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

Hongyong Fu 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, Sus3 and Sus4, were identified in potato. They cannot
be classified as Sus1 and Sus2 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, 1980;
Maas et al., 1990; Marafa 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 Shrunken1 (Sh1) 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
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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,
Sus1 and Sus2 (Werr et al., 1985; McCarty et al., 1986; Mararia
etal., 1988a, 1988b; Chourey et al., 1991; Sanchez de la Hoz
et al., 1992; Wang et al., 1992; Yu et al., 1992; Shaw et al.,
1994). In maize, for example, the Sus2 gene, Sh1, is expressed
primarily in endosperm, whereas Sus7 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
etal., 1992) and by anaerobiosis (McCarty et al., 1986; Springer
et al., 1986). Expression of ShT is inducible under anaerobic
conditions, whereas Sus? 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 level 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 (Sebkova 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
etal., 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, if 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 Sus4 classes of potato sucrose
synthase genes appear to have evoived after the divergence
of the major dicot families but before the divergence of tomato
and potato.

RESULTS

Presence of Two Classes of Sucrose Synthase Genes
in Potato

Forty-four clones were isolated by screening a . genomic DNA
library (15 x 106 plaque-forming units) at low 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 Potssyn (Salanoubat and
Belliard, 1987). Five of these clones, which contained the entire

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 Sus4 probes were also detected at lower
stringency (final washing at 65°C in 2 x SSC) by either probe
alone (data not shown).
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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 is 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 EcoRI fragment of Sus3-65 (nucleotides 3737 to 6256), and the Sus4 class
probe is a 2.6-kb Sall-Sstl fragment of Sus4-16 (nucleotides 2462 to 5089). Asterisks indicate sites from the A vector. B, BamHI; H, Hindlli; S,
Sall; Ss, Sstl; X, Xhol.



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).

Identification of the Coding Sequences
in Representative 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 Potssyn (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
Sus4-16 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 Potssyn. Sus4-16 shares 98.6
and 99.3% nucleotide and amino acid identity, respectively,
with Potssyn.

Characterization of the 5’ Untranslated Regions and
Assignment of Transcription Start 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; Chopraet 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 Potssyn (Figure 4). However, compar-
ison of the 5’ untranslated regions of Potssyn 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
Potssyn and Sus4-16, in Figure 5B. Three to six clones were
obtained for each of these groups. The sequences of Sus4-
5'a and Sus4-5'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
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Figure 2. DNA Gel Blot Analysis of Potato Sucrose Synthase Genes.

Genomic DNA (10 ug 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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gagctccaatatgtgctccgaacattgagtgaattttattttaaaatgtcaaatcctaac -1741 GGCCAGgtgcactgettatttgtgatctcattgtcttattccttcgaaacctattgetge 3060
cacaaatcaaatatagtagcccaacaaattgacataaaaaagggttttaaagtcatcate -1681 G Q
aaggaaacgggtcgggtccaccaatattaaacaaagaatgagtccattgtattagtgtta -1621 naqtqctquqtccccuttcctctnutttqcquTTGTCTATATTTTGGATCAAGTTCCTG 3120
--cuc-qn.qc.cca-nnqtqqttt:qqntunanqnuctqtq-.actqqnaqncaanctg -1561 vV ¥ I L D Q V P A
aggtgcatgcatgttaaaacattttcattggacaaaattgt -1501 CCTTGGAGCGTGAGATGCTCAAGCGCATAAAGGAGCAAGGACTTGATATCAAACCACGTA 3180
tnqq:tchltq-qlt taagattacgaatttaatcaattgatgattatttaataagt -1441 E M L K R I K E Q G L D K
cttatgtggtacaaatttaaattaatcatatattcatttetttetttaattgagatttat ~1381 TTCTTATthc-gt.ttctcnq-.attqtqctt.thattatqattltqcnqqat:tha 3240
atgcaggggtgtgtaaaaactaaactcatcgataaattgaattgaaaaaattcttatttyg -1321 L I
tttatcgttattgagttattaagtt ttttttaatgattttgca attat -1261 tttgttctaatgcagcatctgatctttgtttaaattctcagGTTACTCGGCTGCTCCCTG 3300
aact gtacatcce! cgat -1201 T R L L P D
tcctatttagatgagecttacaatatagatatcasacaccgaat aaataaataaag -1141 ATGCAGTTGGTACCACTTGTGGTCAGCGACTCGAGAAGGTATTTGGAACTGAGCATTCAC 3360
tgatcaagcactatatattgttttcacggtattatttttctatcatgtcaaacctaaggt ~1081 AV GG T T C G Q R L E K V F H
cttgaasatgtgaacttagttttctttcttttcasaagaagasaattggaaaagaggtaa ~1021 ATATTCTTAGGGTCCCCTTTAGGACTGAGAAGGGCATTGTTCGCAAATGGATCTCTCGTT 3420
ttggttattcaatgaactcaacggccaacacctaccacaattaccgtgagatgagatttg -961 I VR K W I 8 R
tacca aagttaaatggataaatasattt tagttactacaaatta atcataaa -901 TTGAAGTCTGGCCATACATGGAGACTTTCATTGAthqllqculcccttctqtlttc-tt 3480
gttgaagtgaatcttaaagtgaagataaaattatctttatataatttataaattatgagt -841 E VWP YMETFI
tggaaccataagattatctactaaattatacctcttgaagtgegatcatttcctaaatta -781 tttcuutctcctaqctgatttttqcaqcantttcctacttacactaaaattq:qactttt 3540
acattaagtacatcaagttatcctttattttctataggttgtatttggtatgaaggaaga -721 aatacatt agGATGTGGGGAAAGAGATAACCGCAGAACTGCAAGCTAAGCCTGATCTTAT 3600
aacattttctttttatttgtttttttatgttcaattaataatttettttgaaaagtatat -661 D V GG K E I T A EULOQAIKUPUDTILI
tttctaagaaaatatattatttaaaaaatgaaggtaasatgtttttectctcttatgaaag -601 TATCGGAAACTATAGTGAGGGAAACCTTGCAGCCTCCTTGTTGGCTCACAAGTTAGGCGT 3660
ctggaaaaataagtttttagtagtaacaattaacggtattcttccatccttttaagttte =541 I GN Y S E G A A S L L A H
agacacacttcattttcatcttagccacctattcccatcactcttcaacttcaatattat -481 AACACAthtthaatattqqtcacatgtntaaqacccactttqcntttccttccatttq 3720
ttttctagattataataaacaaataattttagtatcatattttttacttacgtatcaaat -421 T Q
atgaaaaagaaaattcatatttttttcatgattttttttttaaaagaacatttttettgg -361 gaactcgaagttttaagaattcteottetgttttgtctacttegecttcttcagTGCACCA 3780
atgagcacatccgaaattataaaattgtgtttttaagaaagcttttetttecttattegyg -301 cC T I
tgttcgatatttgtactagagtctgactaatctgaattcatatcatgt agggectagtea -241 TTGC TCATGCATTGGAGAAAACCAAATATCCTGATTCTGACATTTACTTGAATAAATTTG 3840
aggaaaaccctccttgattataatttttttttatatatttagaatttaaatctgaaacct -181 A B AL E K T K Y P S DI YL NIKTFD
cc ttaagtatacagtgtgatgtgacggtgtttcttaaaaagagcttactaggcactta -121 ACGAGAAATACCACTTCTCAGCTCAGTTTACTGCTGATCTTATAGCAATGAATCACACTG 3900
aattgattggtattggtagcattttgtttgt ataataaataaagtgatccactga -61 E K Y H F §S A Q F T A DL I A MNUHTD
qlaqlcacgtncacat:ttqctttq;a;nggﬂgqggncccctaccattccnttcctcatc -1 ATTTCATCATCACCAGCACCTTCCAGGAGATAGCAGGAAGgtatgacatcaatttecgege 3960
F 1 I T s T F Q E I A G S
ACCATTCATAAGCAACACTCTTTCATTTGC TTCT TTTGATTTCCATCTTTGTGTTTCCTC 60 tctaattaacttgttcttctccctgtttaattgtgtttgatcct aaaacattttttcaat 4020
CATCCATTTCATTACTTCCCTCTATTCC TTTCAATATTCCTCTCTTTCCTTTTTCTTCAR 120 “"‘"‘9CKM‘:g"C;‘:CST"g‘“g“"‘f“’g“‘;‘s“‘cg“’:"‘;ﬁccgm;C“:mgc“é‘“ 4080
AAAAAMAGgtaaaacctgcaactcacatttctttatgttacgtcggtgogtaagaattttg 180
tttctcatttatcatcattcaaattttatcttrtttctcatcegtagatgtt araaaaaa 240 TTGTATAGAGTTGTTCATGGCATTGATGTGTTCGATCCCAAATTC“CATTGTGTC.CCA 4140
gaaggaataattttcagttgcatttgcttgcactactactctettcttcatctacettte 300
gttttcagagtatccttttttgttaccacctetttttgtcatattetgetttgttacaty 360 gGAﬁCTgATsTGSATCTCTATTTTCCATACTCCGAAAAGGAAAAGAGATTGACAACTTTT 4200
atcattttgcaatttgttcactgataa gatcagattctgggattttttttttegttt 420
gttgatagaaaagtctgtttcctcaattagtcaggttetagagttatactctgcaaatte 480 CACCCTGAAATCGAAGACTTGC TG TTTAGCGATGTCGAGAATGAAGAACACCTgtatgtt 4260
taattttacttectotgtttttttttttcaaatctttgacaaaatttattgacagaaaag 540 A PETIEDTLTLTFSDVENEEH
tctattogtaaccgtcactgota acaatgcgttatccattgaaacataaaaca 600 tctataagagtgcaaaattgtgtttactgatataaacaagtttgtactgaattgatttat 4320
tttgtcgag aaatca aag cetcacatetottttettottt 660 gttcctat atcagGTGTGTG TTGAAGGACAGGAATAAGCCCATCATATTCACCATGGCAA 4380
€C VL KD RNKUP I I F T MAR
ttctcctgttagtactgetetgtttttttatttttcatttactcaaactgttgtttoctt 720
attctagctattttgttttgtttocttgegacttaacaagtagttttegagettggtgga 780 GATTGGACCGAGTGAAGAACTTAACTGGACTC3TCGAGTGGTATGCTAAGAAT§CA2GA€ 4440
atggttaagattcttttttatctttagtttgtttagtccgacttgagtttcagatattga 840
atgatta aaaagtagttctaattcaagacgtattttatcttcatgataatgrttta 900 TAQGGgAGTTGGTTAACCTTGTTGTGGTTGGTGGAGACCG‘;“‘:AGG“TCCQAAEAC{ 4500
gtatttgatttcgtcacaatttettoctagttttttgtttttgagttagatagatgttga 960
aggggasattttgttgttgtttactagatgct agatggcatattotttotttattecttt 1020 TGG“GA‘;SAG‘:C‘“;AG:TG;AG;“GATGT“GWTT“M‘CTCMQAT{N:"‘g 4560
taaaataaatatatgaagggtacctattgatcaaatatatatagtatgtgtttertattt 1080
aattgtttaattattgtgtggttcaact aaaacagtgaaatacgactactagtaacatat 1140 GCCAGTTCCGATGGATTTCTTCCCAGATGAACCGTGTGAGGAATGGGGAACTCTACAGGT 1620
tttttttaataataggaagatcagtgecaagttctetctgttgtgtttttattgggeccaca 1200 Q F R W I S S QM NRVRNGEL Y
tttatcttggttgtcacgtattgtattctgeatttatttgataactctcatgtcattata 1260 AC?TTiCTgAC;CC:GGgGAGCTgTCsTGCAGgCTECA;TC:ACglGiCT;TCgGTETG: 4680
ttggtaggtctgctagtttttattattcegtcegtctcaattgaaatatgetagtttgat 1320
tggatacgaagttcatgaaataaaacaaaaaatttatgattttaggtaggatatttgaat 1380 CTsTTgTTghsicc:TGQGC:GCEGT{TGgCT;CA:TTﬁCA:CA;ATCAAgGTgGTgCAﬁ 4740
tgaagaacttaatagaattttttttttttttgga, tattatagtagtagtgctaggtg 1440
gggacgtggggt tgaaaatttgtactactatatte atcattggaaaattaggtgact 1500 CTSAG?TC?TcsTTEACgGA;AG:CTgGTgTCgAA?TTgATgCAgACgATgGCgAGgAGi 4800
tatttttcccacaatctcatctcttttaataataataataatagtagtaatatgttaaat 1560
ttttttatgatttttgagttaacagtattttgtttgtgtt ttacagttgaaagtcatctt 1620 CTiCTg”gTTiTC‘;CTgmgmgT’g“?‘g“?“g“g”g“g‘ﬁ”:“g”ﬁ 1860
aggatttgca GTGCAATGGCTGAACGTGTTCTGACTCGTGTTCACAGCCTTCGTGAAC 1680
gaggatcrgcay R LT R s L R ER CCATTTCTGAGGGTGGCCTTAAGCGTATACAAGAGAAgt aagttgotgctottttoctoe 4920
GTCTTGATGCTACTTTGGCTGCTCA'ICGCAATGAMTTTTGCTCTTTCTTTCAAthar.g 1740 1 s EGGLIKRTIQOQEK
1, D A TL A ATUHETU RA NETITLTLTEFTULSR taccgcatgatcgttattgagtgcattaattcaaagtgattctaatctectgttgetgta 4980
gttttagagcaatettettgecttttgatttagttgetgttgtttgocegtttegttteg 1800 qGEAC;CA:GGSAA?TC;ACgccgATEGG%TGzTG?CAiTAﬁCTﬁCTsTT§AC§GG;TC: 5S040
tttegtttegtt tatgttgt 1860
ST e et 08 coMocachTrReCMGE OEAG R TTOMATIECTESTINTE TIOAGATOTITIATS 5100
1 E G L K P H
TGCTGGCTGAGTTTGAATCAATTC ACAAAGAAGACAAAGACAAACTGAATGATCATGCCT 1980 CTCTCAAATTCCGCAAGCTchaagtctctctqctttctqcuctt:tccanttqtct-un 5160
L AEF I H KEDKTDKTLTNTODH AF L F R L
TTGAAGAAGTCCTGAAATCCACTCAGGE aacttggttttattgttaggttggttgtattg 2040 qcaac:Actaatqqancttc:ctatt::gttttqactcagﬁCTgAAETTgTTgCAZTGﬁC 5220
E E VL K §$ T Q
aattttcttactaagctaacatatgtatcagtttgtgettgcatttgaaatatttatgtg 2100 TSTTSAGEAAATTGACAAAGAAGAGAAGGCTTCTGTCTAATTGTTATCCATATTGTCCTT 5280
ttatt G, GTTGCACTTGCTATTCGTTT 2160
attegteatactag AAiCA?TTsTT{TAgCCgCA:GG A I R L TAGAAAATGTTTGTCCTAGTTTGC TTTTCCCCCACATTTGATGTTTGAGAACTGAATTGT 5340
GAGGCCTGGTGTGTGGGAATATGTCCGTGTGAATGTTAATGCTC TTATTGTTGAGGAGCT 2220 CTTTTTTATTTGCATTTTTTCCCTTCTGTAGTCATGAAGAGGATTGCAAATTTGACATTA 5400
R P G V WE YV RUVYVYNUVNA ATLTIUVETETL TGTAGTGTTACTGTGAATAAAATATCAAATTTCAATCTGCTCTatccatctttttaacca 5460
GACTGTGCCTGAGTTT TTGCAATTCAAGGAAGAACTTGTTAACGGAACgt aagttttacg 2280 ttctcttattggaattaaacacattctctctgctttcacaagtgagtgataaagtetgeg 5520
vV P L Q K E E N G T tacatatcaacttctctagatcttgtttgtgggattacattgagtttgttgtctatttra 5580
tttgaatttgaagattagttatctaattaacatgttgttaattttttrtttgattaatgt 2340 aaatatacttcttccgttcaacaataattgtctactatactattttgggtgtcaaacaat 5640
tqtqa:tt:ccctqatqcanTCCAACGATAACTTTGTTCTTGAATTGGATTTTGAGCCC 2400 atttgtccactttatgaaattaatgaataatttaacacttagtttctaatgtacccttat 5700
D F v L E L D aattaattatagtcatttctctattacatttttcaagacattatatttattatattccag 5760
TTCACTGCATCATTTCCCAAACCAACCCTCACCAAATCAATTGGAAATGGAGTTGAATTC 2460 gggtgatatagt aaaataaactttttatttataattttttaagatgggtgcaaaatasat 5820
F T A 8§ F P KPTULTXKSTIG NGV E F agaaaaagtcttttttgtcattccaagttattgtcaaggtcaattttgccaaccacettyg 5880
CTCAACAGGCACCTCTCTGCCAAAATGTTTCATGAC AAGGAAAGCATGACCCCTCTTCTC 2520 gagacaactatattggatagtgatgaaattcttatcctatatttgacaaaaggtcaaaag 5940
L N R HL S A KMUPF HD KE S MTUZPILL aagaataaaaactaaacctrtttacattgatagccttgatgagagatcctattecatttg 6000
GAGTTTCTTCGAGTTCACCACTACAAGGGAAAGgt aaatttagtgtttctgatagtacct 2580 ggatattctctagaagaaaaataattttgtccttgaaattgaaagagataactatgaaat 6060
E F L RV HHEYKGK aasaatgtgggcaaaaagaagtatatatcattagacttctaggagtcattctcgggtcta 6120
tttctccgctaaattaatttccagtatgtagtagetgatttttgecatccaat aaatgatt 2640 tttcttgtgttccattaacatgaattgtgagcataaagaaatggtaattatgcaccaact 6180
nlltthtccanctntcattttctqtqcanCAATGATGCTAAATGATAGAATTCAGAAT 2700 atgggatggatggattttttttaaaaacaattggggctagg: tggagaaatagga 6240
L N D R I QN agaattatgagaattcgaatctttatcaagaagataaagttcacatagtcaatcaattga 6300
TTGTATACTCTCCAAAAAGTCCTCAGGAAGGCTGAGGAATACCTCACCACCCTTTCCCCA 2760 gcaatttagattctcatgacttaagagggattgttaggatattctacggttaattagagg 6360
Y T L K VL R X A E E YL T TUL S P tttgatacacgtgtagtacctcctaatagcaatgtatttcatactcatatggattatttg 6420
GAAACGTCATACTCGGCATTTGAGCACAAhLALL ‘GAAAthhLLl AGA TIGG 2820 ctttttctttgettctacatctctaaatgagacatacataaattggacggaccaataata 6480
E T § Y 5§ A Q aaacttggtttcttgecattactacatgggtattatctcat aacaataatgcattcaatac 6540
GGTGACACCGCAGAGCGTGTTCTAGAGATGATCTGCATCCTCCTGGATCTCCTCGAGGCT 2880 tcggatggaggaatgatctcaactattgatgtaatctttatcttgttccaaaaactctaa 6600
C ML L P L L E A aaaaatggatatttacatccacttctttagaagataattacttagattcacgctagtttg 6660
CCTGATTCGTGTACTCTTGAGAAGTTCCTTGGTAGAATTCCTATGGTTTTCAATCTGGTT 2940 caaattgcaatattacgttcattaccacattttcggcctcagatacatgtatttgeectet 6720
P D S L R I tctaga 6726
ATACTTTCACCTCATGGATATTTCGCCCAGGAAAATGTCTTGGGTTACCCCGACACTGGT 3000
I L S P HGVYF AQENUVLGTYT?P

Figure 3. Nucleotide and Deduced Amino Acid Sequences

of the Sus3 Class Gene Sus3-65 (GenBank accession number U24088).

Exons are shown in uppercase letters; flanking regions and introns are shown in lowercase letters. The putative transcription start site is indicated
by a boldface letter with a dot on top. Nucleotide sequences are numbered by referring to the transcription start site as +1. The TATA box and
polyadenylation signal are underlined. The asterisk indicates the stop codon.



Potato Sucrose Synthase Genes 1373
gaattca ctggatgacagataaaaaggaaagaaatagtacaatatatactacatta -1441 AGGGATGGGGGGACACGGCGGAGCGTGTGC TAGAGATGGTATGCATGC TTCTTGATCTCC 3180
tcctaaaatagtagtacgtgtcacagcagtacatccttagttcaactaattgtcattatt -1381 G W G D TAERUVILEMVYCMLLUDILL
atatgtacattagattaaaataaaattatttgggaattaagggtcaaaagatgagcacaa -1321 TTGAGGCTCCTCACTCATGTACTCTTGAGAAGTTCTTGGGGAGAATTCCTATGGTTTTCA 3240
aatatataatttqtttattttttaataaaaatgaat gaagtag aactggataca -1261 I P M F N
gtgtctagttttatttaacaaatttgggtccacaag. attgtcaaatacagaaggaat -1201 ATGTGGTTATCCTTTCCCCTCATGGATATTTTGCCCAAGAAAATGTCTTGGGTTATCCCG 3300
aaaagtggttttgattattattattatatttttctasagtggttttgattattgrractte -1141 vV VI L S P HG Y F A QENUVILG Y P
tttttctaaagtggttttgattgaaaactaatataattatgaagtactataaaccagcag —-1081 ACACCGGTGGCCAthqclttncctaanntcatcattqctlnntntqttthlntqcttq 3360
ctgccaattgt aacagggatcagggagagggaageetttttttttttgacggtcagtatt ~1021 T G
cgagagatctggttaaatatgaatttatataaaaaaasagttaaactcaaaatttctaat -961 c:tccntnantqctaaqgtccz:cncccc:tqn:qttqtngGTTGTCTACATTTTAGATC 3420
gaagatggaaaaaatatttatcactccatattaattactttctttatactaatttatgtg -901 Y I L D Q
agggaagtttattagatacatagtttaatttasaaaattgaatttataatcctagatata -841 AAGTTCCCGCCTTGGAGCGTGAAATGCTTAAGCGCATAAAGGAGCAAGGACTTGATATCA 3480
tagtgatagttatataaacctgaattttttttgtgttaggatgataaaaatgaaagtcte -781 R E M L KR I KE QG L D ITI
actttttagcaagaaatactaaatatatttatttttgttcectttttggattttttgtta -721 TCCCCCGTATTCTTATchtngtat:tcctgtact:gtntattccqaqgagtqaqqntta 3540
tgataatagtggtcgtattaatttacacacttcaagtaaagtataaataataatgtataa -661 P R I
ttctatgcatggagtacttataatttattgatcaaaattttaaaattcacttattttyg -601 taqcta-tttctcttcutttt-lc-actqatttgctqttattctc.qGTTACTCGTCTGC 3600
astgtttttttagaaatattttaaaasataagcgctttatgtttgattaatttatctgaa -—541 L L
gaaaacctttaccgaacaacaacttaatctttgaattattttacccaatattaacttttg ~481 TGCCCGATGCAGTTGGAACCACTTGTGGTCAGAGGATTGAGAAGGTGTATGGAGCAGAAC 3660
tttgttttgactttgacacacaactaaatttaccaaataatgtttgtatagttgaaaaaa -421 P DAV GTTI CGQRTIEIKUV Y G A E H
aagtaaaaaaaaatgaccaatcattgactgttacacactttaacttatccaaattaatcg -361
ttttgaa tacaatttcaatttgtttttactatacttaaacgetc -301 AC’IV'ACATATTCTTAGGGTCCCTTTTAGGACTGAGAAGGGCATTGTTCGCMATGGA’ICT 3720
tgatcgtttagacatttttaaaattttacatgtttacaaaacacagta -241 I v I VR K wW I 8§
aaaatgagttaagatgtttacatatgtattttaaaagttaacacaacgttcaaattgtca -181 CTCGCTTTGAAGTGTGGCCATACATCGAGACATTCATTGAthqacnnaanc:tcnc:qt 3780
attgagatcaagttaataggttcgact agatatcgatttttttttcotcacacactaaac -121 R FP E V W P Y M E TV F I
caaaagccatcattagcatatagtttatggttaattaagatccttcacctaattaattac -61 atttgtttagcttccgatacgtatttcagaacaatttgect aattattaacactttggtet 3840
acttgctacaatctccacttttttggciataaaaaggtgtcctttagettagetttette -1 ttcatacttcaqGATGTTGCAAAAGAAATTTCTGCAGAACTGCAGGCCAAGCCAEATTTG 3900
D A K E I $ A EL Q K P D L
ACCATTCACAAGCAAAACTCTTTCATTCTACAC TTTC AACATTTTCTCCATTTTTTC TTT 60 ATAATTGGAAACTACAGTGAGGGCAATCTTGCTGCTTCTTTGCTAGCTCACAAGTTAGGC 3960
TCTCATTTCTTTCCTCTCAAAGgt aasgctacaatcttttttttttttttttttcatata 120 1 G N Y SEGNTLAASTLTLAHBKTLG
caagttaatttccacatgcaaaaatagtcttttttttggtgttaggttcaaatttagttc 180 3TA;CT§AGq:c:qtgqtqttttttcacctctaatcqcatttccatnnncttqqnqccn- 4020
aaagtcttgatcttggaagggtgttasaagatcttgaatttttcttacaaaaatttecat 240
ttttagttgagctcatttactcaaaaccccagaaaaaagaagttatcttttgatatttta 300 9‘9‘“°t““‘ttttt°°tttttt‘ttqtq‘c‘:tt9°°tt“tqt'qgccgcc?TTiccg 4080
gctaaagattccaacttttttagtagt agaaagtgatcaagaacaaacaagaagtaatct 360
ttcttgaaaaagttttgttcttgatctcccccaagaggtgtaaagtgttaaagatgacat 420 ACGCGTTGGAGAAAACGAAGTATCCTGATTCCGACATTTACTGGAAAAAGTTTGATGAAA 4140
ttttgagtttttttttttttttaaagttgtagaaaatgatcaagaacaaagtagaagtaa 480 K Y K D E K
tetttettgaaaaagttttgttcttgatcatgatcatgatcaccccaagaggtat aaaga 540 AAzACﬁAT:TCgCG;CCCAGgTT;CCiCTgATgTC?TTiCA:TG;ATEAC;CTEAT:TC? 1200
ttacattttgaagtttgtttttgtgttctcatagtttttgtcacetttgtctcaaaact 600
EEELLyLLoLgroct cLtt gt etatdagegtavgataan T9egtctagesy 660 TCATCACCAGCACCTTCCAGGAGATAGCAGGAAGGE ataagcatcaatttgetttcatty 4260
ggggttgtottgtttgrrggtgt casaattctttagttaaaaagtatagecteatttaag 720 I TS TFQEBETIAGS
acaaatctatcttcatgacatagcttaagtagttcatgtttgetttagteateagttett 780 ‘“qc"‘"““““’““““"‘3‘1‘?“""“’““9“W“""““‘?C:‘Ggm: 4320
gttttttttttcatagtacatttgectatttttetaatgaaaaacttacttggggttttet 840
tasagatcttgttttgtttagttttaactaagatttgatgttttggttaaatcaagattg 900 CTGTGGGACAATATGAGAGCCATATGGCATTC ACAATGCCTGGATTGTACAGAGTTGTTC 4380
agaaatgtagtccattttgtaacagaaagtttactgtagattettgttgtggggtcttea 960 ve6oaoyYyes HMAFTM®PGTILYRUVVH
ttgagttatttatatatatattttgtagtttagtcttttgtagtagtcttagttgtaacg 1020 ATGGC‘TT“ATGTGTTCG‘CCCCA‘ATTCAAC‘TTGTCTC“CCTGG‘GCTG‘T‘TTA‘CC 4440
catagcgttgtgettttgocacaaacgtatttgagtaagacttgttattaatgtcatcat 1080 G I NV FDUPXTFNTIVSEPG L
gttggttggttteggttttattagtactatagaattatactcagtggtggagecagaatt 1140 TCTACTTC‘DCGTACTCCGMACGGMAAGAGACTTACAGCATTTCACCCNAMTTGATG 4500
tttagttaatgaattttggatctagattctgaatacacgaattacggtagaaagttagta 1200 Y Fs Y S ETEK®RTILTAFUHPETIDE
ggt agtagagcgttgtatcactatagtagtagtcgtagtattattcatgtagtttctata 1260 AGCTGCTGTATAGTGACGTTGAGAATGACGAACATC Tgt aagtttctacattagtggtac 4560
tgttgtttcttgtacttcgttcatttgattattttgttgtagttattgttcagaatgett 1320 L LY S DVENDEH
tgttatgttttctatagtatttttctatggotottttcattgtotttatttottttttga 1380 atgtctatgttacttatttatacgacaaagacqgtattcaagatttaaattctacgggtte 4620
actgttttccttgagecgatggt ctat cagasacaacct cgct acct tcaaggtaggggt 1440 catcatttatgctttttagcattgaacctattacatttttaaaataatgagttcatatag 4680
aaggtttgtgtaatgtctaccct cccegaccccactttgtgagattacacgtgctatgtt 1500 actactttttgcatattagtgaatttttatacataaatttatgetecgegtcgaaagtac 4740
gttggcotccgtocttgact atattaggtgaaaggtttgaaaattttggtgattcagtgac 1560 tgggtatcgtaacattggatcagccectggtagaagagettgtgectaaacatgttgtact 4800
tttttagtatgtcatttttatattttaagtggttgtactaatgtaatactatataaaatt 1620 trettgcagGTGTGTGCTCAAGGATAGGACTAAACCAATTTTATTCACAATGGCAAGGTT 4860
ttgtttggtattttggataacctgaggtgggctcttctactaactgcactagtgtatttt 1680 ¢ vV L KD RTKZ®TIULTFT A R L
ttqqttqtttacanTGMCTTTGTCTGAGGATTTCCCA'ICTTCTGAATCAACTACAATG 1740 Gg”gGT“;,TGMGMTTT“CNGACTTGTTGAGTGG?CGCCQAGSATECAgchgTB:G 4920
GCTGAACGTGTTCTGACTCGTGTTCATAGCCTTCGTGAACGTCTTGATGCAACTTTAGCT 1800 GGGATTGGTTAACCTGGTTGTAGTTCGCGGAGATCGAAGGAAGGAATCCAAAGATTTGGA 4980
A ERVLTTR RV ") T L A G L VN L V V V G G D RRKE § K
GCTCACCGCMTGAGATACTGCTGTTTCTTTCAAthatl:aqcn:unqanatq:tc:tqt 1860 AGAGCAGGCAGAGATGMGAAGATGTATGAGCTMTAGAGACNATAATTTGMTGGCCA 5040
A HRNETITLTLTFTL S E Q AEM K KM Y EL I ETHNTILNG Q
ttcctaggaaataaatttagttggtatgtgaaaaaacgectaggtgatttcttteccatatg 1920 ATTCAGATGGATTTCTTCCC AGATGAACCGAGTGAGGAATGGTGAGCTCTACCGATACAT 5100
tcgtaagtgttggtgtgtagagtttttcgatatctgtgctagttggaggtagtagetacg 1980 F R W I S s g M NRV RNG GETLYZYRYTI
gtaasatagtctaggcgcatgcaagctgacctggacaccacagttatttagcaaaaaaga 2040 TGCTgACACT:AGgGA§CTETCSTTSAGgCTgcA:TCEACGAGgCTgTTgGTiTGQCTsT 5160
ttaagttgattt t tatatgatgtgttatttatactggttttggttatt GA 2100
fngrtgarttggatangratatgatgrgtratttatactggritrggttattacagth TGTCGAAGCAATGAC TTGTGGTTTGCC TACATTTGC AACTAATCACGGTGGTCCAGCTGA 5220
mcnucccu:ccuucccunTmnmcmmcmnﬂcccmwnccuccu 2160 VEAMTCGIL PTEFATNIHGTS GPACE
s R G I L KP R ELTLMAETFTDR RATI GATCATCGTTCATGGAAAGTCCGGCT‘l’CCACAT'KCA'l'CCATATCACGGTGAGCAAGC’IGC 5280
T'I‘CGCCAAGATGACAMMCMACTGAACGAACATGCAT'!CGAAGAAC‘NCTGAAATCCA 2220 1y s G K S G F B I D P Q
R QDD KNKTELTNEH F E TGATCTGCTAGCTGATTTCTTTGAGAAATGCAAGAGAGAGCCTTCACATTGGGAAACCAT 5340
CTCAthnn:tttqctttqtctntatqcqtcaccaallqctcltn:ntqtntcatttttq 2280 pLLADFUEFET KTGCKRETPSHWETHI
Q TTCGACGGGTGGCCTGAAGCGCATCCAAGAGAAgt aagcaactttttctcgacactagtt 5400
agtttatatatgactgctactatgatatgttatatactagGAAGCGATTGTTCTGCCCCC 2340 T66 6L KR I QEK
E A I VLGP P tgggatttcaggcatagtttattgatatcttatcgegtttttactactatacgtacagGT 5460
TTGGGTTGCACTTGC TATTCGTTTGAGGCCTGGTGTCTGGGAATACATCCGTGTGAACGT 2400 Y
WV ALATILIRTLTPERPO GVWET YIRVETQW ACAC TTGGCAAATCTACTCCGAAAGGCTATTGACACTGGC TGCTGTTTATGGGTTCTGGA 5520
cumcm‘rmmrccmcmcm'rcccmccmmrnmcu-rmuccncum 2460 T Q1 Y S ERILLTTL vV Y G F W K
N ALV VETETL PEVYLGTFETKTETETL AACATGTTTCTAAGCTTGATCGTC TAGAAATCCGTCGCTATCTTGAAATGTTTTATGCTC 5580
TGTCGACGGAGCq:uaqtttc-ntcttttutq:qttlc-lqaataqqctucnuattcntt 2520 H v S KLDRLTETRRYLEWMTFZYAL
VvV D G A TCAAGTACCGTAAGATGgtgagtttcgtgttt acgacacaattacattctcttagagagg 5640
gteteasttgtgrgetttt coetgatgesgCTCGANTGGAMTTICCTICTCGAGTTGEN | 2540 K ¥ R K M
gtcaatagtgttggaaattcctaatgaagtttttttcttggtttttecttttagGCTGAA 5700
TTTCGAGCCTTTCACTGCATCCTTTCCTAAACCAACCCTCACCAAATCTATTGGAAATGG 2640 E
F E T A S F P XK P TTLTJK S I N G GCTGTTCCATTGGCTGCTGAGTGAatgaaggtgtgcctgttttttctttgaataaaaatg 5760
mrmnrmcmurmcmcmmchcwmﬂccncnczxmumn'mm 2700 A v P L A AE *
E F L N R L K H D K E M T AAGCCTTTGACTAGAAGAGGCTTC TGTGTAGTGTTTCTTTTTCCTATTTAGTATGTCACC 5820
CCCGCTTCTCGAATTTCTTCGCGCTCACCATTATAAGGGCAAthaat:tq:gcntgtta 2760 CCCCACCCCACCCCACCCCCTTGCTTTATGTTGTACTTTCATTTGGTTTACATTTIGTCC 5880
p E F L RAHTGH YK G TGCCAATGTTGG TTGGGGAATTTGAGCTGTTGGTATGAATAAGAGATCAAAATTTCAGTC 5940
ctttacctattagtatagtcagtcagaagcagatccaaaatttgaagtttatgggttcer 2820 TGTCCAATCAACTTCTTTTATCATGAGTAATGCTATGTAGTGTAAGTTTACTTCAAGaaa 6000
ataacgattctgagttaacataaactaataattggctttgecgcaaaatatttatagata 2880 cattgttttggtttacctattgtcattttgtaaactatagtcacaacttatgttgctcaa 6060
ttttgtgagct ataagtacaaat acagcaactgaatcgtggaccggatgactgatgaata 2940 acacttcaaaaatgtccacaggtgcgtgtcggatactccaaaaagtagtgtatttaggtg 6120
tgctctaaaggattgettttatgatttcctgttcacagACAATGATGCTGAATGATAGGA 3000 tgtgtgatattagtagtgtatatttaggtgtgtgtggatagtagtgtatttagatgtgtg 6180
T M M L N D R I tgatatttcaaaaagttgtgtattttggagaatttgatacgggtgeggcaacaattttga 6240
TACABAATTCGAATACTCTTCAAAATGTCCTAAGGAAGGCAGAGGAATACCTCATTATGC 3060 agagtcaggagcaaaataggtcacaaaacataaccataacaatgcagaatgatgaaattce 6300
s L QN VLR KA ATETEY ccatactatctagcaaagatcagttacataatcaatgacaaatctttttaacagccttga 6360
TTCCCCCAGATACTCCATATTTCGAATTCGAGCACAAGTTCCAAGAAATCGGATTGGAGA 3120 atagagcactataagtttgcatataacataccggtgt 6397
P P D E F E H KF QE I G L E K

Figure 4. Nucleotide and Deduced Amino Acid Sequences of the Sus4 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 +1.
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Figure 5. Comparison of 5’ Untranslated Sequences of 5 cDNAs and Genomic Clones.

(A) The positions of the primers used in the rapid ampilification of cDNA ends method, with a schematic diagram of the Sus3 class gene 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.
(B) Alignment of the 5’ cDNAs Sus4-5a, Sus4-5'b, Sus4-5%c, and Sus4-5'd and the published cDNA Potssyn with Sus4-16.

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

Identical bases are shown as dashes, and mismatched bases are shown in lowercase letters. Insertions 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 8). 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, Sus3-5a 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 Sus3-5a and
Sus3-5'b. We assigned the 3’ splicing site of the leader intron
to Sus3-65 based on Sus3-5b, 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, Sus3-5a 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 Assighment 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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Figure 6. Mapping of Transcription Start Sites of the Sus4 Genes by
Primer Extension.

Primer extension was performed with antisense primer PSSO10 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.
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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).

Comparison 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

A Intron 13
5598 GT--97bp--AG 5694
Sus4-16 5544 CTAGAAATCCGTCGCTATCTTGAAATGTTTTATGCTCTCAAGTACCGTAAGAT! TGAAGCTGTTCCATTGGCTGCTGAGIGAATGAAGGTGTGCCTG 5739
Sus4-3'a =5
Sus4-3'b

Potssyn 2410

2508

Sus4-16 5740 TTTTTTCTTTGAATAAAAATGAAGCCTTTGACTAGAAGAGGCTTCTGTGTAGTGTTTCTTTTTCCTATTTAGTATGTCACCCCCCACCCCACCCCACCC 5838

Sus4-3'a

Possyn 2509\ . a c = b 2604
N s

Sus4—}6 5839 CCTTGCTTTATGTTGTACTTTCATTTGGTTTACATTTTGTCCTGCCAATGTTGGTTGGGGAATTTGAGCTGTTGGTATGAATAAGAGATCAAAATTTCA 5937

Suat-3' - a .

Potssyn 2605 -t

2702

Sus4-16 5938 GTCTGTCCAATCAACTTCTTTTATCATGAGTAATGCTATGTAGTGTAAGTTTACTTCAAG 5997

Sus4-3'a (Poly A tail)
Sus4-3'b A ———————— (Poly A tail)
Potssyn 2703 —=~----- (Poly A tail)
B Intron 13
5121 GT————-- 80bp-—-——- AG 5200

Sus3-65 5066 TCTTGAAATTCGTCGTTATCTTGAGATGTTTTATGCTCTCAAATTCCGCAAGCTGGCTCAACTTGTTCCATTGGCTGTTGAGIAAATTGACAAAGAAGAG 5245

Sus3-3'a

Sus3-65 5246 AAGGCTTCTGTCTAATTGTTATCCATATTGTCCTTTAGAAAATGTTTGTCCTAGTTTGCTTTTCCCCCACATTTGATGTTTGAGAACTGAATTGTCTTTT 5345

Sus3-3'a

Sus3-65 5346 TTATTTGCATTTTTTCCCTTCTGTAGTCATGAAGAGGATTGCAAATTTGACATTATGTAGTGTTACTGTGAATAAAATATCAAATTTCAATCTGCTCT 5443

Sus3-3'a

(Poly A)

Figure 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 Sus3-65.

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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-1656 TATTaAACAAAgaaTGaGTCCAttgtATTAGTGTtARAATACAGAAGCACCAAAAGTGGTTTTGgaTA -1590
PR et e PEEE L rreerr ettt b oreretireeeerr
~1249 TATTtAACAAA-ttTGgGTCCAcaagATTAt TGTcAAATACAGAAGgAat AAAAGTGGTTTICGALTA -1184
-1411 ATATTcATTtCTTTCTTTA -1393
RN R ERR R
-922 ATATTaATTaCTTTCTTTA -914
-35 TATAAAARAGG -26
[(ARRRERREE -#— TATA box
-32 TATAAAAAGG -23
-5 TCaTCACCATTCAt AAGCAACACTCTTTCATT +27 Regions flanking the transcription
PEVTEEEeerr vevret rerrrerried - start sites
-5 TCtTCACCATTCAcAAGCARAACTCTTTCATT +27
5406 TGTTacTgTGAATARaAtATCAAALTT 5432 - Regions flanking the putative
FEEE 0 e e rreeer i polyadenylation signals
5908 TGTTggTaTGAATAAGAGATCAARATT 5934
5526 ATCAACTTCT 5535 <-#— g2 bp downstream of 3' end
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Figure 8. Conserved Regions and Repeated Sequences in Potato Sucrose Synthase Genes.

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



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 (3'A 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 Differentially Expressed

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.

Effect of Tuber Excision on Sus4 Class Transcripts

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
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Figure 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 ug) isolated from excised de-
veloping tubers (~10 tubers) at different time points were separated
by electrophoresis and probed with either patatin cDNA pGMO1
(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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in part to the higher amount of transcript present before tuber
excision is unknown.

B-Glucuronidase Gene Expression in Transgenic
Potato Plants

To examine promoter activity, we prepared translational fusions
in which the B-glucuronidase (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 Sus3-85 or Sus4-16 (Figure 10A). Very high levels of GUS
expression were observed in tubers of transgenic plants con-
taining the Sus4 construct SS-IV-3.6/3' (Figure 10B). 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 activity was very low in normal leaves, it could be induced
by exogenous sucrose (Figure 10C), which agrees with our
results from mRNA analysis.

Transgenic plants containing the Sus3 construct SS-111-3.9/3
had a very different expression pattern (Figure 10B). Roots
had the highest levels of expression, and GUS activity was
~11- 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-11-39/3' or SS-1V-36/3' 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-1V-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 10B). In contrast, GUS staining was
observed in leaves from plants containing the Sus3 construct
S5-111-3.9/3" 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
S$8-1V-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-111-3.9/3' consistently showed high levels of GUS staining
in the phloem, particularly in the internal phioem of the stem.

The characteristic pattern of GUS staining in roots of plants
containing the Sus4 construct SS-IV-3.6/3' 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-111-3.9/3. 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 Sus? 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 Asus7, but are split by one in-
tron in ail other characterized sucrose synthase genes. Also,
the Arabidopsis sucrose synthase gene AsusT is missing the
leader intron (Martin et al., 1993), and both maize and rice
Sus? (Yu et al., 1992; Shaw et al., 1994) differ from all other
characterized sucrose synthase genes in missing the last
intron.

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

(A) Schematic diagram of constructs SS-111-3.9/3' and SS-IV-3.6/3" lil-ter (hatched rectangle) and /V-ter (stippled rectangie) 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 BamHI site used in joining the potato sucrose synthase genes and GUS gene.

(B) GUS activity (in picomoles of 4-methylumbelliferone [MU] per minute per milligram of protein) in various organs of transgenic plants containing
either SS-11-3.9/3' or SS-1V-3.6/3" The histograms represent the average GUS activity of either seven independent transformants containing SS-Ill-
3.9/3' or eight independent transformants containing SS-1V-3.6/3" Standard errors are shown as bars. WT, wild-type control.

(C) The effect of sucrose on GUS activity in leaves of SS-1V-36/3'-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 0 (~) or 250 (+) mM sucrose. Bars are standard
errors. As controls, GUS activity in leaves from wild-type (WT) plants and plants containing a class | patatin-GUS construct (PS20A-G; Wenzler

et al., 1989a) were measured.

or Sus2 types based on DNA sequence homology. Sus3 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 a very similar homology with both Sus7- and Sus2-type
genes. For example, Sus3-65 shows 71 to 72% homology with
both Sus? and Sus2 genes from maize, rice, or barley. Sus4-
16 shows 70 to 71% homology with both Sus? and Sus2 genes.
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S$S-111-3.9/3’
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Figure 11. Histochemical Localization of GUS Activity in Various Organs of Transgenic Potato Plants.

(Top) Sus3 construct SS-111-3.9/3'-containing plants.
(Bottom) Sus4 construct SS-1V-3.6/3'-containing plants.

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

The fact that corresponding Sus? 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 Asus? (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 Sh7 mutations, reduced starch content has been



observed in potato tubers harboring an antisense sucrose syn-
thase construct (Zrenner et al., 1995). Also like maize Sh1,
expression of the Sus4 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 of 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 GUS
staining in transgenic potato plants containing Sus3 constructs
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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 Sus? (Chourey et al.,
1986; McCarty et al., 1986; Nguyen-Quoc et al., 1990). Also,
the detection of only Sus? 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 Sus?, indicating a similar functional role in
phloem for maize Sust.

Like the Sus? gene of maize, Sus3 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
Sht1 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 Sh1-GUS construct ex-
amined contained the leader intron, the possibility that the
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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 Sus? and Sh1, rice Sus? and Sus2, and
Arabidopsis SSA and Asus? are listed in Figure 12. Other sequence
data come from the following sources: barley Sus? (Martinez de llarduya
et al., 1993); barley Sus2 (Sanchez de la Hoz et al., 1992); broad bean
(Heim et al., 1993); carrot (Sebkova et al., 1995); mung bean (Arai et
al., 1992); potato Potssyn (Salanoubat amd Belliard, 1987); and tomato
{GenBank accession number L19762).

observed tissue specificity of Sh1 promoter was due to 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-
tern of expression in the cell division zone of maize roots has
also been observed with Sus? (Rowland et al., 1989).

The Sus3 and Sus4 class genes of potato are in some ways
functionally analogous with maize Sus7 and Sh7, 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 Sus? in maize is preferentially
expressed at high sugar concentrations (Koch et al., 1992).
Maize Sus1? 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, Sus?
expression occurs at the highest level 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 20/16°C day/night
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 25°C
under a 16-hr photoperiod. Microtubers were induced by placing nodal
cuttings in 05 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 Bendich (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 fength), into the BamHI site of A Dashll, and packaging were per-
formed according to the manufacturer’s instruction (Stratagene). The
Escherichia coli host for 2. Dashll was KW251. Screening was performed
as described.by Sambrook et al. (1989) at reduced stringency (final
washing at 65°C-in 2 x SSC[1 x SSCis 0.1 M NaCl, 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 Belliard, 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 Intelligenetics (Release 5.4 for VAX/
VMS; Mountain View, CA) or the Genetics Computer Group package
(version 8.0; 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 8.0).



Primer Extension

Primer extension was performed as described by Sambrook et al. (1989)
using 50 ug of total RNA isolated from tubers. Oligonucleotide PSSO10
was used as the primer. The position of this oligonucleotide is shown
in Figure 5A.

Isolation of 5" and 3' 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 S. tuberosum 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
from 5’ to 3’ as follows (lowercase letters in the first four oligonu-
cleotides are bases that are mismatched with Sus4-16): PSS012,
CGAGAGATCCATTTGCGAAC; PSS0O10, TCACGAAGYCTGTGAACA-
CGCTCA; PSS016, CaAAgdT TatCgr TgGAa; PSS0O14, CTGCTGATC-
TiCTcGCTGAT; and oligo(dT)-adapter, CCGGATCCGAAT TCCCGGGT T-
TTTTTTTTTTITTITTTT.

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. PSS0O10 and the oligo(dT)-adapter were used
to amplify Sus4 class 5 cDNAs. For isolation of Sus3 class 5 ¢cDNAs,
PSS016 (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 PSSO10 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 PSS0O14 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 |.

RNA Isolation and Gel Blot Analysis

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.

Sucrose Induction

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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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 immediately frozen in liquid nitrogen. Plant material
was stored at —80°C until needed. For the B-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-weil 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 20°C for 5 days. The leaves were then blotted dry briefly and im-
mediately used in GUS assays.

Construction of Chimeric GUS Genes

The construct SS-111-3.9/3' (Figure 10A) was prepared in two steps in
a binary vector pBI101.2 (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 pBI101.2-I}-ter.
Next, a 55-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 GUS coding region of the pBI101.2-11I-
ter, using Sall and BamHI sites.

The construct SS-IV-36/3' (Figure 10A) was also prepared in two steps
in the binary vector pBH01.2. First, the nopaline synthase 3’ sequence
was replaced by the 3’ sequence of Sus4-16, resulting in pBI101.2-1V-
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 pBluescript SK+ and fused in frame to the GUS cod-
ing region of the pBI10t.2-IV-ter, using Hindlll and BamHI sites.

Potato Transformation and Regeneration

The modified binary vectors were transferred into Agrobacterium 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).

Fluorometric and Histochemical Assays of GUS Activity

Fluorometric assays were performed as described by Jefferson (1987)
using 4-methylumbelliferyl B-D-giucuronide 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/Instruments, Vineland, NJ). Roots were ground using
a mortar and pestle. Protein concentrations in extracts were determined
using the method of Bradford (1976); ~20 ng of protein was used per
assay.

Histochemical assays of GUS activity were performed as described
by Jefferson (1987), using the chromogenic substrate 5-bromo-4-chioro-
3-indolyl B-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
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incubated overnight at 37°C 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.
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