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ABSTRACT

Resistant starch(RS) has various functions in odimg the glycemic index (Gl), lowering concenioat of
cholesterol and triglycerides, inhibiting fat acculation, preventing colonic cancer, reducing gatiree formation,
maintaining intestinal tract healthy and enhancihg absorption of minerals. Elevated RS in foodngmportant
and effective approach for public health. RS ioas important material for industries. The mecisamiof RS
formation is largely unknown. SBEIIb plays a cehtode in amylopectin biosynthesis and involveseigulating the
branching profiles of starches in maize endospévlaize mutant ael is generated using a Mutator tpassn |
insertion in SBEIIb. In this paper, we found amgl@sntent (AC) and RS in seeds of aelare incresigedicantly
than that of wild type. This show ael involves $f&mation in maize seeds. Novel maize lineshigth RS content
provide potential benefits for high RS content m&ieeding. High RS content maize varieties possgbshealth
care and industrial application value.
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INTRODUCTION

RS is also called enzyme resistant starch, defirate the starch and starch degradation productshwd@nnot be
digested and absorbed in the healthy small infesithuman[1]. RS provides functional propertiesdmtrolling

Gl[2], lowering concentration of cholesterol andlycerides[3, 4], inhibiting fat accumulation[§jreventing colonic
cancer[6], reducing gall stone formation[7], mainitag intestinal tract healthy[8]and enhancing #iesorption of
minerals[9].

The mechanism of RS formation is largely unknowhere are several factors affect the RS formatigsréported
that RS content is positive related to AC [10, Bthrch granule size and structure are relate®8ieontent. Starch
granule in potato is larger than that in ceredis,dotato starch digested more slowly than thaeoéals[12].Starch
Crystalline structure can be classified into A typetype and C type, according X-ray scatteringtgvat The
digestibility of the starch with B type less tharnype, C type in the middle [13, 14].The chain fgngf amylose and
amylopectin is another major factor affect the B@rfation. RS increase according degree of polyragoir(DP) of
amylose (from 10 DP to 610 DP) by hydrothermal tiremt with retention[15]. The effect of the chaangth
amylopectin on RS formation is unclear in detailrdported that amylopectin starch debranched blulponase
followed by heat-processing can increase RS cdi@it’'s due to long unbranched chains of amyldpemvolve
into RS formation[17].0Other components in celsuch as protein, lipid, cellulose et, acan also effect RS
content[17-19].Among them, Lipids is most importaffect on RS formation. Lipids can decrease RStezun
significantly [17].Food additives and food processiechnologies are another factors can affectd®®at[20, 21].

Starch branching enzyme Il (SBEII) is a key enzymamylopectin biosynthesis[22]. In maiZzée@amaysl), SBEII

comprises two geneSBEIllaand SBEIIH23]. SBEIlla and SBEIIb may exert function by cospl[24]. In maize
amyloplast, SSlla SSlll, BElla and BEIIb formed 600KD complex and SSIIBElla and BEIIb formed 300KD
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complex. In the maize amyloplaststroma, SBEIIbhis inost abundant protein [25]. In maize endosp&REIIb
expression level is about 50 times higher than tiaBBElla[26]. SBEIIb plays a central role in amgéctin
biosynthesis in maize endosperm and can be phogptert by two distinct G4 dependent protein kinase[27].

maize mutanbelis generated using a Mutatortranspos on | inseiticd@BEIIf28]. In this paper, we found AC and
RS in seeds ddelis increased significantly than that of wild tyJédnis showaelinvolves in RS formation in maize
seeds. Novel maize lines with high RS content pl@yiotential benefits for high RS content maizestiray.

EXPERIMENTAL SECTION

Plant Materials
Mutantaelseeds and W64A are obtained from Maize Geneticp€adion - Stock Center. Wild type aé1lmutant is
isolated form the Jpopulation generated by the cross betwasthand W64A.

All the maize materials were grown in an experiraéfield of Yangtze University during the naturabging seasons.
Maize grains were harvested about 40 days aftelihgaair-dried and stored at room temperatur@fiomonths before
analysis. 10 endosperms of grains were grounato #ind used to measure the RS and AC.

Genotype ofel mutant alleles
Genomic DNA was extracted from fresh leaves of galaht using the cetyltrimethylammonium bromide AB)
method[29].

PCR reaction was performed in 20mL total volumetaiming 2 mL 10xPCR buffer (100 mMTris-HCI pH 81 mM
MgCl,,500 mMKCI, 1% TritonX-100), 0.2 mMdNTPs, 0.2mM mer set, 30-100 ng genomic DNA and 0.5 U Taq
polymerase. The PCR products were separated onga?ese gel. The genotypes of W64Ad aelmutant were
identified using genotyping primers shown in Tablel

Table 1 Primers used in this work

Primers for genotyping

aelF AGGTGATGTAGGCGAGCTGT

aelR ATTACGAGTTAAGAAGAGGCCGGTGT
Mul F ACGGGAACGGTAAACGGGGACAGA
Primers for quantitative real-time RT-PCR
UBCPF AAATTGTGAGCGGCAGGGAA
UBCPR GCATGGACCATACCCATTCA

CULF GAAGAGCCGCAAAGTTATGG
CULR ATGGTAGAAGTGGACGCACC

gael F1 TGCAGTCACCCAGAGCA

gael R1 TCAGCCAATGCTAAAACCCCA

qWx F TGGGGAAAGACCGAGGAGAA

gWx R TGGTCCGGAGAAGTATGGGT

Quantitative real-time RT-PCR

Immature ears were collected at 10 day after flavge(DAF). All samples were immediately frozeniigid nitrogen,
and then stored at -80°C until subsequent usel Ri¥#\ was isolated from Immature ears tissues udingol

(Ambion, Austin, TX, USA), followed by a DNase tte@nt (Turbo DNase, Ambion), and 1 ug total RNAsvased
for complementary DNA synthesis using M-MLV Revefsanscriptase (Promega, Madison, WI, USA), accay ¢t
the manufacturer’s instructions.

gPCR experiments were conducted on the 7500 Sy#tpptied Biosystems), using primers for quantitatreal-time
RT-PCR(Tablel) and a reaction system with SYbGraen(Bio-Rad), according to the manufacturer’s instions.
The thermal profile of the qRT-PCR reactions wa¥5fr 2 min, 95°C for 10 min, 40 cycles of 95°C b s, and
60°C for 1 min. The geometric means UBCP and CUL, encoding an Ubiquitin carrier protein a@ullin
respectively, were used as reference genes to linentlae expression levels.

Determination of RS content

RS content was measured according to AOAC metho6@2®2)with a slight modification[30].100+1 mg reidl
maize flour(only endosperm) were accurately weigdred placed directly into screw-cap tubesX1&5mm). 50QL
water was added into each tube, then boiled irtredesoker for 20 min and at warm keeping status0&C for 10
min. Tubes were taken out and cooled to room teatpey. KCI-HCI buffer (pH = 1.5) containing 6 1U/rpgpsin was
added into each tube and the rice floury was gramtidispersed by a stirring rod, mimicking thevaing in mouth
and warmed at 37°Cfor 1 h. Other procedures war@daout as described in the method AOAC(2002.02).
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Determination of the amylose content

AC was determined according to the modified metlafdPerez[31]. 100+0.5 mg milled maize flour(only
endosperm)were accurately weighed and wetted withdf 95% ethanol in 100 mL volumetric flasks, nibaightly.
Samples in volumetric flasks added 9.0mL of 1MNa@ete boiled 10 min, then cooled to room temperature
distilled water was added to 100 mL.5mL of sampées waken out and put into a new volumetric flagkisled 50 mL
distilled water, 1mL acetic acid and 1.5mlsblution in turn. Then distilled water was added®0 mL, standing for
20 min. The absorbency of sample was measuredOat®2using a spectrophotometer.

RESULTS AND DISCUSSION

The structure of SBEIIb and the Mutational Site of SBEIIb in aelMutant

SBEIlIb had N-terminal early set domain (NESD), Alpha aamgl catalytic domain (AACD) and Alpha amylase,
C-terminal all-beta domain(AAC). lael, the Mul insertion site is 598bp to the upstredmil& in SBEIIh Primers
used in the genotype analysis were aelF/aelR add¥e 1R primer sets (Fig. 1).
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Fig.1.Genomic structure and the mutational sites 0B8BEI b in ael mutant with the indicated predicted protein domairs. ATG and TGA
indicate the initiation and termination codons, repectively. Boxes, lines, triangles and arrowheadsdicate exons, introns, mutation sites
and primer sites of genotype identification respedtely. a.a., amino acid. NESD, N-terminal early sedomain; AACD, Alpha amylase
catalytic domain; AAC, Alpha amylase, C-terminal al-beta domain. Primers used in the genotype analysivereaelF/ael R and Mul
F/ael R primer sets

Phenotypes ofaeland W64A

Theaelmutant did not have any visibly abnormal phenotypie vegetative stage of plant growth and d@raémnt.
The seeds ofel mutant did not have any visibly abnormal phenotgpmpared to wild type W64A(Fig.2A).RS
content ofael grains is 14.5%, increased greatly, compared 4@%. of W64A grains(Fig.2B).AC content a1l
grains is 41.52%, increased greatly, compared 18324 of W64A grains (Fig.2C).
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Fig.2.Morphologies, AC and RS content of seeds oéh and W64A. Upper panel is seeds a€l Mutant, lower panel is seeds of wild type

W64A, Bar = 1cm @A).Seed RS content in wild type W64A andelmutant(B).Seed AC content in wild type W64A andielmutant (C).
Values are means+SE; n = 3. * indicate P < 0.05, thdicate P <0.01

Genotypes odeland W64A
In ael, the PCR reaction using aelF/R primer pair hagroduct, while Mu F/R primer pair generated a87bapd
(Fig.3). In wild typeW64A the PCR reaction using aelF/R primer pair had3¥ tip band, while Mu 1F /1R primer

pair had no product (Fig. 3).
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Fig.3.Genotypes obel and W64A. Analysis of genotypes by PCR uses aelHgRmer pair and Mu F/R primer pair. PCR using aelF/R
primer pair has no product in ael or a1037bp product in W64A. PCR using Mu F/R prime pair has no product in W64A or an 879bp
product in ael

The expression ofSBEIIb and Wx in immature ears of W64A andael

SBElIbexpression levels iaelwere approximately 35% of that in the wild type iatore ears(Fig. 4 A).Since AC
inaelincreased significantly to 1.67 fold than that ildwype W64A,Wxexpression levels was investigatedaiil
and W64AWxelative expression level was increased signifigaagiproximately to 574 fold inelcompared to that
in wild type W64Aimmature ears (Fig. 4B).
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Fig.4.The expression of SBElIb and Wx in W64A andel. Relative expression levels @BEI b inW64A and ael immature ears were
collected at 10 DAF A). Relative expression levels alVx inW64A and ael immature ears were collected at 10 DAFR). ** denotes
significantly differences at P < 0.01. * denotesgniificantly differences at P < 0.05. Bars indicatéhe standard error of the mean of 3 plants

Starch molecules are biopolymers of anhydroglucasis linked bya-1,4 anda-1,6 glycosidic bonds.rta
iscomprised of amylose and amylopectin. Amylosgeigerally linear glucan polymers formed by anhytirogse
units linked major by a-1,4 glycosidic bonds anarsely a-1, 6 glycosidic bonds. While amylopecsithie branched
glucan polymers formed by anhydroglucose unitsdahky a-1,4 glycosidic bonds and more a-1,6 glyiosionds.
ae mutant endosperms are glassy, tarnished and osraadiigher proportion of amylose[32]. The amyldipein ae
mutant endosperm is longer than average chainHeargt has fewer branch points.

SBEIl involves the a-1,6 linkages formation in starplaying an important role in the formation afydopectin[33].
High RS content imel demonstrated the importanceSBEIIbin RS formation. Wx is the major gene control the
AC in maize endosperm [34]. del, we detect thalWWx expression increased significantly and AC increased
significantly compared to wild type W64A. AC is jitdge related to RS content [10, 11].\B@andSBEIlIbtogether
involved in RS formation imel The main agronomic characters except the highd®®nt and maize grain quality
were no significant difference melmutants compare to their wild type, respectively.

AC and the molecular weight of amylose are majotdis affecting the resistant starch content. Qytire starch
gelatinization in the heating watetthe crystal structure of starch is broken dowthe amylose chains was dissolved
and amylose molecules released into the water fhendisintegrate starch granule. Then when the ¢éeatpre was
decreased gradually, the free curly amylose modscalosed to each other and form new double heirngu
intermolecular hydrogen bond. Many double helix boeg molecular form into micro crystal nucleus, rdvally
form into larger amylose crystal[35]. The largendase crystals prevent the amylase binding theBtarolecular to
access the glycosides in the crystal structurett®oamylose crystal structure resistant amylasiedhysis.

CONCLUSION

Our studies show that RS content and AC in maizlogperm ofielare increased significantly. Smelhas great
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application value in breeding new maize cultivaigiviigh RS content. Using high RS content maizéoad will
have great help to control Gl and keep the hedlthatbetes. Now, the detail of molecular basis 8ffBrmation and
the regulation of starch biosynthesisa@al are largely unknown. And the structure of RSa#llis also largely
unknown. So, the breeding of maize with high R§tiisfull of challenges.
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