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Summary 

Soybean contains a multigene family which encodes the small subunit of  ribulose-l,5-bisphosphate car- 
boxylase (RuBPCss). A member of  this gene family, SRS4, has been isolated from a soybean genomic DNA 
library. Its nucleotide sequence has been determined and compared to the sequence of  SRS1, a previously 
characterized RuBPCss gene from soybean. Relevant regulatory sequences such as the PuPuCCAAT boxes, 
TATA box, the actual start of  transcription and poly A addition sites are conserved between the two genes. 
Using a gene specific synthetic probe to the 3' flanking region the steady state mRNA levels of  SRS4, like 
SRS1, are shown to be very high in light grown soybean seedlings and low in seedlings grown in darkness. 
SRS1 and SRS4 are very closely related, the three exons being 96%, 93% and 96.5% homologous in nucleo- 
tide sequence. The polypeptide sequences are nearly identical with only one amino acid change in each of  
the three exons encoding the 178 amino acid precursor polypeptide. The two introns are about 75% homolo- 
gous and the flanking regions are more than 85% homologous (700 base pairs on the 5' end and 300 base 
pairs on the 3' end). Furthermore, hybridization studies between lambda clones containing the SRS1 and 
SRS4 genes reveal that a region of  strong homology extends at least 4 kb on the 5' end and about 1.1 kb 
on the 3' end. We propose that these two genes may be alloalleles or homeologous alleles. This proposal 
is consistent with soybean having an allotetraploid origin, and would imply that the divergence of  two ancient 
Papilionoidae species gave rise to these two genes. 

Introduction 

Ribulose-l,5-bisphosphate carboxylase 
(EC 4.1.1.39) catalyzes the carboxylation and 
hydrolytic cleavage of  ribulose-l,5-bisphosphate to 
form two molecules of  3-phosphoglycerate. This 
soluble enzyme is composed of  eight large and 
eight small subunits (33). In vascular plants and 
green algae the small subunit of  ribulose-l,5- 
bisphosphate carboxylate (RuBPCss) is encoded by 
the nuclear genome while the large subunit is en- 
coded in the chloroplast genome (35). The steady 
state levels of  small subunit mRNA and protein 
appear to be positively controlled by light. Light 
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and phytochrome are known to control the level 
of  transcription in pea (24), Lemna (50, 54, 58) 
and soybean (6). In those plants in which it has 
been examined, including pea, soybean, petunia, 
Lemna and wheat, the small subunit is encoded by 
a small multigene family (5, 9, 10, 21, 55). There is 
little evidence for significant functional differences 
between the proteins encoded by these multigene 
family members. 

Soybean contains greater than six RuBPCss gene 
family members. Analysis of  a soybean multigene 
family is further complicated by the fact that soy- 
bean may have an allotetraploid origin, i.e., two an- 
cient species of  Papillionoideae (2N _=_ 20) may 
have fused their genomes to produce the soybean 
genus, Glycine (2N + 2N'  = 40) (7, 15, 17,19, 25, 
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32, 53). This fusion would result in the presence of 
related pairs of alloalleles or homeologous alleles 
in the soybean genome. One soybean gene, SRS1, 
has been characterized in detail and shown to be 
composed of  three exons and encodes a mature 
small subunit polypeptide, which differs in 20 to 30 
of  its 128 amino acid risidues from the mature se- 
quences found in pea, petunia, Lemna and wheat. 
The levels of small subunit mRNA in light grown 
seedlings are induced strongly over levels found in 
seedlings grown in darkness (5). The transcription 
of  SRS1 in isolated nuclei has been shown to be 
controlled over a 32 fold level by light, 
phytochrome and darkness (6). In soybean, pea 
and Lemna far red light can be used to block the 
induction of  RuBPCss transcription produced by 
short exposure to white light (6, 24, 50, 54). Addi- 
tionally, far red light exposure has been shown to 
turn off  RuBPCss transcription in soybean see- 
dlings grown in continuous light (6). 

The regulation of the various gene family mem- 
bers in petunia has been examined and shown to 
vary greatly in the steady state levels of  mRNA 
produced in the light (2I). However, whether the 
presence of  an RuBPCss multigene family 
represents a fortuitous accident of  evolution or 
results from a selection for differentially regulated 
small subunit genes is not clear. To further our ex- 
ploration of  the soybean RuBPCss multigene fami- 
ly we have examined a second soybean RuBPCss 
gene, designated SRS4. We show here that SRS4 is 
closely related to SRS1 and that the steady state lev- 
els of  its mRNA are also strongly light regulated. It 
is possible from the data presented herein that 
SRS1 and SRS4 are functional light regulated 
homeologous alleles. 

Materials and methods 

Isolation and mapping of  the lambda clone SRS4 
and plasmid subcloning 

The RuBPCss clone kSRS4 was isolated from a 
Charon 4A soybean library as described for kSRS1 
(5). Insert fragments from the pea cDNA clone 
pSS15 (9) and the soybean clone pSRS2.1 contain- 
ing the 5' half of  the soybean RuBPCss gene (5) 
were used as probes during the initial screening. 
The insert of  the soybean small subunit clone 

pSRS0.8 containing the 3' half of  a soybean 
RuBPCss gene was then used as a probe to confirm 
the identity of  these clones (5). 

Phage DNA was purified and physically mapped 
with restriction endonucleases as described in Na- 
gao et al (37, 42). The six EcoRI fragments from 
SRS1 were cloned into pBR325 plasmid (8) as 
described for pSRS2.1 and pSRS0.8 (5). The 1.5 kb 
HindIII  and the 4.5 kb EcoRI fragments from 
kSRS4 containing the polypeptide coding region of  
the gene were subcloned into plasmid pUCI3 in the 
E. coli strain JM101 (56) and plasmid DNA pre- 
pared (37). 

Characterization of  the SRS4 gene 

Restriction mapping and fragment purifica- 
tion of  plasmid inserts was performed as described 
by Smith and Birnstiel, (52) with minor modifica- 
tions as described by Shah et al. (49). Fragments 
were labeled, either by kinasing their 5'  ends or by 
Klenow reaction with their 3'  ends (49). Labeled 
DNA fragments were then sequenced according to 
Maxam and Gilbert (36). The 5' and 3' ends of  
the mRNA was mapped on labeled DNA fragments 
(23). 

Analysis of  sequence data 

Sequence data was analyzed on a SUN/Intel- 
ligenetics Workstation using the DNA sequence 
analysis program, SEQ. Optimum alignment be- 
tween SRS1 and SRS4 and homology data were ob- 
tained using combinations of the Search sub- 
program and then Align sub-program. The poly- 
peptide encoding regions of  the two genes, SRS1 
and SRS4, were analyzed for percent silent and 
replacement nucleotide substitutions according to 
Perler et al. (44) using a program prepared for us by 
Ken Rice. 

Expression of  the SRS4 gene 

Gene specific synthetic DNA probes were pre- 
pared for SRS4 and a soybean 18S rRNA gene SR1 
(22) on an Applied Biosystems Oligonucleotide 
Synthesizer and purified by acrylamide gel elec- 
trophoresis (36). Synthetic probes were labeled by 
kinasing with [-r-32PI-ATP (34) and used to ana- 
lyze dot blots of  total RNA prepared from plants 
grown in light and darkness (5, 29, 34). 



$1 nuclease mapping 

The 5' end of the SRS4 small subunit mRNA 
and the 3' end of the SRS1 small subunit mRNA 
were mapped by determining the size of the S1 
nuclease resistant hybrids formed between the poly 
(A +) RNA and the template DNA. The DNA frag- 
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ment used for 5' $1 analysis of SRS4 was a 450 bp 
Sau3A fragment (Grandbastien et al., unpub- 
lished). The fragment used as the DNA template 
for the 3' S1 hybridization analysis of SRS1 was the 
DdeI fragment from pSRS0.8 (5). 

Hybridizations were carried out according to 
Favaloro (23) in a volume of 10 #1 covered with ster- 
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Fig. 1. Physical map of the soybean clone XSRS4 containing the RuBPCase small subunit  gene SRS4. Figure 1A shows the EcoRI 
and Hindl I I  restriction pattern of the 14.5 kb insert of XSRS4. The two fragments subcloned in pUC13, pSRS4.5 and pSRSI.5,  that 
have been used for sequencing are also shown. Figure 1B shows the detailed restriction map of the sequenced region as determined 
by Smith-Bernstiel restriction mapping and by the sequencing data. The sequencing strategy is represented by the arrows below the 
map. The 5 ' -end  kinase labeling is noted by a bar and 3 '-end Klenow labeling is noted by an open circle. Figure 1C is colinear to 
the detailed map, and represents the diagram of the gene structure derived from analysis of the sequencing data. Translated portions 
of  exons are schematized by raised blocks. The codon numbers are indicated below each exon. DNA sequences of potential importance 
are indicated. 
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ile oil in an eppendorf tube. Five to 10 pmoles of  
DNA,  and 5/xg of  po ly (A+)  RNA, or 25/xg of 
total RNA was used for the hybridization. The 
SRS4 5' end hybridization was carried out at 
50°C. The SRS1 3' end hybridization was carried 
out at 46, 48, and 50°C. All hybridizations were 
carried out for a minimum of  5 h. The S1 digestion 
was performed with 50 units of  S1 nuclease (Sig- 
ma) for 30 min at 37°C. Resistant hybrids were 
visualized on a denaturing urea gel after ethanol 
precipitation. 

Results 

Isolation and characterization of  the SRS4 gene 

The soybean RuBPCss gene SRS4 was isolated 
from a Charon 4A genomic library using a combi- 
nation of  pea and soybean small subunit probes. 
The restriction pattern of  XSRS4 (Fig. 1A) revealed 
that it had a unique fragment pattern, distinct from 
the pattern previously described for kSRS1 (5). 
Southern Blot analysis of  these restriction patterns 
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Fig. 2. Complete nucleotide sequence of  the soybean RuBPCss gene, SRS4, is presented and compared to SRS1. The sequence of  
2190 bp contains flanking sequence, exons, and introns of  SRS4 and shows the sequence of  the presumed translation product. The 
nucleotide sequence differences observed in the soybean RuBPCss gene, SRS1, are indicated above the SRS4 sequence. Amino  acid 
differences for SRS1 are indicated below the translation of  SRS4. Insertion/deletion differences are indicated by an asterix (*) in the 
shorter sequence. Three large insertions in the SRS 1 sequence relative to SRS4 are shown above both sequences in brackets. Nucleotide 
numbering is given for SRS4 above the sequences with the start of  transcription labeled as + 1. Negative numbers are used to identify 
the 5' untranscribed flanking sequence. Codon numbers are given below the translation of  SRS4 and are the same for both SR-S1 and 
SRS4. Sequences of  particular importance are underlined, given letter designations and are discussed in the text. 
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was then  p e r f o r m e d  at low str ingency (6X SSC, 
56 °C), using the pea  c D N A  insert  f rom pSS15 tha t  
encodes  the entire ma tu re  sequence as a probe.  I t  
showed the presence o f  a h o m o l o g o u s  sequence, lo- 
ca ted on  a 1.5 kb H i n d I I I  f ragment ,  and  on  two 
con t iguous  4.5 kb and  6.4 kb E c o R I  f ragments  
(da ta  not  shown).  

The  r ecombinan t  pUC13 p lasmids  ca r ry ing  the 
1.5 kb H i n d I I I  f r agment  and  the ad jacen t  up-  
s t ream 4.5 kb E c o R I  f ragment  were des igna ted  
pSRS1.5 and  pSRS4.5,  respectively, and  were be- 
lieved to encode  the entire SRS4 gene. The  frag- 
ments  f rom within  these inserts  were pur i f i ed  on 
4°70 ac ry l amide  gels. Relevant  res t r ic t ion  f ragments  
were sequenced (Fig. 1B) to p roduce  the comple te  
RuBPCss  gene sequence o f  SRS4 shown in Fig. 2. 
C o m p a r i s o n  o f  the  SRS4 gene sequence with o ther  
known  small  subuni t  sequences and  the p resumed  

t r ans la t ion  p roduc t  with known small  subuni t  gene 
and  pro te in  sequences revealed the  comple te  gene 
s t ructure  shown in Fig. 2 and  summar i zed  in 
Fig. 1C. 

Analysis o f  the SRS4 sequence 

The SRS4 nucleo t ide  sequence, to ta l ing 2190 bp, 
was c o m p a r e d  with the RuBPCss  gene sequence o f  
SRS1 (5) plus add i t i ona l  sequence de te rmined  for 
the  5 '  region o f  SRS1 (Fig. 2). F igure  2 shows a 
n u m b e r  o f  mismatches  and smal l  de l e t ion /add i -  
t ions between the two sequences.  

The  c o m p a r i s o n  o f  these two nucleot ide  se- 
quences  (Fig. 2) is summar i zed  in Fig. 3. It appears  
f rom these da t a  tha t  the  two genes are very closely 
related.  The  predic ted  coding  sequences o f  SRS4 
consis t  o f  three t rans la ted  regions whose  sizes are 
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Fig. 3. Summary of homology between SRS1 and SRS4 gene regions. Figure 3A shows the colinearity of the restriction maps for 
EcoRI, HindIII and BstI sites in SRS1 and SRS4. The grayed area between the two clones represents the extent of homology confirmed 
by Southern hybridizations. No homology has been detected outside this region. Figure 3B is an expanded map of the two sequenced 
gene regions showing the homologous zones as calculated from sequencing data. The translated regions are drawn as raised boxes. 
Deletions larger or equal to 3 bp are indicated by small openings accompanied by the deletion size in base pairs. The percent homology 
between each sequence has been calculated by the Align program of Bio-Intelligenetics. We have arbitrarily defined each of the 
homologous regions shown here and given an average percent nucleotide homology. The sizes of a number of relevant restriction frag- 
ments is given in kb. 



identical to the translated portions of  the three ex- 
ons in SRS1 (171, 135 and 231 bp) that encode a 
precursor protein of  178 amino acids. The two in- 
trons are located at exactly the same positions (af- 
ter codons 57 and 102). Introns 1 and 2 in SRS4 are 
203 and 284 bp long respectively as compared to 
193 and 290 bp in SRS1. Fig. 3B shows the percent 
homology between various portions of  the two se- 
quences. The three exons are 96%, 93% and 96.5% 
homologous in nucleotide sequence, with only one 
altered amino acid in each exon: codon 34 is a Leu 
in SRS4 instead of  a Phe; codon 62 is Val in SRS4 
instead of  Ile; and codon 114 is Leu in SRS4 instead 
of Pro. 

Using the quantitative divergence analysis 
methods of  Perler et al. (44), we were able to sepa- 
rate the silent nucleotide substitutions from the 
replacement substitutions and weight them accord- 
ing to their probability of  occurrence. By this anal- 
ysis, SRS1 and SRS4 differ by 12% in silent nucleo- 
tide substitutions and 0.9% in replacement 
nucleotide substitutions relative to the number of  
potential silent or replacement nucleotide sites. Be- 
cause of  this degree of  similarity we have not at- 
tempted to correct for multiple hit kinetics. This 
relatively low predicted level of  multil~le hits allows 
a calculation of  the number of  transitions to trans- 
versions to be made. The expected random ratio of 
transitions to transversions is 1:2. Transition to 
transversion ratios for the observed nucleotide sub- 
stitutions between SRS1 and SRS4 was 2.2:1, 
demonstrating the same bias observed in animal 
genes (39, 44). In other words, either more transi- 
tions are allowed to accumulate or more transitions 
actually occur than are predicted from random sub- 
stitution of  bases. 

The degree of  homology between the pairs of  in- 
trons in both genes is also very high: 85% to 90%, 
if the gaps and deletions larger than 3 bp are not 
taken into account. Some insertion-deletion differ- 
ences between the sequences are moderate (15 and 
17 bp in intron 2), but these gaps separate very 
homologous sequences. 

High percentages of  sequence homology extend 
into the flanking sequences of  SRS1 and SRS4. A 
highly homologous zone (95%) extends approxi- 
mately 320 nucleotides upstream from the start 
codon (from -270 to +50; Fig. 2). A moderately 
homologous zone (74%-80%) extends from -270 to 
-450. At -450 a highly homologous region (90%) 
starts again. 
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$1 nuclease analysis 

$1 nuclease analysis demonstrates that the 5 '  
presumptive start of SRS4 transcription lies 48 bp 
upstream from the ATG codon (Fig. 4). The 5 '  ter- 
minus of  the SRS4 transcript correlates with the 
previously determined 5 '  terminus of the SRS1 
transcript located 45 base pairs upstream from the 
start of  SRS1 translation (5). As observed for SRS1, 
the levels of  the SRS4 specific product were higher 
in RNAs isolated from seedlings grown in the light 
than in those grown in darkness. The 5 '  terminus 
of  the transcript was the same for RNA from light- 
and dark-grown plants. The 3 nucleotide deletion 

Fig. 4. S1 nuclease mapping of the 5' end of the SRS4 small 
subunit gene. A 450 base pair Sau3A fragment from the 5' re- 
gion of SRS4 was purified, labeled with polynucleotide kinase, 
subjected to Maxam and Gilbert sequencing reactions, and re- 
solved on a 70/0 urea-acrylamide gel. Lane T + C and lane C 
contain the products from two of the four reactions. The Sl 
treated hybrids formed between the HaeIII-Sau3A fragment 
and 5 #g poly(A +) RNA from dark-grown plants (DK), 5 /~g 
poly(A +) RNA from light-grown plants (LT), or 10 #g total 
yeast tRNA (T) are shown. 
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which is present in the SRSI m R N A  leader relative 
to the presumptive SRS4 m R N A  leader should pre- 
vent any SRS4 DNA/SRS1 m R N A  hybrids from 
surviving S1 nuclease treatment under the condi- 
tions used (22). 

Repeated S1 nuclease mapping on the 3 '  end of  
SRS1 gave a smear of  protection products in the re- 
gion containing the two polyadenylation site con- 
sensus sequences, AATAA (data not shown). No at- 
tempt was made to map the 3 '  end of  the SRS4 
mRNA,  which contains two homologous AATAA 
sequences and a third short distance downstream 
(see below). 

SRS1 and SRS4 genes show extensive sequence ho- 
mologies even in distant f lanking regions 

The extremely high level of  homology between 
the SRS1 and SRS4 gene sequences is accompanied 

by some notable similarities in the restriction maps 
of  the lambda clones (Fig. 3A). In order to deter- 
mine whether sequence homology extended up- 
stream and downstream from the sequenced 
regions, kSRS1 and XSRS4 restriction fragments 
were compared by hybridization experiments at low 
stringencies. The clones containing these frag- 
ments, pSRS1.4, pSRSI.1, pSRS2.1, pSRS0.8, 
pSRS6 and pSRS2.6, are shown in Fig. 3A. 

EcoRI digests of  the recombinant plasmids con- 
taining the six individual SRS1 EcoRI fragments 
shown in Fig. 3 were probed with the 3ap-labeled 
XSRS4 clone. The results are shown in Fig. 5A. All 
of  the EcoRI insert fragments from SRS1 hybri- 
dized with the kSRS4 probe, except the 2.6 kb 
EcoRI fragment indicated by the arrow. The results 
of  this experiment show that homology can be 
found along most of  the colinearizing maps of 
XSRS1 and kSRS4. The fact that the 2.6 kb EcoRI 
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fragment of  XSRS1, which maps outside of  the 
colinearizing portion of  the two clones, does not 
hybridize with the probe is consistent with this 
map. Similarly, the 3.5 kb EcoRI fragment from 
SRS4, which is located outside of  the colinearizing 
area of  the two sequences (see Fig. 3A), did not hy- 
bridize when probed with 32p labeled XSRS1 (data 
not shown). 

We confirmed and extended these results by us- 
ing each of  the plasmids containing the six cloned 
EcoRI fragments from ~,SRS1 as probes of  the 
EcoRI, HindIII,  and EcoRI/HindII I  double 
digests of  SRS4. The results are illustrated in 
Fig. 5B. In order to more precisely determine the 

extent of  homology in the 3'  region, 32p-labeled 
)~SRS4 was used to probe multiple restriction 
digests of  the pSRS6 plasmid containing the 3'  re- 
gion of  SRS1 (Fig. 5C). Although the data are not 
presented, all the experiments shown in Fig. 5 were 
also carried out at lower stringency levels (56 °C, 
6X SSC). The results were the same as shown in 
Fig. 5). The results of  these experiments are sum- 
marized in Fig. 3A. We can conclude that the de- 
tectable 5'  flanking sequence homology between 
the two genes is limited by the size of  the XSRS1 
clone and that the detectable 3'  flanking sequence 
homology does not extend far beyond the BstI site 
in SRS1. 

Fig. 5B. 
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Fig. 5C. 

Fig. 5. Extent of homology between SRS1 and SRS4 in distant flanking sequences as determined by Southern hybridization. 

Fig. 5A: Hybridization of kSRS4 to EcoRI fragment of ),SRS1. EcoRI digest of recombinant pBR325 plasmids carrying each 
EcoRI fragment of ~,SRS1 were electrophoresed in an 0.8°70 agarose gel, imprinted onto nitrocellulose and probed with 32p-labeled 
kSRS4. The ethidium bromide stained gel is shown on the left, the autoradiograph of the nitrocellulose filter imprint is shown on the 
right. Lane a, pSRS0.8: lane b, pSRSI.I: lane c, pSRS1.4: lane d, pSRS2.1: lane e, pSRS2.6: lane f, pSRS6. The 6.0 kb EcoRI frag- 
ment contained in pSRS6 is not resolved from the linearized 5.9 kb pBR325 plasmid in which it is cloned. The filter was hybridized 
and washed in 3xSCC at 56°C. Sizes of the HindlIl lambda DNA and AluI pBR322 DNA standards are indicated in the margin. 
The arrow indicates the 2.6 kb hSRS1 fragment that does not hybridize with kSRS4. 

Fig. 5B: EcoRl and HindlIl single and double digests of )~SRS1, probed with each of the six recombinant plasmid carrying EcoRI 
fragments of ;~SRS4, (see Figure 3). In each case, the entire plasmid has been 32p labeled. Lane A: EcoRI digests of ~SRS4. lane b: 
EcoRl/HindllI double digest of kSRS4, lane c: HindlII single digest ),SRS4. lane d: Control EcoRI digest of XSRS1. Six identical 
agarose gels were imprinted to nitrocellulose and the filters were hybridized and washed at medium stringency (3 × SSC, 56 °C). Sizes 
of the HindlIl lambda and AluI pBR322 DNA standards are indicated in the margin. One of the ethidium bromide stained 0.8070 
agarose gels is shown at the left of each row for comparison. 

Fig. 5C: Analysis of the 3' boundary of homology, pSRS6 digested with a) EcoRl/HindlIl;  b) EcoRI/Bstl/Hindlll;  c) EcoRI/Bstl; 
d) EcoRI; imprinted to nitrocellulose and probed with XSRS4. Hybridization at 3 × SSC, 56 °C. 

Steady state levels o f  SRS4  m R N A  

R N A  f r o m  s o y b e a n  seed l ings  g r o w n  in l ight  a n d  
d a r k n e s s  were  a n a l y z e d  fo r  S R S 4  gene  spec i f ic  
t ranscr ip ts .  We n e e d e d  to  d i s t ingu i sh  b e t w e e n  t ran-  
scr ip ts  p r o d u c e s  f r o m  the  c lose ly  re la ted  S R S 4  a n d  
SRS1 gene  sequences .  C o n s e q u e n t l y ,  a gene  spec i f ic  

18-mer  was syn thes i zed  wh ich  was c o m p l e m e n t a r y  
to a r eg ion  in t he  S R S 4  3 '  t r a n s c r i b e d - n o n - t r a n s -  
l a ted  m R N A  f l a n k i n g  sequence ,  w h i c h  var ies  by 
f o u r  n u c l e o t i d e s  f r o m  the  SRS1 s e q u e n c e  ( l abe led  

18-mer, Fig.  2). F igu re  6B i l lus t ra tes  the  spec i f ic i ty  

o f  the  S R S 4 - 3 '  18-met  probe .  T h e  o l i g o m e r  does  
n o t  hyb r id i ze  s ign i f i can t ly  to  SRS1 even u n d e r  low 
s t r i ngency  c o n d i t i o n s .  F r o m  prev ious  g e n o m i c  
h y b r i d i z a t i o n  s tud ies  us ing  S R S I  a n d  S R S 4  g e n e  
f r a g m e n t s  as p robes ,  we k n o w  tha t  the re  are  no  o th -  
er  R u B P C s s  gene  s e q u e n c e s  c lose ly  re la ted  to  SRS1 
a n d  S R S 4  in t he  s o y b e a n  g e n o m e  sugges t ing  t h a t  
this  is a g e n e  spec i f i c  o l i g o m e r  (4). T h e  poss ib i l i -  
ty t h a t  a n o t h e r  d i s t an t ly  re la ted  g e n e  con t a in s  a se- 
q u e n c e  h o m o l o g o u s  to  o n e  o f  these  p robes  has  n o t  
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Fig. 6. Light induction of the level of mRNA from SRS4 as measured by hybridization to a SRS4 gene specific 18-mer (6B). Control 
blot 6A is prepared identically to 6B but is probed with an 18S rRNA specific 40-mer. Total RNA from light- (LT) and dark- (DK) 
grown 10 day seedling leaves (.02/xg first RNA dots, A; 10 p.g first RNA dots, B) SRS4 (pSRS1.5), SRS1 (pSRS0.8), 18S rDNA (pSRI.1) 
and pBR322 plasmid DNAs (0.01 pmoles first dot) were applied in a two fold dilution series to a Biodyne A filter by suction blotting 
(DNA) or spotting (RNA). 32p-kinase 18-mers were hybridized for 18 h at 60°C in 0.25~/0 dry milk/2 × SSC/0.1~/0 SDS, then washed 
2 × 10 min at 23°C, then 1 x 1 min at 60°C in 1 x SSC/0.10/0 SDS. 

been ru led  out.  It can  be seen in Fig. 6B tha t  the  
SRS4-3 '  18-mer hybr id izes  to  app rox ima te ly  10 
t imes  more  R N A  in samples  taken  in the  l ight t han  
in R N A  samples  taken  in darkness .  A universal  18S 
r R N A  specific deoxyo l igonuc leo t ide  complemen-  
t a ry  to  nuc leo t ides  1764-1803 f rom a soybean  18S 
r D N A  gene (22) was used to p robe  an ident ica l  do t  
b lo t  (Fig. 6A). The  p robe  is gene-specific.  The  da t a  
in Fig. 6A d e m o n s t r a t e  tha t  the  same a m o u n t  o f  
r R N A  is present  in the  l ight- and  da rk -g rown tota l  
R N A  samples  and  tha t  equal  a m o u n t s  o f  to ta l  
R N A  f rom bo th  samples  were loaded  and  b o u n d  to 
the  filter. 

Discussion 

Soybean  R u B P C  smal l  subuni t  gene s tructure:  
The  o rgan iza t i on  o f  the  three exons encod ing  the 
SRS4 precursor  p ro te in  is ident ica l  to mos t  o ther  
smal l  subuni t  genes in d icots  (5, 12, 21). The  first 
exon o f  SRS4 encodes  the  ent ire  t rans i t  pep t ide  and  
the first  two a m i n o  acids  o f  the  ma tu re  protein.  
On ly  one  a m i n o  ac id  change  occurs  between the 
previous ly  de t e rmined  soybean  smal l  subuni t  t ran-  
sit sequence o f  SRS1 and  the SRS4 t rans i t  se- 
quences  (5). The  lack o f  conse rva t ion  for  mos t  
t rans i t  sequences in con t ras t  to the  high degree o f  

overall  conserva t ion  o f  these two RuBPCss  se- 
quences suggests  tha t  SRS1 and  SRS4 share a re- 
cent c o m m o n  ancest ra l  gene (38). 

Origin o f  two soybean RuBPCss genes 

The overall  sequence h o m o l o g y  between SRS1 
and  SRS4 is s imi lar  to tha t  found  for  a pa i r  o f  
related pea  genes and a pa i r  o f  closely related petu-  
nia  genes (12, 21). Unl ike  the pe tun ia  and  pea  
genes, however, these two soybean  genes have not  
been shown to be closely l inked in the  genome  (18, 
45). The  l a m b d a  clones ~.SRS1 and  XSRS4 con ta in  
4 kb and  7.5 kb o f  5 '  f l anking  sequence and  9 kb 
and  6 kb o f  3 '  f l ank ing  sequence, respectively. 
There  is no evidence o f  sequence over lap  wi thin  
these limits.  A n  independen t  l a m b d a  c lone conta in-  
ing the SRS1 gene, des igna ted  kSRS3,  conta ins  an-  
o the r  7 kb o f  3 '  f l ank ing  sequence which does  not  
over lap  the  RSRS4 clone (5). 

Whi le  it is l ikely tha t  the  l inked and  closely relat-  
ed pairs  o f  pea  and  pe tun ia  genes are recent ly  der- 
ived by gene dupl ica t ion ,  the  two soybean  genes 
may  have a very different  origin.  There  is subs tan-  
t ial  evidence tha t  soybean  arose  f rom the fus ion o f  
two diverged Pap i l i ono ideae  species with a 2N 
c h r o m o s o m e  number  o f  20. Thus  the 40 ch romo-  
somes o f  soybean  may  be des igna ted  as 2N + 2 N '  
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= 40. Genetic evidence supports this hypothesis by 
demonstrating that there are related alleles which 
do not segregate in soybean (15, 17). These potenti- 
tal homeologous alleles or alloalleles may have 
come from two independent Papilionoideae spe- 
cies. Recently, molecular evidence supporting this 
hypothesis has come from examining a number of  
different soybean gene families. The glycinin gene 
family apparently has a pair of  independent genes 
which share distant flanking sequences and may be 
homeologous alleles (R.B. Goldberg and R.G. 
Fischer, personal communication). The actin gene 
family has been shown to contain three very diver- 
gent classes of  actin genes with a pair of  closely 
related genes in each class (29). We propose here 
that the relationship between SRS1 and SRS4 is 
that of  homeologous alleles. SRS1 and SRS4 each 
would have to have come from a different Papil- 
ionoideae subspecies during the formation of the 
soybean genes, Glycine. 

A more definitive proof that SRS1 and SRS4 
have an alloallelic relationship could come from in 
situ hybridizations to soybean chromosomes. 
Hybridization to SRS1 or SRS4 gene specific 
probes should identify two chromosomes each, 
whereas hybridization to both probes simultane- 
ously should identify four different chromosomes. 

If the proposed alloallelic relationship for SRS1 
and SRS4 is correct, then the degree of  divergence 
of  these two genes should reflect the time of  diver- 
gence of  the two ancient Papilionoideae species 
from a common ancestor. The formation of  Gly- 
cine would have brought these two genes together 
again. The nucleotide divergence of  1 0 - 2 0 %  which 
was found in the 5' and 3' flanking region and in 
the introns agrees well with the 10-12% silent 
nucleotide substitution observed in the exons. In 
animal species the rate of  silent or unselected 
nucleotide substitution ranges from 1% per 0.4 to 
1.0 million years (MY) (39, 44). Using these data, 
we can estimate that these two genes diverged 10 to 
30 MY ago. This gene divergence time would then 
reflect the divergence time for the two Papil- 
ionoideae species and indicate an ancient origin for 
soybean. Considering that the Papilionoideae have 
been dated back 5 0 - 6 0  MY (16, 41), this large 
predicted divergence time is plausible. It should be 
noted that there is not sufficient data in the litera- 
ture on recently diverged plant genes to make an es- 
timate of  silent nucleotide substitution rates in 

plants. Considering the extensive sequencing data 
accumulating for plant genes, these values should 
be forthcoming and revised estimates can be ap- 
plied to our initial calculations for the divergence 
time for these two soybean small subunit genes and 
the two hypothesized Papilionoideae species. 

Common sequence elements 

The presumptive 5'  promotor sequences in SRS4 
are shown in Fig. 1C, and are similar to what is ob- 
served in SRS1 (Fig. 2, a,b,c). The start of transcrip- 
tion lies at the A (+ 1) of  the TAT sequence located 
48 bp upstream from the initiation codon ATG. 
The homologous TAT site of SRS1, located 45 bp 
upstream from the ATG codon (Fig. 2, c), was 
shown by S1 protection studies to contain the start 
of  transcription (5). This TAT sequence fits the 
consensus CAT box sequence, PyPuPy, known for 
most animal genes (20). SRS4 has the TATATATA 
sequence identical to that found in SRS1 and close- 
ly related to the eukaryotic Goldberg Hogness con- 
census sequence, TATAA, thought to specify the 
start site of transcription (ref. 1, 46; Fig. 2, s). The 
first A of  this sequence is -32 bp upstream from the 
transcription start site in SRS4, whereas it is only 
31 hp upstream in SRS4. This spacing is typical 
of  that found in animal genes (11). Both SRS4 and 
SRS1 (Fig. 2, m) contain the identical AACCAAT 
sequence at -86 bp upstream from the transcription 
start site. This sequence is homologous to the 
PuPuCCCAAT sequence found in many animal 
gene transcription units and is thought to modulate 
levels of  transcription (2, 20, 26). SRS4 contains an 
additional GGCCAAT at -141 and both genes con- 
tain another repeat of  this sequence at -524. 

The 3'  end of  the SRS4 sequence contains 3 
presumptive polydenylation sites (3) with the se- 
quence AATAA (Fig. 1C and Fig. 2; PA). The first 
two are located at positions similar to the two 
AATAA sequences found in SRS1 (+ 159 and + 192 
bp from the stop codon TAA of  SRS4, see PAl, 
and PA2, at 1232 and 1265 in Fig. 2). A third po- 
tential site is seen in SRS4, at + 301 from the TAA 
stop codon (PA in Fig. 3). The presence of  these 
multiple polyadenylation sites may have caused the 
smear of  S1 products observed above for SRS1. 

These two small subunit genes each contain a 
relatively large number of  alternating pu- 
rine/pyrimidine tracts in their 5'  flanking se- 



quences (Fig. 2, z). Tracts of  alternating purines 
and pyrimidines are found in all eukaryotes exam- 
ined (27) and have been shown to enhance transcrip- 
tion of  several eukaryotic genes and to play an im- 
portant role in the structure of  viral enhancers (42, 
28). Both genes contain 5'  flanking sequences 
homologous to an independent animal viral en- 

AAA hancer consensus sequence GTGGTT T G or its in- 
verse complement (56; Fig. 2, e). This sequence has 
also been found in pea, wheat and petunia 
RuBPCss genes (14, 18) and in a light inducible pea 
chlorophyll a /b  binding protein gene (51). 

Three sequence elements with potential interest 
in regulation of  these genes exist in the 5'  flank of  
both genes. The sequence ACAAAG is present as a 
direct repeat (-378, Fig. 2, rl). The sequence at 
-236, TCTTCC AA GGAAGA, contains a six 
nucleotide inverted repeat (Fig. 2, r2). The se- 
quence AATAT is repeated six times in SRS4 and 
four times in SRS1 (Fig. 2, r3). Some of  these se- 
quences are found in the 5'  flanking regions of 
other light regulated genes (10, 14, 18, 31, 51). 

Expression and regulation of the soybean gene, 
SRS4 

A gene specific probe has been used to demon- 
strate that SRS4 makes a substantial amount  of  
mRNA in light grown seedlings and low but detect- 
able levels in soybean seedlings germinated and 
grown in darkness. There is an approximately 10- 
fold increase in mRNA levels in light grown tissue. 
We have already shown that transcription of  SRS1 
is strongly regulated by light and exhibits the classic 
phytochrome response (5, 6). In separate experi- 
ments to be described elsewhere (Berry-Lowe and 
Meagher, unpublished data), we have shown that 
the SRS4 gene is also light regulated at the level of  
transcription. Furthermore, SRS1 and SRS4 to- 
gether account for at least 80°7o of  the total 
RuBPCss mRNA in light grown soybean plants (5). 
As discussed above, the classical regulatory se- 
quences such as the CCAAT, TATATATA, and TAT, 
AATAA and several interesting repetitive sequences 
are conserved between (Fig. 2) SRS1 and SRS4. It 
might have been expected that if SRS1 and SRS4 
are homeologous alleles one of  them would have 
lost function with time. A detailed analysis of  
the expression of  these two genes and their poten- 
tial regulatory sequences in transgenic plants, 
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should begin to clarify their functional significance 
in soybean. 
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