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Abstract 

The thesis describes the introduction and expression of bacterial branching 

enzyme genes (glgB) in potato. The glgB genes of E.coli and A.nidulans were 

transformed via A.tumefaciens to diploid potato clones with or without amylose 

containing starch. Expression of the introduced genes led to a 25-35% increase in 

the starch branching degree. In the amylose containing background sometimes the 

increased branching degree was accompanied by a lowered amylose content. The 

essentially linear amylose was believed to be further branched, resulting in a so-

called intermediate fraction. Physico-chemical properties of the genetically 

modified starches were determined. The presence of amylose was found to be the 

most important characteristic in determining the swelling and gelatinization 

properties of the starch. The influence of an increased branching degree of the 

starch was seen as a lowering of the peakviscosity during heating of starch-water 

suspensions. 
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Chapter 1 

General introduction 

Starch biosynthesis and structure 

In higher plants the major reserve polysaccharide is starch. Starch is stored in the 

form of granules in special starch storing plastids, the amyloplasts. The last steps 

in the synthesis of starch in the amyloplast involve the combined action of a 

number of enzymes starting with ADP-glucose pyrophosphorylase (AGPase), 

which synthesizes ADP-glucose. In the next step the glucosyl part of ADP-

glucose is linked to the non-reducing end of a pre-existing glucan chain by a 

starch synthase (SSS), forming an cc-1,4 linkage while releasing ADP. Branching 

of linear cc-1,4 chains is catalyzed by branching enzymes (BE), which hydrolyze 

an a-1,4 linkage within a chain and then form an a-1,6 linkage between the 

reducing end of the chain which was cut, and another glucose residue probably 

from the hydrolyzed chain. One isoform of starch synthases, which is tightly 

bound to the granule (GBSS), synthesizes an a-1,4 linked glucan which is called 

amylose and usually makes up for 15-30% of the total starch. The glucan formed 

by the starch synthases and subsequently branched by the branching enzymes is 

called amylopectin and forms the major part of starch (reviewed by Shannon and 

Garwood, 1984; Martin and Smith, 1995). 

Branching enzyme 

Multiple isoforms of starch branching enzyme, starch synthase and AGPase, 

were found in different botanical sources like maize, pea and rice (Boyer and 

Preiss, 1981; Smith, 1988; Nakamura, 1992). For potato and cassave so far only 

one BE isoform has been found (Kossmann et al, 1991; Salehuzzaman et al, 1992). 
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Based on nucleotide sequence and amino acid homology, branching enzymes can 

be divided into two groups; Type-I and Type-II corresponding to either maize 

BE-I or maize BE-II (Boyer and Preiss, 1981;for different nomenclature see Burton 

et al, 1995). The group of Type-I branching enzymes contains maize BE-I, pea BE-

II, rice BE-I, cassava BE and potato BE. Type-II branching enzymes form a group 

to which e.g. maize BE-II, rice BE-II, pea BE-I and E.coli glgB belong. 

Determination of substrate preference of the isoforms of maize branching 

enzyme showed that BE-I preferred amylose over amylopectin and BE-II 

preferred branching amylopectin. BE-I was also shown to transfer longer chains 

and BE-II shorter chains (Guan and Preiss, 1993). From these results it was 

concluded that in maize amylopectin biosynthesis, BE-I may be responsible for 

the formation of the long chains, while BE-II forms the short outer chains within 

the amylopectin cluster. Supporting this view are the results from studies 

involving the amylose extender mutant of maize, in which the BE-II isoform is 

missing (Hedman and Boyer, 1982). The starch of this mutant contains a higher 

amount of amylose and amylopectin with longer chains compared to normal 

maize starch (Takeda et al, 1989). Branching enzyme is known to introduce a-1,6 

glucosidic linkages in amylose or amylopectin in vitro. Recently however, it was 

described how the branching enzyme of Bacillus stearothermophilus was able to 

catalyze a cyclization reaction with amylose as a substrate. The formation of a 

cyclic glucan composed of a-1,4 and a-1,6 linkages was suggested to be possible 

for plant branching enzymes as well (Takata et al, 1996). Whether this reaction 

also takes place during starch biosynthesis or not is not known. 

Amylopectin cluster model 

Amylopectin consists of short linear a-l,4-linked chains with an average length 

of about 25 glucose residues. The current model of amylopectin structure as 

depicted in Fig.l was first proposed by Hizukuri (1986). In this model of 

amylopectin structure three types of chains can be distinguished: the A chains 



Chapter 1 

which are connected to the amylopectin by their potential reducing endgroups, 

the B chains which are similar to A chains, but carry one or more A and/ or B-

chains, and the C chain, which carries the sole reducing endgroup of the 

molecule (Manners, 1989). 
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Figure 1. Amylopectin fine structure according to Hizukuri (1986). A, B, and C are the 
designated chains. <|>, reducing endgroup; , a-1,4 linked chain; -», a-1,6 linkage. 

Amylopectin fine structure 

Despite the highly conserved ultra-structure of the starch granule there is, within 

certain limits, some variation. The degree of branching of the amylopectin and 

the distribution of side chains are specific for each species (Hizukuri, 1986). 

About the crucial factor in determination of the branching characteristics of 

amylopectin, different views exist. 

According to studies of Tolmasky and Krisman (1987) the branching degree of 

glucans is an intrinsic property of the branching enzyme. In an in vitro 
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experiment with branching enzymes of different sources a branched glucan was 

produced similar to that found in the tissue from which the enzyme originated. 

Work by Takeda et al. (1993) and Guan and Preiss (1993) on branching enzyme 

isoforms of maize supported this view. Based on the differential enzymatic 

activity found for the maize BE isoforms, Guan and Preiss (1993) postulated that 

Type-I branching enzymes form a less branched amylopectin than Type-II bran

ching enzymes. 

Another idea about the determining factor for amylopectin structure is that the 

branching degree of starch depends on the ratio branching : debranching 

enzymes and is supported by work of Pan and Nelson (1984) on the Sugary-1 

(Sul) mutant of maize which has a decreased debranching enzyme activity (rela

tive to branching enzyme activity) and an abnormally highly branched starch 

(phytoglycogen). The debranching enzymes are thought to be required to 

balance the excess branching activity present at the surface of the granule. 

Recently mutants similar to the maize sugary mutant were found in rice 

(Nakamura et al, 1996) and in the monocellular alga Chlamydonomas reinhardtii 

(Mouille et al., 1996). 

Amylopectin has a polymodal distribution of chain lengths, meaning the linear 

side chains can be divided in two or three populations of chains with distinct 

lengths (Hizukuri, 1986) or degree of polymerization (dp). The polymodal chain 

length distribution is characteristic for amylopectin isolated from each botanical 

source. The formation of a chain of a given length is probably not determined by 

the branching enzyme but by the starch synthase, acting in concert with 

branching enzyme. The idea of an important role for starch synthases in the 

determination of amylopectin fine structure resulted mainly from work on 

mutants of Chlamydonomas reinhardtii (Fontaine et al, 1993; Maddelein et ai, 1994). 

SSS-II defective mutants accumulated less starch and the amylopectin showed a 

decrease in the number of relative short chains with a dp 8-50 and an increase in 
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very short chains with a dp 2-7. This suggested that SSS-II is responsible for the 

formation of intermediately sized chains. A double mutant for SSS-II and GBSS-I 

was found to contain a small amount of highly branched glucan which 

resembled phytoglycogen. These results indicated that GBSS-I is involved in the 

formation of long chains of amylopectin (and amylose), SSS-II for the formation 

of intermediately sized chains and SSS-I can only make short chains. 

The maize SSS isoforms appeared to have different substrate preferences as well. 

SSS-I was shown to have a high affinity for a more branched glucan (glycogen) 

whereas SSS-II preferred a lesser branched substrate and probably longer chains 

(MacDonald and Preiss, 1985). So, like the branching enzymes, the starch 

synthase isoforms have different substrate specificity in vitro. 

In a preliminary model for amylopectin synthesis by Kram (1995) considering all 

the above mentioned results, it was stated that while the branching enzymes are 

responsible for the formation of branchpoints, the distribution of chain lengths is 

dependent on the ratio of starch synthases and their interaction with the 

amylopectin. Longer chains are formed by a SSS with stronger interaction with 

the amylopectin. According to this model, at least two different starch synthases 

and possibly two different branching enzymes are needed, closely working 

together, for the formation of short and medium sized chains in the amylopectin 

cluster. 

Starch composition 

Apart from amylose and amylopectin, the starch granule contains protein (of 

which GBSS is the most abundant), phosphorus (both starch-bound and free), 

lipid and some ash (Swinkels, 1985a). In addition to the two major starch 

fractions, amylose and amylopectin, some researchers have reported the 

existence of a third starch fraction, the intermediate fraction (Whistler and 

Duoane, 1961, Wang et al, 1993a). This fraction is evident from comparison of gel 

permeation elution profiles of native and debranched starch and is believed to 
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contain highly branched amylose and/or long chained amylopectin. However, 

the existence of the intermediate fraction is still under discussion (Tester and 

Karkalas, 1996), as other researchers argue that it does not give a distinct peak on 

gel permeation analysis of isoamylase debranched starch, as can be seen for 

amylose and amylopectin. 

The starch composition is determined by the amylose content, the molecular size 

of amylose and amylopectin, the average side chain length, the chain length 

distribution and the non-carbohydrate components and is considered to be 

unique for each botanical source (Swinkels, 1985). Genetic variation within 

species can contribute considerably to the wide variation found in structural 

characteristics for starch of different origins. This is also the reason for the 

distinctive properties of native starches from different botanical origins and even 

different genotypes within a species (Howling, 1980; Sanders et al, 1990; 

Campbell et al, 1995). 

Relationship between structural and functional properties of starch 

The influence of structural characteristics on the physico-chemical properties of 

the starch is evident (Swinkels, 1985b). In attempts to define the relationship 

between the structural and functional features of starch, many studies were 

undertaken involving native starches of different botanical origin (Howling, 

1980; Swinkels, 1985a/b; Jacobs et al, 1995) and mutants with altered starch 

compositions (Sanders et al, 1990; Wang et al, 1992, 1993b; Bogracheva et al, 

1995; Campbell et al, 1995b; Cheng-Yi Lii et al, 1995). Most mutants are found in 

maize where they exist for almost every isoform of the enzymes involved in 

starch biosynthesis, resulting in starches with different compositions and 

characteristics (Wang et al, 1992,1993a/b). The best studied example of mutant 
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starch is that of the waxy mutant of maize (Echt and Schwartz, 1981). This 

mutation has also been identified and studied in other crops including potato, 

rice, barley and wheat (Shannon and Garwood, 1984; Sano, 1984;. Hovenkamp-

Hermelink et al, 1987; Nakamura et al, 1995). These mutants contain amylose-

free starch as a result of a defect in the gene encoding Granule-Bound Starch 

Synthase (GBSS) and a subsequent absence of GBSS activity (Echt and Schwartz, 

1981). Other mutants contain a relatively high amount of amylose in the starch as 

a result of a mutation in one of the isoforms of starch branching enzyme and are 

found in maize (amylose-extender) (Boyer and Preiss, 1981; Hedman and Boyer, 

1982) and pea (wrinkled) (Edwards et al, 1988; Smith, 1988). Analysis of starches 

of mutant genotypes in four inbred maize lines (Sanders et al, 1990) showed the 

importance of the ratio of short to longer chains for the thermal behavior of 

starch. Starch from the double mutant aewx contained more chains of high 

molecular weight, the population of lower molecular weight chains consisted of 

longer chains and a higher T-max compared to starch from the single mutant wx. 

This effect was thought to be caused by an increased proportion of starch in the 

crystalline form as a result of a higher proportion of Bl chains. Wang et al (1992, 

1993a/b) described the structural characteristics of starches from 17 mutant 

maize genotypes and their effects on the physico-chemical behavior. They 

concluded that the precise relationship between starch structure and physical 

properties was not always clear, but found that the amylose content had a large 

influence on swelling and gelatinization. The amylose content was negatively 

correlated to the swelling power, light transmittance of starch solutions (%T) and 

peak viscosity and positively correlated to Blue Value and Àmax. Other 

properties such as the intermediate size content and the ratio of short to longer 

chains were negatively correlated with peak viscosity. Jane and Chen (1992) 

conducted a study on the effects of the molecular size of amylose and the average 

side chain length of amylopectin on the paste properties of rice and maize 

starches. Rice amylopectin was found to have both higher viscosity and shorter 
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chain length compared to both high amylose maize and waxy maize, which 

contrasts with the results obtained by Wang et al. (1993b). However, the 

phosphorus content of the rice amylopectin was much higher and this could 

have contributed to the higher viscosity in addition to other structural 

characteristics of rice amylopectin, which also differed from those of the maize 

amylopectin. 

Genetic modification of starch content and composition 

Another way to obtain an altered starch composition, besides in mutants, is by 

using genetic modification. This work has mostly been carried out in potato, 

which is the most easily transformed among the important starch storing crops 

like maize, rice and cassave. By inhibiting Granule-Bound Starch Synthase gene 

expression via the so-called antisense RNA inhibition method, potato starch was 

obtained which was completely amylose-free (Visser et al, 1991; Salehuzzaman et 

al, 1993; Kuipers et al, 1994a/b). The same approach was used to inhibit the 

endogenous branching enzyme gene, resulting in plants with reductions in 

branching enzyme RNA and protein. However, there were no detectable changes 

in amylopectin structure, such as the degree of branching, although some of the 

physico-chemical properties (mainly the viscosity) of the starch were changed 

(Flipse et al, 1996a). Inhibiting the potato AGPase resulted in sugar-storing 

tubers with a decreased amount of starch and distorted tuber morphology, but 

not in structural changes of the starch (Müller-Rober et al, 1992). 

As an alternative to inhibiting gene functions, homologous or foreign genes can 

be introduced to change the starch composition. Reintroduction of GBSS into the 

amf-mutant of potato (van der Leij et al, 1991; Flipse et al, 1996b) resulted in 

tubers with up to wildtype levels of amylose in the starch. In contrast, insertion 
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of extra copies of the same gene into an amylose containing potato genotype, did 

not result in an increase of the amount of amylose. However, the opposite effect 

was sometimes observed. This phenomenon is called co-suppression. The 

amount of amylose was decreased to various degrees after insertion of extra 

GBSS gene copies (Flipse et al, 1996b). 

The introduction and expression of cyclodextrin glycosyl transferase (CGTase) 

from Klebsiella sp. resulted in an unique type of starch containing an appreciable 

amount of cyclodextrins (Oakes et al, 1991). The genes from the glycogen 

synthesis operon of E. coli, gig A, B and C have also all been introduced and 

expressed in potato. Expression of a modified glgC gene, the ADP-glucose 

pyrophosphorylase, in the potato variety Russet Burbank, resulted in an 

increased amount of starch (Stark et al, 1992) which displayed no structural 

changes. Expression of the glycogen synthase gene, glgA, led to an altered potato 

starch composition, with a reduced starch and amylose content and an increased 

degree of branching in the amylopectin (Shewmaker et al, 1994). These altered 

structural features of the starch also had an effect on the physical properties such 

as viscosity and gelatinization. 

Outline of the thesis 

The main objective of this project was to obtain potato starch with a higher 

degree of branching. Since the starch structure determines the functional 

characteristics of the starch, it was expected that an increased branching degree 

would change the physico-chemical properties of the starch. Altered starch 

properties could lead to new, or facilitate existing applications of starch for 

industrial purposes. In this thesis the effects of the introduction of bacterial 

branching enzyme genes (glgB) on the starch of transgenic potato plants are 

10 
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analyzed. Bacterial branching enzymes are involved in glycogen biosynthesis 

which is analogous to starch biosynthesis. Glycogen has no highly ordered 

structure like starch and is about five times more branched than plant starch. 

Expression of the glgB gene of Escherichia coli in the amylose-free potato mutant 

led to an increased branching degree of the amylopectin as is described in 

Chapter 2. The effects of introduction of the glgB genes of E.coli or Anacystis 

nidulans (Synechococcus sp.) on the starch from amylose-containing as well as 

amylose-free transgenic potato plants are described in Chapter 3. Indications 

were found that the bacterial branching enzymes were able not only to branch 

amylopectin more intensively, but in addition seemed to be able to use amylose 

as a substrate for branching as well. In Chapters 4 and 5 some physico-chemical 

properties of starches from transgenic plants are described. In Chapter 4 a 

comparison is made between starches from plants with a reduced amount of 

amylose as a result of a) antisense inhibited GBSS expression and b) expression of 

the A.nidulans glgB gene. In Chapter 5 the influence of an increased starch 

branching degree of amylose-free and amylose containing starches on viscosity 

and gelatinization is described. In Chapter 6 a general discussion of the research 

in this study is presented and a possible model that might explain the way that 

the bacterial branching enzyme is able to branch amylose and amylopectin is 

proposed. Also, the increased insight in the starch structural-functional 

relationship, gained by analysis of transgenic plant starch, is discussed. 

11 
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Chapter 2 

Expression of Escherichia coli branching enzyme in tubers 

of amylose-free transgenic potato leads to an increased 

branching degree of the amylopectin 

Abstract 

In order to increase the branching degree of potato tuber starch, the gene 

encoding branching enzyme (glgB) of Escherichia coli was expresssed in the 

amylose-free potato mutant. The E.coli glgB was cloned in the binairy vector 

pBIN19 under the transcriptional control of the potato Granule Bound Starch 

Synthase (GBSS) promoter and transitpeptide sequence. The E.coli glgB was 

cloned behind the two N-terminal amino acids of the GBSS mature protein, 

creating a chimeric protein. Transgenic plants were obtained which expressed 

the E.coli branching enzyme as was shown by the presence of mRNA and protein 

in the tubers. Correctly processed protein was found both in the soluble and 

starch granule bound protein fraction. Analysis of the starch showed an increase 

in the branching degree (DE) of up to 25% more branchpoints. The increase in the 

number of branchpoints was due to the presence of more short chains, with a 

degree of polymerization (dp) of 16 glucose-residues or less in the amylopectin. 

Changes in other characteristics of the starch, such as average chainlength (CL) 

and X,max, indicated a more branched structure for starch of transformed plants 

as well. 

14 
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Introduction 

Starch is the major storage carbohydrate in higher plants and is found most often 

in special storage organs such as roots, seeds or tubers. Starch consists of a 

mixture of two glucose polymers : amylopectin (oc-1,4 linked D-glucose residues 

with cc-1,6 glucosidic branch points) and amylose (essentially linear chains of oc-

1,4 linked D-glucose) (Banks and Greenwood, 1975). The enzyme responsible for 

the formation of amylose is Granule Bound Starch Synthase (GBSS); amylopectin 

is synthesized by the combined actions of the enzymes Soluble Starch Synthase 

(SSS) and Branching Enzyme (BE). Within certain limits the branching degree of 

amylopectin and the distribution of side chains are specific for each species 

(Hizukuril986). 

About the determination of branching characteristics of amylopectin different 

views exist. According to studies of Tolmasky and Krisman (1987) the branching 

degree of glucans is an intrinsic property of the branching enzyme. Glucans 

branched in vitro by a certain branching enzyme were almost identical to the 

native branched component of the origin of that branching enzyme. Work by 

Takeda (1993) and Burton (1995) on branching enzyme isoforms of respectively 

maize and pea support this view. Based on aminoacid homology branching 

enzymes can be divided into two groups; Type-I and Type-II (Burton 1995, Kram 

1995). The group of Type-I branching enzymes contains maize BE-I, pea BE-II, 

rice BE-I, cassava BE and potato BE. Type-II branching enzymes form a group to 

which e.g. maize BE-II, rice BE-II, pea BE-I and E.coli glgB belong. Based on the 

differential enzymatic activity found for the maize BE isoforms, Guan and Preiss 

(1993) postulated that Type-I branching enzymes form a less branched amylo

pectin than Type-II branching enzymes. The other idea about the determining 

factor for amylopectin structure is that the branching degree of starch depends 

on the ratio branching:debranching enzymes and is supported by work of Pan 

and Nelson (1984) on the Sugary-1 (Sul) mutant of maize which has a decreased 

15 
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debranching enzyme activity (relative to branching enzyme activity) and an 

abnormally high branched starch (phytoglycogen). 

In potato, where only one isoform of branching enzyme is known, an attempt 

was made to inhibit potato branching enzyme activity by the antisense RNA 

approach (Flipse et al. 1996a). A reduction in mRNA and protein level of potato 

branching enzyme was found but no detectable changes in amylopectin bran

ching degree, although the physico-chemical properties of the starch had 

changed. Starch composition can be influenced by introduction of bacterial genes 

as was shown by Stark et al. (1992). Introduction of a mutant E.coli ADP-glucose 

pyrophosphorylase gene (glgC) in potato leads to an increase in tuber starch 

content. Expression of E.coli glycogen synthase (glgA) in potato leads to a 

number of changes in the starch composition, i.e a decrease in amylose content 

and a different branching pattern (Shewmaker et al. 1994). 

In our attempt to modify the branching degree of potato tuber starch we 

introduced the gene encoding branching enzyme (glgB) of E.coli in potato, under 

the control of the tuber specific potato GBSS promoter. Targeting of the heterolo

gous protein to the amyloplast was ensured by fusion of the glgB gene to the 

GBSS transitpeptide sequence. Activity of the bacterial branching enzyme in 

potato plants, which resulted in an amylopectin with a higher branching degree 

is described. 

Experimental procedures 

Subcloning of the Escherichia coli glgB gene 

The E.coli glgB was subcloned from the plasmid pKVS-1 carrying part of the 

glycogen operon of E.coli (Kiel et al. 1987). The E.coli glgB was subcloned as a 

Bglll fragment from pKVS-1 in the BamHI site of the vector pUC18, resulting in 

the plasmid pBWB. pWAM40, a pUC18 plasmid carrying an EcoRI fragment of 

16 
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the genomic clone of GBSS of potato (van der Leij et al, 1991) containing the 

promoter and transitpeptide region and part of the coding sequences was used to 

obtain the GBSS expression signals. Plasmid pWAM40 was cut with EcoRI and 

Celli to obtain the promoter and transitpeptide fragment. The glgB gene from 

E.coli was obtained as a PvuII-Bglll fragment from the plasmid pBWB. A 

synthetic oligonucleotide (Celll-PvuII) was used as a linker between the glgB and 

the potato GBSS transitpeptide sequence preserving the splice-site for the mature 

protein and including the first two N-terminal amino acids from the GBSS coding 

region fused to the second codon of E.coli glgB. The linker contained the 

sequence (5'-»3') TCAGCTACCATTGTTTGTGGAAAGGGATCCGAT (the 

splice-site typed in bold). The aminoacid sequence from GBSS splice site to the 

E.coli glgB has become Cys-Gly-Lys-Gly-Ser-Asp, splicing should occur between 

Cys and Gly, Lys and Gly are the GBSS codons, Ser and Asp being resp. the 

second and third codon of the E.coli sequence. The EcoRI-PvuII fragment was 

ligated to the linker and the PvuII-Bglll fragment in EcoRI-BamHI cut vector 

pMTL23. The pMTL cloning vectors were described by Chambers et al. (1988). 

The entire DNA fragment carrying the chimeric gene fusion was ligated as a 

Bglll-Sall fragment in the BamHI-Sall cut binairy vector pBIN19 (Bevan, 1984) to 

create plasmid pBiç>09EC (Fig 1). This plasmid was transferred to Agrobacterium 

tumefaciens strain LBA 4404 as described by Hoekema et al. (1983). 

Complementation of glgB deficient E.coli KV 832 

All non-binairy constructs carrying a branching enzyme encoding gene were 

tested for their ability to complement the branching enzyme deficient E.coli strain 

KV832 (Kiel et al, 1987). Constructs were transformed to calcium chloride treated 

competent cells and plated on an antibiotics containing 0.5% glucose LB agar 

plate. Complementation was detected by staining the colonies with Lugols (I/KI 

1:2 v/v) solution, complemented colonies with restored branching enzyme 

activity stained red whereas non complemented colonies stained blue. 

17 
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Transformation of plant material 

Stem segments of the diploid amylose-free potato mutant (amf) (which lacks 

GBSS activity) clone 1029-31 (2n = 2x = 24, Jacobsen et al., 1989) were transformed 

with Agrobacterium tumefaciens strain LBA 4404 containing plasmid pBi909EC or 

AM8706 (the latter as described by Visser et al.,1989). Regenerating shoots were 

placed on selective Murashige & Skoog (1962) medium with 30 % sucrose contai

ning kanamycin (50 mg/1) and claforan (100 mg/1). After root formation the 

plants were transferred to the greenhouse. Tubers were harvested 18 weeks after 

transfer of the plants to the greenhouse. 

Starch isolation and RNA/DNA isolation and analysis 

Starch and RNA were isolated from greenhouse grown tubers as described by 

Kuipers et aZ.(1994b). RNA gel blotting and hybridization were carried out using 

40 ug of total RNA per sample as described by Sambrook et al. (1989). The blots 

were hybridized to 32P labeled E.coli glgB probe. 

DNA was extracted from leaves of greenhouse grown plants according to 

Dellaporte et al (1983). By digesting the DNA with M u l or EcoRI and using the 
32P-labeled fragment of plasmid pM25EC as a probe, the minimum number of 

integrated T-DNA inserts could be estimated by scoring the number of bands in 

a Southern blot. 

Preparation of polyclonal antibodies against E.coli branching enzyme 

The coding sequence of the branching enzyme of E.coli was obtained from the 

E.coli glgB carrying plasmid pBWB using the primers 5'GAAGACAAC-

CATGGCCGATC 3' and 5'GCCAATGTCGACTTGTGTC 3'. The PCR product 

was cloned in pMTL25 (Chambers et al., 1988) in the Ncol-Sall sites to form 

plasmid pM25EC. Plasmid pM25EC was digested and the Ncol-Bglll fragment 

was cloned in the expression vector pQE-60 (Qiagen GmbH, Düsseldorf, 
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Germany) carrying a 6*His affinity tag at the 3' site of the expression box. 

Overexpression of the glgB protein in E.coli M15[pREP]4 host cells and puri

fication of the protein by Ni-NTA resin column was carried out as described by 

the manufacturer (Qiagen). 

Polyclonal antibodies were obtained using standard procedures (Maniatis et al. 

1982). As soon as the antibody titer was high enough, all serum was collected 

and stored at -20 °C. The antiserum is referred to as "anti BE serum". 

Western analysis 

For Western analysis 10 mg of starch was boiled for 5 min. with 100 ul of 

2*sample buffer (Laemmli, 1970). Samples were vortexed and spun in an Eppen-

dorf microcentrifuge at 9000*g for 5 min. Of the supernatant 10 ul (approx. 10 ug 

protein) was electrophoresed on 10% polyacrylamide-SDS gels. For the soluble 

protein fraction 50 ul was boiled with 50 ul 2*sample buffer, vortexed and spun 

as for the starch protein fraction. Of the supernatant 10 ul (± 10 ug protein) was 

applied on gel. Immunoblotting was carried out as described by Hovenkamp-

Hermelink et al. (1987) using 1:500 diluted anti BE serum. Alkaline phosphatase 

was used (2000 times diluted) as a second antibody and the antigen-antibody 

complexes were detected by incubating the membranes in the dark in 100 ul AF 

buffer (100 mM Tris-HCl pH 9.5,100 mM NaCl, 5 mM MgCl2) with 200 ul NBT 

(4-nitro blue tetrazoliumchloride; 75 mg/ml in dimethylformamide) and 200 ul 

BCIP (5-bromo-4-chloro-3-indolyl-phosphate; 50 mg/ml in H2O). The reaction 

was stopped by incubating the membranes in AF buffer. 

Soluble sugar and starch content 

The amount of soluble sugars (glucose, fructose and sucrose) and starch of 

transgenic tubers was determined as described by Kuipers et al. (1994a) 
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Analysis of starch branching degree 

The branching degree of the isolated starch was determined after isoamylase 

digestion according to the Luff-Schoorl method with slight modifications 

(Schoorl, 1925). 

100 mg starch was dissolved in 10 ml dH 20 by heating to 95 °C and 0.1 N HCL 

was added until pH 3.5 was reached. 10 mg of isoamylase (EC 3.2.1.68) was 

added (Hayashibara, Okayama 700, Japan) and the solution was incubated for 

two hours at 40 °C. From the debranched starch solution 8 grams were taken and 

added to 8.3 ml Luff-Schoorl reagens (12307 Boom BV Meppel) and boiled for 

exactly 10 min. After cooling 3.3 ml IM KI and 6.7 ml 5N H2SO4 were added and 

finally 1.7 ml 1% soluble potato starch (Sigma S2630) was added as indicator. The 

dark purple solution was titrated with 0.050 N thiosulphate until the colour 

turned light purple. After addition of 1.7 ml IM KSCN the solution was titrated 

with thiosulphate until the purple colour disappeared. The amount of added 

thiosulphate corresponded to the Luff-Schoorl number (LS number) which was 

used in the following equation to obtain the branching degree expressed in 

Dextrose Equivalents: DE = (LS/dw)*100 = % of reducing endgroups, expressed 

as glucose per dry weight. 

Average chain length determination 

The average chain length is the total carbohydrate equivalent to glucose divided 

by the number of reducing termini after isoamylase digestion; the mean length of 

the a-l,4-linked glucose chains. 

The total carbohydrate equivalent to glucose was determined by acid hydrolysis 

of the starch into glucose. To 100 ul of 0.1% starch solution, 10 ul of 100% sulfuric 

acid was added and incubated at 95 °C for two hours. The sample was 

neutralised by addition of 2N Sodiumhydroxide until the pH was 7.0. 

The number of reducing termini was determined after isoamylase digestion of a 

starch sample. To 1 ml 1% starch solution 150 ul IM Sodiumcitrate pH 5.0 was 
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added and 350 U isoamylase (Hayashibara, Okayama 700, Japan). Digestion took 

place for 16 hours at 37 °C. Glucose and reducing termini were detected by the 

Park & Johnson method (1949) with slight modifications: 

100 ul of solution I (Na2C03 54 mM, NaHCOs 110 mM, KCN 10 mM) and 100 ul 

of solution II (K3[Fe(CN)6] ) were added to 100 ul of sample (1.0% isoamylase 

digested or 0.1% acid-hydrolyzed starch sample). After incubation at 95 °C for 

exactly 15 min. the sample was cooled to room temperature and 500 ul solution 

III (NH4Fe(S04)2.12H2011 mM, H2SO4 50 mM, SDS 6%) was added. The forma

tion of colored Fe- complex was completed after 20 min in the dark and spec-

trophotometerically measured at 690 ran. Beers law holds from 0.5-3.0 ug glucose 

with the A690 between 0.05-0.820 where a linear correlation exists between the 

molar amount of glucose and the absorbance. 

Âmax determination 

From a 0.1% starch solution in 0.01 N NaOH 20 ul was added to 800 ul H2O and 

200 ulLugol : H2O (1:4) and a scan was made from 400-700 ran using a 

spectrophotometer. The Axnax was determined as the wavelength with 

maximum absorbtion. 

Chain length distribution 

Starch samples (2% w/v) were dissolved at 120 °C in dH20. The warm starch 

solution was adjusted to pH=3.5 with 0.1M HCL and isoamylase was added 

(Hayashibara) to a final concentration of 0.66 mg/ml. After 2 hrs of incubation at 

40 °C the enzyme was inactivated at 100 °C for 30 min. After cooling to room 

temperature an equal volume of 0.1M NaOH was added and the digested starch 

solution was filtered through a 0.2 uM filter. The chain length distribution was 

determined with a Dionex series 45001 fitted with a Carbopac PA1 (250*4mm) 

column and a Carbopac PA1 guard column. The flow rate was 1.0 ml/min and 

50 ul samples were injected with a Dionex automated sampler. Two eluents were 
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used. Eluent 1 (0.1M NaOH) and eluent 2 (0.5M Sodium acetate in 0.1M NaOH) 

were used according the following time-frame: 0-5 min. eluent 2, 5.1-20.1 min. 

eluent 1, 20.1-21.1 min. injection of sample, 21.1-61.6 min. gradient from eluent 1 

to eluent 2 and 61.1-71.1 min. eluent 2. Detection of reducing sugars with a 

Dionex PED amperometric detector. Data were recorded with the Dionex Al-450 

software. The data from the original HPLC chromatogram were processed 

according to a non-published method developed by Dr. J. Bergsma (AVEBE, 

Holland), which is freely available as a Lotus file. 

The HPLC chromatogram represents the linear chain distribution of the 

debranched amylopectin. Each chain contains a reducing end group which is 

detected by the Dionex PED amperometric detector. The detector response 

however is not the same for all the different chains as was reported before 

(Larew and Jonhson, 1988). The response factor for chains with a degree of 

polymerization (DP) of 1 to 7 was determined for a standard mix of malto-

oligosaccharides with known concentrations (ImM each). The response factor is 

the detector response in uCoulomb per ngram of oligosaccharide. The HPLC 

chromatogram of the standard mix was integrated according to a 100% method, 

meaning the area of each peak was expressed as the percentage of the sum of all 

peak areas. The molar sensitivity of the detector increased with each additional 

glucose to the polymer chain, up to DP = 5. The relative peak areas of chains with 

a DP > 5 were essentially the same. It was furthermore assumed that chains with 

a DP > 7 had the same response factor as the oligosaccharide with DP = 7. The 

differences in response factors for the chains with a lower DP could be the result 

of the relative large influence of adding one or two glucose units on the redox 

status of the reducing group. The chromatograms of the debranched starch 

samples were integrated according to the 100% method and corrected for the 

response factors found for the standard malto-oligosaccharide mix to obtain a 

number percentage distribution. From the number percentage distribution a 

weight distribution could be calculated according to the following equation: 
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Ni*{180 + (i-l)*162} 

Wi = 

Zi Ni * {180 + (i-1) * 162} 

i = DP of the oligo 

Wi = weight percentage of oligo i 

Ni = number percentage of oligo with DP = i 

The group of chains with a DP > 35 were called the B-rest group and consisted of 

B2, B3 and B4 chains. The chains which were represented in the HPLC 

chromatogram were the A and the Bi chains. To divide the chains in A and Bi 

chains three assumptions were made based on findings in the literature: the first 

assumption is that the mean length of the A chains was DP = 13. Secondly, no Bi 

chains have a DP < 13'. And also the distribution of A chains was symmetrically 

around 13. 

With these assumptions the chain length distribution was interpreted and the 

chains were divided in A and Bi chains. The resulting A:Bi chain ratios of 1.2:1.0 

for starch from untransformed plants were consistent of those described in 

literature (Manners, 1989) where for potato amylopectin a ratio of A:Bi chains 

was found of 1.0 to 1.5:1.0. 

Finally the results of this method were compared with the results of GPC (Gel 

Permeation Chromatography according to the method of Hizukuri, 1986) which 

displays a weight distribution of the different fractions of chains of debranched 

amylopectin. Comparison between the two methods showed that in spite of the 

assumptions made in the here presented method both methods yield the same 

weight distribution of A, Bi, and B-rest chains for potato tuber starch. 
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Results 

Molecular analysis of transgenic plants 

After transformation of the diploid amf potato clone 1029-31 with the binary 

construct pBi909EC (Fig.l) by Agrobacterium tumefaciens, 40 independent shoots 

qBSSpya&j gfeB EcaK jSfosT 

Figure 1. Construct pBi9Ü9EC used for transformation. 
The glgB gene of E.coli was cloned behind the potato GBSS promoter plus transitpeptide 
sequence including the first two aminoacids after the splice site of GBSS protein and in 
front of the Nopaline synthase terminator sequence (NosT), in between the left-, and 
right border (LB and RB) sequences of vector pBIN19. Selection of transgenic plants was 
based on the Neomycinphosphotransferase (NPTII) gene conferring kanamycin resis
tance. 

were harvested and tested for root growth on a kanamycin containing MS 

medium. The 34 transgenic root-forming shoots were multiplied and transferred 

to the greenhouse for tuber development. From each transformed plant tuber 

RNA was isolated to determine expression of the heterologous glgB gene. 

Northern blots were hybridized to the 32P-labeled coding sequence of the E.coli 

glgB. In almost every plant tested, mRNA expression of the heterologous gene 

was detected (Fig.2). 

24 



-Expression of E.coli glgB in potato 

1 2 3 4 5 6 7 8 9 10 

% ' # 
-I'S? 

•» •«"IMHK '• '• -w »e* 
(.•• 

Figure 2. Northern blot hybridization of total tuber RNA of transgenic potato tubers. 
40 ug of total tuber RNA was applied per lane, blotted on a hybond filter and hybridized 
to 32-P labeled E.coli branching enzyme probe. Lane 1 contains RNA from 1029-31, the 
untransformed control, lanes 2-10 contain RNA from the transformants EC-13, EC-15, 
EC-17, EC-20, EC-21, EC-22, EC-25, EC-26 and EC-28. 

Western blots were prepared from soluble and starch fractions of the transfor

med tubers. The heterologous gene product was detected in the starch (Fig.3A) 

as well as in the soluble fraction of the transgenic tubers (Fig.3B) 

The size of the protein found in the starch fraction of amyloplasts (approx. 85 

kDa) suggested that processing occurred at the splice-site as expected and the 

transitpeptide was cleaved off at the splice-site. The multiple bands that could be 

observed in the soluble fraction could be non processed or partially degraded 

forms of the bacterial protein. If the GBSS transitpeptide has been cleaved of 

during amyloplast targeting the expected size of the mature E.coli branching 

enzyme is 84 kDa which was confirmed by Western analysis. The amount of 
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Figure 3. Western blot of soluble-, and starch protein fractions of transformed potato 
tubers. 
A. Protein from 10 mg of starch was electrophoresed on an SDS-polyacrylamide gel, 
blotted and immunostained. Lane 1 contains protein from the untransformed control 
1029-31, lane 2-6 contain protein from the following transformants; EC-2, EC-3, EC-7, 
EC-13 and EC-20. Lane 7 contains 10 pg of purified E.coli branching enzyme. 
B. Protein from the soluble protein fraction of transformed tubers, the same numbers as 
mentioned in A. 10 |ig of protein was applied in each lane. 

heterologous branching enzyme in the starch fraction corresponding to the signal 

found was as high as 0.1 % of both total soluble and starch protein. 

Southern blots were prepared to determine the minimum number of T-DNA 

inserts integrated in the genome of transformed plants. The number of E.coli glgB 

carrying T-DNA inserts ranges from one to four (data not shown). 

Branching degree of starch 

The degree of branching of starch of the transgenic tubers was determined using 

the Luff-Schoorl method. The branching degree expressed in Dextrose 

Equivalent (DE) for untransformed potato starch was 3.8 ± 0.3, the DE of 

glycogen was 12 ± 0.5. The DE for the transformed plants ranged from 3.8 - 4.9 
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(Table 1). For several transformants the branching degree of the starch was 

significantly higher compared to the untransformed or GUS-transformed con

trols. The DE of starch of transformants EC-17 and EC-20 was 4.8 and 4.9 res

pectively which means a 25% increase in number of branchpoints, compared to 

the value of the control (3.8). 

Table 1. Determination of branching degree of starch of transformed tubers expressed in 
Dextrose Equivalent (DE). 
1029-31 is an untransformed control, 8706-3 is a control transformed with a GUS gene 
containing construct. The values are the average mean of at least two measurements of 
starch isolated from tubers grown in one (*) or two following years. Transformants EC-7, 
-17, -20, -21, and -25 have a significantly higher branching degree compared to the 
(un)transformed controls. 

Transformant 

EC-3 
EC-7 
EC-13 
EC-15 
EC-17 
EC-20 
EC-21 
EC-22 
EC-25 
EC-28 

1029-31 
8706-3 

DE 

4.1 ±0.25 
4.6 ±0.05 
4.6 ±0.65 
4.4 ±0.2* 
4.8 ± 0.2 
4.9 ± 0.1 
4.7 ±0.4* 
4.3 ±0.25* 
4.4 ±0.15* 
4.1 ±0.2* 
3.8 ±0.3 
3.8 ±0.2 

Further biochemical characterisation of transformed plants 

After Western analysis and determination of branching degree of the starch three 

transformants were selected for further biochemical research. Transformant EC-

20 was chosen because it showed the highest branching degree and transformant 

EC-3 was picked because it showed no increased branching degree of the starch 
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at all. Transformant EC-13 was picked at random. 

fanax 

As the branching degree of glucose polymers increases, the Imax of an iodine 

stained solution will decrease (Tolmasky & Krisman 1987). A decrease in 

absorbtion maximum could be seen when a starch solution of transformants was 

stained with Lugol and scanned on a spectrophotometer. A shift of the maximum 

absorbance to a lower wavelength (550 nm) could be seen for starch of trans

formant EC-20 and EC-13 compared to EC-3 and the (un)transformed control 

which both showed a tanax of 555 nm (Table 2). 

Table 2. Average chain length and Xmax determination of transgenic starches. 
The Xmax is determined after iodine staining of a 0.1% starch solution in 0.01N NaOH 
and scanning the spectrum from 400-700 nm. The average chain length is determined by 
dividing the number of reducing ends after isoamylase digestion by the number of 
reducing ends after total hydrolysis of starch to glucose. The reducing ends are determi
ned by the Park and Johnson method (1949). 

Transformant tanax (nm) Clav. 

EC-3 
EC-13 
EC-20 

Control 

555 
551 
550 
555 

26 ±1.5 
23 ±1.2 
22 ±0.1 
25 ±0.7 

Average chain length 

The average chain length of the cc-1,6 linked side chains was determined as 

described. From the transformants tested, numbers EC-20 and EC-13 have a 

decreased value for the average chain length. The average chain length of EC-20 

starch is 22 glucose residues whereas untransformed potato starch has an 

average chain length of about 25 glucose residues (Table 2). 
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Chain length distribution 

Of the three transformants tested, EC-3, -13 and -20, only EC-20 showed a 

different side chain length distribution compared to the control(s) (Fig. 4). 

a 

' *&•*»* 
* * • * • • • • . 

_i 1_ 
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Figure 4. Chain length distribution of amylopectin of transformed potato clone EC-20 (-
•-) expressing E.coli branching enzyme and control 8706 (-o-). 
Amylopectin was debranched with isoamylase and separated on a Dionex series with a 
Carbopac PA1 column and guard column. A Dionex PED amperometric detector was 
used to detect the reducing sugars. Glucose, maltose-maltoheptose were used as stand
ards. Glucan molecules which differ one glucose residue in length are separated up to a 
degree of polymerization (dp) of 36. The amount of chains of a certain length is given as 
the percentage of the total number of chains. 

The amylopectin of EC-20 starch contained more chains with a degree of 

polymerization (dp) lower than 16 glucose monomers compared to the 

transformed control 8706-3,1029-31 and industrial starch (data of the latter two 

not shown). According to the model for amylopectin structure proposed by 

Hizukuri (1986), side chains are designated A, Bi, B2, B3 and B4 chains depending 
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on their size. The A chains wich carry no other chains have an average dp of 12-

16, the Bi chains which carry an A or another B chain have an average dp of 20-24 

and the B2, B3 and B4 chains (which extend in two or more clusters) have an 

average dp of respectively 45, 74 and 104. In this experiment the group of chains 

with a dp < 16 are called the A chains, the Bi chains are the chains with a dp from 

16-36 and the chains with a dp >36 , containing the B2, B3 and B4 chains are 

designated B-rest. 

Because of the increase in chains with a dp of < 16 from 43 to 62% of the total 

number of chains, the ratio A:Bi chains is 2.3 for EC-20 starch, nearly twice as 

high compared to the control. The ratio short : long chains (A+Bi : B rest) for 

amylopectin of EC-20 has also increased as a result of the increase in chains with 

a dp < 16. For the control as well as for transformant EC-3, which do not show an 

increased branching degree, the ratio short : longer chains is 3:1 ; for transfor

mant EC-20 this ratio is 9:1, so the ratio is three times higher. 

Table 3. Chain length distribution of isoamylase debranched amylopectin separated by 
Dionex HPAEC-PAD. 
As a control untransformed 1029-31 was used; EC-3 is a transformed plant with no 
increased branching degree and EC-20 is a transformed plant with a 25% increased 
branching degree of the amylopectin. 

Plant 

Control 

EC-3 

EC-20 

A 

43.1 

42.6 

62.8 

Bj 

31.8 

35.0 

27.3 

Ratio A:Bi 

1.3 

1.2 

2.3 

A+Bi 

74.9 

77.6 

90.1 

B-rest 

25.1 

22.4 

9.9 

Ratio A+Bi:B-rest 

3.0 

3.4 

9.1 

Average chain length (in dp) of different types of chains according to Hizukuri's cluster 
model for amylopectin : dp of A-chains < 16, dp of Bi chains < 36, 
B-rest is the fraction of chains with a dp > 36 (containing the B2, B3 and B4 chains). 
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Soluble sugar and starch content 

Mature tubers were taken two weeks after harvest from greenhouse grown 

plants and glucose, fructose, sucrose and starch were determined. The amount of 

starch in transformed plants is the same as for the non-transformed control, 

about 5-8% of the fresh weight is starch. The soluble sugar content also has not 

changed upon transformation or as a result from a higher branching degree 

(Table 4). 

Table 4. Soluble sugar and starch content of mature transgenic tubers. 
Glucose, fructose, sucrose and starch content are expressed as the percentage of fresh 
weight (w/w). The average percentage is the mean of two independant measurements 
from a mixture of grinded tubers from two different plants, grown under the same 
conditions. 

Transformant 

EC-3 

EC-13 

EC-20 

1029-31 

8706-3 

Glucose 

1.8 ±1.7 

1.7 ±0.9 

2.4 ±1.1 

4.6 ± 2.5 

1.3 ±1.1 

Fructose 

2.5 ±0.4 

1.5 ±0.6 

4.0 ±2.0 

5.7 ±3.2 

2.8 ±1.3 

Sucrose 

2.6 ± 0.3 

1.9 ±1.2 

2.4 ±1.2 

2.1 ±0.9 

2.3 ± 1.3 

Starch 

4.9 

6.8 

8.5 

5.2 

7.2 

Discussion 

Transgenic potato plants were obtained which expressed the E.coli gene encoding 

branching enzyme driven by the GBSS promoter of potato as was shown by the 

presence of mRNA for E.coli branching enzyme in tubers of transformed plants. 

Targeting of the E.coli branching enzyme was carried out by the potato GBSS 

transitpeptide. The chimeric branching enzyme was found in the tubers of 
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transgenic plants both in the soluble and in the granule bound protein fraction 

and seemed to be processed correctly. 

Enzymatic activity of the E.coli branching enzyme in potato was confirmed by 

analysis of the starch branching degree. A 25% increase in branching degree of 

amylopectin of several transformants could be observed. The total soluble sugar 

and starch content of the transformed tubers did not seem to have changed, 

indicating no gross disturbances of the starch granule biogenesis. Other charac

teristics of the starch such as average chain length and Xmax values, were found 

to be lower for the transgenic starches compared to the (un)transformed controls, 

indicating a more branched structure. As the potato genotype used for transfor

mation was amylose free, all changes in starch structure concern only amylopec

tin. The increase in branching degree (DE) of starch of EC-20 could be explained 

by its chain length distribution as was seen after isoamylase digestion and HPLC 

separation. Up to 20% more short chains (dp < 16) were present in the amylo

pectin of EC-20 starch. The ratio A:Bi chains had nearly doubled and the ratio 

A+Bi:B-rest chains had tripled. This ratio of 9:1 for shortlonger chains was never 

before found to be this high for potato starch. The highest ratio found before 

(A:Bi), with a value of 5.7:1 was reported by Shewmaker et al. (1994) after 

transforming potato with the glycogen synthase (glgA) encoding gene of E.coli. 

Our findings of an increase of the amylopectin branching degree by introduction 

of the glgB of E.coli are in contrast to earlier reports by Krohn et al. (1994) who 

expressed the glgB of E.coli in the amyloplast of wild-type potato. No effect could 

be seen in starch composition, except for a slightly higher amylopectin percen

tage and a small difference in granule surface morphology. In our transformants 

no change in granule surface morphology was detected but for the presence of 

more small granules (< 10 urn, data not shown). The two experiments differ in 

the expression signals used (GBSS versus Patatin) promoter, GBSS transitpeptide 

versus transitpeptide of the small subunit of Rubisco) and in the genetic 

background of the transformed potato (amf, 2n=2x versus wild-type variety 
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Russet Burbank 2n=4x) which may explain the differences, or a possible 

difference in expression level. 

The highest branching degree found for transgenic starch is DE= 4.9, which is 

low compared to glycogen with a DE of 12. This relative low effect of the E.coli 

branching enzyme can possibly be attributed to a low activity of the protein. Low 

activity of the introduced protein may have been caused by post-translational 

modifications or explained by the assumed fact that complex formation of solu

ble starch synthase and branching enzyme is considered necessary for branching 

activity (Smith 1994). This complex formation may be difficult to realise with a 

heterologous protein such as E.coli branching enzyme due to possible differences 

in secondary structure. Aside from the possibly disfavorable properties of the 

E.coli branching enzyme there is the presence of the endogenous potato bran

ching enzyme to consider, which will be most probably in competition with the 

heterologous protein for substrate and/or soluble starch synthase. 

In this paper we have shown that as a result of introduction of the E.coli 

branching enzyme in potato the branching pattern of the amylopectin changed: 

an increased amount of oc-1,6 branchpoints as a result of a shift in the distribution 

of side chains. These results agree with the proposed model for amylopectin 

synthesis (Kram, 1995) in which soluble starch synthase is stated to be respon

sible for side chain length, while branching enzyme determines the minimum 

distance between two branchpoints. 

Further analysis of these types of starches with an increased branching degree 

will reveal what the effect is of the altered structure of the starch on the physical 

properties of the starch such as swelling and visco-elastic behaviour. 
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Chapter 3 

Branching of amylose and amylopectin after introduction 

of bacterial branching enzyme genes (glgB) in potato: 

Substitution of amylose by an intermediate fraction. 

Abstract 

The branching enzyme genes (glgB) of Escherichia coli and Anacystis nidulans were 

introduced and expressed at the mRNA and protein level in potato clones with 

normal amylose-containing and with amylose-free starch. Four different 

constructs were tested after transformation which varied in targeting signals 

fused to the glgB sequence. The different constructs contained different glgB 

genes and signals to drive expression and targeting. The effect of the introduced 

heterologous branching enzymes was an increase of the branching degree of the 

starch. Construct pB^tpssuEC, carrying the glgB gene of E.coli under the control 

of the potato GBSS promoter and the transitpeptide of the small subunit of 

Rubisco (SSU) of potato, was shown to be most effective in causing an increased 

branching degree of the starch in both the amylose-free and in the amylose 

containing background. The degree of branching of the starch, expressed as 

Dextrose Equivalent (DE) was increased but appeared never to be higher than 

approximately 5. This is an increase of 25-35% compared to the DE values of the 

untransformed controls. In some amylose-containing transformants with an 

increased starch branching degree, the amount of amylose had decreased as a 

result of branching of the amylose by the introduced heterologous branching 

enzymes. In these cases, gel permeation chromatography showed that amylose 

was replaced by an intermediate fraction with a higher degree of branching. 
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Branching ofamylose and amylopectin 

Introduction 

In higher plants the major reserve polysaccharide, starch, is stored in a granular 

form. Starch consists of a mixture of cc-D glucose polymer chains which are either 

essentially linear (amylose) or branched (amylopectin). Synthesis of starch in the 

amyloplast involves the combined action of a number of enzymes starting with 

AGPase which synthesizes ADP-glucose. In the next step, the glucosyl part of 

ADP-glucose is linked to the nonreducing end of a preexisting glucan chain by a 

starch synthase, forming an a-1,4 linkage while releasing ADP. Branching of 

linear a-1,4 chains is catalyzed by branching enzymes, which hydrolyze an a-1,4 

linkage within a chain and then form an a-1,6 linkage between the reducing end 

of the chain (which was cut) and another glucose residue, probably from the 

hydrolyzed chain (Martin and Smith, 1995). Analogous to starch biosynthesis, 

glycogen synthesis occurs in bacteria and animals. Glycogen is a highly branched 

molecule consisting of a-1,4 linked chains with a-1,6 branches. The difference 

between starch and glycogen lies in the highly ordered structure of amylopectin, 

as opposed to glycogen, resulting in the crystalline nature of starch and in the 

much higher amount of a-1,6 branchpoints for glycogen (Preiss and Walsh, 

1981). In addition to inhibiting gene functions involved in starch biosynthesis by 

antisense genes or co-suppression, introduction of foreign genes is also used to 

alter starch composition. The introduction and expression of the Klebsiella sp. 

cyclodextrin glycosyl transferase gene in potato resulted in a unique type of 

starch with a relatively high amount of cyclodextrins (Oakes et al, 1991). The 

genes from the glycogen synthesis operon of E. coli, gig A, B and C have been, 

one by one, expressed in potato. Expression of a modified form of the glgC gene, 

the ADP-glucose pyrophosphorylase in potato variety Russet Burbank, resulted 

in an increased amount of starch (Stark et al, 1992). Expression of the glycogen 

synthase gene, glgA, led to a reduction of starch content and an altered potato 

starch composition, like a lowered amylose content and an increased branching 
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