The Sucrose Synthase Gene Is Predominantly
Expressed in the Root Nodule Tissue of Vicia faba
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To analyze nodule-specific gene expression in broadbean,
we have isolated and sequenced sucrose synthase (SUCS)
c¢DNAs from a broadbean nodule-specific cDNA library.
The most 5’ sequences identified from these partial cDNAs
were used as a molecular probe to isolate a full-length
sucrose synthase transcript sequence from a cDNA library
derived from broadbean nodule mRNA. This ¢cDNA
(VfSUCS) contained a reading frame of 2,418 bp, coding
for a protein of 806 amino acids with a deduced molecular
weight of 92.5 kDa. The DNA as well as the deduced
amino acid sequence displayed substantial homologies
(68-95%) to other plant SUCS sequences. Northern and
RNA dot blot experiments demonstrated that this gene
is strongly expressed in the broadbean nodule tissue. An
at least 10-fold lower VfSUCS expression could be detected
in the uninfected root, hypocotyl, stem, and flower tissues
of broadbean, whereas only traces of V£SUCS transcripts
were recognizable in the broadbean leaf tissues. V/SUCS
transcripts could not be detected in mature seeds of
broadbean. Because of this significantly nodule-amplified
type of expression, we refer to V£SUCS as a nodulin gene
and propose to designate it V/NOD93 (Nuf-93) for the
sucrose synthase enzyme).

Additional keywords: nodule carbohydrate metabolism,
nodule-enhanced sucrose synthase cDNA, symbiotic
nitrogen fixation.

During the symbiotic interaction between gram-negative
bacteria of the family Rhizobiaceae and plants of the order
Fabales (legumes), symbiotic nitrogen fixation is carried
out by differentiated bacteria (bacteroids) within special-
ized plant structures, the so-called root nodules. This
unique plant organ is built up as a result of a coordinated
bacteria-plant interaction involving differential gene ex-
pression of both symbiotic partners (Nap and Bisseling
1990a, 1990b; Brewin 1991; Sanchez et al. 1991; Caetano-
Anollés and Gresshoff 1991; Franssen et al. 1992).

Whereas extensive research has uncovered many aspects
of the bacterial genetics of root nodule formation and
nitrogen fixation (Long 1989; Fisher and Long 1992), plant
molecular biology is far from understanding the molecular
and regulatory basis of root nodule genesis and function.
On the other hand, a number of plant genes expressed
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exclusively or predominantly in the nodule have already
been identified (Delauney and Verma 1988). The corre-
sponding gene products are called nodulins (van Kammen
1984). They can be divided into early and late nodulins
according to the time point of their expression. Whereas
early nodulins are mainly structural proteins involved in
bacterial infection and nodule organogenesis, late nodulins
are involved in the nodule physiology and mostly constitute
leghemoglobins or enzymes of the nodule carbohydrate
and nitrogen metabolism (Verma et al. 1992; Verma 1988).
One of the most important of these is the sucrose synthase
(SUCS). This enzyme has already been characterized in
soybean nodules (Morell and Copeland 1985) and recently
in broadbean cotyledons (Ross and Davies 1992). In soy-
bean, the SUCS monomers were found to be identical
to the nodulin GmN-100 (Thummler and Verma 1987).
Abundance and enzymatic activity of GmN-100 was shown
to be 20 times greater in nodule tissue than in the roots,
whereas it could not be detected in the leaves. This corre-
sponds to findings that the amount of the respective mRNA
is about 10-20 times greater in soybean nodule than in
soybean root tissue, and 70 times greater in nodule than
in leaf tissue of soybean (Fuller and Verma 1984). In addi-
tion, a partial GmNOD100 cDNA derived from soybean
nodule mRNA as well as a SUCS cDNA sequence from
mung bean seedlings have been isolated and sequenced
(Thummler and Verma 1987; Arai et al. 1992). Apart from
that, SUCS sequences have been characterized from a
variety of nonlegume plants, including agronomically
important species like potato (Salanoubat and Belliard
1987, 1989), maize (Werr et al. 1985; McCarthy et al. 1986),
wheat (Marana et al. 1988), and rice (Yu et al. 1992) as
well as Arabidopsis thaliana (Chopra et al. 1992).

Sucrose synthase (UDP-glucose: p-fructose-2-glucosyl-
transferase, E.C.: 2.4.1.13.) is a homotetrameric enzyme,
which consists of four subunits with a molecular weight
of 92-93 kDa and catalyzes the cleavage of sucrose to
p-fructose and UDP-glucose (Akazawa and Okamoto
1980). This enables plant tissues to metabolize sucrose,
which is considered to be the main transport intermediate
to sink tissues in many plants (Avigad 1982; Hawker 1985).
The cleavage products can either be metabolized or can
be converted to ADP-glucose, which is necessary for starch
biosynthesis. This demonstrates that SUCS is a key enzyme
in many plant tissues in general.

In the root nodule, in particular, four main functions
have been attributed to sucrose synthase (Thummler and
Verma 1987). First, cleavage of sucrose is the initial step
in the nodule carbohydrate metabolism, which is proposed
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to lead to the formation of dicarboxylic acids due to the
microaerobic conditions within the nodule (Vance and
Heichel 1991). These acids serve as a source of energy
for the bacteroids carrying out the highly energy-dependent
process of symbiotic nitrogen fixation. In addition,
metabolic conversions of the cleavage products provide
for substrates necessary for the fixation of ammonia
released by the bacteroids. The cleavage product UDP-
glucose can also be used for the plant’s cell wall synthesis,
which is understood to be important during the initial
steps of the symbiosis. Alternatively, UDP-glucose can be
converted to the ADP-glucose necessary for nodule starch
synthesis.

Although the SUCS enzyme obviously plays a vital role
in root nodule physiology, no full-length transcript
sequence derived from the nodule tissue has been reported
so far. To investigate nodule-specific gene expression in
broadbean, we have constructed a nodule-specific cDNA
library derived from root nodule mRNA using differential
hybridization (Perlick and Pihler 1993). This library has
already been used to characterize several broadbean tran-
scripts expressed exclusively or predominantly in the
nodule. Preliminary sequence analysis indicated that eight
clones (clone group “VfNDS-C”) contained SUCS
sequences.

In this paper, we present a full-length cDNA sequence
of the SUCS gene from broadbean (Vicia faba L.) and
report on the tissue-specific type of expression of this gene.

RESULTS AND DISCUSSION

Analysis of sucrose synthase transcript sequences
from a broadbean nodule-specific cDNA library.

To analyze nodule-specific gene expression in broad-
bean, we have constructed a nodule-specific cDNA library

from nodule mRNA using differential hybridization. By
cross-hybridization experiments, this library has been
divided into at least 28 independent clone groups.
Preliminary sequence analysis indicated that clone group
“VINDS-C” contains cDNAs homologous to plant SUCS
sequences (Perlick and Piihler 1993).

The analysis of all cDNAs (Sucl to Suc8) of this clone
group revealed that none of them represented a full-length
SUCS transcript sequence. Between 592 and 2,086 bp were
missing, when compared to the maize SUCS coding region
(data not shown). Compared to each other, the individual
sequences were found to contain eight polymorphic posi-
tions, but only polymorphism 3 resulted in a change in
the deduced amino acid sequence from Gly to Val for
cDNA Suc4 (see Fig. 1). The cDNAs terminated at six
different positions in their 3’ noncoding regions, with two
clones displaying a short polyA tail (20 and 23 A-residues)
185 bases, and one clone being polyadenylated (8 A-
residues) 347 bp behind the SUCS stop codon (see Fig. 1).

The cDNAs Sucl to Suc8 (as well as the full-length
clone Suc9, see below) were isolated from a nodule-specific
cDNA library, which was not prepared from an inbred
line, but from a commercial hybrid cultivar of broadbean.
We therefore assume that the sequence differences observed
are due to allelic variations rather than to the presence
of multiple broadbean SUCS isogenes. Genomic Southern
blot experiments (data not shown) and investigations on
the protein level for the broadbean and the soybean SUCS
enzyme (Ross and Davies 1992; Xue et al. 1991) support
this assumption. Five out of eight cDNAs, although
synthesized from an oligo dT primer, did not contain a
polyA tail. This observation is true for most other cDNAs
of our nodule-specific cDNA library as well and is not
restricted to the SUCS clones. Apparently, the polyA tails
have been lost before cDNA cloning, which can either
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Fig. 1. Graphical representation of the structures and features of the VfSUCS ¢cDNAs Sucl to Suc9. The sequence differences of eight polymorphic
positions within the DNA sequences are shown. The polymorphic positions 1-8 identified correspond to positions 1858, 2053, 2097, 2356,
2395, 2434, 2506, and 2669 of the full-length clone Suc9 (see Fig. 2). Polymorphism 3 results in a change in the deduced amino acid sequence
of clone Suc4 from Gly to Val (see Fig. 2). PolyA tails identified in clones Sucl, Suc5, and Suc8 are indicated (AAAA); the respective
number of A-residues is printed in brackets. The position of internal EcoRI sites is marked (E). An open box represents the VfSUCS coding
region, the VfSUCS 5’ and 3’ nontranslated regions are indicated by hatched boxes. The extent of a 523-bp exonuclease I1I fragment used

to screen for full-length VfSUCS cDNAs is marked by a black line.
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* * M AT ERTUL T
CGTTCACCCTGTTTTCATTTTTCATAGGTGAGTAAT TTGAATGGCTACTGAACGATTGAC 60
RV HSLRERTLTDTETTLTA ANTZ RNTEI
TCGGGTTCATAGTCTGCGT T GACCTTAACTGCTAATAGGAATGAAAT 120
L ALLSU RTITEA AIKSGTZ KT G GTITILGQHTEHEZ QYV
TTTAGCTCTTCTATCAAGGAT TGAAGCAAAGGGAAAGGGGATTTTGCAGCATCACCAAGT 180
I AE FEE I PEENTZ ROGQIEKTILTTUDGA ATF
GATTGCTGAGTTTGAAGAAATTCCTGAAGAGAATAGACAGAAGCTCACTGATGGTGCATT 240
G EVLRSTOQEA ATIVTELTPZPWVATLA
TGGTGAAGTTCTCAGATCCACACAGGAAGCTATAGTTTTGCCACCATGGGTTGCACTTGC 300
VRPRUPGV WEZYTLURYVNVYVHALVYV
TGTTCGTCCAAGGCCAGGTGTTTGGGAGTATCTGAGAGTGAATGTGCATGCTCTTGTTGT 360
E NLQPATETPFTULTIKTPFI KTETETLVHDG S A
TGAAAATTTGCAACCTGCTGAGTTTCTCAAATTCAAGGAAGAACTTGTTGATGGAAGTGC 420
N G N F VLETLDTFTETPTFEFTA ASTFEFTPTRTP
TAATGGTAACTTTGTGCTTGAATTGGACTTTGAACCATTTACGGCAGTCTTTCCCTCGTCC 480
T L N K S I GNGVOQQFTULNTR RIBETILS A K
TACTCTCAACAAGTCAATTGGAAATGGTGTGCAGTTTCTCAACCGTCACCTTTCTGCTAA 540
L F HD KE S L HPTULTILETFTLTR RTILIHS Y
ACTCTTCCATGACAAGGAGAGTTTGCATCCACTTTTGGAATTTCTCCGACTTCACAGCTA 600
K 6 K T L M L NDJZRTIG QNTPDSTLOQHV
CAAAGGAAAGACATTGATGTTGAATGACAGAATTCAAAACCCTGATTCTCTTCAACATGT 660
L R KA EE Y LSTVDTZPETTPTYSETF
TCTGAGGAAAGCTGAAGAGTATCTAAGCACGGTTGATCCTGAAACTCCGTACTCGGAATT 720
E HR F Q E I 6 LERTGTWGTD S AZETRYV
TGAACACAGGTTCCAGGAGATTGGTTTGGAGAGAGGT TGGGGAGACAGCGCAGAGCGTGT 780
L E S I QL LLDTZLTULTEA ATPTDT PTCTTLE
GCTCGAGTCCATTCAGCTTCTCTTGGATCTTCTTGAGGCTCCTGATCCTTGCACTCTTGA 840
T F L DRTIUPMVTF FNVVYVTITLSZPHGY
GACTTTCCTTGACAGAATCCCTATGGTGTTTAATGTTGTCATTCTTTCTCCTCATGGTTA 900
F AQDODVTLGYUPDTGGA QVV YTITL
CTTTGCTCAAGATGATGTCTTGGGATACCCTGATACTGGTGGTCAGGTTGTTTACATTTT 960
D Q VRALESTEMTLNTZERTIIKIKT GQGTLTD
GGATCAAGTTCGAGCCCTCGAGAGCGAGATGCTCAATCGCATTAAGAAACAAGGCTTGGA 1020
I VPRTITULTITITURTILILTPIDAVYVGTTC
TATCGTTCCTCGCATTCTCATTATCACTCGTCTGCTCCCTGATGCAGTCGGAACTACTTG 1080
6 Q R LEIXKV YGTTEUHTCESHTITLT RUVYVEPF
TGGCCAACGACTTGAGAAGGTCTATGGAACCGAGCATTGTCACATTCTTCGAGTTCCCTT 1140
R D Q@ K G I VRIKUWTISU RTFEFTETVTWEPZYL
CAGAGATCAGAAGGGAATTGTTCGCAAGTGGATCTCACGTTTCGAAGTCTGGCCATATCT 1200
E T Y T EDV A HETLA AIKTETLGQGTIKPD
AGAAACCTACACCGAGGATGTTGCTCATGAGCTTGCCAAAGAGTTGCAAGGAAAACCAGA 1260
L I VG N Y SDGNTIUVASTLTLA AHIKL
TCTGATTGTTGGAAACTACAGTGATGGAAACATTGTTGCTTCTTTGTTGGCACATAAACT 1320
G VT QCTTIAHALTETZKTTZKTYU?PESTD
GGGTGTCACTCAGTGTACTATTGCTCATGCACTTGAGAAGACCAAGTATCCTGAATCTGA 1380
I YW KXKTFZETEIZKTYHTFSOCQFTATDTL
TATTTACTGGAAAAAATTTGAAGAGAAGTATCACTTCTCGTGCCAATTTACCGCTGATCT 1440
F AMNUBHTODTFTITITSTFOQETIA ASG S
TTTCGCGATGAACCACACCGATTTCATCATCACAAGTACCTTCCAAGAGATTGCTGGAAG 1500
K DTV GQ YESHTA ATFTTLTPGTUL Y R
CAAGGATACTGTTGGACAGTATGAGAGTCACACTGCTTTCACTCTTCCAGGACTGTACCG 1560
VVHGIDT YV FDZPIK KTFEFNTIVSUPGA ATD
TGTTGTGCACGGTATCGATGTCTTTGATCCTAAGTTCAACATTGTGTCTCCAGGAGCTGA 1620
Q@ T I YF P Y TETSRURTLTSTFTYPE
TCAGACCATTTACTTCCCTTACACCGAAACTAGCCGCAGGTTGACATCGTTCTACCCTGA 1680
I E E L L Y STV ENTETEHTITCVTLIKD
AATTGAAGAGCTTCTTTACAGCACAGTGGAAAATGAAGAGCACATATGTGTGCTCAAGGA 1740
R S XK P I I FTMARTUILTDT RTYIKTNTITG
CCGCAGCAAGCCGATTATCTTCACCATGGCGAGGTTGGACCGTGTGAAGAACATTACAGG 1800
L VEWYGXNA AKTLT RETLVNTLVVYV
ACTAGTTGAGTGGTACGGAAAGAACGCCAAGCTACGTGAGTTGGTGAACCTTGTTGTAGT 1860
A G DRRI KTETSIKDTLTETETZ KA AEMTEKTK KM
GGCCGGAGACAGGAGGAAGGAGTCAAAGGACTTGGAAGAGAAAGCTGAGATGAAGAAGAT 1920
Y E L I E T Y KLNGT G QTPFTRU WIS S QM
GTATGAACTAATAGAGACCTACAAGT TGAACGGCCAATTCAGATGGATTTCGTCTCAGAT 1980
N RV RNGETLTZYZ RV YVTICDTIZKGA aATFV
GAACCGTGTCAGAAATGGAGAGCTCTACCGTGTAATCTGCGACACAAAAGGAGCTTTCGT 2040
Q PAV YEATFGLTVVEAMAMATGTL
GCAGCCTGCTGTGTACGAAGCT TTCGGTCTAACAGTCGTTGAGGCCATGGCCACTGGATT 2100
P TFATTLNG GG GTPA AERETITIVUHGTIKS G
ACCAACATTTGCAACACTCAATGGTGGACCTGCTGAGATCATTGTCCATGGAAAATCTGG 2160
F H I DUPYHGDU RA AADTLTULVTETFTFE
ATTCCACATCGATCCATACCATGGCGACCGCGCTGCTGATCTCCTTGTCGAATTCTTCGA 2220
XK VX ADPSHWDIKTISTULGG GTLGQRTI
GAAAGTTAAGGCTGATCCATCTCACTGGGACAAGATCTCTCTCGGTGGCCTCCAACGTAT 2280
E E K Y T WQTIJYSQRUILULTTLTGV Y
TGAAGAGAAGTACACATGGCAAATTTACTCTCAGAGGCTTCTTACACTCACTGGTGTCTA 2340
G FWKHJVSNTLDI RTILTESTZ RTRYTLTEM
TGGTTTCTGGAAACATGTTTCTAACCTCGACCGCCTCGAGAGCCGCCGCTATCTCGAGAT 2400
F Y AL KYTRIKTULATESUVZPTLAVTETE *
GTTCTATGCTCTCAAGTACCGCAAATTGGCTGAGTCTGTGCCTCTAGCTGTTGAGGAGTA 2460

ATTTGAAGAAATGAAGGAACCGGCTTTTTTTCTTTCTTATTTGGAGTCTGTTGTTTTTGA 2520
GCTTTATAAATAAAATTGTAATGATTTTGATTTTGTTGTTTGATTAAGCTTTGGATAAAG 2580
AAAATGTCAATGTCTTTTTCTTTTGCATGATTTGAAATGTGATTGGGAATATGGTCCCTT 2640
CTTCAATTTGTTGTCAATATTCGCC 2665

Fig. 2. Sequence of the full-length VfSUCS cDNA Suc9. The deduced
amino acid sequence of the broadbean sucrose synthase is printed
above the DNA sequence. The VfSUCS stop codon and two in-
frame stop codons before the translation start site are indicated by
asterisks. Nucleotides and amino acids different in cDNA1 to cDNA8
are underlined once. A putative polyadenylation signal sequence
conforming to the AATAAA consensus sequence is underlined twice.
The nucleotide sequence of this cDNA is available from the EMBL/
GenBank/DDBJ databases under the accession number M97551.

be explained by weak hydrogen bonds and subsequent
exonucleolytic digestion in the polyA region or by incom-
plete second-strand cDNA synthesis.

Identification and sequence analysis of a full-length sucrose
synthase cDNA from broadbean nodules.

To isolate a full-length SUCS cDNA, an exonuclease
III deletion fragment spanning the most 5’ 523 bp of the
SUCS coding region identified so far (see Fig. 1) was used
as a molecular probe to screen about 72,000 recombinant
lambda gt11 phage clones from a broadbean cDNA library
derived from nodule mRNA (Perlick and Puhler 1993).
Phage DNA from 18 hybridizing clones was prepared,
restricted with EcoRI, and analyzed for the presence of
c¢DNAs about 2.7 kb in length, which is about the length
of other plant SUCS transcripts. Five cDNAs could be
identified, which were composed of three EcoRI fragments,
adding up to a total length of 2.7 kb. The fragment length,
as judged by agarose gel electrophoresis, was identical in
each of the five clones (data not shown). Southern hybrid-
ization against SUCS probes derived from clone group
“VENDS-C” confirmed that all five cDNAs indeed con-
tained SUCS sequences (data not shown). All EcoRI
fragments of the cDNA Suc9 were subcloned into pSVB
sequencing vectors. Sequencing from the ends of the frag-
ments and subsequent comparisons to the maize sucrose
synthase cDNA sequence shl (Werr et al. 1985) demon-
strated that clone Suc9 contained a full-length SUCS
transcript sequence. To confirm the relative order of the
three fragments and to exclude the possibility that small
internal fragments had been missed during subcloning,
primer-directed sequencing from sites adjacent to the two
internal EcoRI sites of the clone Suc9 was carried out
using the Suc9 phage DNA as a template. The presence
of the terminal adapter sequences used for cDNA cloning
into lambda gtll confirmed that no terminal sequence parts
had been missed during subcloning.

Figure 2 shows the complete DNA sequence of the cDNA
clone Suc9. This cDNA is 2,665 bp long and contains
an open reading frame of 2,418 bp, which can be translated
into a protein sequence of 806 amino acids (see Fig. 2)
with a predicted molecular weight of 92.5 kDa. Sequence
comparisons indicated a high degree of homology to all
parts of the coding region of other plant sucrose synthase
genes both on the DNA and protein level (Table 1 and
Fig. 3). The deduced molecular weight fitted well to bio-
chemical estimations of the molecular weight of the sucrose
synthase monomer from broadbean (Ross and Davies

Table 1. Comparison of the coding DNA and the deduced amino acid
sequence of the broadbean sucrose synthase transcript to other plant
sucrose synthase sequences®

Homologies to the VISUCS sequence (%)
TASS1 0SSS2 ZMSS1 ATSS STSS GMSS VRSS

VfSUCS (DNA) 71 71 70 68 74 81 85
VISUCS (AA) 74 75 75 68 81 92 95

2Sucrose synthase sequences are from broadbean (VfSUCS, this work)

wheat (TASS1, Marana et al. 1988), rice (OSSS2, Yu ez al. 1992), maize
(ZMSS1, Werr et al. 1985), mouse ear cress (ATSS, Chopra et al. 1992),
potato (STSS, Salanoubat and Belliard 1987), soybean (GMSS,
Thummler et al. 1987) and mung bean (VRSS, Arai er al. 1992). The
sequences from soybean and wheat are only partial sequences.
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1992) and soybean (Thummler and Verma 1987). Apart
from the coding region, 40 bp of the 5" and 207 bp of
the 3’ nontranslated region of the SUCS gene were present.
Two in-frame stop codons in front of the reading frame
(see Fig. 2) as well as the extent of homology to other
SUCS genes (see Fig. 3) confirmed that the assumed start
codon was correct and that clone Suc9 contained a full-
length broadbean SUCS sequence (VfSUCS). In addition,
six out of nine bases of the sequence around the translation
start site (TTGAATGGC) identified were identical to the
consensus sequence of the translation start site of dicotyle-
donous plants (AA*/cAATGGC) proposed by Elliston
and Messing (1988).

In the 3’ nontranslated region of the transcript, a motif
at position 2529 conformed to the consensus sequence of
eukaryotic polyadenylation signal sequences (‘AATAAA”),
but like most other cDNAs of clone group “VINDS-C”,

VFSuUCs MAT-~--ERLTRVHSLRERLDETLTANRNE ILALLSRIEAKGKGILQHHQ 46

8TSuCs MAE - - ~~RVLTRVHSLRERVDATLAAHRNE ILLFLSRIE SHGKGILKPHE 46

2Msucs1 LTRLHSLRERLGATF S SHPNEL IALFSRYVHQGKGMLQRHQ 45

08suCs2 MGEAAGDRVLSRLHSVRERIGDSLSAHPNELVAVFTRLVNLGKGMLQAHQ 50

ATSUCS MASFFDLVYHKRIGFLNKFL- - SFWV - - - ~FWVCLVRYVAHGKGILQSHQ 4a“
*, . oW, . . .o" hAR X, R,

VFSuCs VIAEFEE - IPEENR-QKLTDGAFGEVLRSTQEAIVLPPWVALAVRPRPGV 94
STSUCS LLAEFDA- IRQDDK-NKLNEHAFEELLKSTQEATVLPPWVALAIRLRPGV 94
2M48UCs1 LLAEFD-ALFDSDK-EKY--APFEDILRAAQEATVLPPWVALAIRPRPGV 91
0ssucs2 ITAEYNNAISEADR-EKLKDGAFEDVLRSAQEGIVISPWVALAIRPRPGV 99
ATSUCS LIDEFLKTVKVDGTLEDLNKSPFMKVL-~-QEAIVLPPFVALAIRPRPGV 91
Lok, e R Ak kk ok kAR k ARAR

VFsSuCs 'WEYLRVNVHALVVENLQPAEFLKFKEELVDGSANGNFVLELDFEPFTASF 144
sTSuCs WEYIRVNVNALVVEELSVPEYLQFKEELVDGASNGNFVLELDFEPFTASF 144
ZMSUCS1  WDYIRVNVSELAVEELSVSEYLAFKEQLVDGQSNSNFVLELDFEPFNASF 141
0SSUCS2  WEYVRVNVSELAVELLTVPEYLQFKEQLVEEGTNNNFVLELDFEPFNASF 149
ATSUCS REYVRVNVYELSVDHLTVSEYLRFKEELVNGHANGDYLLELHFEPFNATL 141

B L I I R L R T T IR T 7 T I TN

VFSUCs PRPTLNKSIGNGVQFLNRHL SAKLFHDKE SLHPLLEFLRLHS YKGKTLML 194

STSUCs PKPTLTKS IGQNGVEFLNRHL SAKMFHDKE SMTPLLE FLRAHHYKGKTMML 194

2MSUCs1 PRPSMSKSIGNGVQFLNRHLSSKLFQDKESLYPLLNFLKAHNYKGTTMML 191

0ssucs2 PRPSLSKSIGNGVQFLNRHLSSKLFHDKE SMYPLLNFLRAHNYKGMTMML 199

ATSUCS PRPTRS8SSI@VGVQLVNRHL S S IMFRNKE SME PLLE FLRTHKHDGRPMML 191
RN, RARRRK | RRARR, ok RAR RAR AR kR kR

VFSuCs NDRIQNPDSLQHVLRKAEEYLSTVDPETPYSEFEHRFQEIGLERGWGDSA 244

STSUCS NDRIQNSNTLONVLRKAEEYLIMLPPETPYFEFEHKFQEIGLEKGWGDTA 244

2M48SUCS1 NDRIQSLRGLQSSLRKAEEYLLSVPQDTPYSEFNHRFQELGLEKGWGDTA 241

0SSUCS2  NDRIRSLSALQGALRKAEEHLSGLSADTPYSEFHHRFQELGLEKGWGDCA 249

ATSUCS NDRIQNIPILQGALARAEEFLSKLPLATPYSEFEFELQGMGFERGWGDTA 241
LTI L L] I ER L D T T T

VFSuUCs ERVLESIQLLLDLLEAPDPCTLETFLDRIPMVENVVILSPHGYFAQDDVL 294
STSUCS ERVLEMVCMLLDLLEAPDSCTLEKFLGRIPMVFNVVILSPHGYFAQENVL 294
aMsucsl KRVLDTLHLLLDLLEAPDPANLEKFLGTIPMMFNVVILSPHGYFAQSNVL 291
0ssucs2 KRSQETIHLLLDLLEAPDPSTLEKFLGTIPMVFNVVIMSPHGYFAQANVL 299
ATSUCS QKVSEMVHLLLDILQAPDPSVLETFLGRIPMVFNVVILSRYGYFAQANVL 291
e e e JRRR R KRR Ak A KRR RRRRR Kk ARk kk
VFsuCs GYPDTGGQVVYILDQVRALE SEMLNRIKKQGLDIVPRILIITRLLPDAVG 344
STSuCs GYPDTGGQVVYILDQVPALEREMLKRIKEQGLDIIPRILIVIRLLPDAVG 344
2MSUCS1 GYPDTGGQVVYILDQVRALENEMLLRIKQQGLDITPKILIVTRLLPDAAG 341
ossucs2 GYPDTGGQVVYILDQVRAMENEMLLRIKQQGLNITPRILIVTRLLPDATG 349
ATSUCS GLPDTGAQVVYILDQVRALENEMLLRIQKQGLEVIPKILIVTRLLPEAKG 341

kokkkk ARRRRAREN Kk Akk Ak kkk, ok Rk kRARK K &

VFSsuCs TTCGQRLEKVYGTEHCHILRVPFRDQKGIVRKWI SRFEVWPYLETYTEDV 394
8Tsucs TTCGQRIEKVYGAEHSHILRVPFRTEKGIVRKWI SRFEVNPYMETFIEDV 394
2MSUCS1 TTCGQRLEKVIGTEHTDI IRVPFRNENGILRKWISRFDVWPYLETYTEDV 391
0ossucs2 TTCGQRLEKVLGTEHTHILRVPFRTENGIVRKWI SRFEVWPYLETFTDDV 399
ATSUCS TTCONQRLERVSGTEHAHILRIPFRTEKGILRKWISRFDVWPYLETFAEDA 391
AR AR Ak ok kR k RRE AR RARRARN RARR AR R

VFSUCs AHELAKELQGKPDLIVGNY SD@IIVASLLAHKLGVTQCTIAHALEKTKYP 444
8TSUCS AKEISAELQAKPDLIIGNYSEGLAASLLAHKLGVTQCT IAHALEKTKYP 444
2MSUCS1 SSETMKEMQAKPDLIIGNY SD@LVATLLAHKLGVTQCT IAHALEKTKYP 441
0SSUCS2  AHEIAGELQANPDLIIGNYSDGNLVACLLAHKMGVTHCT IAHALEKTKYP 449
ATSUCS SNEISAELQGVPNLIIGNYSDGNLVASLLASKLGVIQCNIAHALEKTKYP 441

Lok, Rk ok kk RRRR Rk Rk kR ok Rk ok ARRARRARARE

Suc9 itself did not contain a polyA tail. On the other
hand, the length (207 bp) of the 3’ nontranslated region
of the Suc9 transcript was within the range of the corre-
sponding sequences of the VfSUCS clones Sucl to Suc8
(146-350 bp, Fig. 1). Here, short polyA tails could be
identified at positions 185 and 347 behind the stop codon
of VfSUCS in the three incomplete cDNA clones Sucl,
Suc5, and Suc8. This showed that the polyadenylation
site of the VfSUCS transcript could not be well defined.
In addition, the polyadenylation signal sequence (‘“AATAAA™)
identified in clone Suc9 was 136 bp apart from the 3’
terminus of this cDNA (see Fig. 2), which is unusually
long. On the other hand, the standard polyadenylation
signal sequence “AATAAA” had not been found in a
number of plant genes at all (Proudfoot 1991). We therefore
conclude that additional or different signal sequences direct
polyadenylation of VfSUCS transcripts.

VFSUCS ESDIYWKKFEEKYHFSCQFTADLFAMNHTDFIITSTFQEIAGSKDTVGQY 494

STSUCS DSDIYWKKFDEKYHF'S SQFTADLIAMNHTDFIITSTFQEIAGSKDTVGQY 494

2MSUCs1 NSDIYLDKFDSQYHFSCQFTADLIAMNHTDFIITSTFQEIAGSKDTVGQY 491

0ssucs2 NSDLYWKKFEDHYHFSCQFTTDLIAMNHADFIITSTFQE IAGVKDTVGQY 499

ATSUCS ESDIYWRNHEDKYHFSSQFTADLIAMNNADFIITSTYQE TAGSKNNVGQY 491
LERLR L kekk ARk Ak Ak RARANRR ARRRE ok RRkk

VFsSucCs ESHTAFTLPGLYRVVHGIDVFDPKFNIVSPGADQTIYFPYTETSRRLTSF 544

STSUCs ESHMAFTMPGLYRVVHGINVFDPKFNIVSPGADINLYFSYSETEKRLTAF 544

2MSUCS1 ESHIAFTLPGLYRVVHGIDVFDPKFNIVSPGADMSVYYPYTETDKRLTAF  S41

08SsuCs2 ESHMAFTMPGLYRVVHGIDVFDPKFNIVSPGADMSIYFPYSESRKRLTSL 549

ATSUCS ESHTAFTMPGLYRVVHGIDVFDPKFNIVSPGADMTIYFPYSDKERRLTAL 541
L R L L T T I S S T T 2O

VFSUCS YPEIEELLYSTVENEEHICVLKDRSKPIIFTMARLDRVKNITGLVEWYGK 594
STSUCs HPEIDELLYSDVENDEHLCVLKDRTKPILFTMARLDRVKNLTGLVEWYAK 594
2MsuCs1 HPEIEELIYSDVENSEHKFVLKDKKKPIIFSMARLDRVKNMTGLVEMYGK 581
0ossucs2 HPEIEELLYSEVDNNEHKFMLKDRNKPIIFSMARLDRVKNLTGLVELYGR 599

ATSUCS HESIEELLFSAEQNDEHVGLLSDQSKPIIFSMARLDRVKNLTGLVECYAK 591
oLk kR Rk Rk k| kkk ok kkkkkk Rk Akkkk k|

VFsuCs NAKLRELVNLVVVAG-DRRKE SKDLEEKAEMKKMYELIETYKLNGQFRWI 643
STSUCS NPRLRGLVNLVVVGG-DRRKE SKDLEEQAEMKKMYEL IE THNLNGQFRWI 643
2Msucs1 NARLRELANLVIVAG-DHGKE SKDREEQAEFKKMY SLIDEYKLKGHIRWI 640
0SSUCS2  NPRLQELVNLVVVCG-DHGNPSKDKEEQAEFKKMFDLIEQYNLNGHIRWI 648
ATSUCS NSKLRELANLVIVGGYIDENQSRDREEMAE I QKMHSLIEQYDLHGE FRWI 641
L T R T A L T T S 2 O T T

VFSUCS SSQMNRVRNGELYRVICDTKGAFVQPAVYEAFGLTVVEAMATGLPTFATL 693
STSuUCs SSOMNRVRNGELYRYIADTKGAFVQPAFYEAFGLTVVEAMTCGLPTFATN 693
ZMsucs1 SAQMNRVRNGELYRYICDTKGAFVQPAFYEAFGLTVIE SMTCGLPTIATC 690
0SSsuUCs2 SAQMNRVRNGELYRYICDTKGAFVQPAFYEAFGLTVVE SMTCGLPTFATA 698
ATSUCS AAQMNRVRNGELYRY IADTKGVFVQPAFYEAFGLTVVE SMTCALPTFATC 691

SRR RARRRRAE X RARA ANARE RARRNRRK Rk, kAR AR

VFsucCs NGGPAE I TVHGKSGFHIDPYHGDRAADLLVEFFEKVKADP SHWDKI SLGG 743
STSUCs HGGPAEIIVHGKSGFHIDPYHGEQAADLLADFFEKCKKDPSHWETI SMGG 743
2MSsuCs1 HGGPAEIIVDGVSGLHIDPYHSDKAADILVNFFDKCKADPSYWDEISQGG 740
0SSuUCs2 YGGPAEIIVNGVSGFHIDPYQGDKASALLVEFFEKCQEDPSHWTKISQGG 748
ATSUCS HGGPAEIIENGVSGFHIDPYHPDQVAGSLA-LFETCNTNPNHWVKI SEGG 740
KRRXKAK ok Ak ARRRK *, %, * ok kAR

VFSUCS LQRIEEKYTWQIYSQRLLTLTGVYGFWKHV SNLDRLE SRRYLEMFYALKY 793
STSUCS LKRIEEKYTWQIYSESLLTLAAVYGFWKHV SKLDRLE IRRYLEMFYALKY 793
2MSUCs1 LQRIYEKYTWKLYSERLMILTGVYGFWKYVSNLERRETRRY IEMFYALKY 790
ossucs2 LQRIEEKYTWKLY SERLMTLTGVYGFWKYV SNLERRE TRRYLEMLYALKY 798

ATSUCS LKRIYERYTWKKY SERLLTLAGVYAFWKHV SKLERRETRRYLEMFY SLKF 790
AR ok ARk kk ok Ak kk kAR Rk ok k h Rk ARk AR

VFsucs RKLAESVPLAVEE 806
8STSUCS RKMAEAVPLAAE 805
2Msucs1 RSLASQVPLSFD 802
ossucs2 RTMASTVPLAVEGEPSNK 816
ATSUCS RDLANSIPLATDEN 804

L P L S

Fig. 3. Alignment of nonlegume full-length SUCS sequences with the deduced PfSUCS amino acid sequence. The sequences aligned are
from maize (ZMSUCS 1, Werr et al. 1985), rice (OSSUCS?2, Yu et al. 1992), Arabidopsis (ATSUCS, Chopra et al. 1992), potato (STSUCS,
Salanoubat and Belliard 1987), and broadbean (VFSUCS, this work). Amino acids identical in all sequences are indicated by an asterisk,

amino acids being conservatively exchanged are denoted by a period.
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The VfSUCS sequence displays extensive homologies
to other plant sucrose synthase sequences.

To analyze the FfSUCS transcript sequence further,
comparisons of the Suc9 sequence to other plant SUCS
genes were carried out. These analyses demonstrated that
the VfSUCS transcript sequence was highly homologous
to other SUCS sequences reported both on the DNA as
well as on the amino acid level (see Table 1). In addition,
the full-length nonlegume SUCS amino acid sequences
compared were, with the exception of only a few insertions
or deletions in the very 5’ and 3’ regions, colinear to the
VfSUCS sequence (see Fig. 3) and of a very similar length
ranging between 802 and 816 amino acids.

As can be expected, the degree of homology between
the SUCS sequences reflected the degree of evolutionary
relationship between the species individual sequences were
derived from. The only major exception is the sucrose
synthase from A. thaliana, which showed less homology
to the Vicia sequence than did the SUCS sequences from
several cereals (see Table 1 and Fig. 3).

Apart from a remarkable degree of overall homology,
the alignment of plant SUCS sequences also indicated the
existence of regions of considerably higher similarity (see
Fig. 3). It is reasonable to assume that these parts of the
sequence might be essential for the catalytic activity of
SUCS enzymes in general.

The partial SUCS (nodulin N-100) sequence from soy-
bean (Thummler and Verma 1987) showed 819% identity
on the DNA and 92% identity on the amino acid level
in comparison to the broadbean sequence (see Table I).
Moreover, only five out of 118 amino acids compared
were completely unrelated in terms of amino acid func-
tional similarity (see Fig. 4). This virtual identity of the
primary sequence implied that the proposed downregula-
tion of the soybean SUCS (nodulin N-100) activity via
free heme in senescing nodules might also be valid for
the V. faba enzyme.

The sucrose synthase gene from broadbean is expressed
predominantly in the nodule tissue.

Analysis of the abundance of SUCS transcripts in
different soybean tissues indicated that these sequences
were detectable in the uninfected root tissue at a level
of about 5-10% in relation to the level in nodule tissue
and that the level of SUCS transcripts was about 70-fold

vEsucs LPTFATLNGGPAE I IVHGKSGFHIDPYHGDRAADLLVEFF 726
s
GmN100 LPTFATCNGGPAE I IVHGKSGFHIDPYHGDRAADLLVDFF 40
v£sucs EKVEKADPSHWDKISLGGLQRIEEKYTWQIYSQRLLTLTGY 766
ok ok ko |k | |k [ kdkkkdd ok kk
GmN100 EKCKLDPTHWE TISKAGLOQRIEEKYTWQIYSQRLLTLTGV 80
vEsucs YGFWKHVSNLDRLE SRRYLEMFYALKYRKLAESVPLAVEE 806
Hkkkhkkhkhkh Rk kh Ak hk kAR R AR RN AR AR R R kRN
GmN100 YGFWKHVSNLDRRESRRYLEMFYALKYRKLAESVPLAVE 118

Fig. 4. Comparison of the deduced amino acid sequences of the partial
nodulin N-100 transcript sequence from soybean (GmN100,
Thummler and Verma 1987) and the FfSUCS transcript sequence
Suc9 (VISUCS, this work). Identical amino acids are indicated by
asterisks, amino acids conservatively exchanged are marked by a
vertical line.

higher in the nodule than in the leaf tissue (Fuller and
Verma 1984). In our previous analysis of FfSUCS expres-
sion, where partial cDNAs were used as molecular probes,
we found a specific SUCS expression in the nodule, but
not in the root tissue (Perlick and Ptihler 1993). To analyze
the tissue-specific expression of the SUCS gene in broad-
bean in a more detailed way, Northern blot experiments
using the complete VfSUCS cDNA sequence Suc9 as a
molecular probe have now been carried out against RNA
from a greater variety of broadbean tissues. The results
of these experiments are shown in Figure 5.

These data clearly demonstrated that the VfASUCS gene
was preferentially expressed as a 2.7-kb transcript in the
broadbean nodule tissue. In contrast to our previous results
(Perlick and Piihler 1993), FfSUCS transcripts could now
be detected in the uninfected root tissue too, but at a sub-
stantially lower level than in the nodules. We assume that
this could be due to different developmental and physio-
logical stages (anaerobiosis, carbohydrate level) of the
roots used for the isolation of RNA. In maize, the root
tip tissue expressed SUCS genes in a manner strongly
dependent on the carbohydrate supply (Koch et al. 1992),
and the regulation of SUCS genes in soybean callus cultures
was oxygen-dependent (Xue et al. 1991).

After longer exposition, 2.7-kb VfSUCS transcripts
could also be detected in the hypocotyl, stem, flower, and
leaf tissues, whereas no such transcripts were detectable
in mature seeds of broadbean even after overexposition
(data not shown).

To evaluate the relative levels of VfSUCS expression,
RNA dot blot hybridizations against the full-length Suc9
sequence were carried out using aliquots from the same
RNA preparations used for Northern blotting. As a control
for the basal transcription level in the different tissues,
hybridizations against-a broadbean ubiquitin probe were
carried out, too (see Fig. 6). The intensity of hybridizing
dots was scanned (data not shown) and used to estimate

— a3 0°l
=) 9’|
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nodule
root

leaf (y)
leaf (o)
seed
hypocotyl
stem
flower

Fig. 5. Northern blot hybridization of 30 ug of total RNA from
different tissues of broadbean against the full-length sucrose synthase
probe Suc9. The size of RNA distance markers is indicated.

Vol. 6, No. 4, 1993 / 511



the relative levels of FfSUCS transcription in the tissues
analyzed. The control hybridization showed that compa-
rable amounts of ubiquitin transcripts were present in
broadbean root nodule, uninfected root, hypocotyl, stem,
and flower tissues (see Fig. 6). Therefore, we concluded
that VfSUCS expression in root nodules was enhanced
at least 10-fold in comparison to these tissues. In the control
hybridization, a much smaller amount of ubiquitin
transcripts could be detected in the leaf and seed tissues.
In these cases, the amount of VfSUCS transcripts was
comparably low, too. After overexposition, only traces
of them were detectable in the leaf tissues, whereas no
such transcripts could be detected in the mature seeds of
broadbean. This conformed to the results obtained for
SUCS expression in soybean (Fuller and Verma 1984).
In comparison to the intensity of 2.7-kb VfSUCS
transcripts detected by Northern blotting (see Fig. 5), a
lower level of VfSUCS transcript sequences hybridizing
in the dot blot had to be expected for the hypocotyl, stem,
and flower tissues. We think that the differences observed
could be explained by the larger amount of degraded
VfSUCS transcripts, which was detected in the RNA from
hypocotyl, stem, and flower tissues by Northern blotting
(data not shown). The degraded FfSUCS transcript
sequences added up to a higher level of total FASUCS
sequences in these tissues, if dot blot experiments were
carried out.

From the low abundance of SUCS transcripts in tissues
other than the root nodule, we concluded that the broad-
bean SUCS gene was expressed in a strongly nodule-
amplified manner. Therefore, like the soybean GmNOD100
gene, VfSUCS has to be referred to as a nodulin gene.
The deduced molecular weight of the VfSUCS monomer
is 92.5-kDa, so the sucrose synthase gene has to be named
VfNOD93 according to the rules set up by van Kammen
(1984) and Nap and Bisseling (1990a). The corresponding
protein sequence has to be named Nuf-93.

S oo 3O
8 88538888
o[ « o ® ®®@®| nodule
® . # @] root
leaf (y)
leaf (o)
seed
* @ | hypocotyl
@ | stem
flower

Fig. 6. Top, dot blot hybridization of different amounts of total
RNA from the tissues used for Northern blotting against the full-
length sucrose synthase sequence Suc9. The amount of RNA in the
dots from each row is indicated in nanograms. Bottom, hybridization
of the upper row against a broadbean ubiquitin probe.
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Considering the evidence for the presence of only one
sucrose synthase isoform in broadbean (Ross and Davies
1992), it is reasonable to assume that the VfNOD93 tran-
scripts identified by Northern and RNA dot blotting are
derived from only one gene. Regarding this, it has to be
concluded that the FfNOD93 gene can be expressed not
only in the nodules, but also in other broadbean tissues.
This leads to interesting possibilities concerning the regula-
tion of ¥fNOD93 gene expression. It could well be that
the gene is exclusively expressed in those parts of broad-
bean where sucrose supply is critical for the tissue
metabolism and function (e.g., sink tissues like nodules,
cotyledons, and meristematic tissue parts). This gives rise
to the prospect of a regulation of FfNOD®93 gene expres-
sion via carbohydrates, as has already been demonstrated
for the potato (Salanoubat and Belliard 1989) and maize
(Koch et al. 1992) SUCS genes.

In addition, the type of expression of FfNOD93 reported
here gives further evidence that the narrow concept of
nodulins as proteins exclusively found within root nodules
might be misleading. We think that the VfNOD93 type
of expression much more argues in favor of a mere new
combination of genes, which are already existing and
functioning in other plant tissues, in a newly evolving organ
like the root nodule.

In further experiments, we are going to isolate the
VfNOD93 promoter sequence to analyze the VfNOD93
gene expression within the root nodule with respect to
its possible regulation via the carbohydrate level.

MATERIALS AND METHODS

Plants, bacteria, and phage strains, plasmids,
chemicals, and enzymes.

The cDNA libraries screened (Perlick and Piihler 1993)
were derived from polyA®™ mRNA isolated from root
nodules of the broadbean cultivar V. faba ‘Kleine
Thiiringer’ inoculated with Rhizobium leguminosarum
VF39 (Priefer 1989). Broadbean plants were grown as
described previously (Perlick and Piihler 1993). Recombi-
nant lambda gtll phages were grown in E. coli Y 1088
(Huynh et al. 1985). All in vitro DNA manipulations and
cloning experiments were carried out in E. coli XL1Blue
(Bullock et al. 1987). For cloning and sequencing, pSVB
plasmids (Arnold and Piihler 1987) were used. Chemicals,
antibiotics, enzymes, and media were purchased from
Pharmacia, Freiburg, Germany; Boehringer, Mannheim,
Germany; Serva, Heidelberg, Germany; and Merck,
Darmstadt, Germany and used according to the manufac-
turer’s recommendations.

Isolation of nucleic acids.

Isolation of lamdba gtll DNA was carried out as
described by Sambrook et al. (1989). Plasmid DNA was
iso-lated from 5 ml of Luria broth overnight liquid cultures
of E. coli XL1Blue according to Priefer (1984). For se-
quencing purposes, pSVB cloning derivatives were pre-
pared from E. coli XL.1Blue grown overnight on Pennassay
agar plates containing 200 ug/ml of ampicillin using the
>Plasmid Mini Kit< from Diagen, Diisseldorf, Germany.
Total RNA was isolated from broadbean tissues using a



protocol described by de Vries et al. (1982). The tissues
used for RNA isolation were derived from plants 8 days
old (young leaves, hypocotyl, stems), 32 days old (root
nodules, uninfected roots, old leaves), or 120 days old
(flowers and seeds).

Recombinant DNA techniques.

Exonuclease 111 digestion to generate nested deletion
sequencing clones was carried out using the Double
Stranded Nested Deletions Kit from Pharmacia according
to the manufacturer’s instructions and to Henikoff (1984).
Restriction fragments used as molecular probes were
isolated from agarose gels using a protocol reported by
Heery et al. (1990). All other in vitro manipulations of
DNA were carried out using standard protocols (Sambrook
et al. 1989).

Plaque hybridization.

Recombinant lamdba gt11 phages were transferred onto
Hybond-N nylon filters (Amersham: Braunschweig,
Germany) and hybridized using procedures described by
Benton and Davis (1977) and by Mason and Williams
(1985). About 100 ng of probe DNA was labeled with
30 uCi of o®*P-dATP using the Random Primed DNA
Labeling Kit from Boehringer, Mannheim, Germany.
Label not incorporated was removed by gel filtration
(Sephadex G50). Prehybridization (2 hr at 42° C) and
hybridization (16 hr at 42° C) was carried out in a glass
tube using 25 ml of the following solution: 50 ml of
deionized formamide, 20 ml of of 5X Pipes (50 mM Pipes,
5 mM EDTA, 3M NaCl), 10 ml of 100X Denhardt’s
solution, 1 g of sodium dodecyl sulfate, 5 mg of calf thymus
DNA, 5 mg of yeast RNA, H,0 to 100 ml. Stringent washes
were carried out at 68° C for 15 min each (twice in 2X
SSC, 0.19% [w/v] SDS; twice in 1X SSC, 0.1% [w/v] SDS;
once in 0.1X SSC, 0.19% [w/v] SDS). 1X SSC is a buffered
solution of 0.3 M NaCl and 0.03 M Na-citrat at pH 7.4.
After a single-plaque purification step, DNA from
hybridizing phages was isolated and used for Southern
blotting and subcloning into pSVB sequencing vectors.

Southern hybridization.

About 2 ug of lamdba gt11 phage DNA was digested
with EcoRI. Digests were run on 0.8% (w/v) agarose gels
and transferred to Hybond-N nylon filters (Amersham)
using standard vacuum blotting techniques. The DNA
transferred was UV-crosslinked for 5 min and hybridized
against digoxygenin-labeled probes. Labeling was carried
out using the DIG DNA Labeling Kit from Boehringer
according to the manufacturer’s instructions. Stringent
hybridizations, stringent washes, and signal detections were
carried out using the DIG Luminescent Detection Kit
(Boehringer).

Northern hybridization and RNA dot blotting.

Northern blotting was carried out as described pre-
viously (Perlick and Piihler 1993). About 50 ng of probe
DNA was used for labeling with 30 uCi of o’’P-dATP
using the Random Primed DNA Labeling Kit from
Boehringer. Prehybridization and hybridization was
carried out as described for Southern blotting, except that

the hybridization solution contained no formamide and
that the temperature was set to 65° C. Stringent washes
were carried out at room temperature using 2X SSC, 0.1
% (w/v) SDS (once for 5 min) and at 68° C using 2X
SSC, 0.1% (w/v) SDS, and 0.2X SSC, 0.1% (w/v) SDS
(twice for 20 min each).

For RNA dot blots, dilution series of total RNA from
nodule, leaf, mature seed, hypocotyl, stem, flower, and
uninfected root tissue were prepared in a solution con-
taining 50% (v/v) formamide, 6% (v/v) formaldehyde, and
109% 10X MOPS buffer. After denaturation for 5 min at
70° C, the RNA was transferred onto Hybond-N nylon
filters soaked in 10X SSC using 500 ul of 20X SSC transfer
buffer and a standard vacuum blotter. After UV-cross-
linking, probe labeling, hybridizations, and washes were
carried out as described for Northern blotting. Blots were
stripped from probes by adding 0.1% (w/v) SDS (100°
C) and allowing the solution to cool to room temperature.
Subsequently, the blots were checked for the absence of
radioactive probes and rehybridized using a broadbean
ubiquitin cDNA sequence as a control probe. The intensity
of hybridizing dots was determined using the Chromoscan3
scanner from Joyce Loebl, Gateshead, England.

Automatic sequencing.

All sequencing reactions have been carried out from
double-stranded plasmid DNA templates using a nonradio-
active protocol modified according to Zimmermann et al.
(1990) together with the Autoread Sequencing Kit
(Pharmacia). Sequencing gels were run on the Automatic
Laser Fluorescent DNA Sequencer from Pharmacia
(Ansorge et al. 1986, 1987) using Gibco-BRL sequencing
gel mixes of standard composition. All sequences reported
here have been determined from both strands.

Sequence analysis.

Nucleic acid and the derived amino acid sequences were
analyzed using the ALF Manager V2.21 software (Pharmacia),
the PC/Gene software package (IntelliGenetics) and the
programs “analyseq” (Staden 1986), and “Ifasta” (Pearson
and Lipman 1988).

ACKNOWLEDGMENTS

We would like to thank Gerald Schréder for his help in performing
the Northern blot experiments and Walter Arnold for the advice
in nonradioactive sequencing. This work was supported by a grant
from the Studienstiftung des Deutschen Volkes.

LITERATURE CITED

Akazawa, T., and Okamoto, K. 1980. Biosynthesis and metabolism
of sucrose. Biochem. Plants 3:199-220.

Ansorge, W., Sproat, B. S., Stegemann, 1., and Schwager, C. 1986.
A nonradioactive automated method for DNA sequence
determination. J. Biochem. Biophys. Methods 13:315-323.

Ansorge, W., Sproat, S., Stegemann, L., Schwager, C., and Zenke,
M. 1987. Automated DNA sequencing: Ultrasensitive detection
of fluorescent bands during electrophoresis. Nucleic Acids Res.
15:4593-4602.

Arai, M., Mori, H., and Imazeki, H. 1992. Expression of the gene
for sucrose synthase during growth of mung bean seedlings. Plant
Cell Physiol. 33:503-506.

Vol. 6, No. 4, 1993 / 513



Arnold, W., and Ptihler, A. 1988. A family of high-copy-number
plasmid vectors with single end-label sites for rapid nucleotide
sequencing. Gene 70:171-179.

Avigad, G. 1982. Sucrose and other disaccarides. Pages 216-347 in:
F. A. Loewus and W. Tanner, eds. Encyclopedia of Plant
Physiology (New Ser.) Vol. 13A. Springer-Verlag, Berlin.

Benton, W. D., and Davis, R. W. 1977. Screening lamdba gtl1
recombinant clones by hybridization to single plaques in situ.
Science 196:180-182.

Brewin, N. J. 1991. Development of the legume root nodule. Annu.
Rev. Cell Biol. 7:191- 226.

Bullock, W. C., Fernandez, J. M., and Short, J. M. 1987. XL1Blue:
A high-efficiency plasmid transforming recA Escherichia coli strain
with beta-galactosidase selection. BioTechniques 5:376-379.

Caetano-Annollés, G., and Gresshoff, P. M. 1991. Plant genetic
control of nodulation. Annu. Rev. Microbiol. 45:345-382.

Chopra, S., Dalfevero, J., Dolferus, R., and Jacobs, M. 1992. Sucrose
synthase of Arabidopsis: Genomic cloning and sequence
characterisation. Plant Mol. Biol. 18:131-134.

Delauney, A. J., and Verma, D. P. S. 1988. Cloned nodulin genes
for symbiotic nitrogen fixation. Plant Mol. Biol. Rep. 6:279-285.

de Vries, S. C., Springer, J., and Wessels, J. G. H. 1982. Diversity
of abundant mRNA sequences and pattern of protein synthesis
in etiolated and green pea seedlings. Planta 156:129-135.

Elliston, K., and Messing, J. 1988. The molecular architecture of
plant genes: A phylogenetic perspective. Pages 21-26 in: G. Kahl,
ed. The Architecture of Eucaryotic Genes. Verlag Chemie,
Weinheim.

Fisher, R. F., and Long, S. R. 1992. Rhizobium-plant signal exchange.
Nature 357:655-660.

Franssen, H. J., Yiyn, I., Yang, W. G., and Bisseling, T. 1992.
Developmental aspects of the Rhizobium-legume symbiosis. Plant
Mol. Biol. 19:89-107.

Fuller, F., and Verma, D. P. S. 1984. Appearance and accumulation
of nodulin mRNAs and their relationship to the effectiveness of
root nodules. Plant Mol. Biol. 3:21-28.

Hawker, J. S. 1985. Sucrose. Pages 1-51 in: P. M. Dey and R. A.
Dixon, eds. Biochemistry of Storage Carbohydrates in Green
Plants. Academic Press, London.

Heery, D. M., Gannon, F., and Powell, R. 1990. A simple method
for subcloning DNA fragments from gel slices. Trends Genet. 6:173.

Henikoff, S. 1984. Unidirectional digestions with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene 28:351-
359.

Huynh, T. V., Young, R. A., and Davis, R. W. 1985. Construction
and screening cDNA libraries in lambda gt10 and lambda gtll.
Pages 56-110 in: D. M. Glover, ed. DNA Cloning, Vol. 1: A
Practical Approach. IRL Press Limited, Oxford.

Koch, K. E., Nolte, K. D., Duke, E. R., McCarthy, D. R., and
Avigne, W. T. 1992. Sugar levels modulate differential expression
of maize sucrose synthase genes. Plant Cell 4:59-69.

Long, S. R. 1989. Rhizobium genetics. Annu. Rev. Genet. 23:483-
506.

Marana, C., Garcia-Olmedo, F., and Carbonero, P. 1988. Linked
sucrose synthase genes in group-7 chromosomes in hexaploid wheat
(Triticum aestivum L.). Gene 63:253-260.

Mason, P. J., and Williams, J. G. 1985. Hybridization in the analysis
of recombinant DNA. Pages 113-138 in: B. D. Hames and S. J.
Higgins, eds. Nucleic Acid Hybridization—A Practical Approach.
IRL Press, Oxford.

McCarthy, D. R., Shaw, J. R., and Hannah, L. G. 1986. The cloning,
genetic mapping, and expression of the constitutive sucrose synthase
locus of maize. Proc. Natl. Acad. Sci. USA 83:9099-9103.

Morell, M., and Copeland, L. 1985. Sucrose synthase of soybean

514 / Molecular Plant-Microbe Interactions

nodules. Plant Physiol. 78:149-154.

Nap, J. P., and Bisseling, T. 1990a. The roots of nodulins. Physiol.
Plant. 79:404-414.

Nap, J. P., and Bisseling, T. 1990b. Developmental biology of a
plant-prokaryote symbiosis: The legume root nodule. Science
250:948-954.

Pearson, W. R., and Lipman, D. J. 1988. Improved tools for biological
sequence analysis. Proc. Natl. Acad. Sci. USA 85:2444-2448.

Perlick, A. M., and Piihler, A. 1993. A survey on transcripts expressed
specifically in root nodules of broadbean (Vicia faba L.). Plant
Mol. Biol. In press.

Priefer, U. 1984. Isolation of plasmid DNA. Pages 14-25 in: A. Piihler
and K. N. Timmis, eds. Advanced Molecular Genetics. Springer-
Verlag, Berlin.

Priefer, U. 1989. Genes involved in lipopolysaccharide production
and symbiosis are clustered on the chromosome of Rhizobium
leguminosarum biovar vicige VF39. J. Bacteriol. 171:6161-6168.

Proudfoot, N. 1991. Poly (A) signals. Cell 64:671-674.

Ross, H. A., and Davies, H. V. 1992, Purification and characterization
of sucrose synthase from the cotyledons of Vicia faba L. Plant
Physiol. 100:1008-1013.

Salanoubat, M., and Belliard, G. 1987. Molecular cloning and
sequencing of sucrose synthase cDNA from potato (Solanum
tuberosum): Preliminary characterization of sucrose synthase
mRNA distribution. Gene 60:47-56.

Salanoubat, M., and Belliard, G. 1989. The steady-state level of potato
sucrose synthase mRNA is dependent on wounding, anaerobiosis
and sucrose concentration. Gene 84:181-185.

Sambrook, J., Fritsch, E. F., and Maniatis, T. 1989. Molecular
Cloning: A Laboratory Manual. 2nd ed. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

Sanchez, F., Padilla, J. E., Perez, H., and Lara, M. 1991. Control
of nodulin genes in root-nodule development and metabolism.
Annu. Rev. Plant Physiol. 42:507-528.

Staden, R. 1986. The current status and portability of our sequence
handling software. Nucleic Acids Res. 14:217-231.

Thummler, F., and Verma, D. P. S. 1987. Nodulin-100 of soybean
is the subunit of sucrose synthase regulated by the availability of
free heme in nodules. J. Biol. Chem. 262:14730-14736.

van Kammen, A. 1984. Suggested nomenclature for plant genes
involved in nodulation and symbiosis. Plant Mol. Biol. Rep. 2:43-
45.

Vance, C. P., and Heichel, G. H. 1991. Carbon in N,-fixation:
Limitation or exquisite adaptation. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 42:373-392.

Verma, D. P. S. 1988. Plant genes involved in carbon and nitrogen
assimilation in root nodules. Pages 43-63 in: J. E. Poulton, J.
T. Romeo, and E. E. Conn, eds. Plant Nitrogen Metabolism.
Plenum Press, New York.

Verma, D. P. S., Hu, C.-A. and Zhang, M. 1992. Root nodule
development: Origin, function and regulation of nodulin genes.
Physiol. Plant. 85:253-265.

Werr, W., Frommer, W. B., Maas, C., and Starlinger, P. 1985.
Structure of the sucrose synthase gene on chromosome 9 of Zea
mays L. EMBO J. 4:1373-1380.

Xue, Z., Larsen, K., and Jochimsen, B. U. 1991. Oxygen regulation
of uricase and sucrose synthase synthesis in soybean callus tissue
is exerted at the mRNA level. Plant Mol. Biol. 16:899-906.

Yin, W.-R., Wang, A.-Y., Juang, R.-H., Sung, H.-Y., and Su, J.-
C. 1992. Isolation and sequence of rice sucrose synthase cDNA
and genomic DNA. Plant Mol. Biol. 18:139-142.

Zimmermann, J., Voss, H., Schwager, C., Stegemann, J., Erfle, H.,
Stucky, K., Kristensen, T., and Ansorge, W. 1990. A simplified
protocol for fast plasmid DNA sequencing. Nucleic Acids Res.
18:1067.



