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RESEARCH

Wheat provides approximately one fi fth of the calories 
consumed by the human population and is an important 

source of the carbohydrates, proteins, fats, vitamins, and miner-
als that contribute to a healthy human diet (FAO, 2006). Since 
starch is the major component of the wheat kernel (~50–70% of 
its dry weight), any improvements in its nutritional composition 
have the potential to deliver benefi ts to a large number of people. 
An important component of starch nutritional value is the rela-
tive proportion of amylose (a linear chain of D-glucose molecules 
containing few branches) and amylopectin (a highly branched 
polysaccharide) (reviewed in Ball and Morell, 2003).

In wheat, amylopectin represents 70 to 80% of the starch 
dry weight in the grain and is readily digested by humans and 
other mammals. Amylose represents the other 20 to 30% of the 
starch dry weight and tends to form complexes that are resistant 
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to digestion and produce a similar physiological eff ect as 
fi ber (Ball and Morell, 2003; Botticella et al., 2011). Starch 
that is physically inaccessible to α-amylase digestion in 
the human small intestine is defi ned as resistant starch 
(Englyst and Macfarlane, 1986). In cooked foods, 
amylose molecules reassociate rapidly during the cooling 
process and form complexes that resist digestion whereas 
amylopectin molecules reassociate slowly and are more 
readily digested. Because of these characteristics, food 
products made from fl ours with higher amylose content 
contain more resistant starch. Amylose and resistant starch 
content are defi ned in this study as the percent amylose 
or resistant starch relative to the total starch in the grain.

As with fi ber, increased consumption of resistant starch 
has been associated with reduced risk of diseases such as 
diabetes, obesity, heart disease, and cancers of the colon and 
rectum (Behall et al., 2006; Faivre and Bonithon-Kopp, 
1999; Hendrich, 2010; Park et al., 2004; Yamada et al., 2005). 
Reduced starch digestion in the small intestine decreases 
the rate of glucose entering the bloodstream, which in turn 
reduces the demand for insulin and lowers the glycemic 
index of the consumed food. In addition, the starch that is 
not digested in the small intestine moves to the large bowel 
and is fermented to short chain fatty acids that play important 
roles in large bowel function and have been associated with 
increased satiety (Granfeldt et al., 2006; Willis et al., 2009).

Although normal amylose content in the wheat grain 
is relatively low (20–30%), it can be increased by down 
regulating the transcript levels of genes involved in the 
synthesis of amylopectin since both pathways use adenosine 
diphosphoglucose as substrate (Regina et al., 2006; Sestili et 
al., 2010). The main enzyme involved in amylose synthesis 
is the granule bound starch synthase (GBSSI) whereas 
amylopectin is produced by the concerted action of starch 
synthases (SSI, SSII, and SSIII), starch branching enzymes 
(SBEI, SBEIIa, and SBEIIb), and starch debranching enzymes 
(Sestili et al., 2010). The key enzyme for the addition of 
branching points during starch synthesis is SBEII, which is 
a transglycosylase enzyme (EC 2.4.1.18). Starch branching 
enzymes catalyze the formation of α-1,6 branches within 
α-glucan chains by cleaving internal α-1,4 links followed 
by reattachment of the cleaved glucan to another chain via 
an α-1,6 linkage (Ball and Morell, 2003). In cereals there 
are two isoforms of SBEII, designated SBEIIa and SBEIIb 
(Boyer and Preiss, 1978). Each isoform has unique roles in 
creating glucan branches of distinct lengths but also have 
some overlapping functions (Butardo et al., 2011). In wheat, 
these isoforms are encoded by genes located on the long 
arm of chromosomes from homeologous group 2 (Rahman 
et al., 2001; Regina et al., 2005).

Starch branching enzyme IIa is the major isoform in 
the soluble phase of the wheat endosperm and therefore 
was hypothesized to play a major role in determining 
glucan branching and the proportion of amylose and 

amylopectin in the wheat grain (Regina et al., 2005). 
Silencing of starch branching enzyme IIa (SBEIIa) by RNA 
interference (RNAi) in hexaploid wheat (Triticum aestivum 
L.) showed a concomitant downregulation of SBEIIb and 
resulted in starch containing up to 70% amylose whereas 
plants with reduced transcript levels of SBEIIb alone 
showed no signifi cant diff erences in amylose content in 
the grain (Regina et al., 2006). Experiments in durum 
wheat [Triticum turgidum L. subsp. durum (Desf.) Husn.] 
using RNAi to target the SBEIIa gene also showed large 
increases in amylose content (Sestili et al., 2010). In barley 
(Hordeum vulgare L.), transgenic RNAi plants with reduced 
levels of SBEIIb protein showed no signifi cant diff erences in 
amylose content whereas those with reduced levels of SBEIIa 
protein showed intermediate amylose content. Transgenic 
lines with reduced levels of SBEIIa and SBEIIb showed the 
highest amylose content (Regina et al., 2010). Considered 
together, these experiments support a central role of SBEIIa 
in the determination of the amylose:amylopectin ratio in 
the wheat grain but also suggest that SBEIIb has a signifi cant 
eff ect on amylose content in the absence of SBEIIa.

The contribution of the individual SBEIIa copies from 
the diff erent wheat genomes (homeologs) to grain amylose 
content is not known. This information is important for wheat 
breeding programs and can help determine the best mutation 
combinations to obtain an adequate amylose:amylopectin 
balance to maximize the nutritional benefi ts of resistant 
starch without compromising end product quality.

In this study, we used our recently developed tetraploid 
wheat TILLING (targeted induced local lesions in genomes) 
population (Uauy et al., 2009) to identify mutations in the 
A and B genome copies of the two SBEII paralogs (SBEIIa 
and SBEIIb) and to generate nontransgenic durum wheat 
lines with increased amylose and resistant starch content. 
The contribution of the individual and combined SBEIIa 
homeologs to grain amylose and resistant starch content was 
also evaluated. Finally, we intercrossed SBEIIa and SBEIIb 
mutants to determine the genetic distance between these 
two paralogs and to combine mutations in the two paralogs 
in coupling. We are making all the mutants generated in 
this study publicly available to accelerate the development 
of pasta varieties with increased resistant starch content.

MATERIALS AND METHODS

Development and Characterization 
of SBEII Mutants

Detection of SBEIIa and SBEIIb TILLING 
Mutations and Growth Conditions
SBEII mutants were selected from a TILLING population of 

the Desert durum variety ‘Kronos’, which was developed by 

Arizona Grains Inc. from a male sterile population (selection 

D03-21). Mutations were identifi ed in a region of the SBEIIa 
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progeny we selected sib lines with the following genotypes: one 

genotype homozygous for wild-type alleles to be used as control, 

one genotype for homozygous mutations in the A genome alone 

(ΔA), two genotypes for homozygous mutations in the B genome 

alone (ΔB1 and ΔB2), and two genotypes for homozygous muta-

tions in both genomes (ΔAΔB1and ΔAΔB2) (Fig. 2). Plants car-

rying the targeted mutations were selected in each generation by 

sequencing, using the same genome specifi c primers designed to 

screen the TILLING population (Uauy et al., 2009).

Eight plants per genotype were grown in a completely 

randomized design under controlled conditions (greenhouse at 

20–25°C and long day photoperiod). After reaching complete 

maturity grains were harvested from each of the eight plants per 

genotype (48 samples). Kernel weight was estimated from the 

weight of ~100 kernels per plant and grain moisture was deter-

mined for each sample at the California Wheat Commission 

Milling and Baking Laboratory using AOAC Offi  cial Method 

925.10 (AOAC, 2000). Whole grains were then ground in a 

UDY Cyclone Mill (UDY Corporation) using a 0.5 mm screen.

Determination of Amylose Content
Relative amylose content was determined for 25-mg samples of 

whole-grain fl our using the AMYLOSE/AMYLOPECTIN 

and SBEIIb genes between exons 4 and 9 (Fig. 1) using genome 

specifi c primers described previously (Uauy et al., 2009). The 

DNA coordinates for the SBEIIa and SBEIIb mutations listed 

in Table 1 are determined from the fi rst base pair of the corre-

sponding GenBank accessions whereas protein coordinates are 

determined from the initial methionine. The mutation names 

include a letter before the coordinate representing the base or 

amino acid in the wild-type allele and a letter after the coordi-

nate indicating the new base or amino acid. Mutations resulting 

in a premature stop codon are indicated by an asterisk (*) and 

those resulting in the loss of a splicing site by a hash tag (#).

The potential disruptive eff ect of amino acid substitutions 

on the protein function was evaluated using the programs SIFT 

(sorting intolerant from tolerant) (Ng and Henikoff , 2003) and 

position-specifi c scoring matrices (PSSMs) as reported before 

for the WKS1 protein (Fu et al., 2009).

For the SBEIIa gene we selected one mutant for the A 

genome (henceforth SBEIIa-A will be referred to as ΔA) and 

two for the B genome (henceforth SBEIIa-B will be referred 

to as ΔB1 and ΔB2). These mutants were backcrossed twice to 

Kronos to reduce background mutations and the backcross lines 

with mutations in diff erent SBEIIa homeologs were intercrossed 

to combine the diff erent mutations (Fig. 2). From the segregating 

Figure 1. Structure of the SBEIIa and SBEIIb genes and location of the primers used to screen the tetraploid Kronos TILLING (targeted 

induced local lesions in genomes) population (   ) and the selected mutants. T4 numbers indicate the line identifi cation number and 

the numbers below the effect of the mutation on the protein. Mutation effects are described using a number for the position of the amino 

acid change, a letter on the left describing the original amino acid, and a letter on the right indicating the new amino acid (* indicates 

premature stop codon and # a deleted splicing site). Rectangles represent exons. Mutations in the A genome are indicated above the 

gene structure and mutations in the B genome below the gene structure.

Table 1. Selected tetraploid TILLING (targeted induced local lesions in genomes) mutants

Gene Genome Line DNA† GenBank DNA/protein Effect

SBEIIa A T4-2179 G401A GQ254774/CCD41775 W220* (stop codon)

SBEIIa B T4-1214 G1347A GQ254777/CAR95900 E296# (splice junction)

SBEIIa B T4-2633 C1370T GQ254777/CAR95900 P303L (BLOSUM62§ = –3)

SBEIIb A T4-2574 G308A GQ254780/AK335378‡ S208# (splice junction plus stop)

SBEIIb B T4-764 C1290T GQ254781/AAW80631 P283L (BLOSUM62 = –3)

†DNA coordinates based on Triticum turgidum cultivar Kronos partial genomic sequence used for TILLING (Uauy et al. 2009) and protein coordinates are based on complete 

protein sequences from the corresponding genome in Triticum aestivum cultivar Chinese Spring except for SBEIIb-B for which there is no complete protein available (the 

P283L coordinate is based on the A and D genome proteins that show the same position).

‡AK335378 is a DNA sequence for a complete complementary DNA (cDNA) of SBEIIb-A genome but has a missing “g” after position 2040, which results in a shift in the 

reading frame. The extra “g” is present in the corresponding cDNA GD188500.

§BLOSUM, block substitution matrix for pairwise protein sequence alignments (Henikoff, 1992).
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kit developed by Megazyme International (catalog number 

K-AMYL), following the manufacturer’s instructions. The pro-

cedure is a modifi cation of a concanavalin A (Con A) method 

developed by Yun and Matheson (1990) that uses an ethanol pre-

treatment step to remove lipids prior to analysis (modifi ed from 

Morrison and Laignelet [1983]). In this assay, the starch compo-

nent in the whole-grain fl our samples is dispersed by heating in 

dimethyl sulfoxide. Lipids are removed by precipitating the starch 

in ethanol and recovering the precipitated starch. The precipitated 

sample is dissolved in an acetate–salt solution and amylopectin is 

precipitated and removed from the sample by the addition of Con 

A followed by centrifugation. The amylose is then enzymatically 

hydrolyzed to D-glucose by an amyloglucosidase (AMG) and 

α-amylase enzyme mixture and measured colorimetrically using a 

glucose oxidase–peroxidase (GOPOD) reagent. The total starch is 

measured in a similar way using a separate aliquot of the initial ace-

tate–salt solution. The relative amylose content in the initial starch 

sample is estimated as the ratio of the GOPOD reagent absorbance 

at 510 nm of the supernatant from the Con A precipitated sample, 

to that of the total starch sample.

Determination of Resistant Starch Content
Relative resistant starch content was determined for 100-mg 

samples of whole-grain fl our using the RESISTANT STARCH 

kit developed by Megazyme International (catalog num-

ber K-RSTAR, AOAC Offi  cial Method 2002.02 and AACC 

Method 32-40 [McCleary et al, 2002]). In this assay, pancreatic 

α-amylase and AMG are added to whole-grain fl our samples that 

are then incubated at 37°C with shaking for 16 h. During the 

incubation, the nonresistant starch is solubilized and hydrolyzed 

to D-glucose. The reaction is terminated by addition of etha-

nol and the resistant starch in the sample is recovered as a pellet 

after centrifugation. The resistant starch pellet is washed twice 

in 50% v/v ethanol and dissolved in 2 M potassium hydroxide. 

The solution is neutralized using an acetate buff er and the starch 

is quantitatively hydrolyzed to glucose using AMG. D-glucose 

is measured using GOPOD reagent absorbance at 510 nm, pro-

viding a measure of the resistant starch content of the sample. 

The nonresistant starch (solubilized starch) is determined by 

combining the original supernatant and washing supernatants 

and measuring an aliquot using GOPOD reagent absorbance at 

510 nm. Both solubilized and resistant starch are calculated on a 

dry weight basis incorporating relative moisture values and fol-

lowing instructions provided in the Megazyme RESISTANT 

STARCH kit manual (McCleary et al., 2002).

Data Analysis
To account for potential variation among assays performed on 

diff erent days, one or two complete sets of samples including all 

six genotypes was measured each day, and day of assay was then 

included as a block in the statistical analyses (randomized com-

plete block design). Means of the individual mutant lines were 

compared with the wild-type sib line using a Dunnett test. The 

ANOVA assumptions were tested using the Shapiro-Wilk’s test 

for normality of residuals and Levene’s test for homogeneity of 

variances. All statistical analyses were performed using SAS 9.2 

(SAS Institute, 2011).

Because the amylose determinations were more variable 

than the resistant starch determinations, we performed two 

amylose assays for each sample (two subsamples) and averaged 

them to increase the precision of the statistical analyses.

Scanning Electron Microscopy of Purifi ed 
Starch Granules
Scanning electron micrographs were generated using purifi ed 

starch from two ΔAΔB1 double mutants and two wild-type 

sib lines. Starch was purifi ed from 10 mature seeds per sample 

using a previously described protocol (Uhlmann and Beckles, 

2010). The purifi ed starch was coated onto carbon double stick 

discs (Pella) mounted onto 12-mm aluminum stubs (Pella) and 

Figure 2. Crossing scheme used to reduce the background mutations and to combine the different mutations. 2 BC indicates two 

backcross generations to the wild-type Kronos line and ⊗ indicates self-pollination. Mutations were followed at each stage by sequencing 

the segregating lines.
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sputtered with gold on a BioRad Polaron sputter coater (Model 

E51090). Starch granules were imaged at 500x using a FEI/

Phillips XL30 SFEG Scanning Electron Microscope.

Determination of Genetic Distances between 
SBEIIa and SBEIIb
Backcross two F

2
 plants (BC

2
F

2
) homozygous for SBEIIa and 

SBEIIb mutations in the same genome were intercrossed (Fig. 

2). The heterozygous F
1
 plants were self-pollinated and the seg-

regating plants were genotyped by sequencing using the genome 

specifi c primers designed to screen the TILLING population 

described previously (Uauy et al., 2009). Recombination frac-

tions were converted to centimorgans using the Kosambi func-

tion (Kosambi, 1944) and standard deviations were calculated 

using standard formulas (Allard, 1956).

RESULTS

Description of the Mutants and Generation 
of Double SBEIIa Mutants
In the tetraploid wheat TILLING population (1368 lines), 
we detected 58 and 35 mutants for SBEIIa and SBEIIb, 
respectively, corresponding to an estimated mutation 
density of at least one mutation per 68 kb. Sequencing 
confi rmed that all 93 mutations were G-to-A or C-to-T 
transitions as expected from alkylation by ethyl methane 
sulfonate (EMS). Out of the 93 mutations 28% were mis-
sense mutations and 5.4% were truncations.

We selected one mutant containing a mutation in the 
A genome copy of SBEIIa (SBEIIa-A) and two mutants 
containing mutations in the B genome copy of SBEIIa 

(SBEIIa-B) (Fig. 1; Table 1). The G-to-A mutation selected 
for the A genome in line T4-2179 resulted in an amino acid 
change from a tryptophan at position 220 into a premature 
stop codon (henceforth, W220* or ΔΑ). Since this 
mutation is predicted to eliminate more than 70% of the 
SBEIIa protein, including the complete α-amylase catalytic 
domain, it is expected to result in a null allele.

For the B genome copy of SBEIIa no premature stop 
codon was detected, so we selected a G-to-A mutation in 
line T4-1214 that resulted in the loss of the canonical splicing 
acceptor site AG at the end of intron 8 (henceforth E296# will 
be referred to as ΔB1; Fig. 1; Table 1). The fi rst two codons 
of exon 9 located immediately after the mutated splicing site 
have potential in-frame splicing sites. If any of these putative 
alternative splicing sites were used by the spliceosome, the 
resulting protein would lose only one or two amino acids 
(Glu296 and Lys297). Even under this scenario, this mutation 
is expected to disrupt SBEIIa function because these two 
amino acids are at the beginning of the well conserved 
α-amylase catalytic domain (Fig. 3). As a backup, we selected 
a second SBEIIa-B mutant, T4-2633, that carries a C-to-T 
mutation expected to generate a proline to leucine change 
in exon 9 at position 303 (P303L is referred to hereafter as 
ΔB2). This position is highly conserved in starch branching 
enzymes in plants (Fig. 3) and is located at the beginning of 
the (β/α)8-barrel region, before the fi rst β strand. Analysis 
of the PSSM for the α-amylase catalytic domain (cd11321) 
suggests that proline is the most common amino acid at this 
position whereas leucine is not found at this position in any 
bacterial or eukaryotic branching enzyme. This amino acid 

Figure 3. Selected mutations for the B genome copy of the predicted starch branching enzyme (SBEIIa) protein. The E296# mutation 

results in the elimination of the splicing site between exons 8 (gray) and exon 9. The P303L mutation affects a highly conserved amino 

acid within the catalytic domain of the starch branching enzyme (line below sequences).
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substitution has a highly negative block substitution matrix 
for pairwise protein sequence alignments (BLOSUM) 62 
(Henikoff , 1992) value of –3, which is indicative of a high 
probability of a disruptive change in the structure and/or 
function of the resulting protein. The potential disruptive 
eff ect of this mutation was also supported by a highly negative 
PSSM score (–5) and a low SIFT (Ng and Henikoff , 2003) 
score (0.01).

For the SBEIIb gene we selected one mutant for 
each genome (Fig. 1; Table 1). For the A genome copy 
(SBEIIb-A) we selected a G-to-A mutation identifi ed in 
line T4-2574, which resulted in the loss of the GT donor 
splicing site following the end of exon 4. This mutation 
is followed immediately by an in-frame stop codon that is 
predicted to eliminate 75% of the SBEIIb protein. Since 

the eliminated portion of the protein includes the complete 
α-amylase catalytic domain, the truncated peptide is 
expected to be nonfunctional. For the B genome copy of 
SBEIIb (SBEIIb-B) we did not fi nd any premature stop 
codon or mutated splicing site so we selected a C-to-T 
mutation that resulted in a proline to lysine mutation at 
the conserved position 283 (P283L, line T4-764; Table 
1). This mutation occurs within the N-terminal “early 
set domain” (cd02854), which is normally associated with 
the α-amylase catalytic domain and has been shown to 
be required for branching activity (Kuriki et al., 1997). 
Analysis of 82 proteins from bacteria and eukaryotes 
suggests an almost invariable proline or serine residue at 
this position, with the sole exception being the marine yeast 
Debaryomyces hansenii, which has a cysteine residue at this 
position. The absence of a lysine residue at this position in 
branching enzymes characterized so far, together with the 
negative BLOSUM62 score (Henikoff , 1992) (–3), highly 
negative PSSM score (–7), and low SIFT (Ng and Henikoff , 
2003) score (0.01), are all predictive of a high probability 
of disrupting the structure and or function of the protein.

All fi ve selected mutants for the SBEIIa and SBEIIb 
genes were backcrossed for two generations to the 
nonmutagenized Kronos to reduce the load of background 
mutations and homozygous BC

2
F

2
 plants were selected. 

The SBEIIa-A mutant W220* was crossed with the 
SBEIIb-A mutant S208#, and the SBEIIa-B mutant 
E296# was crossed with the SBEIIb-B mutant P283L (Fig. 
2) to determine the genetic distances between the two 
paralogous genes and to combine the linked mutations in 
coupling (see last section of results).

The two homozygous BC
2
F

2
 mutants containing 

mutations in the SBEIIa-B gene (ΔB1 and ΔB2) were crossed 
with the line homozygous for the premature stop codon 
mutation in the SBEIIa-A gene (ΔA). The double heterozygous 
plants were self-pollinated and lines homozygous for the A 
and B genome mutations were selected. Two double mutant 
homozygous lines were selected, one including the splice 
site mutation in the B genome (ΔAΔB1) and the other one 
including the P303L mutation (ΔAΔB2). From the same 
segregating population, we selected sib lines homozygous for 
the A genome mutation alone (ΔA), the B genome mutations 
alone (ΔB1 and ΔB2), and both wild-type alleles to be used 
as control (Fig. 2).

Effect of the Single and Double SBEIIa 
Mutations on Amylose Content
The ANOVA for amylose content showed signifi cant dif-
ferences (P < 0.0001) among the six sib lines included in 
the study. A mean comparison of each mutant against the 
wild-type sib line using a Dunnett test showed signifi -
cant diff erences only for the double mutant lines ΔAΔB1 
(P < 0.01) and ΔAΔB2 (P < 0.05) (Fig. 4A). The indi-
vidual SBEIIa mutations showed only modest increases in 

Figure 4. Characterization of durum sib lines with different 

combinations of SBEIIa alleles. A) Percent amylose content in the 

grain. B) Resistant starch content in the grain. C) Kernel weight. 

SBEIIa alleles: wild-type (wt) alleles from Kronos in both A and 

B genomes (wt, white bar), mutations in SBEIIa-B alone (ΔB1 = 

E296# and ΔB2 = P303L, bar with horizontal lines), mutations in 

SBEIIa-A alone (ΔA = W220*, solid gray bar), and combinations of 

the mutations in both genomes (ΔAΔB1 and ΔAΔB2, black bars). 

Asterisks indicate probability values in Dunnett tests of mutant 

lines against the wild-type sib line (*P < 0.05 and **P < 0.01).
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amylose content in the grain but none of them were sig-
nifi cantly diff erent from the wild-type sib line (ΔA = 3% 
P = 0.87, ΔB1 = 7.6% P = 0.18, and ΔB2 = 7.2% P = 0.22).

The increase in amylose content relative to the wild-
type sib line was 22% for the ΔAΔB1 double mutant line 
but only 10% for the ΔAΔB2 double mutant. This suggests 
that the E296# splice site mutation is more eff ective 
than the P303L mutation in decreasing SBEII activity 
and, consequently, in increasing amylose content of the 
grain. However, the diff erence between the ΔB1 and 
ΔB2 mutations observed in the presence of the SBEIIa-A 
mutation was not observed in the presence of the wild-
type SBEIIa-A allele (Fig. 4A).

Effect of the Single and Double SBEIIa 
Mutations on Resistant Starch Content
The ANOVA for resistant starch content in the grain 
showed signifi cant diff erences (P < 0.0001) among the 
six sib lines. Only the double mutant line ΔAΔB1 showed 
signifi cant increases in resistant starch relative to the wild-
type sib line (P < 0.01; Fig. 4B).

The ΔAΔB1 double mutant line showed a 115% increase 
in resistant starch relative to the wild-type control (P < 0.01) 
whereas the ΔAΔB2 mutant line showed an increase of only 
32% and was not signifi cantly diff erent than the control (P = 
0.41). As in the amylose determinations, these results suggest 
that the E296# splice site mutation is more eff ective than the 
P303L mutation in increasing resistant starch content in the 
grain and that these diff erences are only manifested in the 
presence of the SBEIIa-A mutation (Fig. 4B).

The individual SBEIIa mutations showed smaller 
increases in resistant starch than the ΔAΔB1 double 
mutants and none of them were signifi cantly diff erent 
from the wild-type sib line (ΔA = 30% P = 0.48, ΔB1 = 
10% P = 0.98, and ΔB2 = 29% P = 0.5).

Effect of the Single and Double SBEIIa 
Mutations on Kernel Weight and Starch 
Granule Shape
The overall ANOVA for kernel weight showed no signifi -
cant diff erences among genotypes. In addition, no signifi -
cant diff erences were detected in any of the comparisons 
of the mutant lines versus the control using a Dunnett test 
(Fig. 4C). This result suggests that the SBEIIa mutations had 
no signifi cant impact on kernel weight and that the signifi -
cant increases in amylose and resistant starch content in the 
ΔAΔB1 double mutant (Fig. 4A and B) were not the result of 
a concentration eff ect infl uenced by smaller grains (Fig. 4C).

To determine if the diff erences in amylose and 
resistant starch content in the ΔAΔB1 double mutants 
were correlated with diff erences in the morphology of the 
starch granules, we analyzed two double mutants carrying 
the ΔAΔB1 mutations (highest amylose and resistant starch 
content) and compared them with sib lines carrying wild-
type alleles at both SBEIIa loci.

The scanning electron microscope images revealed 
no obvious morphological diff erences between the starch 
granules of the double mutant and wild-type lines (Fig. 
5). The lack of morphological diff erences is likely related 
to the lower amylose content of the double mutant lines 

Figure 5. Scanning electron micrographs of starch granules from wild-type (A and B) and ΔAΔB1 SBEIIa double mutants (C and D). Bars 

represent 50 μm.
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generated in this study (28%) compared to the SBEIIa-
RNAi transgenic lines reported before (up to 75%) 
(Sestili et al., 2010). In those transgenic durum lines, 
starch granules appeared defl ated and smaller than in the 
nontransgenic controls (Sestili et al., 2010).

Genetic Distances between the SBEIIa 
and SBEIIb Mutants
Information concerning the SBEIIa and SBEIIb linkage 
is important to determine the feasibility of combining 
mutations in these two genes in coupling. To generate 
this information we crossed the BC

2
F

2
 lines homozygous 

for the SBEIIa-A and SBEIIa-B mutations with those 
homozygous for the SBEIIb mutation located on the same 
chromosome (Fig. 2). We self-pollinated the resulting 
BC

2
F

1
 lines and generated two segregating populations 

that were genotyped for the SBEIIa and SBEIIb mutations 
using sequencing. Plants carrying recombination events 
between SBEIIa and SBEIIb were resequenced to elimi-
nate potential sequencing errors.

In the population segregating for SBEIIa-A and 
SBEIIb-A, we recovered fi ve recombinant plants from 
the 140 segregating plants, which corresponds to a genetic 
distance of 1.8 ± 0.8 cM. In the second population 
segregating for SBEIIa-B (ΔB1) and SBEIIb-B we recovered 
two recombinant plants among a population of 80 plants, 
resulting in a genetic distance of 1.3 ± 0.9 cM. These two 
genetic distances are not signifi cantly diff erent from each 
other for the population sizes used in this study (P = 0.65).

Among the recombinant plants in the fi rst population 
we identifi ed three that combined the SBEIIa-A W220* 
mutation with the SBEIIb-A S208# mutation in coupling 
on chromosome 2A. In the second population we 
identifi ed one recombinant plant carrying the SBEIIa-B 
E296# mutation and the SBEIIb-B P283L mutation in 
coupling on chromosome 2B.

To see if it was possible to orient the location of these 
two genes we mapped them in the homeologous group 
2 deletion lines (Conley et al., 2004). Both SBEIIa and 
SBEIIb were mapped in deletion bins 2BL2-0.36-0.50 
and C-2AL1-0.85 (numbers indicate the percent length of 
the arm and C the centromere). These results confi rmed 
that the two genes are physically located in the same 
region of the chromosome but did not provide additional 
information on the relative order of the two genes relative 
to the centromere.

DISCUSSION
On average, Americans consume approximately 8.8 kg of 
pasta a year (2011 survey by the Association of Pasta Man-
ufacturers of the European Union [UN.A.F.P.A., 2011]). 
Therefore, the 115% increase in resistant starch observed in 
the ΔAΔB1 double mutant generated in this study can have 
a positive impact on the total amount of resistant starch 

consumed in the United States and in other countries. The 
intake of resistant starch in the United States averages 4.9 g 
per person per day according to the 1999 to 2002 National 
Health and Nutrition Examination Survey (Murphy et al., 
2008). Therefore, a twofold increase in resistant starch con-
tent in all durum wheat used for pasta and consumed in the 
United States would result in a 1 to 2% increase in the aver-
age daily consumption of resistant starch per person.

Since natural variation in amylose content is limited in 
wheat (Stoddard and Sarker, 2000), the use of biotechnological 
approaches to expand the range of resistant starch content is an 
appropriate strategy. Downregulation of the starch branching 
enzyme SBEIIa by RNAi has resulted in signifi cant increases 
in amylose content in the grains of both common (Regina 
et al., 2006) and durum wheat (Sestili et al., 2010). The 
advantage of the RNAi approach is that all homeologous 
SBEIIa copies are downregulated simultaneously using a 
single construct. In addition, the presence of 21 or more 
consecutive base pairs with perfect identity between the 
SBEIIa and SBEIIb genes within the RNAi constructs can 
simultaneously downregulate both genes (Regina et al., 
2006). In spite of the advantages of the RNAi approach, 
commercialization of transgenic wheat varieties still faces 
prohibitive regulatory costs that have, so far, delayed the 
release of commercial transgenic wheat varieties.

An alternative to the transgenic approach is the 
combination of TILLING mutants for each of the copies of 
the SBEII genes by crossing and marker assisted selection. 
Although this approach is more laborious, the resulting 
varieties are not subject to the expensive regulations 
of transgenic wheat. From a research perspective, the 
mutagenesis approach has the additional advantage of 
providing information about the individual contribution 
of the SBEII homeologs to the fi nal amylose and resistant 
starch content. This information is important for wheat 
breeders to decide which loci to introgress in their 
breeding programs to maximize the amount of resistant 
starch without compromising end-product quality.

Relative Contribution of the SBEIIa 
and SBEIIb Genes to Amylose Content
The expression profi les of SBEIIa and SBEIIb are diff er-
ent in temperate cereals such as wheat and barley than in 
subtropical grasses such as rice (Oryza sativa L.) and maize 
(Zea mays L.). In maize and rice, SBEIIa is predominantly 
expressed in the leaves whereas SBEIIb is predominantly 
expressed in the endosperm (Gao et al., 1997; Yamanou-
chi and Nakamura, 1992). In the soluble fraction of the 
wheat endosperm the amount of SBEIIa protein is two- to 
threefold higher than the amount of SBEIIb whereas in 
the endosperm starch granules SBEIIb is two- to threefold 
higher than SBEIIa (Regina et al., 2005). Similarly, in the 
barley endosperm the activities of SBEIIa and SBEIIb iso-
forms are roughly equivalent (Sun et al., 1998).
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These diff erences in the relative abundance of SBEIIa 
and SBEIIb proteins between temperate and subtropical 
grasses are refl ected in the diff erential contribution of each 
isoform to starch branching activity and, by extension, to the 
proportion of amylose and amylopectin in the grain. In maize, 
suppression of SBEIIb results in amylose content ranging 
from 50 to 90% (Garwood et al., 1976) whereas suppression 
of SBEIIa has no signifi cant eff ect on grain amylose content 
(Blauth et al., 2001, 2002). In rice, lack of SBEIIb also results 
in signifi cant increases in amylose content in the grain but less 
pronounced than those observed in maize (Nishi et al., 2001). 
On the contrary, the downregulation of SBEIIb in hexaploid 
wheat and barley does not result in any signifi cant increase in 
amylose content whereas the simultaneous downregulation 
of SBEIIa and SBEIIb results in very high amylose content 
(Regina et al., 2006, 2010).

A recent study on tetraploid wheat (Sestili et al., 2010) 
claimed that the observed increases in amylose content 
in SBEIIa-RNAi transgenic plants were independent of 
SBEIIb. However, the SBEIIa-RNAi construct used in 
their study included a stretch of 25 bp at the end of exon 
3 (AAATATACGAGATTGACCCAACGCT) that is 
identical in the SBEIIa and SBEIIb genes and therefore 
has the potential to downregulate the SBEIIb gene. The 
semiquantitative polymerase chain reaction method used 
in Sestili et al. (2010) may have lacked the necessary 
sensitivity to detect small diff erences in SBEIIb transcript 
levels between the transgenic and control plants.

This hypothesis is supported by RNAi transgenic 
experiments in barley, in which lines with diff erent levels 
of downregulation of SBEIIa and SBEIIb proteins were 
identifi ed by using antibodies specifi c for SBEIIa and 
SBEIIb (Regina et al., 2010). Relative to the wild-type 
barley control (28.5% amylose), the reduction of the SBEIIb 
protein had no signifi cant eff ect on amylose content (30.5% 
amylose), the reduction of SBEIIa protein had a small eff ect 
(38.1% amylose), and only the simultaneous downregulation 
of SBEIIa and SBEIIb had a large eff ect on amylose content 
(65 to 89% amylose) (Regina et al., 2010).

Based on the previous barley results it is likely that 
the wheat SBEIIb mutations identifi ed here will have an 
eff ect on amylose content when deployed in a genetic 
background that lacks functional SBEIIa genes. The 
double SBEIIa-SBEIIb mutant lines generated in this 
study (see below) will be useful to test this hypothesis.

Relative Contribution of the SBEIIa-A and 
SBEIIa-B Homeologs to Amylose Content
Individual mutations in one of the SBEIIa homeologs in 
tetraploid or hexaploid wheat are expected to have lim-
ited eff ects on amylose content due to the redundant 
copies present in the other genomes. In a recent study in 
hexaploid wheat, mutations of individual SBEIIa homeo-
logs resulted in very small increases in amylose content, 

ranging from 2 to 4% (Botticella et al., 2011). Similarly, 
the small increases in amylose and resistant starch content 
observed in the grains of the three single mutants gener-
ated in this study relative to the wild-type sib lines were 
too small to be signifi cant in the statistical tests (Fig. 4A 
and B). Therefore, the small diff erences observed in the 
eff ect of single mutations on amylose and resistant starch 
content might be largely aff ected by random variation.

Expression and protein comparisons between the 
SBEIIa-A and SBEIIa-B copies are also not conclusive in 
predicting diff erences in enzyme activity between these 
two homeologs. A recent dataset generated in a high-
throughput sequencing of RNA transcripts (RNA-seq) 
study of developing grains in hexaploid wheat (Pellny et al., 
2012) shows similar transcript levels of SBEIIa homeologs. In 
this dataset, the number of sequencing reads mapped to the 
SBEIIa-B copy was only 20 to 30% higher than the number 
of reads mapped to the SBEIIa-A and SBEIIa-D copies at 
diff erent stages of grain development. The SBEIIa-A and 
SBEIIa-B proteins encoded by the two SBEIIa homeologs 
diff er in 11 amino acid substitutions and two insertion–
deletions, but none of them are located at previously identifi ed 
functionally critical amino acid positions. In summary, with 
the current information it is not possible to diff erentiate the 
contribution of the two homeologous copies of the SBEIIa 
gene in tetraploid wheat to amylose or resistant starch content.

Linkage Relationship between SBEII Loci
The wheat genes for SBEIIa and SBEIIb are both located 
on the long arm of chromosome 2. The SBEIIa location 
is consistent with the known colinearity between wheat, 
Brachypodium P. Beauv., rice, and maize chromosomes. 
However, the wheat SBEIIb gene is located in a chromo-
some region that is not colinear to Brachypodium, rice, and 
maize (Regina et al., 2005). The non-colinear chromosome 
location of wheat SBEIIb gene seems to also be shared by 
barley. BLAST searches (Altschul et al., 1990) against barley 
fl ow sorted chromosomes (Deng et al., 2007) indicate that 
both SBEIIa and SBEIIb genes are located on chromosome 
arm 2HL and that the unusual SBEIIb location predates the 
divergence of the Triticeae species.

Based on the position of the SBEIIb gene in 
Brachypodium, rice, and maize, the wheat and barley 
SBEIIb gene was expected to map on homeologous group 
6, which is colinear to rice chromosome 2 (where SBEIIb 
is located). These results indicate that in the origin of 
the Triticeae lineage the SBEIIb gene was removed from 
its original location and was transposed to its current 
location on homeologous group 2. The movement of 
genes and gene fragments by retroelements is a common 
phenomenon in the large and complex genomes of wheat 
and barley (Wicker et al., 2011).

Although the new location of SBEIIb is in the same 
chromosome bin as SBEIIa, the genetic results from this 
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study demonstrate that the two genes are not adjacent to each 
other. In the Triticeae, 1 cM corresponds on average to 1 
Mb, although the relationship between genetic and physical 
distances varies greatly in diff erent regions of the wheat 
chromosomes (Lagudah et al., 2001). The two genes also seem 
to be physically separated in barley since SBEIIa was mapped 
in contig 45140 and SBEIIb in contig 38810, suggesting that 
the two genes are at least 286 kb apart (Deng et al., 2007).

The genetic distance separating the SBEIIa and SBEIIb was 
suffi  cient to identify recombinant lines carrying both mutations 
in coupling in both the 2A and 2B chromosomes using small 
segregating populations. The selected 2A recombinant lines 
include two mutations with high probability of disrupting the 
two proteins. The SBEIIa-A W220* mutation has a premature 
stop codon that is expected to truncate >70% of the protein 
and the SBEIIb-A S208# mutation results in the elimination 
of a splicing site followed immediately by a stop codon that 
truncates >75% of the protein.

We currently do not know if the mutations combined 
in the 2B recombinant lines are as strong as the truncation 
mutations combined on chromosome 2A but there is 
some evidence that they may also have a disruptive eff ect 
on protein function. The double mutant carrying the 
SBEIIa-B E296# mutation (ΔB1) in combination with the 
SBEIIa-A mutation (ΔA) has already shown a signifi cant 
increase in amylose and resistant starch content. For this 
reason, this mutation was selected for recombination with 
the linked SBEIIb-B P283L mutation on chromosome 2B. 
The P283L mutation is located in a position that is almost 
invariable in other SBE proteins and is associated with very 
negative BLOSUM62 (Henikoff , 1992) and PSSM scores, 
both predictive of disruptive changes in protein function. 
However, additional experimental results will be required 
to determine the eff ect of SBEIIb on amylose and resistant 
starch content when deployed in combination with SBEIIa.

Potential Effects of Amylose Increases 
on Quality and Nutritional Value
In barley, the individual downregulation of the SBEIIa 
gene aff ects not only the proportion of amylose but also 
the degree of polymerization and length of the amylopec-
tin chains (Regina et al., 2010). Since some of these modi-
fi ed amylopectin chains are not detected by the Megazyme 
AMYLOSE/AMYLOPECTIN kit, our amylose mea-
surements may underestimate the eff ect of the SBEIIa 
mutations on starch composition. This may explain the 
relatively smaller increases in amylose content (22%) com-
pared to those in resistant starch (115%) observed in the 
SBEIIa mutants relative to wild-type sib lines. If modi-
fi ed amylopectin chains are included in the resistant starch 
fraction they may contribute to these diff erences.

The low resistant starch content observed in the 
wild-type Kronos are consistent with values reported in 
other studies (McCleary and Monghan, 2002). However, 

measurements of the absolute value of resistant starch in wheat 
and other cereals is known to be aff ected by the inclusion 
of AMG, which is included in the incubations to catalyze 
the hydrolysis of maltodextrins, to remove the potential 
inhibitory eff ect of maltose on pancreatic α-amylase 
and to generate more consistent results. Since AMG can 
theoretically attack some components of the resistant starch, 
its addition can result in an underestimation of the absolute 
resistant starch content in the samples (McCleary and 
Monghan, 2002). Previous estimations of resistant starch 
content in durum semolina vary threefold depending on 
the absence (1.5%) or presence (0.5%) of AMG in the assay 
(McCleary and Monghan, 2002). Since the Megazyme kit 
uses AMG in the initial incubation step, the absolute values 
of resistant starch reported in this study may underestimate 
the actual resistant starch content in durum wheat fl our. 
In spite of this limitation, the inclusion of AMG in the 
Megazyme kit does not invalidate the relative diff erences in 
resistant starch detected among genotypes, since these were 
consistent among replications. This procedure has been 
subjected to extensive inter-laboratory evaluations and has 
been accepted by both the AOAC International and AACC 
International (AOAC Offi  cial Method 2002.02 and AACC 
Method 32-40 [McCleary et al, 2002]).

Using this method we determined that the amylose 
content in the ΔAΔB1 double mutant (28%) was 22% higher 
than the amylose content in the wild-type sib line (23%). 
Although the amylose content in this line was not as high 
as in previously published RNAi transgenic durum wheat 
(Sestili et al., 2010), it was suffi  cient to generate a twofold 
increase in the amount of resistant starch in the grain. This 
increase may be suffi  cient to provide some health benefi ts to 
consumers and therefore we have initiated the introgression 
of the ΔA and ΔB1 mutations in our commercial tetraploid 
varieties by marker assisted backcrossing. Increasing the 
resistant starch content of wheat grains has the potential to 
provide nutritional and health benefi ts to consumers such as 
extended satiety and reduced glycemic index and demand 
for insulin (reviewed in Hendrich, 2010).

Higher amylose and resistant starch contents may also 
be benefi cial for pasta quality. A reconstitution study in 
durum wheat using increasing amounts of high-amylose 
maize starch showed a positive correlation between amylose 
content and farinograph water absorption and pasta fi rmness 
(Soh et al., 2006). This study concluded that the optimum 
pasta quality occurred when amylose content was between 
32 and 44% (Soh et al., 2006). This suggests that there is still 
room for increasing amylose content in the grain of durum 
wheat beyond the 28% found in the ΔAΔB1 double mutant 
lines without a signifi cant negative impact in pasta quality.

Future Increases in Amylose Content
In spite of the fact that we combined mutations in both 
copies of the SBEIIa gene and that the increases in amylose 
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content were highly signifi cant relative to the control sib 
line (22%, P < 0.0001), the 28% amylose content obtained 
in our double durum wheat mutant is far from the >70% 
amylose content observed in previous RNAi experiments in 
tetraploid (Sestili et al., 2010) and hexaploid wheat (Regina 
et al., 2006). We are currently exploring two non-mutually 
exclusive strategies to increase amylose and resistant starch 
content beyond the levels achieved in the current study.

First, we are trying to combine the SBEIIa and SBEIIb 
mutations. Recent RNAi transgenic experiments in 
barley (Regina et al., 2010) indicate that the simultaneous 
downregulation of these two paralogs results in higher amylose 
content than the downregulation of individual paralogs. To 
test this in wheat, we are combining the two double SBEIIa-
SBEIIb mutants on chromosomes 2A and 2B (Fig. 2) to obtain 
lines with mutations in all four genes. We will also select lines 
with diff erent combinations of mutant and wild-type SBEIIa-
SBEIIb alleles to test the eff ect of diff erences in amylose and 
resistant starch content on pasta quality.

As a second strategy to increase amylose and 
resistant starch content beyond the current levels we 
will test additional mutations for the SBEIIa-B locus. It 
is possible that the lower amylose content found in our 
double mutants relative to the RNAi transgenic lines is 
determined by hypomorphic mutations in one of our 
targeted loci. The SBEIIa-A is an unlikely candidate since 
the premature stop codon identifi ed in this line results in 
the lack of translation of more than 70% of the protein. 
However, we cannot rule out the possibility that the 
selected SBEIIa-B mutations are not complete knock-
out alleles. Even though the E296# splicing site mutation 
seems promising based on its signifi cant eff ect on amylose 
and resistant starch content in the double mutant lines, 
the fi rst two amino acids after the splice site mutation 
include in-frame alternative splicing sites, which have the 
potential to reduce the negative impact of this mutation.

To test this hypothesis we have initiated the transfer to 
durum wheat of an alternative SBEIIa-B splice site junction 
mutation identifi ed in hexaploid wheat line T6-111 after 
the end of exon 7 (Uauy et al., 2009). This mutation results 
in the translation of six additional amino acids followed 
by a stop codon before any potential alternative splicing 
site and therefore is expected to result in a nonfunctional 
SBEIIa-B allele. We have crossed T6-111 twice to Kronos 
to restitute the tetraploid chromosome number. The BC

1
 

plants will be crossed with the line carrying the W220* 
premature stop codon in SBEIIa-A to compare their levels 
of amylose content with our current double mutants.

In summary, we generated new durum wheat lines 
carrying mutations in SBEIIa that can be used to increase 
amylose content by 22% and to double the amount of 
resistant starch. In addition, these mutants have been 
useful to study the relative contribution of the diff erent 
SBEIIa homeologs and to establish the genetic distance 

between SBEIIa and SBEIIb. This distance was suffi  cient 
to generate lines with SBEIIa and SBEIIb mutations in 
coupling in both the 2A and 2B chromosomes using small 
segregating populations. We plan to use these recombinants 
to study the relative eff ect of SBEIIb in the presence and 
absence of SBEIIa. All the mutants generated in this study 
are publicly available with the hope of accelerating the 
deployment of this benefi cial trait around the world.
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