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Sink- and Vascular-Associated Sucrose Synthase Functions 
Are Encoded by Different Gene Classes in Potato 

Hongyong zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFu and William D. Park’ 

Department of Biochemistry and Biophysics, Texas A & M University, College Station, Texas 77843-2128 

Two differentially regulated classes of sucrose synthase genes, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus3 and Sus4, were identified in potato. They cannot 
be classified as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASusl and SusP types based on sequence homology and appear to have evolved after the divergence 
of the major families of dicotyledonous plants but before the divergence of tomato and potato. The potato sucrose syn- 
thase clones Sus3-65 and Sus4-16 share an 87% nucleotide identity in the coding regions, and both are interrupted by 
13 introns, including a long leader intron. Potato Sus3 genes are expressed at the highest levels in stems and roots and 
appear to provide the vascular function of sucrose synthase. In contrast, Sus4 genes are expressed primarily in the stor- 
age and vascular tissue of tubers and appear to facilitate sink function. The genes are differentially regulated in root 
tips, with Sus3 expressed at high levels in the cell division zone and Sus4 expressed at high levels in the meristem and cap. 

INTRODUCTION 

Sucrose synthase (EC 2.4.1.13) catalyzes the reversible con- 

version of sucrose and UDP into UDP-glucose and fructose. 

Sucrose synthase is ubiquitous in higher plants (Avigad, 1982) 

and plays a variety of important roles. It is the predominant 

sucrose cleavage enzyme in cereal endosperm and potato tu- 

ber and provides substrates for starch synthesis in these and 

other storage organs (Chourey and Nelson, 1976; Claussen 

et al., 1985; Dale and Housley, 1986; Sung et al., 1989; Sun 

et al., 1992; Wang et al., 1994). Sucrose synthase is also in- 

volved in meeting the increased glycolytic demand during 

anaerobic and cold stress as well as in supplying UDP-glucose 

for cell wall biosynthesis (Springer et al., 1986; Hendrix, 1990; 

Maas et al., 1990; MaraAa et al., 1990; Ricard et al., 1991; Martin 

et al., 1993). 

In addition, sucrose synthase appears to play a key role in 

supplying energy for loading and unloading in phloem by 

providing substrate for respiration. Sucrose synthase activity 

has been shown to be associated with vascular tissues in a 

number of species (Hawker and Hatch, 1965; Lowell et al., 1989; 

Tomlinson et al., 1991) and is localized specifically in the com- 

panion cells in maize leaves and citrus fruits (Nolte and Koch, 

1993). Expression of sucrose synthase in phloem tissues of 

transgenic tobacco plants has been observed by using the 

maize Shrunkenl (Shl) promoter (Yang and Russell, 1990); 

it has also been observed recently in the vascular tissue by 

using an Arabidopsis sucrose synthase promoter (Martin et 

al., 1993). Recent experiments in which phloem-specific 

removal of pyrophosphate in transgenic tobacco resulted in 

sugar accumulation in source leaves and stunted growth are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I To whom correspondence should be addressed. 

also consistent with a key role for sucrose synthase in phloem 

function (Lerchl et al., 1995). 

In monocotyledonous species, such as cereals, sucrose syn- 

thase is encoded by two differentially expressed nonallelic loci, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Susl and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus2 (Werr et al., 1985; McCarty et al., 1986; Marafía 

et al., 1988a, 1988b; Chourey et al., 1991; Sánchez de Ia Hoz 

et al., 1992; Wang et al., 1992; Yu et al., 1992; Shaw et al., 

1994). In maize, for example, the SusP gene, Shl, is expressed 

primarily in endosperm, whereas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASusl is expressed in the em- 

bryo, aleurone, and basal endosperm transfer cells, in sink 

leaves, and in the shoots and roots of seedlings (McCarty et 

al., 1986; Chen and Chourey, 1989; Heinlein and Starlinger, 

1989; Nguyen-Quoc et al., 1990). Expression of the two maize 

genes is also modulated differentially by sugar levels (Koch 

et al., 1992) and by anaerobiosis (McCarty et al., 1986; Springer 

et al., 1986). Expression of Shl  is inducible under anaerobic 

conditions, whereas Susl is relatively unaffected. 

A sucrose synthase cDNA clone from potato tubers has been 

isolated and characterized by Salanoubat and Belliard (1987). 

They have shown that the steady state leve1 of sucrose syn- 

thase transcripts is highest in developing tubers and is very 

low in other organs (Salanoubat and Belliard, 1989). Although 

transcripts were not detectable in normal leaves, they could 

be detected after incubation in high concentrations of sucrose. 

Potato sucrose synthase is also regulated by wounding and 

anaerobiosis (Salanoubat and Belliard, 1989). 

Individual sucrose synthase cDNAs have been sequenced 

from carrot (Sebková et al., 1995), mung bean (Arai et al., 

1992), broad bean (Heim et al., 1993), and tomato (GenBank 

accession number L19762). However, despite the character- 

ization of these clones and the isolation of two divergent 
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sucrose synthase genomic clones from Arabidopsis (Chopra 

et al., 1992; Martin et al., 1993), it is not clear whether dicots 

also contain differentially expressed classes of sucrose syn- 

thase genes as do monocots and, i f  so, how their patterns of 

expression would compare. 

Here, we report the isolation and characterization of two 

classes of sucrose synthase genes from potato and demon- 

strate by RNA gel blot analysis and by expression in transgenic 

potato plants that they have different patterns of expression. 

Based on sequence homology with other published sucrose 

synthase clones, the Sus3 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus4 classes of potato sucrose 

synthase genes appear to have evolved after the divergence 

of the major dicot families but before the divergence of tomato 

and potato. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RESULTS 

Presence of Two Classes of Sucrose Synthase Genes 
in Potato 

Forty-four clones were isolated by screening a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh genomic DNA 

library (1.5 x 106 plaque-forming units) at Iow stringency with 

a polymerase chain reaction (PCR)-amplified genomic prod- 

uct corresponding to the region from positions 1495 to 2462 

of the potato sucrose synthase cDNA Fbtssyn (Salanoubat and 

Belliard, 1987). Five of these clones, which contained the entire zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
sus3 [ 

coding region plus at least 1.0 kb of 5'flanking sequence, were 

characterized further by restriction enzyme mapping. 

As shown in Figure 1, these five clones can be grouped into 

two classes, Sus3 and Sus4 (previously designated V and T 

classes, respectively; Fu et al., 1991), based on their restric- 

tion patterns. The two Sus3 clones, Sus3-9 and Sus3-65, appear 

to be from different genes or alleles because their overlap- 

ping regions differ at one Sstl site. The Sus4 clones share 

restriction sites with the published potato tuber sucrose syn- 

thase cDNA Potssyn. Clones Sus4-1 and Sus4-16 may come 

from the same gene because they possess an identical re- 

striction pattern in the overlapping regions. Sus4-34 has a 

different restriction pattern, indicating that it comes from a 

different Sus4 class gene or allele. 

The presence of two classes of sucrose synthase genes was 

confirmed by the detection of distinct restriction fragments when 

genomic DNA blots were probed at high stringency with frag- 

ments containing the coding region of either Sus3-65 or Sus4-16 

(Figure 2). The restriction fragments detected agreed with those 

predicted from the restriction maps shown in Figure 1, except 

that additional bands were observed with both probes. The 

additional bands may be the result of the presence of other 

uncharacterized Sus3 and Sus4 genes or alleles in this 

tetraploid variety. The presence of additional classes of su- 

crose synthase genes cannot be ruled out. However, all bands 

detected by Sus3 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus4 probes were also detected at lower 

stringency (final washing at 65OC in 2 x SSC) by either probe 

alone (data not shown). 

sus3-65 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAxx  x - 
Sus3 probe 

s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB S* S' s s  s x  ss H 
I sus4-1 

S X B H  B H S* Ss H H S s  
I I  I 1  SU84-34 

sus4 

1 kb 
H 

Su~4-16 

Figure 1. Restriction Maps of Potato Sucrose Synthase Genomic Clones 

Two classes of potato sucrose synthase genomic clones are displayed Clone designations appear at right Also shown ts the published potato 

tuber sucrose synthase cDNA Potssyn Open boxes indicate deduced transcription units Positions of class-specific probes for DNA gel blot analy- 

sis are shown as hatched boxes The Sus3 class probe is a 2 5-kb EcoRl fragment of Sus3-65 (nucleotides 3737 to 6256), and the Sus4 class 

probe is a 26-kb Sall-Sstl fragment of Sus4-16 (nucleotides 2462 to 5089) Asterisks indtcate sites from the h vector zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, BamHI, H, Htndlll, S, 

Sall, Ss, Sstl, X, Xhol 
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Genomic reconstruction experiments suggest that there are

eight and four copies of the Sus3 and Sus4 class genes, respec-

tively, per tetraploid genome (Figure 2).

Potato Sucrose Synthase Genes 1371

Identification  of the Codin g Sequence s
in Representativ e Sus3 and Sus4 Class Genes

The nucleotide sequences of the Sus3 genomic clone Sus3-

65 and the Sus4 genomic clone Sus4-16 are shown in Figures

3 and 4, respectively. The protein coding sequences for both

genes were identified by comparison with the potato sucrose

synthase cDNA Pofssyn (Salanoubat and Belliard, 1987). All

splicing junctions obey the GT/AG boundary rule and conform

to the consensus sequences for splicing junctions in plant

genes (Brown, 1986).

The deduced protein coding sequences of Sus3-65 and

St/s4-16 are both 2415 bp in length. They could encode pro-

teins of 805 amino acids with calculated molecular masses

of ~92 kD, which is consistent with the estimated size of 90

kD for potato sucrose synthase (Ross and Davies, 1992). Sus3-
65 shares 86.9% nucleotide identity in the coding region and

91.8% amino acid identity with Pofssyn. Sus4-16 shares 98.6

and 99.3% nucleotide and amino acid identity, respectively,

with Pofssyn.

4 20

12.
10.
8.
7 '
6'
5 •

I
B

Characterizatio n of the 5' Untranslate d Region s and
Assignmen t of Transcriptio n Star t Sites

The presence of a long leader intron in the 5' untranslated re-

gion is a typical feature of sucrose synthase genes (Werr et

al., 1985; Chopra et al., 1992; Wang et al., 1992; Yu et al., 1992;

Shaw et al., 1994). A 1612-bp leader intron with a GT/AG splic-

ing boundary was easily identified in Sus4-16 by comparing

its sequence with that of the 5' untranslated region of the potato

sucrose synthase cDNA Pofssyn (Figure 4). However, compar-

ison of the 5' untranslated regions of Pofssyn with Sus3-65 did

not reveal regions of significant homology. To determine

whether Sus3-65 also has a long leader intron and to map the

transcription start sites for both genes, a collection of 5' su-

crose synthase cDNAs was isolated from potato tubers using

a rapid amplification of cDNA ends protocol (Frohman et al.,

1988).
Eighteen of the 5' cDNAs that we isolated were either iden-

tical to or highly homologous with Sus4-16. These cDNAs could

be divided into four groups: Sus4-5'a, Sus4-5'b, Sus4-5'c, and

Sus4-5'd, which are shown, along with the published cDNA

Pofssyn and Sus4-16, in Figure 5B. Three to six clones were

obtained for each of these groups. The sequences of Sus4-

5'a and St/s4-5'b, which differ in length by 3 bp at the 5' end,

are identical to Sus4-16. The sequences of Sus4-5'c and Sus4-

5'd, which also differ in length by 3 bp at the 5' end, differ from

Sus4-16 only by insertions of 13 and 3 bp in the untranslated

region and by 1 or 2 mismatched bases. The deduced lengths

of the 5' untranslated regions for the four groups of 5' cDNAs

12
10'
8'
7 '
6 -

.

Figur e 2. DMA Gel Blot Analysis of Potato Sucrose Synthase Genes.

Genomic DMA (10 ng per lane) was digested with restriction enzymes,
shown above each lane, and probed under stringent conditions (final
washing at 65°C in 0.1 x SSC). For reconstruction experiments, ei-
ther four or 20 copies of cold probe were loaded individually. Probe
positions are indicated in Figure 1. Molecular length standards are
indicated at left in kilobases.
(A) Gel blot probed with the Sus3 class probe.
(B) Gel blot probed with the Sus4 class probe.
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qaqctccaatat qtqct ccqaacat tqaqtqaat t t t at t t t aaaatqtcaaatcctaac zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-11 4 1 3060 
cacaaatcaaatataqtaqcccaacaaattqacataaaaaagqqttttaaagtcatcatc -1681 G Q  
.aaa.aafaoat~aatccaccaatattaaacaaaaaateaatccattotattaototta -1621 .aatacta.attCCcatt=cttt~~tttac~aGTTGTCTATATTTTGGATCAAGTTCCTG 3120 

GGCCAGqtqcactqct tatt tqtqatctcattqtct tattcctt cqaaacct attqctqc 

-1561 
-1501 
-1441 
-1381 
-1321 
-1261 
-1201 
-1141 
-1081 
-1021 

-961 
- 9 0 1  
-841 
-781 
-121 
-661 
-601 
-541 
-481 

V V Y I L D Q V P A  
CCTTGGAGCGTGFGATGCTCAAGCGCATAAAGGAGCAAGGACTTGATATCAAACCACGTA 

L E R E M L K R I K E Q G L D I K P R I  
TTCTTATTqtt.qtattctcaq~.attqtq=ttataq.tt~tqattatqcaqqatttcq~ 

. _  _ _  ~~ 

. -  
L I  

tttqttCt..tqcaqc.tctq.tctttqtttaaattctc.gCTTACTCGSCT~TCCCTG 
V T R L L P D  

ATGCAGTTGGTACCACTTGTGGTCAGCGACTCGAGAAGGTATTTGGAACTGAGCATTCAC 
A V G T T C G Q R L E K V F G T E H S R  

ATATTCTTAGGGTCCCCTTTAGGACTGAGAAGGSCATTGTTCGCAAATGGATCTCTCGTT 
I L R V P F R T E K G I V R K W I S R F  

TTGAAGTCTGGCCATACATGGAGACTTTCATTGAGqtq~~qcaaccttt=tqtattc.tt 
E V W P Y M E T F I E  - . . . .. - . . . - 

t t t C ~ ~ t C t t C t ~ q t t q ~ t t t t t q ~ ~ q c ~ ~ t t t ~ c t ~ c t t ~ c ~ ~ t ~ ~ ~ ~ t t q t q ~ ~ t t t t  
aatacattaaGATGTGGGGAAAGAGATAACCGCAGAACTGCA&GCTAAGCCTGATCTTAT 

D V G K E I T A E L Q A K P D L I  
TATCGGAAACTATAGTGAGGGAAACCTTGCAGCCTCCTTGTTGGCTCACAAGTTAGGCGT 

I G N Y S E G N L A A S L L A H K L G V  
AACACI\Ggtttqteatattqgtcacatgtataaqatttactttgcatttcctttcatttq 

3180 

3240 

3300 

3360 

3420 

3480 

3540 
3600 

3660 

3120 

tqttcqatatttqtactsq~qtctq~ct..tctq.~ttc.t~tcatqtaqqqcctaqtca -241 TTGCTCATGCATTGGAGAAAACCAAATATCCTGATTCTGACATTTACTTGAATAAATTTG 3840 
.gg..a.CCCtCCttgattataatttttttt~atatatttaqaatttaa~tctq~a~~ct -181 A H A L E K T K Y P D S D I Y L N K F D  
ct..tt.~qt~t.caqtqtq~tqtq~cqqtqtttctta~~~~q~qctt*ct~qq~a~tta -121 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAACGAGAAATACCACTTCTCAGCTCAGTTTACTGCTGATCTTATAGCAATGMTCACACTG 3900 
qc..q.attqattqqt.ttqqt~q=.ttttqtttqt.t.~ta.~t~~~qtq~t=c~=tq~ - 6 1  E K Y H F S A Q F T A D L I A M N H T D  
g l . ~ g . c a c g t ~ c a c a t t t t g t t t t ~ q g q a c c t c t a c c ~ t t c ~ ~ t t ~ c t ~ ~ t ~  -1 ATTTCATCATCACCAGCACCTTCCAGGAGATAGCAGGAAGqtatqacstcaatttcqcqc 3960 

F I I T S T F Q E I A G S  
ACCATTCATAAGCAACACTCTTTCATTTGCTTCTTTTGATTTCCATCTTTGTGTTTCCTC 
CATCCATTTCATTACTTCCCTCTATTCCTTTCAATATTCCTCTCTTTCCTTTTTCTTCAA 
~~t.~~~cCtqC.~CtC.C~tttCttt.tqtt~cqtcgqtqcqt.aq~.ttttq 
t t t E t C ~ t t t ~ t C . t C . t t C . . ~ t t t t a t c t t t t t t c t c a t ~ c q t ~ q ~ t q t t ~ a ~ ~ a * ~ ~  
ga.9qa.t a.t t t tcaqt tqcmtt tgct tgcactact act Ct Ct tctt catctacct t tc  
qtt t tC~q.qt~tCctt t t t tqt tacca~~t~tt t t tqtc~tat tctqct t tqt t~c~tq 
atC~ttttqCa.tttqttC.~tq~taa~.aq~tcaq~tt~tqqq~ttttttttttcqttt 
qttq.t~qa~.~qtctqtttcctc~att~qtcaqqttct~qaqttataCtctqcaaattc 
t .~t t t t~CttCCtCtgt t t t t t t t t t tca.atct t tq~ca~~~tt tat tqa~~q~~aaq 
tCt.ttcqt~.ccqtC.Ctqct.q~~..c..tqcqtt.tcc.ttq...C.t....C.t.. 
tttqtcq.q..q.E.~.tCaaa~at.~qa..ca...at~ctc.c.tctcttttcttcttt 
ttCtCCtqtt.qt.ctqEtctqttttttt.tttttc.ttt.ctcaaa~tqttqtttc~tt 
.ttct.qct.ttttqttttqtttccttqcq~ctt.ac.aqt~qttttcq~q~ttqqtqq~ 
.tqqttaaqattcttttttatcttt~qtttqttt.qtCcq.Ettq.qtttc.qat.ttq~ 
atq.tt.......a.qt.qtt=t..ttc.*q.~tatttt.tcttcatq.t~~tqtttt~ 
qt.tttq.tttCqtC.c..tttcttcct~qttttttqtttttq~qtt~q~t~q~tqttqa 
.qqqqa~.ttttqttqttqtttact~q~tqct~qatqqc~tattctttcttt*ttccttt 
t.a..ta..tat atq..qqqtacctattq.tc...t .t.t .t.qtatqtqttttttattt 
aattqttt ..ttattqtqtqqttcaact aaa.C.qtq.~~tacq.Ct~Ct~qtil.C.tat 
t t t t t t t~a t~~taqqaaqatcaqtqcaaqt tc tc tc tq t tg tq t t t t t~ t tqqqc~~ca 
ttt.tCttqqttqtC.cqt.ttqtatt~tqcattt~tttqat~actctc~tqtcattat. 
ttqqt.qqtctgctaqtttttattattc~tca.ttq~a.tatqct~qtttqat 
tggata~aagttcatqaaataaaacaaaaaatt t~tqatt t taqqt~qqatat t tq~at 
tqaag..ctt~.taq~.ttttttttttttttqqa~~.t.tt.t.qt~qt~qtqct~qqtq 
qqq~cqtqqqqttq~.~~tttqt.Ct.Ct~t~ttCt~qatCattgqaaaattaqqtqact 
t.tttttCcC.C~.tCtC.tctcttttaat~.ta~ta~ta.t~qt~qt~~tatqtt~a~t 
t t t t t tatqatt t t tqaqttaacaqtat t t tqt t tgtqt t t t~c~qttq~a~qtc~tct t  
gaqqatttgcaqGTGCAATGGCTGAACGTGTTCTGACTCGTGTTCACAGCCTTCGTGAAC 

M A E R V L T R V H S L R E R  
GTCTTGATGCTACTTTGSCTGCTCATCGCAATGAAATTTTGCTCTTTCTTTCAAGqtatq 

q t t t t . q .qC . . tC t tC t tqcCt r t t t t qa t t t aq t tq~ tq t tg t t t qc~~q t t t cq t t t~q  
tttcqtttcqtttqqtatqttqt~ca~qcat~aataqtttaatcaagtacatcatcatqa 
qttattcttqqtqtattaqGATCGAAAGCCACGGAAAAGGGATCTTGAAACCTCACCAGC 

L D A T L A A H R N E I L L F L S R  

.. . 
I E S R G K G I L K P H Q L  

TGCTGGCTGAGTTTGAATCAATTCACAAAGAAGACAAAGACAAACTGAATGATCATGCCT 
L A E F E S I H K E D K D K L N D H A F  

TTGAAGAAGTCCTGAAATCCACTC~t~.cttqqtttt~ttqtt~qqttqqttqt.ttq 
E E V L K S T O  
~~ - . . -  

.~ttttCtt.Ct.~qCt..C~t~tqt~tcaqtttqtqcttqc~tttq~~~t~ttt~tqtq 
ttattcqtcatactaqGAAGCAATTGTTTTACCCCCATGGGTTGCACTTGCTATTCGTTT 

GAGGCCTGGTGTGTGGGAATATGTCCGTGTGAATGTTAATGCTCTTATTGTTGAGGAGCT 
E A I V L P P W V A L A I R L  

R P G V W E Y V R V N V N A L I V E E L  
GACTGTGCCTGAGTTTTTGCAATTCAAGGAAGAACTTGTTAACGGAACqtaaqttttacq 

T V P E F L Q F K E E L V N G T  
t t t q a a t t t q a ~ q ~ t t ~ q t t . t c t a a t t . a c s t g t t q t t a ~ t t t t t t t t t t q ~ t t ~ ~ t q t  
tgtgattt tccctqatqcaqTTCC~GATMC~GTTCTTGAATTGGATTTTGAGCCC 

S N D N F V L E L D F E P  

60 
120 
180 
240 
300 
360 
420 
4 80 
540 
600 
660 
720 
780 
840 
900 ~ . .  
960 

1020 
1080 
1140 
1200 
1260 
1320 
1380 
1440 
1500 
1560 
1620 
1680 

1140 

1800 
1860 
1920 

1980 

2040 

2100 
2160 

2220 

2280 

2340 
2400 

2460 

tct ..tt..CttqttCttCt ccctqttt aattqtqtttqat CCt aaaacatttttt caat 
ttttttamCAAGGACACCGTTGGACAGTATGAGAGCCACATCGCCTTCACAATGCCTGSA 

K D T V G O Y E S H M A F T M P G  
TTGTATAGAGTTGTTCATGGCATTGATGTGTTCGATCCCAAATTCAACATTGTGTCACCA 
L Y R V V H G I D V F D P K F N I V S P  
GGAGCTGATGTGAATCTCTATTTTCCATACTCCGAAAALXAAAAGFGATTGACAACTTTT 
G A D V N L Y F P Y S E K E K R L T T F  
CACCCTGAAATCGAAGACTTGCTGTTTAGCGATGTCGAGAATGAAGAACACCTqtatqtt 
H P E I E D L L F S D V E N E E H L  ~~~ ~~ ~ ~~ ~ 

t c t . t .~q~qtqc~~~at tq tq t t tac tq~t~ taaac~~qt t tq t~c tqaat tq~ t t ta t  
attcct at atcaaGTGTGTGTTGAAGGACAGGAATAAGCCCATCATATTCACCATGGCAA 

C V L K D R N K P I I F T M A R  
GATTGGACCGAGTGAAGAACTTAACTGGACTCGTCGAGTGGTATGCTAAGAATCCACGAC 

L D R V K N L T G L V E W Y A K N P R L  
TAAGGGAGTTGGTTAACCTTGTTGTGGTTGGTGGAGACCGAAGAAAGGAATCCAAAGACT 

R E L V N L V V V G G D R R K E S K D L  
TGGAAGAGCAGGCAGAGATGAAGAAGATGTATGAACTTATAAAGACTCACAATTTGAATG 

A D L L A D F F E K C K V D P S H W E A  
CCATTTCTGAGGGTGGCCTT~GTATACMGAGA~t~~qt tqctqctc t t t tcc tcc 

I S E G G L K R I Q E K  
t . C C q C . t q ~ t C q t t . t t q ~ q t q ~ a t t ~ ~ t t ~ ~ ~ a q t q ~ t t ~ t ~ ~ t c t c c t q t t q c t q t ~  
qGTACACATGGCAAATCTACTCCGATCGGCTGTTGACACTAGCTGCTGTTTACGGGTTCT 

Y T W Q I Y S D R L L T L A A V Y G F W  
GGAAGCACGTTTCCAAGCTCGATCGTCTTGAAATTCGTCGTTATCTTGAGATGTTTTATG 

K H V S K L D R L E I R R Y L E H F Y A  
CTCTCAAATTCCGCAAGCTGqtaaqtct ctctqctt tctqcact tttccaat tqtctaaa 

L K F R K L  
qC~aCt~ct~~tqq~~Cttct~t . t t t tqt t t tq. t tc.qGCTCAACTTGTTCCAT~ 

TGTTGAGTAAATTGACAAAGAGAAGGCTTCTGTCTAATTGTTATCCATATTGTCCTT 

TAGAAAATGTTTGTCCTAGTTTGCTTTTCCCCCACATTTGATGTTTGAGAACTGAAT?GT 
CTTTTTTATTTGCATTTTTTCCCTTCTGTAGTCATGAAGAGGATTGCAAATTTGACATTA 
TGTAGTGTTACTGTGBATATCAAATTTCAATCTGCTCTatcca tc t t t t t sacca  
ttct ctt~ttqq(l~tta~~c~catt=tctctqctttcacaaqtqaqtq~ta.aqt=tqcq 
t *C. t~ tC~~Ct tCtCt~q~tc t tq t t tq tqqq~t t~ca t tgaqt t tq t tq tc t~ t t t ta  
a a ~ t a t a c t t c t t c c q t t c ~ a c a ~ t ~ ~ t t q t c t ~ ~ t ~ t a c t a t t t t q q q t q t c ~ ~ ~ c a a t  
a t t t q t c c a c t t t a t q a a a t t a ~ t q a a t a a t t t ~ ~ ~ ~ c t t a q t t t ~ t ~ ~ t q t a c c c t t a t  

A Q L V P L A  

V E *  

aat t aat  t ataqtcat t t c t  ctat t acat t t t tcaaqacat tat at t t a t  t.t.t t ccaq 
qqqtqat ataqt aaaat aaact tt ttat ttat aatt tttt aagatqgqtqcaaast aaat 
*aa*aaaatctt tc t tatcat t ccaaattattatcaaaat cmat tttaccaaccacctta 

4020 
4080 

4140 

4200 

4260 

4320 
4380 

4440 

4500 

4560 

4620 

4680 

4140 

4000 

4860 

4920 

4980 
5040 

5100 

5160 

5220 

5280 

5340 
5400 
5460 
5520 
5580 
5640 
5100 
5760 
5820 
5880 I ~ ~ 

~~ 

CrrAACFGGCACCTCTCTGCCAAAATGTTTCATGACAALX~CATGACCCCTCTTCTC 2520 q~q~caactatat tqqataqtgatgaaattct tatcct~t~t t tqaca~aagqtcaaaag 5940 
L N R H L S A K M F H D K E S M T P L L  ~ ~ q ~ ~ t a ~ ~ ~ ~ C t ~ ~ ~ C C t t t t t a c ~ t t q a t a q c c t t q ~ t q a q a q ~ t c c t ~ t t c c a t t t q  6000 
GFGTTTrTTCGAGTTrACCACTACAALXG~~taaatttaqtqtttctaataatacct 2580 aaatattctctaaaaaaaaaataattttatccttaaaattaaaaaaaataactataaaat 6060 . .  . . 
E F L R V H H Y K G K  
tttctccqctaa.ttaatttccagtatqtaqtaqctqatttttqcatccaataaatqatt 2640 
aaat tqt t ccaactat catt ttctgtqcaqACAATGATGCTAAATGATAGA4TTrAGAAT 2 1  O0 

T Y Y i. N n P I n N - . . . . - . . - . . - .. 
TTGTATACTCTCCAAAAAGTCCTGAGGAAGGCTGAGGAATKCTCACCACCCTTTCCCCA 2160 
L Y T L Q K V L R K A E E Y L T T L S P  ~~ 

G A A A C G T C A T A C T C G G C A T T T G F G C A C A F G T T C C A A G A A A ~ C ~ G A G A ~ T ~  2820 
E T S Y S A F E H K F Q E I G L E R G W  
GGTGACACCGCAGAGCGTGTTCTAGAGATGATCXCAXCTCCTGGATCTCCTCGAGGCT 2880 
G D T A E R V L E M & , C M L L D L L E A  
CCTGATTCGTGTACTCTTGAGAAGTTCCTTCGTAGAAT"ICCTATGGTTTTCAATGTGGTT 2940 
P D S C T L E K F L G R I P M V F N V V  

aaaaatg tggqc ;aa ;aqaeqta t~ t~ t~a t t~g~ct tc t~gga~t~at tc tcqq~tc ta  6120 
t t t C t t q t q t t C C ~ t t ~ ~ C a t q a ~ t t q t q a q c a t a a a q a a a t q q t ~ ~ t t a t q c a ~ c ~ a c t  6180 
~ t q q q ~ t q q a t q q a t t t t t t t t a a a a a c a a t t q q q q c t ~ q q ~ ~ ~ t g q ~ q ~ ~ ~ t ~ q g a a ~ ~  6240 
a q ~ a t t ~ t q a q ~ ~ t t c q ~ . t c t t t ~ t c a a q ~ ~ q a t a a a q t t c a = ~ t ~ q t c a a t c ~ a t t q a  6300 
g c ~ ~ t t t ~ q ~ t t ~ t c ~ t q ~ c t t ~ s q a q q q a t t q t t a q q a t a t t c t a c q q t t ~ a t t s q ~ q q  6360 
t t tqat .Cacqtqt~qt~cct==taataq=~~tqtat t t=~t~=tcat. tqq~tt~t t tq 6420 
c t t t t t E t t t q C t t C t a c . t ~ t ~ t a a ~ t q ~ q ~ c a t a c a t ~ ~ ~ t t q q a c q q ~ ~ ~ ~ ~ t a a t a  6480 
a~.ct tqqt t tCttqC.t t .~t~catqqqt~t tatctcat~~ca~taatqc~ttc~~tac 6540 
t c q q a t q q a g g ~ a t q ~ t c t c . a c t a t t q ~ t q t a a t c t t t ~ t c t t q t t c c a ~ ~ ~ ~ c t c t a ~  6600 
aaaaatqqatatttacatccacttcttctttaq~aqata~tta~tt~qattcacq~taqtttq 6660 
c~..ttqc~~t~tt.Cqttc.tt.EC.E.ttttcqqcct~~q~ta~atqt~tttqcctct 6120 
tctaqa 6726 

ATACTTTCACCTCATGGATATTTGCCCAGGAAAATGTCTTGGGTTACCCCGACACTGGT 3000 
I L S P H G Y F A Q E N V L G Y P D T G  

Figure 3. Nucleotide and Deduced Amino Acid Sequences of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus3 Class Gene zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus3-65 (GenBank accession number U24088) 

Exons areshown in uppercase letters, flanking regions and introns are shown in lowercase letters The putattve transcription start site is indicated 

by a boldface letter with a dot on top Nucleotide sequences are numbered by referring to the transcriptton start site as +1 The TATA box and 

polyadenylation signal are underlined The asterisk indicates the stop codon 
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Potato Sucrose Synthase Genes 1373 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
qaat tcaa.tactqqatqacaqataaaaaqqaaagaaat aqt acaat atat actacat t a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-1 4 4 1 AGGGATGGGGGGACACGGCGGAGCGTGTGCTAGAGATGGTATGCATGCTTCTTGATCTCC 
tcctaaaataqtaqtacqtqtcacaqc~qta=at=ctt~qttca~cta~ttqtc~tt~tt -1381 G W G D T A E R V L E U V C U L L D L L  
a t a t q t ~ c a t t a q ~ t t a . a a t ~ a ~ a t t s t t t q q q a . t t ~ a q q q t c ~ a ~ ~ q ~ t q a q c ~ c ~ s  -1321 TTGAGGCTCCTGACTCATGTACTCTTGAGAAGTTCTTGGGGAGAATTCCTATGGTTTTCA 
a a t a t a t ~ a t t t q t t t a t t t t t t ~ a t ~ ~ a a ~ t q ~ ~ t a ~ ~ q ~ ~ q t ~ q ~ ~ ~ ~ ~ = t q q ~ t . c ~  -1261 E A P D S C T L E K F L G R I P U V F N  
qtqtct .qt t t t . t t t . .c~~~tt tqqqtcc~ca~q.t t~t tqt~~a~t~c~q~~qq~~t -1201 ATGTGGTTATCCTTTCCCCTCATGGATATTTTGCCCAAGAAAATGTCTTGGGTTATCCCG 
...a qtqqttttqattattattattatatttttctaaaqtqqttttqattattqtt~ttt -1141 V V I L S P H G Y F A Q E N V L G Y P D  
t t t t tct . . .qtqqtt t tq. t tqa~~~ct~at~t~. t t~tq~~qt~=t~ta~~c=~q=~q -1081 ACACCGGTGGCCAGqtqcattacctaaaatcattattqctaaat atqtttcqaatqcttq 
c t q c c ~ ~ t t q t a a c ~ q q q a t c ~ q q q a q ~ q q q ~ ~ q c c t t t t t t t t t t t q ~ c q q t c ~ q t ~ t t  -1021 T G G Q  
c q a q . q a t c t q q t t . . a t ~ t q ~ ~ t t t ~ t ~ t a a ~ ~ a ~ ~ a ~ q t t ~ ~ a = t c ~ ~ ~ ~ t t t = t ~ ~ t  -961 t t t cC~t~~~tq~t~~qqtcc t tC~cc==t tq~ tq t tq ta ( /GTTGTCTACATTTTAGATC 

aqqqa.qtttattaqatacataqtttaatttaaaaaattqaatttataatcctaqatata -841 AAGTTCCCGCCTTGGAGCGTGAAATGCTTAAGCGCATAAAGGAGCAAGGACTTGATATCA 
taqtq. t .qt tatata.acctq~~tt t t t t t tqtqt t~qq~tq~ta~~~~tq~~~qtct= -781 V P A L E R E M L K R I K E Q G L D I I  
actttttaqc.aqaaatactaaatat~ttt~tttttqttc=ctttttqq~ttttttqtt~ -721 TCCCCCGTATTCTTATTqt t aqt at t tcctqt act tqtat at tccqaqqaqtqaqqat ta  
t q ~ t a a t a g t q q t ~ t ~ t t ~ a t t t a c a c a c t t c a a q t ~ a a q t a t a a a t a a t a a t q t ~ t a ~  -661 P . R  I L I 
ttctatqcatqqa~acttataatttattqatca.aatttt.a~.ttCaEtt.ttttq.. -601 t.qct..tttctEttc.tttt..c.~Ctqatttqctqtt.ttctc.gGTTACTCGTCTGC 

q~.q.tqq~.a~.at~ttt~tc~ct~cat~tt.ft -901 V V Y I L D Q  

3180 

3240 

3300 

3360 

3420 

3480 

3540 

3600 
a.tqttttttt.q~..tatttt.aa.a.t..qcq=ttt~tqtttq~tt~~ttt~t=tq.. -541 V T R L L  
q~~.~ccttt~ccq.~c.~c..ctt.~tctttq~~tt.tttt.~~~.~t~tt~~~ttttq - 4 8 1  TGCCCGATGCAGTTGGAACCACTTGTGGTCAGAGGATTGAGAAGGTGTATGGAGCAGAAC 3660 
tttatttta.cttta*C.c.e..ft..=t*.~t~t.c=*~.t**t~~~ta~.~.~t~~~~~~.~ - 4 2 1  P D A V C T T C C O R I E K V Y G A E H  ~~ ~~~~~ 

a., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA; . . . . ; a . . . t ~ s . . . . t , a t t ~ . = t ~ t t . c . c . c t t  -36I 
ttaqatatttcaattttq..~~at~c~~tttcaatttqttttt.ctatactt~~~qctC -301 ACTCACATATTCTTAGGGTCCCTTTTAGGACTGAGAAGGGCATTGTTCGCAAATGGATCT 3720 
...ctta...aatqatcqttt~qacattttt~~~~ttttac~tqttt~=~~~*~~c~qt~ -241 S H I L R V P F R T E K G I V R K Y I S  
.a~~tqaqtt~~qatqt t tacatatqtat t t taaaaqttaacacaacqttc~a~ttqtca -181 CTCGCTTTGAAGTGTGGCCATACATGGAGACATTCATTGAGqtqacaaaaacttcattqt 3780 
at t qaqat caaqtt..taqqttcqact aqat atcqat tt t ttt ttcct cacaeact aa.0 
ca.a.qcc.tc.tt.qc.t.t~qtttatqqtta.tta.qat==ttca==t~~tt.~ct.= - 6 1  atttqcrt aqct cccqat acqt at ttcaqaacaatt tqct aattatt aacactttqqctt 3840 
acctact .caatCtCcaEc tttc taaCt~a-aaatacECttt~aCtCaaCtt CCt c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc -1 CtC~CaCCtC~aGATGTK;CAAMGAAATTTCK;CAGAACTGCAGGCCUCCCAGA~TG 3900 

- 12 1 R F E V W P Y M E T F I E  

. .  
UXATTCACMGCAAAACTCTTTCATTCTACACTTTCAXATTTTCTCCATTTTTTCTTT 
TCTCATTKTTTCCTCTCA~taaaqctacaatcttttttttttttttttttcatata 
c..qtt..tttCC.CatqE.a~.at~qt~ttttttttqqtqttaqqtt~aa~tttaqttc 
..a qtcttq~tcttqq~~qqqtqttaaaaqatcttqaatttttcttacaaaaatttccat 
t t t taqt tq~qCtCatt tactcaaaaccccaq~aaaaaq~aqttatct t t tq~t~t t t ta 
qct aaaqat tccaact t tt t taqtaqt a q a a a q t q ~ t c ~ ~ q ~ ~ c a ~ a c ~ ~ q ~ a q t  aatct 
ttcttq~.~~.qttttqttcttqatctcccccaaqaqqtqtaaaqtqttaaaqatqacat 
t t t t q . q t t t t t t t t t t t t t t t a a a q t t q t a q ~ ~ a a t q a t c a ~ q a ~ c a ~ ~ q t ~ q ~ ~ q t ~ ~  
tCtt tCttq.~.a~qtt t tqt t~t tq~tc~tqatc~tqatcaccccaaq~qqtat~a~qa 
ttac.ttttq..qtttqtttttqtqttctcataqtttttqtcacctttqtct~a~~a~tq 
tttttqttctqttctcttttqtttqtqqqqqtqqqqtqaqqqqqtqaqqqqqtctqqqqq 
qqqqttqtcttqtttqttqqtqtcaaaattctttaqttaaaaaqtataqcctcattt~~q 
aC~~atCt~tCttC~tq~c.taqctt~aqtaqttcatqt t tqct t taqtcat~aqttct t  
~tttttttttc.taqt~c.tttqct.tttttct~~tq~~aaacttacttqqqqttttcc 
taaaqatcttqttttqtttaqttttaactaaqatttqatqttttqqtt~~at=a~qattq 
aq~a~tqtaqtcc~ttttqtaacaqaa.qtttactqtaqattcttqttqtqqqqtcttca 
ttq~qttattt.t.t.t.t.ttttqt~qtttaqtcttttqt.qtaqtctt~qttqt~~=q 
C ~ t . q ~ t t q t q c t t t t q C C a C ~ ~ ~ c q t ~ t t t q ~ q t . . q . E t t q t t ~ t t ~ ~ t q t C ~ t C . t  
q t t q q t t q q t t t t q q t t t t a t t a q t a ~ t a t ~ q a ~ t t ~ t a c t c ~ q t q q t q q ~ q ~ c a q a ~ t t  
ttt.qtt..tqa.ttttqq.tct~qattctqaat.c.cq~.tt~cqqt~qa~~qtt.qt a 
qqt .qt~q.qcqttqt~tc.ct~taqtsqtsqtcqt.qt.tt.ttc.tqt~qtttct~t~ 
tqttqtttCttqt.cttqttcatttq.ttattttqttqt~qttattqttc~q~~tqctt 
tqtt.tqttttct.taqt.tttttctttrc.rt=tttattt=ttttttq~ 
.CtqttttECttq~qEcq.tqqtCt.tcsqaaaca.cctcqctaccttcaaqqtaqqqqt 
a.qqtttqtqta.tqtctafcct fCcEq.EEcE.EtttqtqIqattacacqtqct atqtt 
q t t q q c t c c q t c c t t q a c t a t a t t a q q t q ~ ~ a q q t t t q ~ ~ ~ a t t t t q q t q ~ t t c ~ q t q ~ c  
t t t t t . q t . t q t C a t t t t t a t a t t t t ~ ~ q t q q t t q t ~ = t ~ ~ t q t ~ ~ t ~ C t ~ t i l t ~ ~ ~ ~ t t  
t tqt t tqqt . t t t tqq. taacctq*qqtqqqctcrrctact~~~tq~~~t~qtqt~ct t t  
ttqqttqttt.caqTTGAACTTTGTCTGAGGATTTCCCATCTTCTGAATCAACTACAATG 

U 
GCTGAACGTGTTCTGACTCGTGTTCATAGCCTTCGTGMCGTGTTGATGCAACTTTAGCT 
A E R V L T R V H S L R E R V D A T L A  
G C T C K C C C M T G A G A T A C T G C T G T T T C T T T C A A G q t ~ t c ~ q c ~ t ~ ~ q ~ ~ ~ t q t t = t t q t  
A H R N E I L L F L S R  
t t cc t .qq .aa taaat t taq t tqq ta tq tq~~~~~acq=t~qqtq~t t t= t t t==~t~ tq  
tcqt~aqtqt tqqtqtqt~q~qtt t t tcqatatctqtqctaqttqqaqqtaqtaqctacq 
qtaa~ataqtCtaqqcqCatqC*~qctq~c~tqq.C.CCaC~qtt~t t taq~aa~aaaqa 
t t a .q t tq . t t t qqa t . . q ta ta tqn tq tq t ta t t t a t~c tqq t t t t qq t t~ t t~c~qGA 

I 
TCGAAAGCCACGGAAMGGGATATTGAAACCTCACGAGCTTTTGGCTGAGTTCGATGCAA 

E S H G K G I L K P H E L L A E F D A I  
TICGCCAAGATGACAAAMCAAACTGAACGAACATGCATTCGAAGAACTCCTGAAATCCA 

R P D D K N K L N E H A F E E L L K S T  
c T C ~ t a a t t t t q c t t t q t c t ~ t ~ t q t q t c ~ c c a a a ~ q c t c . t ~ t a t q t ~ t c ~ t t t t t q  

0 
aqt t tat atatqactqct actatqatatqt t atat actagGAAGCGATTGTTCTGCCCCC 

E A I V L P P  
T T G G G T T G C A C T T G C T A T T C G T T T G A G G C C T G G T C r r T C C C  

W V A L A I R L R P G V W E Y I R V N V  
CAATGCACTAGTTGTCGMGATGTCCGTCCCTGAGTATTTGCAATTCAAGGAAGAACT 

N A L V V E E L S V P E Y L Q F K E E L  
TGKGACGGAGCqtaaqt t tt aatct t t tatqtqt tacaaqaataqqct at aaat tcat t 

V D G A  
qtctC~~ttqtqtqcttttccctqatqcaqCTCGAATGGAAATTTCGTTTCGAGTTGGA 

S N G N F V L E L D  
TTTCGAGCCTTTCKTGCATCCTTTCCTAAACCAACCCTCACCAAATCTATTGGAAATGG 

F E P F T A S F P K P T L T K S I G N G  
AGTTGAATTCCTCAATAGGCACCTCTCTGCCAAMTGTTCCATGACAAGGAAAGCATGAC 

V E F L N R H L S A K U F H D K E S U T  
CCCGCTTCTCGMTTTCTTCGCGCTCACCATTATAAGGGC~qt~~tttqtqc~tqtt~ 

P L L E F L R A H H Y K G K  
Cttt~CCt. t t~qtat .qtC~qtc~qaaqcaq~tcc~~a~tt tqa~qtt tatqqqttc~t 
~t~acq~t tc tq .~ t~ac~ta~actaa taa t tqqc t t tqccqca~aata t t ta t~q~t .  
ttttqtqaqct staaqtacaaat acaqcaactqaatcqtqqaccqqatqactqatqaat a 
t q C t C t ~ ~ ~ q q a t t q C t t t t a t q a t t t c c t q t t c a c a q A C M T G A T G C T G A A T G A T I G G I  

T U U L N D R I  
TACAGAATTCGMTACTC TTC M A A T G T C C T ~ ~ C A G A G G A A T A C C T C A T T A T G C  

Q N S N T L Q N V L R K A E E Y L I U L  
TTCCCCCAGATACTCCATATTTCGAATTCGAGCACAAGTTCCAAGAAATCGGATTGGAGA 

6 0  
120 
180 
240 
300 
360 
420 
480 
540 
600 
660 
720 
780 
840 
900 
960 

1020 
1080 
1140 
1200 
1260 
1320 
1380 
1440 
1500 
1560 
1620 
1680 
1740 

1800 

1860 

1920 
1980 
2040 
2100 

2160 

2220 

2280 

2340 

2400 

2460 

2520 

2580 

2640 

2700 

2760 

2820 
2880 
2940 
3000 

3060 

3120 

D V A K E I S A E L Q A K P D L  
ATAATTGGAAACTP.CAGTGAGGKAATCTKCTGCTTCTTTGCTAGCTCACAAGTTAGGC 
I I G N Y S E G N L A A S L L A H K L G  
GTAACTCAGqtctqtqqtqttttttcacctctaatcqcatttccataaacttqqaqct~~ 
V T Q  
qaqt act aattt tttt cctt tttt attqtqtt atttqcct tatqt aqTGCACCATTGCCC 

r T 1 . u  
ACGCGTTGGAGAAAACGAAGTATCCTGATTCCGACATTTACTGGAAAÃAG+TGA~GAA~ 

A L E K T K Y P D S D I Y W K K F D E K  
AATACCATTTCTCGTCCCAGTTTACCGCTGATCTCATKCAATGAATCACACTGATTTCA 

Y H F S S D F T A D L I A M N H T D F I  
TCATCACCAGCACCTTC&GAGATAGCAGGAAGqtataaqcatcaat ttqctttcattq 

~~qt~aCttt~tattcttttttcccqcqcttaatcctaqtcqatttttccaqCI1CGACA 
I T S T F Q E I A G S  

Y " T  .. I ~ 

CTGTGGGACAATATGAGAGCCATA"2ATTCACAAECCTGGATTGTACAGAGTTGTTC 
V G Q Y E S H U A F T M P G L Y R V V H  

ATGGCATTAATGTGTTCGKCCCAAATTCAACATTGTCTCACCTGSAGCTGATATTMCC 
G I N V F D P K F N I V S P G A D I N L  

TCTACTTCTCGTACTCCGMACGGAAMGAGACTTACKCATTTCACCCTGAAATTGATG 
Y F S Y S E T E K R L T A F H P E I D E  

AGCTGCTGTATAGTGACGTTGAGAATGACGAACATCTqta~qtttctac~ttaqtqqtac 
L L Y S D V E N D E H L  

.tqtct.tqtt.ctt.ttt.tacq~c~~~qacqt~ttc~~qattt.aatt~tacqqqttc 
C ~ t C ~ t t t ~ t q C c t t t t a q C ~ t t q ~ ~ c c t ~ t t ~ ~ ~ t c t t t ~ a ~ ~ t ~ ~ t q ~ q t t c ~ t ~ t a q  
~ C t ~ C t t t t t a C ~ t ~ t t a a t a a ~ t t t t t ~ t ~ c ~ t ~ ~ ~ t t t ~ t ~ c t c c a c a t ~ a a a ~ a t a c  

~ _ _ _  - 
tqqqtatcqt;acattqqit C.qcccctqqcaqa.q.qcttqtqctaaacatqttqtact 
tttttqcsqGTGTGTGCTCAAGGATAGGACTAAACCAATTTTATTCACAATGGCAAGGTT 

C V L K D R T K P I L F T U A R L  
GGATCGTGTGAAGAATTTAACTGGACTTGTTGAGTGGTACGCCAAGAATCCACGACTAAG 

D R V K N L T G L V E W Y A K N P R L R  
GGGATTGGTTAACCTGGTTGTAGTTGGCGGAGATCGAAGGAAGGAATCCAAAGATTTGGA 

G L V N L V V V G G D R R K E S K D L E  ~~~ 

AGAGCAGGCAGAGATGAAGAAGATGTATGAGCTAATAGAGACTCATAATTTGAATGGCCA 
E Q A E U K K U Y E L I E T H N L N G Q  

ATTCAGATGGATTTCTTCCCAGATGMCCGAGTGAGGAATGGTGAGCTCTACCGATACAT 
F R W I S S Q U N R V R N G E L Y R Y I  

TGCTGACACTAAGGGAGCTTTCGTTCAGCCTGCATTCTACGAGGCTTTTGGTCTGACTGT 
A D T K G A F V Q P A F Y E A F G L T V  

TGTCGAAGCAATGACTTGTGGTTTGCCTACATTTGCAACTAATCACGGTGGTCCAGCTGA 
V E A U T C G L P T F A T N H G G P A E  

GATCATCGTTCATGGAAAGTCCGGCTTCCACATTGATCCATATCACGGTGAGCAAGCKC 
I I V H G K S G F H I D P Y H G E Q A A  

TGATCTGCTAGCTGATTTCTTTGAGAAATGCAAGAGAGAGCCTTCACATTGGGAAACCAT 
D L L A D F F E K C K R E P S H W E T I  

TTCGACGGGTGGCCTGAAGCGCATCCAAGAGA&qtaaqcaactttttctcqacactaqtt 
S T G G L K R I Q E K  

tqqqatttcaqqcataqtttattqatatcttatcqcqttt ttactaotatacqtacaqGT 

ACACTTGGCAAATCTACTCCGAAAGXTATTGACACTGGCTGCTGTTTATGGGTTCTGGA 
T W Q I Y S E R L L T L A A V Y G F W K  

AACATGTTTCTAAGCTTGATCGTCTAGAAATCCGTCGCTATCTTGWTGTTTTATGCTC 
H V S K L D R L E I R R Y L E U F Y A L  

TCAAGTACCGTAAGATGqtqaqtt t q t q t  t t acqacac.attac.tt ctct taqaqaqq 
K Y R K U  

q t c ~ ~ t ~ q t q t t q q ~ ~ ~ t t C c t ~ ~ t q ~ ~ q t t t t t t t c t t q q t t t t t c c t t t t ~ ~ T G A A  

GCTGTTCCATTGGCTGCTGAGTGA~tqaaqqtqtqcctqttttttctttqaataaaaatq 
A E  

A V P L A A E '  
AAGCCTTTGACTAGAAGAGGCTTCTGTGTAGTGTTTCTTTTTCCTATTTAGTATGTCACC 
CCCCACCCCACCCCACCCCCTTGCTTTATGTTGTACTTTCATTTGGTTTACATTTTGTCC 
TGCCAATGTTGGTTGGGGAATTTGAGCTGTTGGTATG~AGATCAAAATTTCAGTC 
TGTCCAATCAACTTCTTTTATCATGAGTAATGCTATGTAGTGTAAGTTTACTTCAAGaaa 
Cat tq t t t tqq t t tacc ta t tq tc~ t t t tq ta~~cta taq tcacaac t ta tq t tqc t~a~ 
~ C ~ C t t C ~ i l ~ ~ ~ t q t C C a C ~ q q t q ~ q t q t ~ q q ~ t ~ c t c c ~ ~ ~ ~ a q t ~ q t q t a t t t a q q t q  
tqtqtqat.tt.qtaqtqtatattt~qqtqtqtqtqqat~qtaqtqtatttaq~tqtqtq 
t q a t a t t t c a a a a a q t t q t q t a t t  t t g q ~ q ~ ~ t t t q a t ~ c q q q t q ~ q c ~ ~ c a a t t t t q a  
a q s q t c a q q a q c s a ~ . a t a q q t ~ a ~ ~ ~ a ~ ~ ~ t a a ~ ~ ~ t a a ~ ~ ~ t q c a q ~ ~ t q a t q ~ a a t t c  
c c ~ t a c t a t c t ~ q c a ~ a q a t c ~ q t  tacataatcaatqacaaatctttttaacaqccttqa 
~ t ~ q ~ q c ~ C t ~ t ~ ~ q t t t q = ~ t ~ t ~ ~ c ~ t ~ = = ~ q t q t  6397 

3960 

4020 

4080 

4140 

4200 

4260 

4320 

4380 

4 4 4 0  

4500 

4560 

4620 
4680 
4740 
4800 
4860 

4920 

4980 

5040 

5100 

5160 

5220 

5280 

5340 

5400 

5460 

5520 

5580 

5640 

5100  

5760 

5820 
5880 
5940 
6000 
6060 
6120 
6180 
6240 
6300 
6360 

P P D T P Y F E F E H K F Q E I G L E K  

Figure 4. Nucleotide and Deduced Amino Acid Sequences of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus4 Class Gene Sus4-16 (GenBank accession number U24087) 

The flanking regions, exons, introns, TATA box, polyadenylation signal, and stop codon are designated as given for Figure 3. Two putative transcrip- 

tion start sites are given in boldface letters with a dot on top. Nucleotide sequences are numbered by referring to the first putative transcription 

start site as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ I .  
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1374 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Plant Cell zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A ATG T M  

n su&-a6 

-10 p88016 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp880U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARgoll  

B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Sus4-16 

Sus4-5'a 
S U S ~ - 5  ' b 
s u s 4 - 5 ' c  
Sus4-5'd 
Potssyn 

Sus4-16 
Sus4-5 ' a  
Sus4-5'b 
sus4-5 'c  
Sus4-5'd 
Potssyn 

1 

t a t t a c t a t t a t t a t t  a t t o  
v v  C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Sus3-5 a 
Sus3-65 1 ACCATTCATAAGCAACACTCTTTCATTT~TTCTTTTGATTTCCATCTTTGTGTTTCCTCCATCCATTTCA~ACTTCCCTCTATTCCTTT~TATTCC 100 

Sus3-5 ' b A--------a--- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Leederfntrm 

128 GT------1479b~------AG 1606 t a t t  

1632 
I 

Figure 5. Comparison of 5' Untranslated Sequences of 5' cDNAs and Genomic Clones. 

(A) The positions of the primers used in the rapid amplification of cDNA ends method, with a schematic diagram of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus3 cla ne Sus3-65, 

are shown. Arrows indicate the direction (5'to 3') of the primers. Open and solid boxes indicate the untranslated and coding regions, respectively. 

(6) Alignment of the 5' cDNAs Sus4-5'a, Sus4-5'b, Sus4-5c, and Sus4-5'd and the published cDNA fotssyn with Sus4-16. 

(C) Alignment of the 5' cDNAs Sus3-5'a and Sus3-5b with Sus3-65. 

ldentical bases are shown as dashes, and mismatched bases are shown in lowercase letters. lnsertions and deletions are indicated above or 

below the cDNAs. Leader introns for both genes are also indicated. An alternative 3' splicing site of the leader intron for Sus3-65 IS indicated 

by an arrow with the position numbered. The start codons in both Sus3-65 and Sus4-16 are underlined. 

are 125, 122, 141, and 138 bp, respectively, which agree with 

the four primer extension products seen with tuber mRNA (Fig- 

ure 6). Based on the primer extension results and the perfectly 

matched 5' cDNAs, Sus4-5'a and Sus4-5'b, two putative tran- 

scription initiation sites were assigned to Sus4-16 (Figure 4). 

The remaining two 5'cDNAs that we isolated, Sus3-5'a and 

Sus3-5'b, were highly homologous with Sus3-65 (Figure 5C). 

Alignment of these two cDNAs with Sus3-65 shows clearly that 

Sus3 class genes also contain a long leader intron with a 

conserved GT/AG splicing boundary. It also suggests that al- 

ternative 3'leader intron splicing sites, differing by 26 bp, may 

have been used by the Sus3 genes encoding Sus3-5'a and 

Sus3-5'b. We assigned the 3'splicing site of the leader intron 

to Sus3-65 based on Sus3-5'b, which has higher sequence 

homology with Sus3-65. This assignment gives a leader in- 

tron length of 1505 bp. Based on the two highly homologous 

5' cDNAs, Sus3-5'a and Sus3-5'b, the putative transcription 

start site was also assigned to Sus3-65 (Figure 3). 

The assigned transcription initiation sites for Sus3-65 and 

Sus4-16 are both adenines flanked by pyrimidines, in agree- 

ment with the consensus for plant genes observed by Joshi 

(1987). Conserved TATA boxes were found 27 and 25 bp up- 

stream from the transcription start site for Sus3-65 and Sus4-16, 

respectively (Figures 3 and 4). 

Mapping of 3' Ends and Assignment of 
Polyadenylation Signals 

To map the 3' ends of both genes, six 3'cDNAs were also iso- 

lated from tubers by using the rapid amplification of cDNA ends 

protocol. These cDNAs could be divided into three groups: 
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Potato Sucrose Synthase Genes 1375

G ATC 1 2 Sus4-3'a, Sus4-3'b, and Sus3-3'a. One to three clones were

obtained for each of these groups. Sus4-3'a showed sequence

identity with Sus4-16 (Figure 7A) and was used to assign its

3' end. Sus4-3'b was highly homologous with Sus4-16 but, like

the previously described sucrose synthase cDNA Potssyn, was

52 bp shorter at the 3' end than was Sus4-3'a (Figure 7A). Sus3-

3'a showed sequence identity with Sus3-65 and was used to

assign its 3' end (Figure 7B).

A polyadenylation signal, AATAAA, was identified 22 bp up-

stream from the 3' end of Sus3-65 (Figures 3 and 7B). For

Sus4-16, the closest putative polyadenylation signal is AATAAG,

located 80 bp upstream from the assigned 3' end (Figures 4

and 7A).

Figur e 6. Mapping of Transcription Start Sites of the Sus4 Genes by

Primer Extension.

Primer extension was performed with antisense primer PSS010 lo-

cated in the second exon of Sus4-16. Lanes 1 and 2 are primer extension

products of total tuber RNA and yeast tRNA, respectively. Lanes G,

A, T, and C contain a known sequence and were used as length mark-

ers. Four major products from tuber RNA are indicated by arrows. The

numbers indicate the lengths (in base pairs) of the untranslated regions.

Compariso n of Sus3-65 and Sus4-16

Sus3-65 and Sus4-16 have an identical exon/intron organiza-

tion (Figures 3 and 4). Both genes are composed of 14 exons,

including a leader exon in the 5' untranslated region, and 13

introns, including a long leader intron. Coding regions of cor-

responding exons are of the same size and are split at identical

positions.

Sus3-65 and Sus4-16 share 87.4% nucleotide identity in the

coding regions and 91.8% amino acid identity. Outside the

. Intro n 13
A 5598 GT—97bp—AG 5694

SUS4-16 5544 CTAGAAATCCGTCGCTATCTTGAAATGTTTTATGCTCTCAAGTACCGTAAGATcLcTGAAGCTGTTCCATTGarrGCTGAGlGAATGAAGGTGTGCCTG 5739

Sus4-3•a ———————————————————————————————————————————————————————————————————————————————— —
Sus4-3'b ———————————————————————————————————————————————————————————————————————————
Potssyn 2410 ——————————————————————————————————————————————————————————————————————————— 2508

Sus4-l6 5740 TTTTTTCTTTGAATAAAAATGAAGCCTTTGACTAGAAGAGGCTTCTGTGTAGTGTTTCTTTTTCCTATTTAGTATGTCACCCCCCACCCCACCCCACCC 5838

Sus4-3'a ———————————————————————————————————————————————————————————————————————————————————
Sus4-3'b ————————————————————t—————a——————————————————————————c——————————g————————i————-
Potssyn 2509 w———————————————————t—————a——————————————————————————c————————————v x——4-—————— 2604

>V^ /?

Sus416 5839 CCTTGCTTTATGTTGTACTTTCATTTGGTTTACATTTTGTCCTGCCAATGTTGGTTGGGGAATTTGAGCTGTTGGTATGAAlAAfiAGATCAAAATTTCA 5937
Sus4~3 ' 3 —————————• ————————————————————————________________—.—————————————______________________——_—
S\js4~3 ' b ~t~*~———————• —————-——.——3—Q————————————————.———g—___________„————————.——______________
Potssyn 2605 -t————————————————————————————————————————————————————————————————————————— 2702

Sus416 5938 GTCTGTCCAATCAACTTCTTTTATCATGAGTAATGCTATGTAGTGTAAGTTTACTTCAAG 5997
Sus43'a ——————————————————————————————————————————————————(Poly A tail)
Sus«3'b ——————(Poly A tail)
Potssyn 2703 ——————(Poly A tail)

•n Intro n 13
5121 GT————80bp—————AG 5200

TCT______™^^^  524 5
SusJ-3' a ————————————————————————————————————————————————————————————————————————————

Sus3-6 5 524 6 AAGGCTTCTGTCTAATTGTTATCCATATTGTCCTTTAGAAAATGTTTGTCCTAGTTTGCTTTTCCCCCACATTTGATGTTTGAGAACTGAATTGTCTTTT 5345

Sus3-65 5346 TTATTTGMTTTTTTCCCTTCTGTAGTCATGAAGAGGATTGCAAATTTGACATTATGTAGTGTTACTGTGAAIAAMTATCAAATTTCAATCTGCTCT 5443
SusJ-3' a —————————————————————————————————————————————————————————————————————————————————— (Poly A)

Figur e 7. Mapping of the 3' Ends of the Potato Sucrose Synthase Genes Using 3' cDNAs.

(A) Alignment of the 3' cDNAs, Sus4-3'a and Sus4-3'b, and the published sequence of the cDNA Potssyn with Sus4-16.

(B) Alignment of the 3' cDNA Sus3-3'a with St/s3-65.

Identical and mismatched bases, insertions, and deletions are denoted as given for Figure 5. Intron 13 for both genomic clones is indicated,

with the positions numbered. Stop codons and presumed polyadenylation signals are underlined. Polyadenylation tails for all cDNAs are shown.
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1376 The Plant Cell zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Sus365  1656  

Sus416 1249  

Sus365  1411  

Sus416  922 

Sus365  35 

Sus416 32 

Sus365  5 

Sus416 5 

Sus365  5 4 0 6  

Sus416  5 9 0 8  

Sus365  5 5 2 6  

Sus416 5947 

Sus365  5 9 0 1  

Sus416  6 2 9 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B 

1198  

1164 

1132 

3 2 8  

4 5 1  

6 0 6 0  

6 0 9 2  

6182  

6 1 0 4  

6 1 3 5  

6 1 6 0  

TATTaAACAAAgaaTGaGTCCAttgtATTAgTGTtAAATACAGAAGcAccAAAAGTGGTTTTGgaTA 1590  

TATTtAACAAA-ttTGgGTCCAcaagATTAtTGTcAAATACAGAAGgAatI4AAAG-W 1184  

ATATTcATTtCTTTCTTTA 1393  
I I I I I  I I I  I I I I I I I I I  
ATATTaATTaCTTTCTTTA 914 

I I I I  I I I I I I  I I  I I I I I  1 1 1 1  I I I  I I I I I I I I I I I  I I I I I I I I I I I I I I  I I  

TATAAAAAGG 26 
I I I I I I I I I I  
TATAAAAAGG 23 

+ TATA box 

TCaTCACCATTCAtAAGCAAcACTCTTTCATT +27  Regions flanking the transcription 
I I  I I I I I I I I I I  I I I I I I  I I I I I I I I I I I  + start sites 
TCtTCACCATTCAcAAGCAAaACTCTTTCATT i 2 7  

TGTTacTgTGAATAAaAtATCAAAtTT 5432  + Regions flanking the putative 
I I I I  I I I I I I I I  I I I I I I I  I1  polyadenylation signals 
TGTTggTaTGAATAAgAgATCAAAaTT 5934  

ATCAACTTCT 5535 
I1  I l l l l  I l l  
ATCAACTTCT 5 9 5 6  

TGATGAAATTCttATcCTAT 
I I I I I I I I I I I  I I  I I I I  
TGATGAAATTCccATaCTAT 

AAAGTGGTTTTGATT 
I I I I I I I I I I I I I I I  
AAAGTGGTTTTGATT 
I I I I I I I I I I I I I I I  
AAAGTGGTTTTGATT 

1184 

-1150 

-1118 

41111111.  

- 8 2  bp downstream of 3 '  end 

4 1  bp upstream of 3' end 

5 9 2 0  + 4 5 8  bp downstream of 3 '  end 

6 3 0 9  + 2 9 3  bp downstream of 3 '  end 

+ 5 '  flanking region 

AGAAAgTG~TCAAGAACAAAcaAGAAGTAATCTTTCTTGAAAAAGTTTTGTTCTTGÁTC 3 8 6  

AGAAAaTG TCAAGAACAAAgtAGAAGTAATCTTTCTTGAAAAAGTTTTGTTCTTGATC 5 0 9  

+ Leader intron I I I I I  I I I I I I I I I I I I I I  I J I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 - 

aAcACTtCAAAA 6 0 7 1  
I I I I  I I I I I  

GATACTcCAAAA 6 1 0 3  
I I I I  I I I I I I  
GATAtTtCAAAA 6 1 9 3  

AGTaGTgTATTTAGGTGTGTGTG-ATAtT 6 1 3 1  
I I I  I I  I I I I I I I I I I I I I I I I  I I I  I 
AGT-GTaTATTTAGGTGTGTGTGgATAgT 6162  
I I I  I I  I I I I I I I  I I I I I I I I  I I I  I 
AGTaGTgTATTTAGaTGTGTGTG-ATAtT 6187  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

O- 3 ' A  

- 3 ' B  

Figure 8. Conserved Regions and Repeated Sequences in Potato Sucrose Synthase Genes 

(A) Conserved regions between Sus3-65 and Sus4-16. 

(E) Repeat sequences identified in Sus4-16. 

Matched bases are shown in uppercase letters with vertical bars, and mismatched bases are shown in lowercase letters. The underlined sequence 

is present as a repeat in Sus4-16 (shown in [E]). The 13-bp inverted repeats present in the leader intron of Sus4-16 are indicated as dashed or 

solid arrows. Sequences are numbered as given for Figures 3 and 4. 
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Potato Sucrose Synthase Genes 1377

coding region, however, the two genes diverge. Most of the

limited homology between the 5' and 3' flanking region of

Sus3-65 and Sus4-16 was found in several short regions (Fig-

ure 8A). The most extensive conserved region extends from

nucleotides -1656 to -1590 in Sus3-65 and from -1249 to

-1184 in Sus4-16. Other conserved regions are located around

the transcription start sites and polyadenylation sites. Short

conserved regions were alsc observed in corresponding in-

trons, especially near the 5' and 3' splicing junctions and the

putative branching sites (data not shown).

Noticeable repeat sequences are present only in Sus4-16

(Figure 8B). In one of the conserved regions, located from

nucleotides -1249 to -1184 in Sus4-16, we found a short se-

quence (AAAGTGGTTTTGATT), which is repeated tandemly

twice more in Sus4-16 but not in Sus3-65. The 5' end of the

leader intron in Sus4-16 also possesses a 59-bp sequence that

is repeated twice (328 to 386 and 451 to 509) and is 95% iden-

tical in sequence. The repeat contains 13-bp inverted repeats

at both ends. In addition, two sequences (3A and 3'B), which

are repeated three times, are found 110 bp downstream of the

putative 3' polyadenylation site. The functional roles, if any,

of these repeat sequences remain to be determined.

Sus3 and Sus4 Genes Are Differentiall y Expresse d

To determine whether the two classes of potato sucrose syn-

thase genes have different patterns of expression, the steady

state levels of Sus3 and Sus4 class transcripts were assayed

by RNA gel blot analysis using gene-specific probes. Sus4 tran-

scripts were detected at very high levels in developing tubers

but at much lower levels in roots and stems (Figure 9A). Sus4
transcripts were normally not detected in leaves. In contrast,

Sus3 transcripts were detected at low levels in tubers but at

much higher levels in roots and stems. Sus3 transcripts could

be detected in leaves but only after long exposure (data not

shown).

Sus4 sucrose synthase transcripts could be induced to ac-

cumulate in detached leaves by incubation with 60 mM of

sucrose and reached higher levels after incubation with 200

mM of sucrose (Figure 9B). In contrast, Sus3 transcripts were

not sucrose inducible and were present at relatively constant

low levels after incubation with various concentrations of

sucrose.

Effec t of Tuber Excisio n on Sus4 Class Transcript s

Ross and Davies (1992) have shown that tuber excision causes

a rapid decrease in both the amount and activity of sucrose

synthase. As expected, we found that the Sus4 class transcript

level decreased dramatically within 6 hr after tuber excision

and was almost undetectable after 12 hr (Figure 9C). The steady

state level of patatin transcripts also decreased after tuber ex-

cision but at an apparently slower rate. Whether the apparently

slower decay rate of the patatin transcripts was due at least

B

Sus3

Sus4

0 60 100 200 mM
<*•

Sus3

\<mmjjm

Sus4

0 6 12 24 48 72 hr

l § Patatin- ^ ^ ^

Sus4

D
0 6 12 24 48 72 hr

I*  25S

— 18S

Figur e 9. RNA Gel Blot Analysis of Potato Sucrose Synthase
Transcripts.

(A) Duplicate samples of total RNA (50 ng) isolated from different organs
were subjected to electrophoresis and probed with a 5' untranslated
region from either Sus3-65 or Sus4-16. L, leaf; S, stem; R, root; T, tuber.
(B) Duplicate samples of total RNA (50 ng) isolated from detached
leaves incubated in MS basal medium supplemented with sucrose,
as indicated, were electrophoresed and hybridized with the same
probes as in (A).
(C) Duplicate samples of total RNA (50 HQ) isolated from excised de-
veloping tubers (~10 tubers) at different time points were separated
by electrophoresis and probed with either patatin cDNA pGM01
(Mignery et al., 1984) or the Sus4 class sucrose synthase probe.
(D) Ethidium bromide-stained gel showing that approximately equal
amounts of total RNA were loaded in each lane.
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1378 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Plant Cell 

in part to the higher amount of transcript present before tuber 

excision is unknown. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PGlucuronidase Gene Expression in Transgenic 
Potato Plants 

To examine promoter activity, we prepared translational fusions 

in which the P-glucuronidase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(GUS) reporter gene was 

preceded by 3.6 to 3.9 kb of 5‘flanking sequence and followed 

by 0.6 to 0.7 kb of 3 untranslated and flanking regions from 

either Sus3-65 or Sus4-16 (Figure 1OA). Very high levels of GUS 
expression were observed in tubers of transgenic plants con- 

taining the Sus4 construct SS-IV-3.6/3‘ (Figure 106). The 

average level of GUS expression in roots, stems, and leaves 

was approximately six-, 95-, and 2000-fold lower, respectively, 

than that in tubers. This pattern of expression was in very good 

agreement with that predicted from the steady state levels of 

Sus4 class transcripts in these organs (Figure 9A). Although 

GUS activitywas very low in normal leaves, it could be induced 

by exogenous sucrose (Figure lOC), which agrees with our 

results from mRNA analysis. 

Transgenic plants containing the Sus3 construct SS-lll-3.9/3’ 

had a very different expression pattern (Figure 1OB). Roots 

had the highest levels of expression, and GUS activity was 

4 1 -  to 14-fold lower in stems and tubers and 40-fold lower 

in leaves. Except for stems, this expression pattern agreed with 

that predicted from the steady state level of Sus3 transcripts. 

RNA gel blot analysis showed that the level of Sus3 class tran- 

scripts in stems was approximately the same as the level in 

roots and was much higher than that in tubers. However, GUS 
expression in stems was lower than in roots and was approxi- 

mately the same as in tubers. Whether this discrepancy is due 

to the absence of regulatory sequences in this construct or 

to the presence of other Sus3 genes with different expression 

patterns is not yet known. However, the presence of eight copies 

of the Sus3 genes in the tetraploid potato genome agrees with 

the latter possibility. 

The tissue specificity of GUS expression in plants contain- 

ing either SS-lll-3.9/3 or SS-IV-3.6/3’ was examined by 

histochemical staining (Figure 11). Tubers from Sus4 construct- 

containing plants showed strong, relatively consistent levels 

of staining in all tissues except for the periderm. Tubers from 

Sus3 construct-containing plants generally showed a similar 

pattern; however, the intensity of staining was weaker in all 

but vascular tissue. 

GUS activity was usually not observed in leaves from plants 

containing the Sus4 construct SS-IV-3.6/3: except for short 

stretches occasionally observed in veins (data not shown). This 

observation agrees with the low GUS activity seen with fluoro- 

metric assays (Figure 1OB). In contrast, GUS staining was 

observed in leaves from plants containing the Sus3 construct 

SS-lll-3.9/3! Expression was highest in the primary veins but 

also was clearly detectable in mesophyll and guard cells and 

in trichomes (data not shown). 

GUS staining was usually not seen in internode cross- 

sections of stems from plants containing the Sus4 construct 

SS-IV-3.6/3: although weak staining was sometimes detected 

in the vascular tissues in plants with high overall levels of ex- 

pression. The only location within stems in which high levels 

of expression were consistently observed with the Sus4 con- 

struct was at nodes, where expression was associated with 

the basal vascular tissues of axillary buds and shoots (data 

not shown). In contrast, plants containing the Sus3 construct 

SS-lll-3.9/3’ consistently showed high levels of GUS staining 

in the phloem, particularly in the interna1 phloem of the stem. 

The characteristic pattern of GUS staining in roots of plants 

containing the Sus4 construct SS-IV-3.613‘ involved the cap, 

apical meristem, and vascular tissues; however, a small por- 

tion of roots stained negatively. Consistent GUS staining in 

roots was observed in plants containing the Sus3 construct 

SS-lll-3.9/3! The strongest GUS staining was observed in root 

tips. However, unlike plants containing the Sus4 construct SS- 

IV-3.6/3: staining occurred in the cell division zone but not in 

the root cap. GUS staining with the Sus3 construct was also 

observed in the root cortex and with stronger intensity in vas- 

cular tissues. 

DISCUSSION 

We isolated and characterized two classes of sucrose synthase 

genes from potato and showed that they are differentially ex- 

pressed both by RNA gel blot analysis and by expression of 

GUS constructs in transgenic potato plants. The potato Sus3 

and Sus4 genes have gene structures similar to those of the 

two classes of sucrose synthase genes from cereals and gener- 

ally appear to be functionally analogous but cannot be 

classified as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASusl and Sus2 types based on sequence 

homology. 

Potato Sus3-65 and Sus4-16 both contain a long leader in- 

tron and have coding regions composed of 13 exons split at 

identical positions. This overall gene structure is very similar 

to that of the sucrose synthase genes isolated from maize, rice, 

and Arabidopsis (Figure 12). However, a few differences exist 

between species. Coding regions corresponding to exons 6 

and 12 of potato sucrose synthase genes Sus3-65 and Sus4- 

16 are intact, as in Arabidopsis Asusl, but are split by one in- 

tron in all other characterized sucrose synthase genes. Also, 

the Arabidopsis sucrose synthase gene Asusl is missing the 

leader intron (Martin et al., 1993), and both maize and rice 

Susl (Yu et al., 1992; Shaw et al., 1994) differ from all other 

characterized sucrose synthase genes in missing the last 

int ron . 

The coding regions of Sus3-65 and Sus4-16 are highly ho- 

mologous with those of sucrose synthase cDNAs and genes 

from other species (Figure 13). However, unlike the sucrose 

synthase genes from cereals, the Sus3 and Sus4 class su- 

crose synthase genes from potato cannot be classified as Susl 
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Potato Sucrose Synthase Genes 1379 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+1648 

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA///-ter 
-3 900 +1 

SS-lll-3.9/3' Leader lntron GUS 
A 

+1748 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-3 
SS-IV-3.6/3' 

ATG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGCT GAA CGG GGC CGG GTA GGT CAG TCC CTT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAATG 
L I 

suS3-65 OT suSrF16 PBluecriPt ws 

80000 
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4oooo 

20000 

O 

C 

400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
300 

200 

100 

O 

ss-lll-3.9/3' SS-IV-3.6/3' WT SS-N-3.6/3' PS20A-G WT 

Construct Construct 
Figure 10. Expression of Potato Sucrose Synthase Genes in Transgenic Potato Plants. 

(A) Schematic diagram of constructs SS-lll-3.9/3' and SS-IV-3.6/3! ///-ter (hatched rectangle) and IV-ter (stippled rectangle) are the 3 sequences 

of Sus3-65 and Sus4-16, respectively. The junction sequences between the sucrose synthase genes and the GUS gene are indicated. The se- 

quence derived from pBluescript SK+ is also shown. The start codons of potato sucrose synthase genes and GUS are shown in boldface letters. 

The underlined sequence is the BamHl site used in joining the potato sucrose synthase genes and GUS gene. 

(e) GUS activity (in picomoles of 4-methylumbelliferone [MU] per minute per milligram of protein) in various organs of transgenic plants containing 

either SS-lll-3.9/3'or SS-IV-3.6/3! The histograms represent the average GUS activity of either seven independent transformants containing SS-III- 

3.913 or eight independent transformants containing SS-IV-3.613'. Standard errors are shown as bars. WT, wild-type control. 

(C) The effect of sucrose on GUS activity in leaves of SS-IV-3.613-containing plants. The histograms show the average GUS activity (in picomoles 

of 4-methylumbelliferone [MU] per minute per milligram of protein) after incubation in either O (-) or 250 (+) mM sucrose. Bars are standard 

errors. As controls, GUS activity in leaves from wild-type (WT) plants and plarits containing a class I patatin-GUS construct (PS20A-G; Wenzler 

et al., 1989a) were measured. 

or Sus2 types based on DNA sequence homology. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus3 and 

Sus4 class genes from potato are more homologous with each 

other (87.4% nucleotide identity) than with any of the sucrose 

synthase genes isolated from cereals. Furthermore, each 

shows avery similar homology with both Susl- and Sus2-type 

genes. For example, Sus3-65 shows 71 to 72% homology with 

both zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASusl and Sus2 genes from maize, rice, or barley. Sus4- 
16 shows 70 to 71% homology with both Susl and Sus2genes. 
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1380 The Plant Cell

R

Figur e 11. Histochemical Localization of GUS Activity in Various Organs of Transgenic Potato Plants.

(Top) Sus3 construct SS-lll-3.9/3'-containmg plants.

(Bottom ) Sus4 construct SS-IV-3.6/3'-containing plants.

The insets are enlargements of root tips. T. tubers; L. leaves: S, stems; R. roots.

The fact that corresponding Sus1 and Sus2 sucrose syn-

thase genes show higher homology between species rather

than between each other within species suggests that they

diverged before the speciation of cereals. A similar analysis

of the homology relationships between dicot sucrose synthase

cDNAs and genes suggests that the Sus3 and Sus4 class

genes evolved after the speciation of most of the major dicot

families. The Sus3 and Sus4 class genes are approximately

equally homologous with Asusl (71 to 72% homology) and SSA
(66 to 67% homology) from Arabidopsis and to sucrose syn-

thase cDNAs isolated from broad bean (74 to 76%), mung bean

(74 to 76%), and carrot (78 to 80%). However, the Sus3 and

Sus4 class genes appear to have evolved before the diver-

gence of tomato and potato, because Sus4-16 is much more

homologous with the sucrose synthase cDNA isolated from

tomato fruit (97%) than with Sus3-65 (87%).

In contrast with their protein coding regions, the 5' and 3'

flanking regions and introns of the Sus3 and Sus4 genes show

only very limited homology. Much of this is clustered in regions

expected to be important functionally, such as around the TATA

box, poly(A) signal, and branching and splicing sites for in-

trons. Other small, conserved sequences found in the 5' and

3' flanking region may also be important functionally for the

overlapping spatial patterns seen with Sus3 and Sus4 constructs

in stem and root vascular tissues and in tuber parenchyma.

However, as might be expected from the low degree of overall

homology outside of protein coding regions, the amount of

expression differs dramatically between the Sus3 and Sus4
constructs, even in tissues in which their spatial pattern is simi-

lar. In other tissues, such as root tips, their spatial pattern differs

as well.

Sus4 genes are expressed at highest levels in tubers but

are not normally expressed in photosynthetic leaves. Like the

maize Sus2 gene Sh1, a key role for Sus4 genes appears to

be to provide substrates for starch synthesis. As in maize en-

dosperm of Sh1 mutations, reduced starch content has been
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Potato Sucrose Synthase Genes 1381 

observed in potato tubers harboring an antisense sucrose syn- 

thase construct (Zrenner et al., 1995). Also like maize zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASh7, 
expression of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASusl genes is regulated by anaerobic con- 

ditions (Salanoubat and Belliard, 1989). 

The high levels of Sus4 gene expression in tubers may be 

due partially to induction by the relatively high concentration 

of sucrose in this organ. However, sucrose is not the only fac- 

tor responsible for expression zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Sus4 genes in tubers because 

we have found that deletion constructs that are not sucrose 

inducible in leaves are still expressed in tubers, although at 

reduced levels (Fu et al., 1995). 

The Sus4 gene expression observed in vascular tissue, ap- 

ical meristems of roots, and basal vascular tissues of axillary 

buds and shoots suggests that Sus4 genes may also play im- 

portant roles in sucrose unloading and metabolism in these 

tissues. In root caps, the high levels of Sus4 gene expression 

also suggest a role in starch synthesis similar to that observed 

in tubers. 

Sus3 class potato sucrose synthase genes are expressed 

at the highest levels in roots and stems and, unlike the Sus4 
genes, are also normally expressed in photosynthetic leaves. 

This pattern of expression and the vascular localization of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGUS 
staining in transgenic potato plants containing Sus3 constructs 

are consistent with the proposed role of sucrose synthase in 

phloem loading, unloading, and transport (Martin et al., 1993; 

Nolte and Koch, 1993). The overall pattern of higher expres- 

sion in roots, stems, and leaves seen in potato with the Sus3 
genes is similar to that seen with maize zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASusl (Chourey et al., 

1986; McCarty et al., 1986; Nguyen-Quoc et al., 1990). Also, 

the detection of only Susl protein in young maize leaves 

(Nguyen-Quoc et al., 1990) suggests that the observed com- 

panion cell-localized sucrose synthase (Nolte and Koch, 1993) 

is produced by Susl, indicating a similar functional role in 

phloem for maize Susl. 
Like the Susl gene of maize, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASus3 gene expression predomi- 

nates in potato stems. However, lower levels of vascular- 

localized expression in stems were also seen in potato plants 

containing the Sus4 construct (data not shown). Although the 

Sh7 gene in maize is known to be expressed in the vascular 

tissue of roots, it is unknown whether it is also expressed in 

the vascular tissue of stems. Interestingly, a very similar pat- 

tern of phloem-associated expression has been observed in 

the stems of transgenic tobacco plants containing a GUS con- 

struct under the control of the maize Sh7 promoter (Yang and 

Russell, 1990). However, because the Sh7-GUS construct ex- 

amined contained the leader intron, the possibility that the 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
52 114195) 121 152 193 119 217 96 174 117 167 225 319 245 139 296130) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Maize Shl 
(Werr et al., 1985) 

67 1401110) 130 152 193 119 217 96 174 117 167 225 319 245 514(187)  
Rice zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASusl 

1445  1 
15 

(Yu et al., 1992) 
L 

39 111(95 )  121 152 193 119 217 96 174 117 167 225 319 245 139 245148) 
Rice SusZ 

Arabidopsis ND 

SSA 
(Chopra et al., 1992)L 

Arabidops is 
Asusl 

1 2 3 4  5 6 7 8 9 1 0  11 12 13 (Martin et al., 1993) 

127 103198) 127 152 193 336 96 174 117 167 225 564 139 243130) 

* a  h ' o n V I w 9 1  O - *  1505  
Potato 
S U S ~ -  65 - L 2 = 3 z 4 ' : 5 z  6 91 12 -13 91 14 

Pot at o 
SUS~-16 12 -13 14 

Figure 12. Exonllntron Structure of Sucrose Synthase Genes 

Exons (boxes) and introns (lines) are drawn schematically, with the lengths in base pairs indicated above or below, respectively. Open boxes 

are untranslated regions, and solid boxes are coding regions. The numbers in parentheses indicate the lengths of coding sequences. Boldface 

numbers indicate exons. L, leader exon; ND, length not determined. 
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1382 The Plant Cell zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Maize zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASusl 

Rice Susl 

Barley Susl 

Rice SusZ 

Bar ley SusP 

Maize zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAShl 

88.1 

- 76.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

j8,9 I F ' P o t a t o  Potssyn 

Tomato 

Carrot 
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Mung bean 

Arabidopsis  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAsusl 

13.4  

I Arabidopsis  SSA 

Figure 13. Nucleotide Sequence Similarity in the Coding Regions of 

Sucrose Synthase Genes. 

The dendrogram was generated by the Pileup program from the 

Genetics Computer Group software package (version 8.0). Numbers 

are approximate percentages of identities between branched se- 

quences. Sources of maize Susl and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASbl, rice Susl and SusP, and 

Arabidopsis SSA and Asusl are listed in Figure 12. Other sequence 

data come from the following sources: barley Susl (Martinez de llarduya 

et al., 1993); barley SusP (Sánchez de Ia Hoz et al., 1992); broad bean 

(Heim et al., 1993); carrot (Sebková et al., 1995); mung bean (Arai et 
al., 1992); potato Potssyn (Salanoubat amd Belliard, 1987); and tomato 

(GenEank accession number L19762). 

observed tissue specificity of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAShl promoter was dueto tissue- 

specific splicing of the maize leader intron in tobacco cannot 

be ruled out. 

The high levels of expression seen in the cell division zone 

of roots suggest that Sus3 genes may also provide substrates 

for respiration and growth during cell division. A similar pat- 

tem of expression in the cell division zone of maize roots has 

also been observed with Susl (Rowland et al., 1989). 

The Sus3 and Sus4 class genes of potato are in some ways 

functionally analogous with maize Susl and Shl, respectively, 

but there are also a number of differences. For example, Sus4 
gene expression in potato could be induced by high concen- 

trations of sucrose, whereas Susl in maize is preferentially 

expressed at high sugar concentrations (Koch et al., 1992). 

Maize Susl also appears to be responsible for expression in 

root caps, whereas in transgenic potato plants, expression in 

root caps was only seen with the Sus4 construct. In addition, 

Sus3 genes in potato were expressed in both the vascular tis- 

sue and mesophyll cells of leaves, and their expression 

increased as leaves matured (data not shown). In contrast, Susl 
expression occurs at the highest leve1 in young sink leaves 

of maize and is most likely restricted to companion cells 

(Nguyen-Quoc et al., 1990; Nolte and Koch, 1993). 

The expression of Sus3 sucrose synthase in the veins of 

potato leaves and its increasing expression as the leaves ma- 

tured are consistent with its role in phloem loading. However, 

expression of sucrose synthase in source leaves could lead 

to a futile cycle of sucrose synthesis/degradation involving su- 

crose synthase and sucrose phosphate synthase. Such a futile 

cycle of sucrose synthesis and degradation has been sug- 

gested previously for nonphotosynthetic tissues (Geigenberger 

and Stitt, 1991) and may play a role in regulating sucrose syn- 

thesis or export in photosynthetic leaves. 

METHODS 

Plant Materials 

Potato plants (Solanum tuberosum cv FL1607) were grown in soil in 

a growth chamber under a 16-hr photoperiod, at 20/16OC dayhight 

temperatures. Transgenic plants were maintained and propagated axen- 

ically in Murashige and Skoog (MS) basal medium (Murashige and 

Skoog, 1962), supplemented with 2% sucrose and 0.8% agar at 25OC 

under a 16-hr photoperiod. Microtubers were induced by placing nodal 

cuttings in 0.5 x MS basal medium supplemented with 8% sucrose, 

5 mg of kinetin, and 5 mg of ancymidol (Elanco, Indianapolis, IN) per 

liter of medium. 

Construction and Screening of Potato Genomic Library 

Genomic DNA was isolated from young potato leaves, according to 

the method described by Rogers and Eendich (1988). DNA was par- 

tially digested with Sau3Al and was size fractionated on a sucrose 

gradient (Ausubel et al., 1989). Ligation of fractionated DNA (-15 kb 

in length), into the BamHl site of 1 Dashll, and packaging were per- 

formed according to the manufacturer's instruction (Stratagene). The 

Escherichia coli host for h Dashll was KW251. Screening was performed 

as described..by Sambrook et al. (1989) at reduced stringency (final 

washing at 65OC-in 2 x SSC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[I x SSC is 0.1 M NaCI, 0.015 M sodium 

citrate]) by using a-1.2-kb potato sucrose synthase genomic fragment 

cloned by polymerase chain reaction (PCR). The 5'and 3'oligonucle- 

otides used for PCR amplification were derived from a published potato 

tuber sucrose synthase.cDNA (Salanoubat and Eelliard, 1987) and 

came from positions 1495 to 1511 and 2444 to 2462, respectively. 

DNA Sequence Analysis 

DNA sequencing was performed by the dideoxy chain termination 

method (Sanger et al , 1977) using a Sequenase Sequencing kit (United 

States Biochemical Corp ) Sequence analyses were performed using 

computer programs from either lntelligenetics (Release 54 for VAX/ 

VMS, Mountain View, CA) or the Genetics Computer Group package 

(version 80, Madison, WI) The nucleotide and amino acid identities 

between sequences were calculated using the Pileup and Distances 

programs (option uncorrected distance) from Genetics Computer 

Group package (version 80) 
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Potato Sucrose Synthase Genes 1383 

Primer Extension 

Primer extension was performed as described by Sambrook zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. (1989) 

using 50 pg of total RNA isolated from tubers. Oligonucleotide PSSOlO 

was used as the primer. The position of this oligonucleotide is shown 

in Figure 5A. 

The leaves were placed abaxial side up in 15-cm Petri dishes contain- 

ing 50 mL of MS basal medium supplemented with sucrose and were 

incubated in the dark at 20°C for 3 days. The leaves were briefly blot- 

ted dry and were immediatelyfrozen in liquid nitrogen. Plant material 

was stored at -8OOC until needed. For the p-glucuronidase (GUS) 

assay, leaves of the same size and position were cut from tissue cul- 

ture plantlets. Leaves were placed abaxial side up in 24-well tissue 

culture plates containing 3 mL of MS basal medium supplemented 

with 250 mM of sucrose in each well and were incubated in the dark 

at 2OoC for 5 days. The leaves were then blotted dry briefly and im- 

mediately used in GUS assays. 

lsolation of 5’ and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 cDNA Ends 

The 5‘ and 3’ cDNA ends were isolated using a strategy developed 

by Frohman et al. (1988). Oligonucleotides used for amplification were 

derived from the Sus3 class zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtuberosum sucrose synthase gene Sus3- 

65. Positions and directions of relevant oligonucleotides are shown 

in Figure 5A. The names and sequences of relevant primers are listed 

Construction of Chimeric GUS Genes 

from 5’ to 3’ as follows (lowercase letters in the first four oligonu- 

cleotides are bases that are mismatched with Sus4-16): PSSO12, 

CGCTCA; PSSOI6, CaAAgTTatCgTTgGAa; PSSO14, CTGCTGATC- 

TtCTcGCTGAT and oligo(dT)-adapter, CCGGATCCGAATTCCCGGGTT- 

TTTTTTTTTTTTTTTT. 

For amplification of 5’cDNA ends, first-strand cDNAs were first syn- 

thesized by reverse transcription as described by Sambrook et al. (1989) 

using 0.5 pg poly(A) RNA and 20 pmol of PSSO12 as primer and 20 

units of Moloney murine leukemia virus reverse transcriptase (Strata- 

gene). Unincorporated deoxynucleotide triphosphates and primer were 

removed using a Centricon-100 column (Amicon, Beverly, MA). The 

first-strand cDNAs were tailed by oligo(dA) and were then used as tem- 

plates for amplification. PSSOlO and the oligo(dT)-adapter were used 

to amplify Sus4 class ScDNAs. For isolation of Sus3 class 5‘cDNAs, 

PSSO16 (specific to Sus3-65) and the oligo(dT)-adapter were used for 

amplification. To enrich the amplified Sus3 class 5 cDNAs, a second 

round of PCR was performed using PSSOIO and the oligo(dT)-adapter. 

For amplification of 3’cDNA ends; reverse transcription was performed 

as described earlier, except that oligo(dT) (18-mer) was used as the 

primer. Oligonucleotides PSSO14 and the oligo(dT)-adapter were used 

for amplification. 
Thermal cycling was performed as described by Frohman et al. 

(1988). Amplified products were band isolated and cloned into the Smal 

site of pBluescript KS+ (Stratagene), after flushing the ends with the 

Klenow fragment of DNA polymerase I. 

CGAGAGATCCATTTGCGAAC; PSSOlO, TCACGAAGgCTgTGAACA- 

The construct SS-lll-3.9/3’ (Figure 10A) was prepared in two steps in 

a binary vector pB1101.2 (Jefferson et al., 1987). First, the nopaline 

synthase 3’ sequence was replaced by the 3’ sequence of Sus3-65 

(from 19 bp upstream of the stop codon to 333 bp downstream of the 

polyadenylation site; positions 5209 to 5776) to give pB1101.2-lll-ter. 

Next, a 5.5-kb genomic fragment of Sus3-65 (from -3900 to 8 bp down- 

stream of the start codon at position +1648) was cloned into pBluescript 

KS+ and fused in frame to the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGUS coding region of the pB1101.2-lll- 

ter, using Sal1 and BamHl sites. 

The construct SS-lV-3.6/3’(Figure IOA) was also prepared in two steps 

in the binaryvector pB1101.2. First, the nopaline synthase 3’sequence 

was replaced by the 3’sequence of Sus4-16, resulting in pB1101.2-IV- 

ter. The 3’sequence was prepared by PCR and spans from 2 bp up- 

stream of the stop codon to 400 bp downstream of the polyadenylation 

site (+5720 to +6397). Next, a 5.3-kb genomic fragment of Sus4-16 

(from -3600 to 8 bp downstream of the start codon at position +1748) 

was cloned into pi3luescript SK+ and fused in frame to the GUS cod- 

ing region of the pBllOl.2-IV-ter, using Hindlll and BamHl sites. 

Potato Transformation and Regeneration 

The modified binary vectors were transferred into Agmbacterium tumefa- 

ciens LBA4404 by electroporation, using the Gene Pulser (Bio-Rad; 

Mattanovich et al., 1989). Potato transformation and regeneration were 

performed according to Wenzler et al. (1989b). 

RNA lsolation and Gel Blot Analysis Fluorometric and Histochemical Assays of GUS Activity 

Total RNA was isolated according to the procedure of de Vries et al. 

(1988). Polyadenylated RNA was selected using an oligo(dT) cellulose 

column (Sambrook et al., 1989). RNA electrophoresis and gel blotting 

were performed as described by Ausubel et al. (1989). For detecting 

either Sus3 or Sus4 class sucrose synthase transcripts, the entire 5‘ 

untranslated sequences (minus the leader introns) from Sus3-65 and 

Sus4-16 were used as class-specific probes. The specificity of both 

probes was confirmed by lack of cross-hybridization under the con- 

ditions used (data not shown). Preparation of RNA probes and 

hybridization were performed using instructions from Promega. 

Fluorometric assays were performed as described by Jefferson (1987) 

using 4-methylumbelliferyl p-D-glucuronide as a substrate. The top two 

fully extended leaves, the whole stem from one or two plantlets, the 

whole root system, and one or two microtubers (-4 weeks after induc- 

tion) were assayed. Leaves, stems, and microtubers were ground in 

1.5-mL microcentrifuge tubes by using a Kontes pestle (Kontes Scien- 

tific Glassware/lnstruments, Vineland, NJ). Roots were ground using 

a mortar and pestle. Protein concentrations in extracts were determined 

using the method of Bradford (1976); -20 pg of protein was used per 

assav. 
Hktochemical assays of GUS activity were performed as described 

by Jefferson (1987), using the chromogenic substrate 5-bromo-4-chloro- 

3-indolyl p-D-glucuronide (X-gluc; Biosynth, Staad, Switzerland). The 

top one or two fully expanded leaves, cross-sections or longitudinal 

sections of stem, 1 cm of root tip portions, and microtuber cross-sec- 

tions were placed in 2 mM of X-gluc, vacuum infiltrated for 1 min, and 

Sucrose lnduction 

For RNA isolation, leaves were isolated from pot-grown plants and were 

surface sterilized for 10 min in a 10% solution of commercial bleach. 
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incubated overnight at JPC in the dark. After staining, leaves and stem 

segments were cleared through an ethanol series at room tempera- 

ture. Photographs were taken with an Olympus (Tokyo, Japan) dissection 

microscope. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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