ,2084  ,0319.0419  ,0369  ,1417  ,6211  ,2649  .I643  ,2042  ,1363  ,4302  ,4217 , 5 8 1 3  ,1389  ,5302  ,2138  ,2345  .1906.1817  ,2121  ,0527  ,0419  ,0386  ,2092.2424 0 ,4316 
Tob2  ,0949  ,1670  ,0843  ,0962  ,2083  ,0460 ,0311 ,0304  ,1542  ,5999  ,2747  ,1696.1938  ,1461  ,3990  ,4078  ,5827  ,1467  ,5711  ,2138  ,2568  .167O.I610  ,1942 0 ,0311 ,0279 ,2104 ,2626  ,0527 0 

~~~ ~~. . 

FIGURE 3.-Nucleotide substitution among SSU sequences. The corrected RNS  values  (below the diagonal) and  the corrected SNS values 
(above the diagonal) are shown for 31 pairwise comparisons of the SSU mature coding sequence. The largest correction  for multiple hit 
kinetics in the RNS data  occurred for the Cynl/Peal comparison correcting 0.3964 to 0.6528 RNS, shown  in the table. NaN refers to the 
corrected SNS  values  which approach infinity and thus were not numbers. 

MY. Furthermore, there is increasing  evidence  that  diver- 
gence of the plant, animal and  fungal  groups  occurred  at 
1000 MY and  that  the split between  green  algae is higher 
plants  occurred 600-800 MY. Therefore, a value of 750 
MY is used for the divergence of green  algae  and  higher 
plants from a common ancestor.  Although  the  blue  green 
algae can be traced back  3700 MY, the  period of greatest 
radiation of cyanobacterial  species  based on fossil data (MAR- 
GULIS and SCHWARTZ 1982),  ribosomal RNA sequence  data 
(SOGIN et al. 1987)  and oxygen  accumulation (OCHMANN 
and WILSON 1987) is estimated to be from 600 to  2500 MY. 
Thus, the  origin  and  divergence of the two  blue  green  algal 
species, Anacystis and Anabaena, and  one  blue  green  algal 
symbiont, Cyanophora, is placed  approximately at 1500 MY. 
It has been  estimated  that the divergence of blue  green 
bacteria  from the endosymbiotic  precursor of mitochondria 
and  chloroplasts may have occurred  1300-1500 MY ago 
(OCHMANN and WILSON 1987). Even though  eukaryotic 
plant cells probably  arose less than  800 MY, it is not clear 
that any of the extant blue  green  bacteria  examined are in 
this direct line to eukaryotes  and thus the divergence time 
of these blue  green  bacteria  from  the  plant  kingdom  and 
from the green alga examined is presumed  to be 1500 MY. 

RESULTS 

The mature  portion of SSU is a well conserved 
polypeptide  found in most eukaryotic  photosynthetic 
cells and in the blue  green  bacteria. The molecular 
evolution of the DNA sequences  encoding the  mature 
SSU polypeptide has been investigated in order  to 
begin to  understand  the evolutionary  constraints and 
genetic mechanisms which have  guided  changes in 
these genes over several thousand million years. 

Silent and  replacement nucleotide substitution: 
The fractions of corrected  SNS  and  RNS were  ex- 
amined  among  the  31  representative  mature SSU 
sequences (Table  1)  and  the resulting 465 pairwise 
sequence  comparisons are shown in Figure  3.  Cor- 

rected  SNS as a  fraction of the total  potential  SNS 
sites are shown in the  upper half of Figure 3, while 
the  corrected RNS as fraction of all potential  RNS 
sites are shown on  the lower half of  Figure 3. The 
values of corrected  RNS  are summarized  in Table 2 
for several categories of comparisons  of SSU genes. 
Two  or  more  gene family members with measurable 
sequence  divergence  were  examined  from  eight dif- 
ferent eukaryotic species. Among all comparisons the 
lowest RNS values were obtained  for  the comparisons 
among  the genes within each of these SSU gene 
families and  ranged  from 0 to  0.026 (0-2.6%). The 
fraction  of  RNS was also small (0.027-0.1) for com- 
parisons among SSU genes from  the  four  different 
species of family Solanaceae (Petl-3;  Tobl, 2;  Pot1 ; 
Tml-3)  and between the two species of family Aster- 
aceae (Sunl;  Flal). Significantly more  RNS was ob- 
tained  for SSU comparisons among  three subfamilies 
of monocots, the five families of dicots  examined 
(group C,  0.12-0.207) and between the SSU se- 
quences  from  monocots and dicots  (group D, 0.207- 
0.3). A distinct  increase in RNS is obtained  for com- 
parisons of the SSU sequences  from the Protocista 
green  algae Chlamydomonas (Cmy) with all other  eu- 
karyotic sequences (group E, 0.34-0.46). Another 
significant increase in RNS is observed for all com- 
parisons of the prokaryotic  cyanobacterial SSU se- 
quences and eukaryotic  sequences (group F, 0.49- 
0.65). 

All 465 pairwise gene  comparisons fit within these 
classes of RNS with the following exceptions involving 
groups  C, D and E (Table 2). All comparisons of 
soybean with pea SSU sequences give RNS values 
greater  than most comparisons within a family and 
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TABLE 2 

Summary of corrected RNS values for 465 SSU comparisons 

Group Majority of SSU comparisons in category Corrected RNS comparisons exceptions 
No. No. 

A Within gene families 0-0.026 23 0 
B Among different Solanaceae or among Asteraceae species 0.027-0.1 0 42 0 
C Among subfamilies of monocots or among families of dicots 0.12-0.207 151 32“ 
D Between monocots and dicots 0.207-0.302 111  13’ 
E Between green algae and angiosperms 0.34-0.46 54 2 
F Between cyanobacteria and eukaryotes 0.49-0.65 84 0 

a Most of the exceptions which do not fit in this category are comparisons of the SSU sequences of the monocot, Lemna, with SSU 
se uences in dicot species. a Most of the exceptions which do not fit into this class are comparisons of SSU sequences among  a few distant subclasses of dicots. 

fall  in group C .  The break between groups C and D 
(0.207) is the least precisely defined. Eleven compar- 
isons of sequences among dicot subclasses  show large 
RNS values (>0.207) and also fall within group D 
comparisons, monocots with dicots. Twenty five com- 
parisons of Lemna sequences with dicot sequences 
give lower RNS values than  other monocot vs. dicot 
comparisons and fall in group C. The comparisons 
among  the  three cyanobacterial sequences (Cynl , 
Ancl  and  Anbl) which ranged  from  0.288  to  0.41 do 
not fit within the headings  provided in Table 2 and 
have  been listed as exceptions. The taxonomic rela- 
tionships of the members of this group  to  one  another 
are obscure. 

The numbers of silent nucleotide  substitutions were 
so high in comparison across subclasses, divisions and 
kingdoms that most silent site  changes occurred  at 
sites that  had already  changed at least once. Thus 
most of these  observed  SNS values give corrected SNS 
values greater  than 1 (or >loo% SNS). However, 
most of the sequence comparisons within individual 
subclasses  show low SNS values and will be discussed 
in greater detail below. 

A phenogram  based on RNS reveals  concerted 
evolution within all gene  families: A tree of SSU 
sequences (Figure 4) shows the relationship of each of 
the  31 SSU sequences to each other based on  the 
corrected RNS data  (Figure 3). This  gene  tree was 
developed using the  neighbor  joining  method of SAI- 
TOU and NEI (1987). A similar tree  (not shown) with 
only a few structural  differences was obtained using 
the unweighted pair group mean  averaging  method, 
UPGMA (SOKAL and SNEATH  1963). 

It is logical to assume that  the ancestral plant species 
at each node in the  phenogram  contained its own SSU 
multigene family. The individual members of this 
gene family would have diverged to some degree  from 
each other. Derivatives of this plant would be  ex- 
pected to maintain these SSU “gene lineages” with 
some  sequence changes. However,  enough of the 
original sequence  of each “gene  lineage”  should  be 
maintained so that each could  be  identified as a dis- 

.”” 

04 1 / . i27  Anbl 

FIGURE 4.-Phenogram relating mature SSU sequences based 
on  corrected RNS. This gene tree was constructed by the neighbor 
joining  method (SAITOU and NEI 1987) using corrected RNS  values 
(Table 2). The RNS distances relating all sequences as calculated 
by this method are shown for branches of significant length. They 
are approximately proportional to  the fractional RNS  values (Table 
2) between any two particular species  shown in the  tree. Although 
this is an unrooted tree, it  has been displayed  in  this orientation to 
show  its similarity to  the species tree in Figure 2. SSU sequence 
designations may be referred to Table 1. The Pet3*, Tm2* and 
Tob2*  are highlighted by an asterisk to distinguish their  three- 
intron  structure  from  the remaining dicot sequences, which  have 
only  two introns.  Mature SSU sequences derived from cDNA clones 
are underlined. The portion of the RNS tree relating SSU se- 
quences from family Solanaceae is expanded in Figure 5A. 

tinct and ancient lineage. Therefore, it is reasonable 
to attempt  to identify ancient lineages of SSU se- 
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quences within SSU gene families which predate  the 
divergence of the species. Although SSU sequences 
are moderately well conserved,  these lineages should 
show some differences in RNS positions relative to 
each other since significant RNS has accumulated in 
the SSU genes  among all divergent species (BERRY- 
LOWE et al .  1982; PICHERSKY et a l .  1986).  However, 
the most striking  feature of the neighbor  joining tree 
(Figure 4), which is confirmed in the UPGMA tree, is 
that all the  mature SSU sequences within any single 
species are  more similar to each other  than  to  the SSU 
genes in even the most closely related species. This 
result holds for all  of the SSU gene family members 
examined within eight  different  multigene families 
representing  members of the monocots, dicots, and 
one  green algal species.' 

If ancient lineages of SSU sequences exist, which 
predate species divergence, they might  be most ob- 
vious  in comparisons of SSU sequences among  the 
relatively closely related species of Solanaceae. The 
majority of SSU sequences and  gene subfamilies have 
been characterized in petunia and tomato. The three 
different SSU gene subfamily representatives  exam- 
ined  from  tomato (Tml-Tm3)  are distributed on 
three  different  chromosomes (VALLEJOS, TANKSLEY 
and BERNATZKEY  1986) and  the  three  gene subfamily 
representatives  examined  from  Petunia  (Pet 1-3) are 
not closely linked (DEAN et a l .  1987). Petl, Pet2  and 
Pet3,  representing the  three divergent SSU gene 
subfamilies in petunia, have very  few RNS between 
them. (Also see group A in Table  2.) However, when 
petunia SSU sequences are compared with SSU se- 
quences  from  tomato, tobacco and  potato, or with any 
other higher plant species, significantly more RNS are 
observed across species. Based on the conservation in 
RNS positions for individual members of these SSU 
gene families, no obvious lineages are conserved 
across these species within Solanaceae. 

Concerted evolution among SSU genes evidently 
occurs within genes with different  numbers of introns, 
located on nonhomologous chromosomes. All  of the 
SSU genes examined in  division Dicotyledona have only 
two introns with the exception of the family Solanaceae 
where a single gene family member with three  introns 
has been characterized in several species. These  three 
intron genes have been  found in petunia  (Pet3*), 
tomato (Tm2*)  and tobacco (Tob2")  and  are marked 
with an asterisk in Table  1, Figure  4, and Figure  5A, 
where  the  expanded  examination of RNS between 
Solanaceae species is shown. The position of the  third 
intron is identical in Pet3*, Tm2*  and  Tob2*. All 
other genes examined  from the gene families within 
Solanaceae have the two introns typical  of SSU se- 
quences from dicots. It is unlikely that  a  third  intron 
arose  independently in precisely the same location in 
each of these Solanaceae species. Therefore  Pet3*, 
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FIGURE 5.-Phenograms relating mature SSU  sequences from 
family Solanaceae. Bars indicate relative scales of the two trees based 
on fractional corrected RNS (A) or fractional corrected SNS (B). 
For more details see Figure 3. 

Tm2*  and  Tob2* would be expected to  share  a single 
common  ancestral  gene,  belonging to  an ancient  gene 
lineage, which predates  the  divergence of these  genera 
of Solanaceae and which had  diverged at  that  time 
from  the  gene lineage containing two introns. Yet, 
the  mature  portions of each of the SSU genes contain- 
ing three  introns have fewer RNS when compared  to 
members of their own gene family than when com- 
pared  to  their  three  intron  counterparts in the  other 
species  of Solanaceae. Thus,  concerted evolution has 
obscured variation among  ancient lineages predicted 
based on intron  structure  and on divergent  chromo- 
somal locations. A similar relationship has been ob- 
served  among two classes  of 7s seed storage  protein 
genes in Fabales, where the genes with and without 
an  insertion in soybean show more homology than 
gene comparisons of either class of 7s gene between 
soybean and common bean (DOYLE et al .  1986). 

Ancient lineages of SSU sequences which predate 
species divergence also are not clearly revealed by 
SNS comparisons. Figure 4B  shows the NJ tree  for 
the  corrected SNS between the Solanaceae SSU genes 
examined. As expected, SNS accumulate  much  more 
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rapidly than  RNS  between closely related species (Fig- 
ure 3) and this is revealed in the  longer  branch  lengths 
between most sequences. The SNS tree is distinct 
from  the RNS tree in that it does not reveal sequence 
similarity between all the SSU genes within a  gene 
family. However, there is not  enough similarity in 
SNS  among  members of the  three-intron SSU gene 
lineage across species which would completely distin- 
guish this lineage from  the  other SSU gene family 
members within a species. For  example, Tob2*, a 
three  intron  gene, is closer to Tobl  , a  gene  containing 
two introns,  than  to Tm2* or Pet3*. Likewise, Pet3* 
is as close to  Pet1  as it is to  Tm2*. The variability in 
SNS accumulation and  branch length is due in part  to 
the fact that many of the SNS positions have been 
changed  more  than  once and will be addressed in the 
discussion. 

Since ancient lineages of SSU genes which predate 
species divergence  cannot  be  detected within the  eight 
multigene families examined  a mechanism of con- 
certed evolution must regularly  homogenize the SSU 
gene sequences. The fact that two-intron and  three- 
intron  containing genes can share  the same nucleotide 
sequences suggests that  gene conversion plays a sig- 
nificant role in the  concerted  evolution of this gene 
family (NAGYLAKI and PETES 1982; NAGYLAKI 1988). 
SSU multigene families have been  found in  all eukar- 
yotes in  which the SSU genes  have  been  examined in 
detail. It is likely, therefore,  that a mechanism of 
concerted evolution has acted on  the SSU multigene 
families throughout  the history of most photosyn- 
thetic  eukaryotes. Furthermore, based on  the  data in 
the family Solanaceae and  the limited sequence  differ- 
ence within each of the  gene families examined, it is 
likely that  concerted evolution has acted  on  the SSU 
sequences at least once in the life of each genus. 

Correlation between the  gene  tree  and  the  species 
tree: As with ribosomal gene families, the inability to 
observe  ancient lineages of SSU genes within gene 
families based on DNA sequence allows mature SSU 
sequences to be  compared across plant species. In 
other words, the divergence  time of the individual 
multigene family members  need  not  be  considered as 
significant when comparing SSU sequences between 
different species. Figure  2  presents the proposed phy- 
logenetic relationships among  the  17  genera exam- 
ined  from organismal and geologic considerations as 
described in MATERIALS AND METHODS. There is an 
obvious similarity in the  neighbor  joining SSU gene 
tree (Figure 4) and  the species tree (Figure 2). 

Estimating  rates of accumulation of SNS and RNS 
in SSU sequences: The overall similarity of the RNS- 
based gene tree  and morphologically based species 
tree allows a calculation of the rates at which SNS and 
RNS have accumulated  among SSU sequences in dif- 
ferent organisms. Because all the sequences within a 

gene family have been  homogenized, the divergence 
of the individual SSU sequences within a  multigene 
family and  their  gene lineages need  not  be  considered. 
The fraction of SNS and RNS for SSU genes in 
different species is compared with the  approximate 
time of divergence of the species from  a  common 
ancestor. The divergence times, in millions of years 
(MY), are shown in Figure  2 and  represent only an 
estimate for  the firm establishment of that  plant group 
based on fossil plant and pollen data (see MATERIALS 
AND METHODS). 

Figure 6, A and C ,  examines  RNS and SNS, respec- 
tively, as a  function of 1500 MY of divergence  for 
442 pairwise comparisons of SSU sequences among 
all 17 species examined.  Figure 6, B and D, expands 
data in A and C ,  respectively, examining only the first 
70 MY of divergence. The  23 comparisons made 
among  multigene family members within their  parent 
species were omitted, because no estimate of their 
divergence  time can be made  from  the fossil record 
(group A, Table 2). 

The fraction of corrected  RNS  between any two 
SSU sequences increases relatively rapidly for  the first 
70-1 00 MY until it reaches  a level of 0.2  (20%; Figure 
6A). From this point the  corrected RNS increases 
very slowly for the  next  1400 MY of divergence, 
suggesting that SSU sequences are restricted by some 
mechanism against further rapid  change in RNS. Al- 
though  the  rate of accumulation of corrected  RNS is 
not  linear  over the  entire time  period  examined, it is 
instructive to calculate the expected  rates of diver- 
gence  predicted  from the initial and late  divergence 
times in Figure 6, B and A, respectively. In calculating 
expected  nucleotide  substitution  rates, the combined 
divergence  time of both species from  a  common ances- 
tor must be considered ( i e . ,  twice the time shown in 
Figures  1 and 6). The expected rate of RNS is nearly 
linear during  the initial 70 MY of divergence,  -1.25 
(rt0.32) X 1 O-g/site/yr (1 % RNA/8 MY), with a  rapid 
decline in the  rate beginning during  the  next  70 MY 
of divergence. The expected rate of RNS for  the 
divergence of monocots and dicots from  green algal 
and cyanobacterial sequences, covering the next 1400 
MY is -0.13  (rt0.06) X 10-g/site/yr (1% RNS/75 
MY). This  rate is 10 times slower than  the  rate  at 
which RNS  accumulate during  the first  70 MY. Be- 
cause this change in the  rate of RNS accumulation 
occurs at such low RNS values it is not due to problems 
of multiple hit kinetics (see discussion, PERLER et a l .  
1980). 

The  rate of accumulation of SNS is significantly 
greater  than  for RNS and  there is a  much greater 
spread in the SNS data,  but  the same overall shape is 
observed in these  curves  (compare  Figure 6, A to C ) .  
The accumulation of corrected SNS is nearly linear 
during  the first 70 MY of divergence, when it reaches 
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FIGURE 6.-Corrected RNS and corrected SNS as a function of time. In A and C, corrected RNS and corrected SNS, respectively, are 
examined as a function of 1500 MY of divergence for SSU sequences in different species.  In A and C, 442 pairwise comparisons and 330 
pairwise, comparisons are presented, respectively. In C, 1 12 of the original 442 SNS values are not shown because they corrected to extremely 
high values  (see text and  Table  2). In B and D, the  corrected RNS and corrected SNS, respectively, are examined for  the 73 pairs of 
sequences examined in different species over the initial 70 MY of divergence. The scales for fraction of nucleotide substitutions, corrected 
RNS and  corrected SNS, and time scale  in  millions of years (MY) are indicated. Lines approximating  the initial rates of RNS (B), rates of 
SNS (D), and long term rate of corrected RNS (A) for  the divergence of  two sequences from each other  are shown. To obtain the expected 
nucleotide substitution rates for  the divergence of two sequences from a common ancestral sequence as  discussed  in the text these rates must 
be divided by 2  to adjust for  the time of divergence of both sequences from their common ancestral sequence. 

a value of 1 (1 00%; Figure 6D). This slowdown  in the 
accumulation of SNS may be due  to a  saturation of 
SNS sites with multiple changes and is discussed below 
(PERLER et al. 1980).  For  another viewpoint see GO- 
JOBORI (1983). An expected SNS rate of 6.6 (f1.5) X 
1 O-g/site/yr (1 % SNS/l.5 MY) is obtained  for  the first 
70 MY, five times the initial RNS rate  for SSU se- 
quences. This is very  close to  the  expected SNS rate 
(5.37 X lo-’; 1% SNS/1.86 MY) derived  for  func- 
tional animal genes (MIYATA and HAYASHIDA 1982; 
MIYATA et  al. 1982). The initial estimate of the rates 
of SNS from several plant  nuclear  genes is 6 X lo-’ 
[ 1% SNS/1.6 MY;  WOLFE,  LI and SHARP (1 987) and 
WOLF,  SHARP and LI (1989)l very similar to these 
extensive estimates for SSU sequences. 

The estimates of initial rates of both RNS and SNS 
shown  in Figure 6, B and D, respectively, have been 
based on  zero  divergence at zero  time.  Without this 

assumption the SNS and RNS data  for  the  first  70 
MY of divergence would intersect the abscissa at 5- 
10 MY suggesting that  on  the average the estimates 
of divergence times between species may be  too  great 
(see MATERIALS AND METHODS). Reducing the diver- 
gence times for these species by 10 MY would have 
the effect of increasing the expected  rates of RNS and 
SNS by about  15%. 

Transitions vs. transversions: Half as many tran- 
sition (ts) nucleotide  substitutions will have occurred 
relative to  the  number of transversion (tv)  nucleotide 
substitutions (ts/tv = Vi) if transitions and transver- 
sions occur  randomly (NEI 1987). Estimates of ts/tv 
ratios taken  from closely related  plant ribosomal se- 
quences give an observed ts/tv ratio of 2:l (HAMBY 
and ZIMMER 1988; ZIMMER et al. 1989). An estimate 
of the ts/tv ratio for any gene comparison requires 
that  the observed nucleotide  substitution  rate  approx- 
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imate the mutation rate  at those sites examined. 
Therefore,  the positions compared  should  not  be  un- 
der  strong selection and should  not have accumulated 
multiple changes which could bias the estimates 
(BROWN et al. 1982).  Of the  465 pairwise SSU se- 
quence comparisons, only 10 had  a  fractional  uncor- 
rected SNS lower than  0.06  where  the  number of 
multiple hits would be  expected to be negligible. 
These low SNS values are only obtained  for  compar- 
isons between the most  closely related SSU multigene 
family members within a single species, for example 
between Pet2 and  Pet3*. The SNS ts/tv ratio  for 
these 10 comparisons ranged  from 0 to  10 with an 
average of 2.4. This value can serve as an initial 
estimate of ts/tv ratios in SSU sequences with the 
following caveats. (1) The SNS positions in SSU se- 
quences have not  been shown to accumulate  mutations 
randomly and even these low SNS values showed some 
correction  for  multiple hit kinetics (PERLER et al. 
1980).  (2)  It is not possible to  determine  whether 
these small differences  truly  represent  nucleotide sub- 
stitution or  the effect of the last event of concerted 
evolution. 

DISCUSSION 

Gene  conversion  contributes  to  the  concerted 
evolution  of  all SSU gene  family  members 

Analysis of both  replacement and silent site changes 
does  not reveal distinct ancient SSU gene lineages 
which predate divergence of the species examined 
from  their  common  ancestors.  This is quite  different 
from observations on  the evolution of many family 
gene sequences in animals and plants. For  example, 
ancient lineages of actin  genes,  representing hundreds 
of millions of years of divergence are easily identifia- 
ble from conserved RNS positions and in the  corre- 
sponding  amino acid sequences (HIGHTOWER and 
MEAGHER 1985,  1986). The dispersal of SSU genes 
among  different  chromosomes,  and  the existence of a 
uniquely positioned third  intron present in only one 
gene family member in species of Solanaceae, imply 
that ancient  gene lineages which predate species di- 
vergence do exist within SSU gene families. Sufficient 
RNS occur in SSU sequences between all species ex- 
amined  for  these lineages to be revealed if they had 
evolved independently of one  another. 

The similarity in RNS positions among all SSU gene 
family members  demonstrates  that  homogenization of 
SSU sequences has occurred within each species. A 
mechanism of gene amplification and loss, similar to 
that which  may produce  the  concerted evolution of 
ribosomal RNA  genes  alone  cannot  account  for  the 
homogenization of SSU sequences. Amplification and 
loss  of sequences could  not  homogenize sequences 
among two and  three  intron genes and maintain the 
three  intron  structure of one gene. The DNA turn- 

over mechanism involved in this case must also ac- 
count  for  the  movement of homologous sequences 
among chromosomes. The SSU sequences therefore, 
must be homogenized by a mechanism that includes 
gene  conversion. Previous studies have suggested 
gene conversion as one possible mechanism for  the 
concerted evolution of SSU sequences in Solanales 
(PICHERSKY et al. 1986; SUGITA et al. 1987;  DEAN et 
al. 1987).  This  gene conversion process must act on 
SSU sequences in different  contexts ( i e . ,  in different 
regions of the genome). The process must homoge- 
nize relatively short  stretches of sequence,  altering  the 
coding  regions of these  genes but  not  the  adjacent 
introns.  Strong evidence has been  presented  for  gene 
conversion between linked globin genes (SLIGHTOM, 
BLECHL and SMITHIES 1980; SCOTT et al. 1984), linked 
and unlinked rDNA  genes  (ARNHEIM et al. 1980), 
unlinked catachol oxygenase genes  (DOTEN,  GREGG 
and ORNSTON 1987),  and between plasmid and  chro- 
mosomal copies of the spoC locus, suggesting that  the 
process can occur between nonallelic regions of a 
genome. In yeast meiotic gene conversion events have 
been shown to occur  frequently  between  nonhomol- 
ogous  chromosomes ( JINKS-ROBERTSON and PETES 
1986). Evidence for  gene conversion of  small  se- 
quence  tracts also has been presented  (SYMINGTON 
and PETES 1988; JUDD and PETES 1988;  ORNSTON, 
NEIDLE and HOUGHTON 1988). The evolutionary 
mechanism acting on SSU sequences must have func- 
tioned  frequently  enough to homogenize RNS muta- 
tions which occur  among all the multigene family 
members. Therefore, homogenization must have oc- 
curred  at least once for each gene in the lifetime of 
each  genus  examined. Because the  gene conversion 
process could have occurred in any order between the 
SSU sequences, the variation in branch  lengths in the 
RNS and SNS trees between different SSU sequences 
within a species could,  among other possibilities, re- 
flect the  order  and  the time of gene conversion events. 

One trivial explanation suggested for  the  homoge- 
neous conservation of RNS positions in  all SSU se- 
quences in a  gene family is that selection acts inde- 
pendently on all SSU coding sequences to  accumulate 
similar mutations in each gene family member, lead- 
ing to  the  production of a  homogeneous  set of mature 
SSU polypeptides (PICHERSKY et al. 1986; TANKSLEY 
and PICHERSKY 1988). Such a selective force may exist 
due  to  the intimate association of the SSU and LSU 
polypeptides in the Rubisco holoenzyme (see below) 
and  the fact that  the LSU is even more highly con- 
served  than the SSU (YOSHINAGA et al. 1988). How- 
ever,  considering that  the expected  mutation rate  at 
any one nucleotide site is on the  order of 6.6 X lo-'/ 
site/yr, and  the  rate of changes accumulating in re- 
placement positions is even smaller (1.25 X lo-'), the 
chance of accumulating  the same mutational changes 
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in several RNS positions within two or  three  gene 
family members without gene conversion is quite 
small. For  example, assuming the average RNS rate 
for  one nucleotide substitution  the probability of ob- 
taining  the same mutation  independently in three 
genes is 1.9 X lo-”. Thus,  the conclusion remains 
that  gene conversion plays an active role in the  con- 
certed evolution of SSU sequences. 

SSU gene  trees  and  species  trees  from  nucleotide 
divergence 

Measurement of nucleotide  divergence: An at- 
tempt has been made to relate RNS and SNS accu- 
mulation between two species to  the divergence times 
of those species from  a  common  ancestor  (Figure  6). 
The PERLER et al. (1980)  method of calculating RNS 
and SNS is complex and it  has been suggested that it 
may underestimate  these values (NEI  1987). For these 
reasons NEI and GOJOBORI (1 986) developed an  alter- 
nate, simplified unweighted pathway method. FELIX 
JIN and MASATOSHI NEI generously calculated the 
divergence  among the 31 SSU sequences described 
herein by the  method of  NEI and GOJOBORI (1986). 
Using this calculation the values Dn and Ds refer  to 
the fraction of corrected nonsynonymous site substi- 
tutions and  to  the fraction of corrected synonymous 
site substitutions, respectively, and may be compared 
with corrected  RNS and  corrected SNS. All corrected 
RNS values (PERLER et al. 1980) less than 0.3 were 
within 1-2% of the  corresponding Dn values obtained 
by the NEI and GOJOBORI method  and were sometimes 
greater  than  the Dn values. This represents 300 of 
the  465  corrected RNS values and all comparisons 
among angiosperms. For comparisons among  differ- 
ent kingdoms where  the  corrected RNS values 
reached  0.65, the Dn values were as much as 10% 
larger.  Corrected SNS and  the corresponding values 
calculated by the NEI and GOJOBORI method, Ds, were 
within approximately 2% of each other  for divergence 
times less than  75 MY (corrected SNS < 0.8).  For 
divergence of 140 MY or  greater  the Ds values were 
on  the average  about 25%  greater  than  the  corrected 
SNS values. However, plots of  Dn or Ds with respect 
to time of divergence  over the first 70 MY and  the 
plots of  Dn us. time over  the  entire  time  period also 
give rates of nucleotide  substitution within 2% of 
those presented based on RNS and SNS, respectively 
(PERLER et al. 1980). 

The correction  for multiple hit kinetics (JUKES and 
CANTOR  1969)  produces  a  great deal of scatter in 
calculating the  corrected SNS values for  the SSU 
sequences after  100 MY of divergence  (Figure  6C), 
making SNS estimates for these greater  divergence 
times impossible. Apparently, when the mathematical 
methods of PERLER et al. (1980),  and  the JUKES and 
CANTOR  (1969)  correction  for multiple hits are ap- 
plied to these sequences the formula  over- or under- 

corrects  for some classes  of changes which occur in 
the SNS positions of the SSU sequences. The NEI and 
GOJOBORI (1986)  method of calculating the fraction 
of corrected synonymous nucleotide  substitution, Ds, 
shows the same degree of scatter in the  data  (not 
shown). This  approach also relies on  the JUKES-CAN- 
TOR correction.  In  the  examination of the  divergence 
of SNS sites in animal globin sequences the  mathe- 
matical adjustment  for multiple hit kinetics is more 
consistent in its correction  after  80 MY of divergence 
and  at similar levels  of observed SNS (PERLER et al. 
1980). The JUKES-CANTOR correction  formula as- 
sumes for each nucleotide position within a  codon that 
any of the  three remaining bases  may be  substituted. 
As the observed  fraction of SNS approaches  the  ex- 
pected limit of % this equation calculates the log of a 
number  approaching  zero and gives these  extreme 
values. As a specific example of this problem,  107 of 
the comparisons from species more  than  100 MY 
apart  and most  with observed SNS values >0.5,  the 
corrected SNS values were calculated to be extremely 
large  numbers (values termed NaN in Figure 3). Evi- 
dently,  the actual level  of SNS after  the first 100 MY 
of SSU sequence  divergence is so large or the classes 
of substitutions are so skewed from what is expected 
that it is unlikely that any method presently available 
can accurately correct  for  the level  of multiple 
changes. 

The compositions of G plus C nucleotides in the 
organism (WGC)  may  also contribute significantly to 
the  apparent  scatter in the SNS data.  It is known that 
although  the  %GC compositions vary  widely at SNS 
sites within different genes that  these values drift 
toward the average  GC composition of the organismal 
genome (SUEOKA 1961;  BRINKMAN et al. 1987). The 
%GC in angiosperms  alone varies widely from values 
as high as 80% in the monocots to as low as 30% in 
the dicots. The contribution of  GC composition to  the 
divergence of SNS sites within SSU sequences has not 
been investigated. 

Topology and  comparison of the SSU gene  trees 
with  species  trees: The overall correlation between 
the topology of the RNS gene tree  and  the species 
tree suggests that SSU gene  trees might be useful in 
constructing species trees which  show the relative 
relationship of different species to common ancestors. 
The utility of this approach in recovering  the  correct 
topology will undoubtedly  be  dependent upon having 
sufficient SSU sequence  data and is subject to  the 
inherent limitations in constructing  a  gene tree (NEI 
1987). The relatively linear rate of corrected RNS 
and  corrected SNS accumulation over  short  time pe- 
riods ( i e .  the first 100 MY of divergence) suggests 
that  the SSU sequence  data can probably be used to 
calculate times of  species divergence within an order 
and perhaps between orders of seed plants. These 
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data may act to support  proposed phylogenetic rela- 
tionships among all plant species. The tight  clustering 
of all corrected  RNS  data  over  the  entire  1500 MY 
of divergence  examined may  allow even greater di- 
vergence times to be  approximated. 

Discrepancies between the topology of the neighbor 
joining (NJ) gene tree (Figure 4) and of the species 
tree (Figure  2) may be due in part  to inaccuracies in 
estimates of divergence  relationships  among angio- 
sperm orders  and subclasses, where the fossil record 
and  determination of the homology and polarity of 
morphological character  changes are weak. Although 
this manuscript has followed the phylogenetic rela- 
tionships of angiosperms suggested by CRONQUIST 
(198 1) extremely  different phylogenetic schemes are 
under active consideration by plant systematists 
(JONES and LUCHSINCER 1986). 

For the species examined  herein the data may also 
suggest new relationships. Based on macroscopic mor- 
phological characteristics,  tobacco has long been 
grouped in a  tribe with petunia and  separate  from 
tomato or potato  (HEYWOOD  1978). The topology of 
SSU sequence  divergence suggests a  different  group- 
ing.  For  example,  Pet1 and  Tm3 have the minimum 
corrected RNS between any petunia and any tomato 
SSU gene  (0.074 RNS). Based on an overall RNS rate 
of 1.25 X 10-g/site/yr obtained  from  the first 70 MY 
years of  SSU sequence  divergence it can be  estimated 
that  the divergence  time between these two species is 
60 MY and  that they have not  had  a  common  ancestor 
for  approximately 30 MY. Tobacco  and  tomato would 
diverge  from  a  common  ancestor  12 MY ago by a 
similar calculation. Similar short  divergence times are 
calculated for tobacco us. potato or tomato us. potato. 
PICHERSKY et al. (1  986)  and MCKNICHT et al. (1  986) 
also noted  that  the  tomato SSU genes were far  more 
similar to tobacco than  to  petunia SSU genes. Recent 
data on chloroplast genome evolution also suggests 
that  tomato,  potato  and  tobacco  are  more closely 
related to each other  than they are  to petunia  (PALMER 
et al. 1988). 

Another discrepancy between the  branching in the 
gene  tree  and  the accepted species tree is the  apparent 
high degree of divergence of the two genes of order 
Asterales, Flal  and Sunl, from  four species within 
order Solanales, petunia,  tobacco,  tomato and  potato 
within Asteridae. Analysis of the evolution of chloro- 
plast  DNA sequence also suggests a distinct and pos- 
sibly ancient split between these orders (JANSEN and 
PALMER  1987;  PALMER et al. 1988) in contrast to  the 
relatively recent  divergence  indicated in Figure 2. 
However,  these  data still strongly support  the simpler 
phylogenetic relationships proposed by CRONQUIST 
(1  98 1)  over several alternative phylogenetic models 
(JONES and LUCHSINCER 1986).  Perhaps when even 
more SSU sequence  data or data on other plant gene 

families is available these discrepancies can be re- 
solved. 

In  the SSU gene  tree  the six  subclasses  of angio- 
sperms all  show deep branches  going close to  the  root 
of the gene tree which are not well resolved from 
each other.  This is consistent with the early diversifi- 
cation of angiosperms  1 10-140 MY ago.  However, in 
one case  in particular the  gene  tree  branching  order 
for subclasses is distinct from  the  branching in the 
species tree. The branch  for  Icel is found between 
Soy/Pea (Rosidae) and  Pet/Tob/Tm  and Pot1 (Aster- 
idae). It is  well accepted  from morphological data  that 
Asteridae arose  from Rosidae (CRONQUIST 198 1). Mes- 
embryanthemum (Icel), a  member of the family Aizo- 
aceae, belongs to  the subclass Caryophyllidae, and is 
thought  to have arisen more  recently  than Rosidae, 
however, there is no morphological evidence that 
Caryophyllidae arose  from Rosidae as suggested from 
the  gene  tree. Analysis of a  large amount of chloro- 
plast DNA sequence  data  predicts  a species tree which 
agrees with the SSU gene  tree in placing Rosidae and 
Caroyphyllidae relatively close together (WOLFE, LI 
and SHARP  1987). 

A similar gene  tree was obtained by the unweighted 
pair group mean averaging  (UPGMA) analysis 
method of SOKAL and  SNEATH  (1  963)  (data  not shown) 
which had only a few topographical  differences  from 
the species tree in Figure  2 or  the NJ gene  tree 
presented in Figure 4. These differences  centered  on 
the  order of the  deep branches  among dicot orders 
and subfamilies. The NJ method of gene  tree con- 
struction gives the  central  branches  the respective 
order Ice 1, Soy/Pea and Fla 1/Sun 1.  Their respective 
order in the UPGMA tree is Soy, Icel,  Flal/Sunl, 
and Pea, showing greater difference  from the pre- 
sumptive species tree.  Although  the  remaining 
branching in the UPGMA tree is very similar to  the 
NJ tree,  the topology of the NJ tree  more closely 
approximates the species tree  than  does  the UPGMA 
tree.  This is consistent with the observations Of SAITOU 
and NEI (1987)  that  the UPGMA method is not as 
effective as the NJ method  at  recovering  the  correct 
topology of a tree when rates of evolution are not 
uniform across lineages. 

The relative similarity in RNS among  the  three 
cyanobacterial sequences (Anbl,  Ancl  and  Cynl) is 
interesting  considering that these organisms are mor- 
phologically quite distinct and  that  the  major diversi- 
fication of cyanobacteria occurred  1500 MY ago (see 
MATERIALS AND METHODS). The RNS values and  the 
topological relationships shown in Figure 4 suggest 
that Anbl  and  Ancl may be only 300-500 MY di- 
verged  from  a  common  ancestor (relatively late in the 
diversification of blue  green  algae),  and  that  Anbl 
and  Ancl may be no more  than  600-1200 MY di- 
verged from Cynl. It  should  be  mentioned  that al- 
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though  recent  data suggests that bacteria have a sim- 
ilar rate of SNS to animals, it is not clear that  the 
bacterial RNS rate  for a  particular  sequence will be 
similar to  other organisms (OCHMAN  and WILSON 
1987). 

Concerted evolution of SSU sequences  within  a 
gene  family may  result  from  complex  selective 
forces 

Discrepancy between RNS and SNS levels within 
a  gene  family: It may be possible to elucidate the 
processes which lead to homogenization of SSU  se- 
quences within a  multigene family  by examining  pat- 
terns of nucleotide  change  for the Solanaceae and  for 
sets of other closely related species. Assuming that all 
SSU gene family members within a single organism 
have interacted via gene conversion at some time in 
their  past,  differences in RNS and SNS and in corre- 
sponding  branch lengths in the RNS and SNS trees 
(Figure 5 )  between different SSU sequences within a 
species can be viewed  in two extreme ways. First, the 
sequence  differences between two SSU genes in a 
gene family might represent  the  amount of sequence 
divergence and hence the  approximate  time since the 
last round of gene conversion events which converted 
the two sequences to homogeneity.  Second, the level 
of sequence  divergence within a species could  measure 
the  amount of homogenization and sequence diver- 
gence remaining  from  a  recent  gene conversion event 
without any subsequent  nucleotide  substitution. The 
level  of homogenization produced immediately fol- 
lowing a  gene conversion event is dependent  upon 
what proportion of the genes  sequence is converted 
and upon a relatively random  repair process which is 
not  expected to produce two identical sequences. In 
either case, and assuming that  the  gene conversion 
events are random,  the  degree of sequence  divergence 
of RNS and SNS positions within species should follow 
the initial rates of RNS and SNS established for diver- 
gence of  SSU sequences between different species. In 
other words the fivefold difference in initial SNS and 
RNS  rates established among  different species should 
result in there being a fivefold difference in RNS and 
SNS among  gene family members. In fact, however, 
there is a discrepancy between the RNS and SNS 
values for comparisons within the SSU gene families 
of petunia,  tomato, soybean, pea, Lemna and wheat. 
For example the  15 comparisons of tomato sequences 
to petunia sequences the SNS/RNS  ratio is 7.4 (k2.5) 
close to  the  expected  ratio of 5, whereas the  ratio of 
SNS to RNS between two gene family members,  Pet  1 
and  Pet2, is 77. The ratios are 42 and 9  1  for  the 
Pet  1/Pet3*  and  Pet2/Pet3* comparisons, respec- 
tively. In other words, there  are approximately 70 
times more SNS than  RNS within the petunia SSU 
gene family, whereas the expected  ratio is about 5. 

A comparison of SNS as a  function of increasing 

1 .oo - 

0.251. I 

between  species 
within  a  gene  family .: 

0.00 I I 
0.0 0.1  0.2 

Corrected RNS 

FIGURE 7.-SNS  as a function of RNS for sequences with  RNS 
values less than 0.19 (data from Table 2). The open squares show 
1 17 SSU sequence comparisons among  different species  within the 
two  divisions of angiosperms (coefficient of determination = 0.55). 
The closed squares show 23 comparisons of SSU sequences within 
gene families (coefficient of determination = 0.22). Comparisons of 
SSU sequences within a  gene family and known to be unlinked in a 
genome all fall above 0.4 SNS. Comparison of SSU sequences in a 
gene family  which are known to be closely linked all  fall  below 0.25 
SNS. 

RNS for sequences with RNS values less than  0.19 is 
presented in Figure 7 .  Although there is some varia- 
tion in the  data  for SSU sequence comparisons among 
different species within the monocots and dicots, the 
positive correlation of SNS as  a  function of RNS is 
apparent  and  the  amount of variation decreases rap- 
idly as RNS  approaches zero. The coefficient of de- 
termination for these  data is 0.55 confirming the 
linear  relationship  between SNS and RNS (MCCLAVE 
and DIETRICH 1982).  However,  for the 23 compari- 
sons of SSU sequences within gene families the ex- 
treme variation in SNS values as a  function of RNS is 
obvious. Within SSU gene families, SNS values as  a 
function of RNS fall far outside the variation observed 
across species, The coefficient of  determination is 
0.22  demonstrating  that  the  correlation  between SNS 
and RNS accounts  for only a small part of the variation 
within SSU sequences within a  gene family  of a single 
species. Comparisons of the  three petunia SSU se- 
quences show SNS values of 0.4, 0.65, and 0.8 which 
all fall above the  bounds set by comparisons between 
species. It should  be  noted that, based on physical/ 
genetic mapping studies, these three sequences are 
not closely linked. T w o  additional  petunia sequences, 
SSU231 and SSUll2,  which are physically linked to 
Pet2 (DEAN et al. 1987) were not included in this 
study. When compared to Pet2,  SSU231 and  112 
have zero and  one replacement  nucleotide  substitu- 
tion, respectively, and low SNS values which  fall  below 
the bounds set by comparisons between species. This 
suggests that closely linked SSU genes follow different 
rules from unlinked SSU genes. 
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Comparison  of the tomato SSU gene family  mem- 
bers also  suggest a discrepancy  between  SNS and RNS 
values. As determined by analysis  of  RNS  all  five 
tomato sequences are more related to each other than 
they are  to petunia sequences  having  RNS  values 
C0.025. The three genomic  sequences  analyzed, 
T m l ,  Tm2*  and  Tm3,  are not linked in the tomato 
genome (VALLEJOIS, TANKSLEY and BERNATZKEY 
1986). The three pairwise  comparisons  show  SNS 
values  of 0.57-0.67, which  all  lie  well above the 
bounds set by comparisons among different species 
(Figure 7). The only tomato comparisons  giving  SNS 
values  below  these bounds are comparisons of  two 
additional SSU sequences,  Rbcs3B and 3C (Table 1; 
SUCITA et al. 1987), which are closely  linked to Tm3 
in the genome. These sequences  have no RNS  when 
compared to Tm3. Again  these data indicate that 
within the tomato gene family that unlinked SSU 
sequences  show far more SNS than expected relative 
to the level  of  RNS,  whereas,  linked  loci  have  very 
low  SNS  values. Although the data presented herein 
do not elucidate the mechanisms by  which linked SSU 
sequences undergo concerted evolution these data 
suggest the possibility that intrachromosomal gene 
conversion events homogenizing SSU sequences occur 
at much higher levels than interchromosomal gene 
conversion events, as  has been shown to be the case 
in  yeast (JINKS-ROBERTSON and PETES 1986). 

Another way to look at  the discrepancy  between the 
RNS and SNS  values  within a gene family is to calcu- 
late divergence time from a common ancestor using 
the nucleotide substitution data. The petunia and 
tomato sequences are significantly diverged from each 
other in  RNS, so that there is little doubt  that novel 
RNS  has accumulated in  each gene family  since the 
divergence of  each  species (Figures 4 and 5A), even 
while  homogenization  has occurred within each gene 
family. The corrected RNS  between the most distant 
of the  three petunia SSU subfamily representatives 
examined in  this study, Pet2 vs. Pet1 for example, is 
0.0103 (1.03% RNS) and well  within the limits for 
gene family  members (Table  1, Figure 7). Assuming 
for  the moment that gene conversion produced iden- 
tity in  all nucleotide positions, then based on an initial 
expected RNS rate of 1.25 X 1 O-’/site/yr these data 
suggest that the last gene conversion event between 
these  sequences occurred approximately 4 MY ago. 
However, using corrected SNS data for the diver- 
gence of  these  two  sequences, 0.798  (80% SNS), and 
an initial expected SNS rate of 6.6 X lO-’/site/yr for 
SSU sequences, it might  be concluded that the last 
homogenization of these  sequences occurred 1 10 MY 
ago. The discrepancy  in  RNS and SNS  values among 
a gene family  members is striking. 

Mechanisms  and selective forces: The similarity 
among SSU gene family  members in  RNS positions 

can  best be explained by gene conversion events fol- 
lowed  by purifying selection.  Based on the overall 
conservation  of replacement nucleotide positions in 
the mature SSU sequence across  kingdoms,  selection 
at the amino acid  level  is a  strong force in SSU gene 
evolution. However,  this does not explain how un- 
linked SSU gene family members obtain extreme di- 
vergence in the SNS  positions  while their RNS  posi- 
tions are homogeneous. One trivial explanation would 
be that  the initial rate calculated to SNS  accumulation 
is underestimated by nearly  15-fold. Although this is 
possible, it is unlikely  since the rates of  initial  RNS 
and SNS accumulation were  calculated from a large 
number of comparisons  of divergence between differ- 
ent species (73 comparisons;  Figures 3  and  6, B and 
D). It seems  unlikely that the estimated rate of  SNS 
accumulation could  be in error by more than a factor 
of  two. 

There  are several  mechanisms  which  have  been 
proposed to  alter  the mutation rates within  sequences. 
For example, gene conversion  between  small  regions 
of  DNA related only  in  sequence and taken from non- 
related contexts or non-homologous regions of the 
genome (unlinked loci)  could increase the  rate at 
which mutation occurs (ORNSTON 1982; SHIMKETS, 
GILL and KAISER 1983; DOTEN,  GRECC and ORNSTON 
1987). It is likely that gene conversion  can occur at 
reasonable frequency between  homologous  sequences 
without recombination (SYMINCTON and PET= 1988). 
In addition, many  of the mechanisms  of  DNA turn- 
over operating within the proposed process  of  molec- 
ular drive (DOVER 1986) are capable  of either accel- 
erating or retarding  the  rate at which mutations ac- 
cumulate in multigene families and undoubtedly 
contribute to the evolution of SSU sequences.  How- 
ever, without strong selection neither gene conversion 
alone nor any  of the mechanisms  of  DNA turnover 
can account for both an increase in the similarity in 
RNS  positions and an increase in divergence in  SNS 
positions among multigene family  members. 

Gene conversion  followed by drift  and selection of 
the organisms containing biased gene conversion 
products offers an alternative explanation. Within  this 
set  of  mechanisms natural selection will act to conserve 
RNS  positions due  to  the high degree of  conservation 
of SSU polypeptide sequence. It must  also  allow  ho- 
mogenization and  a high degree of divergence of  SNS 
positions. ANDERSON and ROTH (1 977) and ORNSTON 
and YEH (1 98 1)  suggest that when duplicated genes 
were required there would  be a  strong selection for 
sequence divergence. Loss of the duplicate copy  oc- 
curs at much higher frequency than the original du- 
plication event. However,  sequence divergence be- 
tween duplicated genes  should slow homologous re- 
combination and loss  of the duplicate copy. 
Therefore, in the case of the three unlinked petunia 
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sequences and  three unlinked tomato sequences an 
additional  force  should  act to select for  divergence in 
SNS positions. Recombination between  homogeneous 
but unlinked SSU sequences could lead to chromo- 
somal translocation and in  most  cases it should  be 
lethal. Therefore,  out of numerous SSU gene  conver- 
sion products in a  population of organisms, drift  and 
selection could act differentially on RNS and SNS 
positions to select only those organisms with the ap- 
propriate  gene conversion products,  maintaining  a 
conserved SSU encoding  sequence and  at  the same 
time keeping substantial sequence  divergence in the 
SNS positions among family members. The selective 
force  at  the  replacement positions would maintain 
normal SSU protein  function and a  homogeneous set 
of polypeptides (see below). The selective force  at  the 
silent nucleotide positions would maintain sequence 
divergence in order  to stabilize the  gene family mem- 
bers at unlinked genetic loci against homologous re- 
combination. Applying these selective mechanisms, 
gene conversion offers  more  than  sequence  homoge- 
nization to  the  concerted evolution of a family  of SSU 
sequences (see below). 

These  data  on  the SSU multigene families suggest 
that  the process leading to  the  concerted evolution of 
SSU sequences may be distinct from molecular drive 
as it is  now modeled in a few important respects. At 
any one  point in time a  number of SSU sequences 
with varying degrees of divergence in the RNS and 
SNS positions are observed. Within the proposed 
process of molecular drive, most  of the sequences in 
a  gene family should  be nearly identical within an 
individual organism. Furthermore, by the above 
model proposed  for SSU sequence evolution all the 
observations associated with the concerted evolution 
of SSU sequences can be accounted for by the proc- 
esses  of purifying selection and  neutral  drift, whereas 
the proposed process of molecular drive  operates 
nearly independently  from selection (DOVER 1986). 

The concerted evolution of several eukaryotic  gene 
families are affected by gene conversion, including 
mammalian globins (SLIGHTOM, BLECHL and SMITHIES 
1980; SCOTT et al .  1984), silk moth  chorions (GOLD- 
SMITH and KAFATOS 1984) and probably the major 
histocompatibility antigens (MELLOR et al. 1983; 
HUGHES and NEI 1988). Ubiquitin  genes may undergo 
gene conversion but primarily within tandem se- 
quence  repeats and  not between unlinked loci (SHARP 
and LI 1987). Although  gene conversion events prob- 
ably result from accidents of the DNA repair system, 
it seems reasonable to ask if gene conversion offers 
any benefit to  the  organism. Evidence suggests that 
gene conversion provides some of the polypeptide 
sequence diversity required of the MHC antigens. But 
more specifically, does the  gene conversion and  the 
concerted evolution of  SSU sequences offer any ben- 

efit (PICHERSKY et al. 1986)? If so, then  there may be 
a selective reason to maintain or even enhance  gene 
conversion. The SSU polypeptide must be transported 
into  the  chloroplast, associate with the large  subunit, 
become integrated  into  the ribulose-l,5-bisphosphate 
carboxylase holoenzyme and possibly interact with 
other machinery involved in carbon fixation and pho- 
torespiration. While the SSU polypeptide is always 
encoded by a multi-gene family  in eukaryotes the large 
subunit is  always encoded by a single gene  sequence 
in the chloroplast genome. Because the LSU and SSU 
polypeptides are in intimate association (CHAPMAN et 
al. 1988), it is  likely that they do  not evolve independ- 
ently. Changes in SSU amino acid sequence and struc- 
ture must in some cases be  countered by selection and 
fixation of complementary  changes in the conserved 
LSU and vice versa. This is a possible explanation  for 
the restriction beyond 20% divergence in RNS for 
SSU sequences. In  other words, the slow long-term 
rate of RNS  occurring  during SSU evolution (Figure 
6A) could be due  to  the  requirement  for compensat- 
ing  mutations in LSU and  other proteins with  which 
it interacts. Furthermore, if a  heterogeneous popula- 
tion of SSU polypeptides were produced  from  diver- 
gent  gene family members it would ultimately become 
impossible to maintain the integrity of the holoen- 
zyme.  Is it possible that specific sequences linked to 
the SSU gene family members  enhance and  ensure 
frequent  sequence  homogenization? 

The majority of genes within most gene families do 
not  appear  to  interact via gene conversion suggesting 
that only genes  meeting  unique  requirements will 
undergo  frequent  gene conversion. For example, 
there has been an undetectable level of homogeniza- 
tion between divergent cytoplasmic and muscle actin 
genes or between the a-globins and 6-globins for  the 
last 300-500 MY, whereas within the &globin cluster 
the yl- and 72-globin genes have undergone  frequent 
gene conversion in primates (SCOTT et al. 1984) as 
have the loci for  the histocompatability antigens 
(HUGHES and NEI 1988). Specific sequences flanking 
gene conversion tracts in primate 7-globin genes have 
been implicated in enhancing the homogenization of 
globin sequences (SLIGHTOM et al. 1985). Based on 
the  data  presented  herein,  homogenization of the SSU 
sequences seems to be  an  integral part  of SSU evolu- 
tion. Therefore, it seems likely that signals within or 
flanking SSU gene sequences are  required  to stimulate 
and  ensure  gene conversion between unlinked SSU 
sequences. 
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