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Abstract
The production of dextran in potato tubers and its eﬀect on starch biosynthesis were investigated. The
mature dextransucrase (DsrS) gene from Leuconostoc mesenteroides was fused to the chloroplastic ferredoxin signal peptide (FD) enabling amyloplast entry, which was driven by the highly tuber-expressed
patatin promoter. After transformation of two potato genotypes (cv. Kardal and the amylose-free (amf)
mutant), dextrans were detected by enzyme-linked immunosorbent assay (ELISA) in tuber juices of Kardal and amf transformants. The dextran concentration appeared two times higher in the Kardal (about
1.7 mg/g FW) than in the amf transformants. No dextran was detected by ELISA inside the starch granule. Interestingly, starch granule morphology was aﬀected, which might be explained by the accumulation of dextran in tuber juices. In spite of that, no signiﬁcant changes of the physicochemical properties
of the starches were detected. Furthermore, we have observed no clear changes in chain length distributions, despite the known high acceptor eﬃciency of DSRS.
Introduction
The use of plants for the production of novel
polymers is an emerging technology of great
interest (Kok-Jacon et al., 2003). Studies based
on the accumulation of fructan (Gerrits, 2000)
and silk (Scheller et al., 2001) in potato have
indicated that plants can be used as bioreactors
for the production of novel polymers. Furthermore, modiﬁcation of native polymers such as
starch might be possible. For instance, attachment of fructosyl residues to starch was also
*
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investigated by expressing a sucrose-converting
enzyme, the SACB levansucrase, in potato amyloplasts. Attachment of fructan to starch was
demonstrated in small amounts in in vitro experiments, and it was hypothesized that this might
also occur in planta (Gerrits, 2000).
Biosynthesis of dextrans is mediated by Lactobacillus, Leuconostoc, and Streptococcus bacteria
in the presence of sucrose. Dextrans are extracellular a-glucans composed of a-(1ﬁ6)-linked
glucosyl residues in the main chain, and
branched by variable proportions of a-(1ﬁ2), a(1ﬁ3) or a-(1ﬁ4) linked glucose, depending on
their origin (Jeanes et al., 1954; Sidebotham,
1975). Dextran produced by Leuconostoc mesenteroides NRRL B-512F is a commercial polymer,
which has been fermented at a large industrial
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scale since 1948 (Groenwall & Ingelman, 1948).
It is used in several industrial applications including chromatographic media, soil conditioner
(Murphy & Whistler, 1973) and biodegradable
hydrogels (Hennink & van Nostrum, 2002). In
the latter case, dextran-based gels are used as a
delivery system for the speciﬁc targeting of drugs
to the colon, where they are degraded by a
secreted bacterial dextranase. The L. mesenteroides NRRL B-512F dextran polymer is water-soluble, and consists of 95% a-(1ﬁ6) linkages in
the main chain, and 5% a-(1ﬁ3)-linked single
unit side chains (van Cleve et al., 1956). Its biosynthesis is mediated by dextransucrase DSRS
(EC 2.4.1.5), which is a 1527 amino-acid glucosyltransferase (Wilke–Douglas et al., 1989). This
enzyme exhibits a high eﬃciency in bond formation, which makes it a rather attractive polymerase. Its catalytic properties can be summarized as
follows: after cleavage of sucrose, a glucosyl
residue can be transferred to a growing dextran
chain by the so-called two-site insertion mechanism, or to acceptor molecules (Robyt, 1995;
Monchois et al., 1999). Glucosylation of acceptor
molecules such as maltose and isomaltose are the
most eﬀective. Interestingly, it was recently
shown that the DSRS glucosylation reaction
can also be used for the synthesis of new compounds such as oligosaccharide and surfactant
derivatives, giving access to novel industrial
applications (Demuth et al., 2002; Richard et al.,
2003).
In this study, the production of dextrans, is
investigated in a starch-accumulating crop,
potato, after expression of DsrS. DSRS is targeted to the amyloplast, which has an estimated
sucrose concentration of about 10 mM (Farré
et al., 2001). In addition, diversiﬁcation of starch
structures might be envisaged with DSRS,
because of its high eﬃciency in glucosylating

acceptor molecules, such as maltose, maltodextrins and starch which are present inside the amyloplast (Demuth et al., 2002).

Materials and methods
Construction of binary plant expression vector
containing the DsrS gene
An expression cassette containing the patatin promoter (Wenzler et al., 1989), the chloroplastic ferredoxin signal peptide (FD) from Silene pratensis
(Pilon et al., 1995) fused to the NOS terminator
was cloned into the pBluescript SK (pBS SK)
plasmid, resulting in pPF. A mature DsrS gene
from L. mesenteroides NRRL B-512F (Wilke–
Douglas et al., 1989; U81374) was ligated in
frame between the signal peptide and the NOS
terminator. The mature DsrS gene was ampliﬁed
by PCR, with a forward primer containing
a SmaI restriction site (5¢-GCCTCATTTGCTC
CCGGGACACCAAGT-3¢) and a reverse primer
containing a NruI restriction site (5¢-TGGT
GGTTCGCGAGTTATGCTGACACA-3¢) using
the proofreading Pfu turbo DNA polymerase
(2.5 units/ll; Stratagene, UK) and cloned into the
SmaI/EcoRV restriction sites of pPF, resulting in
pPFDsrS. FD and the fused DsrS gene were completely sequenced in one direction by Baseclear
(The Netherlands) to verify the correctness of the
construct. pPFDsrS was digested with SacI and
KpnI and ligated into a pBIN20 binary vector
(Hennegan & Danna, 1998), resulting in pPFS
(Figure 1).
Potato transformation
pPFS was transformed into Agrobacterium
tumefaciens strain LBA 4404 using electroporation

Figure 1. Schematic representation of pPFS binary vector used for potato transformation. The mature DsrS gene fused to the FD
signal peptide that allowed amyloplastic targeting, was inserted between the highly tuber-expressed patatin promoter and the NOS
terminator.
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(Takken et al., 2000). Internodal stem segments
from two tetraploid potato genotypes (cv. Kardal
(KD) and amylose-free (amf) mutant (referred to
as 1021–91)) were used for Agrobacterium-mediated transformation. Transformants were selected
on plates with MS30 medium (Murashige & Skoog, 1962) containing kanamycin (100 mg/l).
Thirty transgenic, root forming, shoots per genotype were multiplied and ﬁve plants of each
transgenic line were transferred to the greenhouse
for tuber development. The mature tubers were
harvested after 18 weeks.
Starch isolation
Potato tubers from the ﬁve plants of each transgenic line were combined, peeled and homogenized in a Sanamat Rotor (Spangenberg, The
Netherlands). The resulting homogenate was
allowed to settle overnight at 4C and the potato
juice was decanted and stored at )20C for characterization of soluble dextran polymers. The
starch pellet was washed three times with water,
air-dried at room temperature for at least three
days and stored at room temperature.
Immunological detection of dextrans in tuber juices
and gelatinized starches
Presence of dextrans was investigated with
enzyme-linked immunosorbent assay (ELISA) by
using monoclonal anti-a-(1ﬁ6) dextran antibodies (45.21.1 (groove-type; IgA/Kappa) and
16.4.12EBI (cavity-type; IgA/Kappa)) (Wang
et al., 2002). ELISA plates (NUNC, MAXISORP) were coated with 100 ll/well of the
groove-type 45.21.1 dextran antibody at a concentration of 5 lg/ml in 1· phosphate-buﬀered
saline solution (PBS). After incubation at 37C
for 120 min, the plates were washed 3 · 5 min
with ELISA washing buﬀer (1· PBS, 0.05%
Tween 20TM (v/v) and 0.025% sodium azide
(w/v)). The incubations were blocked by adding
200 ll of blocking buﬀer (1 · PBS, 1% BSA
(w/v), 0.05% Tween 20TM (v/v) and 0.025%
sodium azide (w/v)) per well for 60 min at 37C.
Subsequently, the plates were washed 3 · 5 min
with ELISA washing buﬀer. 100 ll/well of blocking buﬀer was added to the appropriate solute
(as listed below) which were incubated for
90 min at 37C.

1. Dextran, referred to as N279 (10 lg/ml), was
used for a standard curve and diluted 1:2 in
blocking buﬀer (5; 2.5; 1.25; 0.625 lg/ml).
2. KD-UT potato juice was used for a standard
curve in which diﬀerent concentrations of
dextran T40 were added (50; 100; 250; 500;
750; 1000 lg/ml).
3. One ml of potato juice sample was diluted
1:10 in blocking buﬀer.
Starch samples were used as such and heated at
100C in a water bath for 20 min before application. After incubation, the plates were washed
3 · 5 min with ELISA washing buﬀer. 100 ll/
well of the cavity-type 16.4.12EBI dextran antibody were added at a 1:5000 dilution in blocking
buﬀer. After incubation at 37C for 60 min, the
plates were washed 3 · 5 min with ELISA washing buﬀer. 100 ll/well of biotin-avidin alkaline
phosphatase (AV–AP) were added at a 1:2500
dilution in blocking buﬀer. After incubation at
37C for 30 min, the plates were washed
3 · 5 min with ELISA washing buﬀer. 100 ll/
well of substrate solution (1 tablet of alkaline
phosphatase substrate/ 8.3 ml diethylamine buffer, pH 9.8) were added. Activities were detected
by reading the absorbance at 405 nm.
Expression analysis of DsrS and starch synthesizing genes using semi-quantitative and real-time
quantitative RT-PCR analysis
RNA was isolated from 3 g (fresh weight) of
potato tuber material from selected transgenic
lines according to Kuipers et al. (1994).
For semi-quantitative RT-PCR, 50 lg of total
RNA was treated with DNAseI and puriﬁed using
the Gene–elute mammalian total RNA kit (Sigma,
The Netherlands). Reverse transcription was performed using 5 lg of total RNA which was incubated for 5 min at 65C with 500 ng primer
polydT (5¢-ttttttttttttttttttttttttt-3¢) and 12.5 mM
of each dNTP in a ﬁnal volume of 12 ll. After
centrifugation (30 sec; 10,000 g), the mixture was
incubated for 2 min at 42C with 4 ll of 5· ﬁrststrand buﬀer (Invitrogen, The Netherlands) and
2 ll of 0.1 M DTT. 1 ll of SuperScript II Rnase
H) reverse transcriptase (200 U/ll; Invitrogen)
was added and the mixture was incubated for
50 min at 42C. Following this, the reaction was
terminated by heating the sample for 15 min at
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70C. 2.5 ll of cDNA was used in a standard
PCR reaction with the primer/Tm/cycle number
combinations as described below. For each combination, the cycle number was optimized in order
to remain in the exponential phase of the PCR
reaction. DsrSRT primers, 5¢-CGGTACGGATG
CTGAGGACTT-3¢ and 5¢-GTGTCCGATTAAG
TAGTCTAAAGT-3¢ (Tm ¼ 59C, 35 cycles)
were based on the DsrS gene sequence (Wilke–
Douglas et al., 1989). Ubi3 primers, 5¢GTCAGGCCCAATTACGAAGA-3¢ and
5¢AAGTTCCAGCACCGCACTC-3¢ (Tm ¼ 55C,
40 cycles) were used as an internal control and
were based on the ubiquitin–ribosomal protein
gene sequence (Ubi3) from potato (Garbarino &
Belknap, 1994; L22576).
Expression levels of DsrS and genes involved
in starch biosynthesis were also determined in
parallel by real-time quantitative RT-PCR and
the corresponding primers were designed using
the Primer Express software (version 1.5, PE
Applied BioSystems, CA, USA): DsrS primers,
5¢-CAAATCTCAACTGGCGTTCCA-3¢ and 5¢GCCGCCCACTCAGTAATCTTT-3¢ were based
on the same template sequence as that used previously. SuSy primers, 5¢-GAGGACGTGGCAG
GTGAAA-3¢ and 5¢-GGTACACTGTGTGAC
GCCCAT-3¢ were based on the sucrose synthase
mRNA sequence (Salanoubat & Belliard, 1987;
AY205302). AGPase primers, 5¢-GCTGGGAC
CCGACTTTATCC-3¢ and 5¢-CGGGAATGTC
AATCAGACGAT-3¢ were based on the ADPglucose pyrophosphorylase subunit S mRNA
sequence (Müller–Röber et al., 1990; X55155).
SSIII primers, 5¢-CACAGGAGGTGTCTGGA
AACC-3¢ and 5¢-TGGAACTTGTGAAGGTGAGGC-3¢ were based on the starch synthase III
mRNA sequence (Marshall et al., 1996; X95759).
SBEI primers, 5¢-CCGAGCCCCACGAATCTAT-3¢ and 5¢-GGCTCAGAGCTGCTCATGC3¢ were based on the starch branching I enzyme
mRNA sequence (Poulsen & Kreiberg, 1993;
X69805). GBSSI primers, 5¢-GAGCTTCT
GGCAGTGAACCC-3¢ and 5¢-GGCAAGTGG
AGCGATTTCTTC-3¢ were based on the granule-bound starch synthase I gene sequence (van
der Leij et al., 1991; X58453). Ubi3 primers,
5¢-TTCCGACACCATCGACAATGT-3¢
and
5¢-CGACCATCCTCAAGCTGCTT-3¢ were used
as an internal control as described previously.
For real-time quantitative RT-PCR, 1 lg of total

RNA was treated with 0.5 ll DNAse I RNAse
free (10 U/ll; Invitrogen) and incubated with 5 ll
of 10 · Taqman RT buﬀer, 11 ll of 25 mM
MgCl2, 10 ll of 10 mM dNTP mix, 2.5 ll of
50 lM random hexamer primers, 1.0 ll RNAse
inhibitor (20 U/ll) and H2O until a ﬁnal volume
of 39 ll for 30 min at 37C and 5 min at 75C.
For reverse transcription, the mixture was incubated 10 min at 25C and 30 min at 48C with
1 ll of MultiScribe reverse transcriptase (50 U/ll;
Applied Biosystems). Following this, the reaction
was terminated by heating the sample for 5 min
at 95C. Aliquots of 50 ng of cDNA were used in
SYBR-Green PCR according to the manufacturer’s protocol on the ABI PRISM7700 sequence
detection system (Perkin–Elmer Applied Biosystems) with the primers mentioned above. Relative
quantitation of the target RNA expression level
was performed using the comparative Ct method
according to the User Bulletin # 2 (ABI
PRISM7700 sequence detection system, December 1997; Perkin–Elmer Applied Biosystems). The
Ct value is deﬁned as the PCR cycle at which the
amount of ampliﬁed target RNA reaches a ﬁxed
threshold. The diﬀerences in the Ct values, called
DCt, between the target RNA and the endogenous Ubi3 RNA were calculated in order to normalize the diﬀerences of cDNA concentrations
present in each reaction. The diﬀerences in the
DCt, called DDCt, between a transformed and an
non-transformed potato plant were calculated in
order to relate the target RNA expression level to
that of non-transformed plants. The target RNA
expression level of transformed plants was calculated using the equation 2-EXP (DDCt). The relative RNA expression is considered as signiﬁcant
when )0.5<relative RNA expression>0.5.
Determination of morphological and physicochemical properties of starch granules
Analysis of starch granule morphology was performed by light microscopy (LM) (Axiophot,
Germany) equipped with a Sony color video
camera (CCD-Iris/RGB) and scanning electron
microscopy (SEM, JEOL 6300F, Japan). For
LM, the granules were stained with a 2· diluted
Lugol solution before visualization. For SEM,
dried starch samples spread on silver tape and
mounted on a brass disk were coated with a
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20 nm platinum layer. Samples were then examined with a scanning electron microscope operating at an accelerating voltage of 1.5–3.5 keV.
The working distance was 9 mm.
Median values of the granule size distribution
(d50) were determined with a Coulter Multisizer
II, equipped with an oriﬁce tube of 200 lm
(Beckman–Coulter, UK). Approximately 10 mg
of starch was suspended in 160 ml Isoton II and
the granule size distribution was subsequently
measured by counting approximately 50,000
granules.
Gelatinization analysis were performed using a
diﬀerential scanning calorimeter (DSC, Perkin–
Elmer Pyris 1, The Netherlands) equipped with a
Neslab RTE-140 cooling system. About 10 mg
starch was weighed accurately into a stainlesssteel pan and water was added until a starch moisture content of 20% was obtained. The pan was
sealed and equilibrated overnight at room temperature before DSC analysis. The measurements
were performed at a heating rate of 10C/min
from 40C to 100C. Before use, the DSC was
calibrated with indium and zinc, and an empty
pan was used as a reference. The onset temperature of gelatinization (T0) and the enthalpy (DH)
were calculated automatically. The reported
values are the average of three measurements.
Amylose content was determined as described
by Hovenkamp–Hermelink et al. (1988). Starch
was diluted in 50 ll HClO4 (35%), followed by
determination of the absorption at 618 nm and
550 nm after staining with Lugol solution.
For starch content determination, about 50 mg
of potato tuber material was homogenized in
0.5 ml of 8 M HCl (25%). After adding 2 ml of
DMSO, the samples were shaken for 1 h at 60C.
Subsequently, 0.8 ml 5 M NaOH and 3.7 ml
0.1 M citric acid buﬀer pH 4.6 were added. After
adjusting the volume to 10 ml with water, the samples were centrifuged for 10 min at 10,000 g. 20 ll
of supernatant were used for starch determination
using the Boehringer kit (Boehringer, Germany) in
a microplate reader (BioRad 3550-UV). Calculations were performed by using glucose release from
a known amount of starch as a standard.
For determination of the chain length distribution, 5 mg of (transgenic) starch was suspended in 250 ll of DMSO and gelatinized for
15 min at 100C. After cooling down to room
temperature, 700 ll of 50 mM NaAc buﬀer pH

4.0 was added. A suﬃcient amount of isoamylase
(Hayashibara Biochemical Laboratories, Japan;
59,000 U/mg protein) to debranch the starch
polymers completely was added to the mixture,
which was incubated for 2 h at 40C. After inactivation of the enzyme for 10 min at 100C, 1 ml
of 25% DMSO was added. For high-performance size-exclusion chromatography (HPSEC),
1 ml was used as such. For high-performance
anion-exchange chromatography (HPAEC), the
sample was diluted 5 times with a 25% DMSO
solution. In parallel, undiluted isoamylase-treated
samples were incubated with a suﬃcient amount
of porcine pancreas a-amylase (Merck, Germany;
250 U/mg protein) to investigate whether contiguous a-(1ﬁ6) glucosyl residues linked to amylopectin side chains were present. After incubation
for 3 h at 25C in 50 mM NaAc buﬀer pH 6.9
and inactivation of the enzyme for 10 min at
100C, 1 ml was used for HPAEC analysis.
HPSEC was performed on a P680 HPLC
pump system (Dionex, USA) equipped with an
ASI-100 automated sample injector (Dionex) and
three TSKgel columns in series (a G3000 SWXL
and two G2000 SWXL; 300 · 7.5 mm; Montgomeryville, USA) in combination with a TSKgel
SWXL guard column (40 · 6 mm) at 35C.
Aliquots of 100 ll were injected and eluted with
10 mM of NaAc buﬀer (pH 5.0) at a ﬂow rate of
0.35 ml/min. The eﬄuent was monitored using a
RID-6A refractometer (Shimatzu, Japan). This
system was calibrated with dextran standards
(10, 40, 70, 150, 250, 500 kDa; Pharmacia, Sweden). Dionex Chromeleon software version 6.50
SP4 Build 1000 was used for controlling the
HPLC system and data processing.
In order to obtain a better separation of the
smaller amylopectin side chains (in the range of 2
to 45 glucose residues), HPAEC was performed
on a GP40 gradient pump system (Dionex)
equipped with a CarboPac PA 100 column
(4 · 250 mm; Dionex) at 35C. The ﬂow rate was
1.0 ml/min and 20 ll sample was injected with
a Dionex AS3500 automated sampler. Two
eluents were used, eluent A (100 mM NaOH) and
eluent B (1 M NaAc in 100 mM NaOH) as
follows: 0 ﬁ 5 min (100% eluent B; rinsing
phase); 5 ﬁ 20 min (100% eluent A; conditioning phase); 20 ﬁ 25 min (linear gradient 0 to
20% eluent B; 100 to 80% eluent A);
25 ﬁ 50 min (linear gradient 20 to 35% eluent B;
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80 to 65% eluent A); 50ﬁ 55 min (linear gradient
35 to 50% eluent B; 65 to 50% eluent A); 55ﬁ
60 min (50% eluent B; 50% eluent A). The sample was injected at 20 min. The eluent was monitored by an ED40 electrochemical detector in the
pulsed amperometric mode (Dionex).
Results
Screening and selection of transgenic potato plants
producing dextran
FD enabling plastidic protein targeting (Gerrits
et al., 2001) was fused to the mature DsrS gene.
The gene fusion was inserted between the patatin
promoter (Figure 1) allowing high tuber expression (Wenzler et al., 1989) and the Nos terminator sequence. Except for the presence of two
mutations at the FDmDsrS fusion (VTAMﬂATYKVTLITKmATP became VTAMﬂATYKVTLITPmGTP, in which ﬂ represents the splice site
for amyloplast entry and m the gene fusion), the
inserts contained no mutations relative to the
wild-type sequences (Smeekens et al., 1985;
Wilke–Douglas et al., 1989). After Agrobacterium-mediated plant transformation, 30 independent transgenic potato clones were obtained for
each genotype (Kardal (KD) and the amylose-

free (amf) mutant). To ensure enough material,
ﬁve plants of each transgenic clone were grown
in the greenhouse for tuberization. Afterwards,
the tubers from all plants of each clone were
pooled for further characterization. Transformed
potato plant series are referred to as KDDxx and
amfDxx, in which D represents the DsrS gene
and xx the clone number. Untransformed genotypes are referred to as KD-UT and amf-UT.
Screening for dextran accumulation in the
transformants was performed by analyzing tuber
juice and gelatinized starches with ELISA by using
an anti-a-(1ﬁ6) dextran antibody, the cavity-type
16.4.12EBI which recognizes the terminal nonreducing end of the polysaccharide (Wang et al.,
2002). In the tuber juice of the KDD series, dextran was detected in 9 out of 30 tubers (29%) in a
concentration ranging from 0.3 to 1.7 mg g)1 FW
(Figure 2). Transformants KDD15, KDD4, KDD5
and KDD30 contained the largest amount of dextran, ranging from 1.0 to 1.7 mg g)1 FW. As
expected, no dextran was detected in KD-UT
plants. In the amfD series, dextran was detected in
15 out of 27 tubers (56%), but the amount was
lower (0.2 to 0.7 mg g)1 FW) (Figure 2). No
dextran was detected in amf-UT plants. Contrary
to tuber juice, no dextran was detected in any of
the gelatinized KDD and amfD starches.

Figure 2. Detection of dextrans accumulated in potato juices by ELISA using anti-dextran antibodies in KDD and amfD transformants. Based on the dextran concentration (in mg g)1 FW), three categories of transformants were made, where ()), (+) and
(++) represent no, intermediate and high dextran accumulation, respectively. Transgenic clones indicated with grey bars were
selected for further characterization.
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Subsequent experiments were done on the
KDD series, because the accumulation of dextrans was the highest in this genotype. Further
characterization of the transgenic starches was
performed, because previous studies already demonstrated that the production of novel polymers
in the amyloplast can have an inﬂuence on starch
morphology (Gerrits, 2000; Gerrits et al., 2001).
Based on the antibody screening, the transformants were divided in three classes: ()), (+) and
(++), representing no, intermediate (£1.0 mg
g)1 FW) and high (>1.0 mg g)1 FW) levels of
dextran, respectively. At least, two transformants
of each class were selected for further characterization: KDD9 ()), KDD20 ()), KDD27 (+),
KDD28 (+), KDD4 (++), KDD5 (++) and
KDD30 (++). RNA was isolated from potato
tubers and subjected to semi-quantitative
RT-PCR (Figure 3(a)) and real-time quantitative
RT-PCR analysis (Figure 3(b)). The expression
levels were determined for the DsrS and Ubi3
genes, of which the latter was used as a control
because of its known constitutive expression
(Garbarino and Belknap, 1994). Heterologous
DsrS gene expression was detected in the expressers KDD27, KDD28, KDD4, KDD5 and
KDD30 (Figures 3(a) and (b)). For KDD20, a
small amount of DsrS mRNA was detected by
real-time quantitative RT-PCR that was not
detected by semi-quantitative RT-PCR. No DsrS
mRNA was detected in KDD9 and in the

Figure 3. (a) Semi-quantitative RT-PCR analysis of the
selected KDD transformants and KD-UT tuber RNA. The
upper panel shows the PCR products using the DsrST primers that are based on the DsrS sequence. The lower panel
shows the PCR products using the Ubi3 primers that served
as an internal control. pPFDsrS: positive control. (b) Realtime quantitative RT-PCR analysis of the selected KDD
transformants and KD-UT tuber RNA. The RNA level of
the DsrS gene was expressed relative to the amount of Ubi3
RNA, as described in materials and methods.

KD-UT plants. In general, results from the semiquantitative, real-time quantitative RT-PCR and
ELISA correlated very well with each other.
Dextran accumulation does not aﬀect plant
morphology and tuber growth
The morphology of DsrS expressing plants (green
parts and tubers) showed no phenotypic alteration in comparison to KD-UT plants (data not
shown). For the high expresser KDD30, the
tuber number and yield were signiﬁcantly
decreased (about 50%) in comparison to the
other selected transformants (data not shown).
However, the accumulation of dextran and
decreased tuber number and yield are probably
not correlated, because the high expressers
KDD4 and KDD5 exhibited similar values to the
()) class transformants.
Granule morphology and DsrS expression are
correlated
Impact of dextran accumulation on starch granule morphology was investigated by LM and
SEM. With LM, irregular surfaces (for description, see below) were observed more frequently
for the highest expressers (KDD4, KDD5 and
KDD30) than for the other selected transformants (data not shown). With SEM, the presence
of these irregular surfaces and uncommon forms
was conﬁrmed (Figure 4: D-E-F-H-I-J). The
granules of these transformants exhibited roundprotruded structures in comparison to those of
KD-UT, and the granule surface was rough in
contrast to that of KD-UT. Altered starch
granules, such as those shown in Figure 4 (H, I
and J), were scored by analyzing a population of
100 starch granules per selected transformant
in triplicate (Figure 5). It can be seen that the
percentage of altered starch granules was
the highest in the (++) class transformants with
KDD30 (16.0 ± 1.0%), followed by KDD5
(11.0 ± 1.0%) and KDD4 (10.3 ± 0.6%).
Concerning the ()) and (+) classes transformants (see Figure 4: B–C), the frequency of
altered starch granules was much lower,
remaining under 7%. From these results, it can
be concluded that an altered granule phenotype
coincides with dextran accumulation.
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Figure 4. SEM analysis of starch granules (·350) from KD-UT (a) compared to that of selected transformants (KDD9 (b),
KDD27 (c), KDD4 (d), KDD5 (e) and KDD30 (f)), and examples of starch granules (·1,000) with altered morphology (KDD4
(h), KDD5 (i) and KDD30 (j)) compared to KD-UT (g).

Dextran accumulation does not interfere with the
physicochemical properties of the transgenic
starches and the starch content

a-amylase, the HPAEC proﬁles from the transgenic starches were identical to those of KD-UT.
These results demonstrate that despite the

Median granule size (d50), gelatinization characteristics (T0 and DH), amylose and starch content
(Table 1) were determined and no consistent differences were found for the selected transformants compared to KD-UT.
Chain length distributions (HPSEC and
HPAEC) (data not shown) were also investigated
in order to detect the presence of a-(1ﬁ6)-linked
dextran chains to starch. After complete debranching of the starch with isoamylase, no diﬀerences were observed between the transgenic
starches and KD-UT upon HPSEC. Furthermore, after treating the debranched starches with

Figure 5. Percentage of granules with altered morphology for
the various transgenic starches in comparison with KD-UT.

Table 1. Summary of the physicochemical properties and starch content of the selected transformants and KD-UT

a

Transformants

d50 (lm)

KD-UT
DsrS9 ())
DsrS20 ())
DsrS27 (+)
DsrS28 (+)
DsrS4 (++)
DsrS5 (++)
DsrS30 (++)

20.9
20.9
22.1
19.8
19.0
18.7
19.9
20.6

a

(±0.3)
(±0.6)
(±0.3)
(±0.4)
(±0.5)
(±0.7)
(±0.8)
(±0.4)

T0 (C)
67.0
67.5
66.9
67.7
66.8
66.8
68.3
66.1

b

(±0.5)
(±0.2)
(±0.1)
(±0.2)
(±0.1)
(±0.2)
(±0.3)
(±0.1)

DH (kJ/g)
14.8
14.0
14.1
14.1
14.3
15.1
14.8
13.0

(±0.5)
(±0.5)
(±0.9)
(±0.6)
(±0.2)
(±0.4)
(±0.6)
(±0.1)

Median granule size.
Gelatinization characteristics.
Data ( ±SD) are the average of three independent measurements.
b

b

Amylose content (%)

Starch content (mg/g FW)

19.5
20.4
20.3
19.7
20.7
20.3
19.9
20.1

237.2
245.5
230.7
320.7
257.6
268.1
389.4
314.0

(±0.4)
(±0.1)
(±0.6)
(±0.3)
(±0.2)
(±0.3)
(±0.5)
(±0.2)

(±24.8)
(±21.9)
(±40.9)
(±19.6)
(±34.9)
(±39.7)
(±35.7)
(±38.1)
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Figure 6. Real-time quantitative RT-PCR analysis of KDD9 ()), KDD5 (++) and KDD30 (++) transformants and KD-UT
tuber RNA. Expression levels of the following genes are indicated: SuSy, sucrose synthase; AGPase, ADP-glucose pyrophosphorylase subunit S; SSIII, starch synthase III; SBEI, starch branching enzyme I; GBSSI, granule-bound starch synthase I. RNA levels
for each gene were expressed relative to the amount of Ubi3 RNA, as described in materials and methods.

reported high acceptor eﬃciency of DSRS
(Demuth et al., 2002), dextran chains were not
covalently attached to starch, but rather present
as separate chains. In general, it can be said that
despite altered granule morphology, it is obvious
that accumulation of dextran does not interfere
with the physicochemical properties and starch
content of the transgenic starches.
Does dextran accumulation inﬂuence the expression
level of key genes involved in starch biosynthesis ?
The eﬀect of dextran accumulation on the expression level of genes involved in starch biosynthesis
was investigated by real-time quantitative RTPCR analysis (Figure 6). The following genes
were selected: sucrose synthase (Susy), ADP-glucose pyrophosphorylase (AGPase), starch synthase III (SSIII), starch branching I (SBEI) and
granule-bound starch synthase I (GBSSI). They
were chosen based on their key role in starch
biosynthesis (Kossmann and Lloyd, 2000).
A slight down-regulation in the expression
level of Susy, AGPase and GBSSI genes was
detected, in particular for the (++) class transformant. Despite this, the physicochemical properties and starch content of the transgenic starches
were not signiﬁcantly changed. Concerning the
SSIII and SBEI genes, their expression levels were
not aﬀected in comparison to KD-UT.

Discussion
In this study, we describe the production of
dextran in potato tubers and its eﬀect on starch
biosynthesis, mediated by the expression of the
DsrS gene from L. mesenteroides B-512F. In tuber
juice, soluble dextrans were detected with antidextran antibodies in both the amylose-containing

and amylose-free series, although the Kardal
plants accumulated up to 2 times more dextran
than the amf ones (Figure 2). Absence of granulebound starch synthase I (GBSSI) in the amf
background in contrast to the Kardal one, might
explain this result. Due to the lack of GBSSI
activity, the ADP-glucose pool size in the amyloplast of amf mutant plants might be higher in
comparison to that of Kardal plants thereby
increasing the osmotic potential of this compartment. Consequently, the transport of sucrose
from the cytosol into the amyloplast might be
hampered, which might result in a lower production of dextrans in the amf background.
Heterologous expression of bacterial DsrS
gene did not interfere with normal plant growth
and development. In general, no tuber and starch
yield penalties were observed for plants producing dextrans. This could be an advantage for
commercialization of dextran production in plant
systems. These results were diﬀerent from those
obtained by Gerrits et al. (2001), in which expression of the sucrose-converting levansucrase in the
amyloplast triggered severe developmental alterations, even when small amounts of fructan were
made.
It was shown that the presence of dextrans
could aﬀect granule morphology, which correlated well with the amount of dextran accumulated in the stroma. This result was similar to
that obtained by Gerrits et al. (2001) in which
fructan production corresponded to altered
starch morphology. One explanation for these
morphological changes could be a higher viscosity around the granule during its development.
Supporting this, in vitro studies reported the
organization of dextran chains into a network
structure that could signiﬁcantly increase its
viscosity (Sidebotham, 1975). Therefore, a more
viscous environment around the growing granule
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might interfere with its ordered packing of amylopectin side chains, explaining the presence of
irregular surfaces.
Direct evidence of dextran accumulation
inside starch granules could not be provided by
the ELISA and chain length distribution experiments. This result is consistent with the
unchanged physicochemical properties of the
transgenic starches. Additionally, it demonstrates
that despite the reported high acceptor reaction
of DSRS (Demuth et al., 2002), this reaction
could not be eﬃciently carried out inside the
amyloplast. Expression of Susy, AGPase and
GBSSI genes was slightly negatively aﬀected, due
to sucrose conversion of DSRS. This might inﬂuence the expression level of these genes that are
known to be transcriptionally regulated by
sucrose (Geigenberger, 2003; Salehuzzaman et al.,
1994). SSIII and SBEI expression levels were not
signiﬁcantly changed, probably because these
enzymes are less sensitive to modiﬁcations in
sucrose supply.
In conclusion, this study is the ﬁrst report
showing that it is possible to produce dextran
polymers in potato tubers. Strategies for increasing dextran production could be the targeting of
the DSRS enzyme to other subcellular compartments, such as the cytosol or the vacuole, containing higher sucrose concentrations (Farré
et al., 2001).
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R, de Wit PJGM et al. (2000) A functional cloning strategy,
based on a binary PVX-expression vector, to isolate HRinducing cDNAs of plant pathogens. Plant J 24: 275–283.
Wang D, Liu S, Trummer BJ, Deng C and Wang A (2002)
Carbohydrate microarrays for the recognition of cross-reactive molecular markers of microbes and host cells. Nature
Biotechnol 20: 275–281.
Wenzler HC, Mignery A, Fisher LM and Park WD (1989)
Analysis of a chimeric class-I patatin-GUS gene in transgenic potato plants: high-level expression in tubers and
sucrose-inducible expression in cultured leaf and stem explants. Plant Mol Biol 12: 41–50.
Wilke–Douglas M, Perchorowicz JT, Houck CM and Thomas
BR (1989) Methods and compositions for altering physical
characteristics of fruit and fruit products PCT patent WO
89/12386.

