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Barley has for feeding purposes a shortage of essential amino acids, especially lysine, threonine,
and methionine, and an excess of proline and glutamine. In the present study, we have introduced
into barley an antisense construct against C-hordeins, the storage protein with the lowest nutritional
quality. SDS-PAGE and reverse phase HPLC revealed a relative reduction in the amounts of
C-hordeins and relative increases in the content of the other storage proteins. The five different lines
analyzed had lower amounts of proline, glutamic acid/glutamine, and phenylalanine (up to 12%, 6%,
and 9% reductions), while the lysine, threonine, and methionine content was increased with up to
16%, 13% and 11%. It is concluded that antisense mediated suppression of C-hordein synthesis
may be a promising approach for improving the nutritional value of barley as a feed crop while at the
same time reducing the environmental nitrogen load.
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INTRODUCTION threonine, and methionine are not yet commercially available

Cereals are the most important crops in the world with a total at @ price realistic for feed purposes.(She second major issue
annual grain yield exceeding 2000 million tonnes (mt). Despite With regard to the amino acid composition of barley is an excess
a relatively low grain protein content{8.4%), cereals provide ~ of the nonessential amino acids proline and glutamine. The
more than 200 mt of protein for the nutrition of humans and surplus is degraded, and the nitrogen is excreted. In conse-
livestock. This is about three times the amount derived from quence, the nitrogen content of animal waste is unnecessarily
legume seeds (1) However, while cereals are excellent sourceshigh and makes a significant contribution to the environmental
of metabolizable energy in the form of starch, they have a nitrogen load in areas with intensive livestock production. The
number of nutritional shortcomings, including a low content of problems encountered are very similar for wheat while in maize
micronutrients, low bio-availability of phosphate reserves for lysine and tryptophan are the primary limiting amino acids
monogastric animals (2), and a far from ideal amino acid
composition (34).

Intensive livestock production is at present largely based on
cereals with a large-scale supplementation with soybean or othe

high protein sources as well as microbially produced or synthetic L . . .
amino acids. In barley, the first and second limiting essential wheat, gliadins; and in barley, hordeins. These proteins are

amino acids for feeding pigs are lysine and threonine and for characterized by an abundance of glutamine and proline while
broilers they are methionine, lysine, and threonine. In addition there is alow content of essential amino acids. The other storage
to these primary deficiencies, there is a suboptimal content of Protein fractions, the albumins, globulins and glutelins have from
isoleucine, leucine, and valine which in contrast to lysine, @ nutritional point of view a more balanced composition.

Over the last five decades large-scale mutagenesis programs

The unbalanced amino acid composition of maize, barley,
and wheat results from the abundance of alcohol-soluble storage
rproteins (prolamins) that typically constitute around 50% of the
total grain protein. In maize, prolamins are termed zeins; in
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associated with pleiotropic effects that affect yield, quality, and Taple 1. Amino Acid Composition (mol %) of D-, C-, B-, and
agronomic performance. The opaque phenotype in maize confersy-Hordeins

a uniform soft chalky endosperm without the hard, vitreous,
and translucent peripheral endosperm of wild type maize while _pe (code)® D (Q40054)  C(Q40055) B (P0G470) ¥ (P17990)

in barley there is a reduced starch production combined with ~ ALA 32 15 2.6 2.1
enlargement of the embryo. In maize, it has been possible by ﬁgg 12 ‘l)-g g-g é-i
conventional breeding to introduce so-called modifier genes that ' 15 00 29 35
ensure starch quality, yield, and other characteristics similarto  gx 28.0 388 01 301
those found in the wild type7{. In double recessivepaque-2 GLY 15.7 0.6 2.9 3.1
lines, the lysine content increases to 3.8% compared to 1.5%  HIS 3.0 0.6 15 14
in the near isogenic line. This increase is due to a higher content 'qu 21 gg g'g ?g
of the amount of free amino acids and nonzein proteins and a | ys 12 0.9 07 18
reduction in theo-zein content (8). MET 0.4 0.0 11 18

In barley, substantial improvements have been achieved in L’:g 1(1)2 2;1 1‘9‘-1 122
the yielq of lys mutants but' so far not 'Fq a level that makes SER 105 25 47 56
high lysine barley commercially competitivé)( The four best THR 73 12 22 3.1
characterized barley mutants &gl (Hiproly), lys3(Risg 1508), TRP 12 0.6 0.7 0.7
andlys7 (Mutant 7) and Mutant 56 found in the Carlsberg Il \T/XFL* ﬁ ég ég 5%

cultivar. Additional alleles have been found, in particular, in
thelys3locus where théys3aallele confers the highest lysine
phenotype (9). Théys3gene has not yet been cloned. Mutant
56 has a large deletion covering the locus for the major group
of prolamin storage proteins, the B-hordeid€) In thelys3a primarily of proline and glutamine and have a very low content
mutant, there is a decrease in the amount of B- and C-hordeinsof essential amino acid3 éble 1). In contrast to the three other
due to reduced transcription but an increase in the high subgroups of storage proteins, the B-, D-, andhordeins,
molecular weight D-hordeind {). There are enhanced transcript C-hordeins are entirely devoid of cysteind9(20). We find
and protein levels of chymotrypsin inhibitors and@amylase/  in the transgenic lines relative reductions in the C-hordein
subtilisin inhibitor, proteins that all possess a high lysine content. content and relative increases in B, D-, antlordeins as well
On the other hand, the genes encoding the so-called protein Zas increases in the amounts of albumins/globulins and glutelins.
andp-amylase are down-regulated by tlyg3amutation (12,  These changes are accompanied by reductions in proline,
13). glutamine, and phenylalanine and increased amounts of the
A large number of gene technological approaches have remaining amino acids.
launched for improving the seed lysine content in a range of
species (14). The efforts have addressed (1) the possibilitiesSMATERIALS AND METHODS
fqr circ_umventin_g t_he feedback regulat!on of lysine and threc_)- Plant Material. Barley plants Kordeum wulgare cv. Golden
nine biosynthesis in the aspartate family pathway by bacterial promise) were grown in a greenhouse in soil beds or in pots (50:50
genes encoding feedback-insensitive aspartate kinase and dipeat:perlite mix) under a cycle of 16 h illumination and 8 h darkness
hydrodipicolinate synthase; (2) reducing lysine catabolism; and at 23 and 18C, respectively.
(3) the introduction of genes encoding heterologous storage Expression Vectors.For the transformation experiment, the twin
proteins with high levels of, e.g., lysine and methionine T-DNA vector pWBVec82bZ1) was used. This vector contains a 35S
including synthetic genes designed for a high lysine and promoter, the hygromycin resistance gene, an_d ribe terminator
methionine content. However, although significant increases in, Petween one set of T-DNA borders and an adjacent border set for
e.g., the lysine content have been achieved, other drawbackd"'S€"tion of the gene of interest. A 480 bp fragment of theegion of
have been reported such as reduced seed viability. a C-h(_)rdeln encoding gene (_Gene Bank A'ccess_lon No: S66938) ,Was
amplified from barley genomic DNA by using primers RLHordC 5'-
At present, one of the most promising strategies appears t0GGTTACACATGATGGTGCACATCA-3 and FSHordC 5CTG-
be an altering of the relative proportions of the storage protein GCAACCACAACAACCATTTC-3'. The fragment was cloned in
by antisense or RNAI. In rice, it has been shown that antisenseantisense orientation into tf@mal site of pBluescript K& (Fermentas
suppression of glutelin formation results in an increased Life Sciences). APstl—Sall fragment from pUBarnllZ2), containing
synthesis of prolamins which confers improved functional the 1.4 kb ubiquitin promoter2@) and anEcoRI—Sacl fragment
opertes win roud 1o the browing of o) Inolsead e Do s G e o U S, e
rape Br?SSICa nap}l)s Kohno-Murase et al1g) .suppressled.the C-hordein fragment between the ubi}c;uitin promoter and tios
synthesis of nutritionally poor storage proteins, cruciferin, by

. hnol df d S in th terminator. The antisense construct was releasédigill-Not digest
antisense technology and found a compensating incréase in the,, coned into thetindili-Not sites of the binary vector pwBVec82b

other major storage protein, napin, that has a higher lysine and»1) |ocated between the second set of borders. The completed construct
methionine content. In maize, RNAI inhibition of transcription  was named pML15. The plasmid was purified by using an Eppendorf
of the 22 kDaa-zeins resulted in an 18.5% increase in lysine Perfectprep Plasmid kit (Eppendorf AG).

content with limited compensatory changes in the abundance Plant Transformation. The Agrobacterium tumefaciersérain AGLO

of other storage proteind 7). Targeting of the 19 kDa-zein (25) was transformed with the pML15 plasmid by the freetteaw
gene family by an antisense construct led to significant increasesmethod (26). Agrobacterium mediated transformations of barley

in lysine, threonine, and tryptophan (18). |mmature zygotic embryos (approxmately 14 days. after polllnat.lon
L with an embryo length of £2 mm) were carried out using hygromycin

. In t_he presem study, w_e have taken_ a similar approa_ch selection as described by Mathews et 2l1)( The regenerated lines
involving an antisense mediated suppression of the C-hordeins,yere termed AsHorC.

the hordein subgroup that has the poorest nutritional and Transgene Integration Analysis by Southern BlotTransformation
environmental profile. The polypeptides of this subgroup consist and transgene integration was assessed by Southern blot hybridization.

2 Derived from amino acid sequences (Databank Uni Prot KB/TREMBL (http://
pir.georgetown.edu).
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Genomic DNA was isolated as described by Guidet et 21) @nd Hindlll Notl
digested with the restriction endonuclease EcoRV. The digested DNA 1.4kb 480bp | 180bp
was resolved by electrophoresis (0.7% agarose gel8;&/lane) and
blotted onto Hybond N membranes according to the manufacturer’s
instructions (Amersham Pharmacia Biotech Inc). Radioactive probes T-DNA probe
were made by random priming using the Ready-To-Go DNA labeling _. . . . .
beads accorging to thg man%factu?er’s instru)étion (Amersham Big- Figure 1. Schematic drawing of the antisense expression casette. The
sciences). The T-DNA probe was a 1.4 kb fragment of the ubiquitin expression casette was assembled in pBluescript and cloned with Hindlll/
promoter released by d&caRI/Kpni digest @3). Filters were hybridized ~ Not digest into the multiple cloning site of pwBVec8.2 (21).
according to the manufacturer’s instructions (Amersham Pharmacia

Biotech Inc) followed by two instances of 1 h washing in BSPE with 200 uL of the glutelin extraction solvent. RP-HPLC analysis of
and 1% SDS at 65C. the filtered extracts was performed as described by Wieser €8l. (

and Gellrich et al.32). The injection volumes were 10@ of albumins/
lobulins or 50uL of the others. Eluted proteins were detected at
10 nm and quantified using the corresponding absorbance areas at

210 nm, which have been shown to be highly correlated with the amount

— Ubi pro asHorC  |nosT —

Analysis of Antisense Gene ExpressionThe expression of the
antisense construct was studied by reverse transcription Polymeras
Chain Reaction (RT-PCR). Total RNA was prepared from leaves with
TRIzol reagent (Invitrogen), and the first strand cDNA synthesis was P :
performed (Life technology, Superscript RT enzyme). C-Hordein of protein type (31). . . . .
specific primers FSHordC' TGGCAACCACAACAACCATTTC- Measurement of Amino Acid Content. The total amino acids and
3 and RSHordC SAGACAATTCCTCTGGTAGATAGG-3 produc- total protein of wild type and Fseeds were determined on seed from
ing a 300 bp fragment, were used to amplify the C-hordein transcript. materlgl grown in soil beds. The amino acid content was analyzed
The reaction mixture consisted of 200 ng template cDNALZPCR according to the European standard procedu_re 98/64/EF. The tryptophan
buffer, 1 Unit Tag DNA polymerase, 0.2 mmol/L of each of the dNTP's, content was not measured. The total protein content was determined

1.5 mmol/L MgC}, and 10uM of each primer in a final volume of 20 .by tmeasutrlngl total ?ltrogen t_)y tt|1e Dumgs mﬁ_thlo_d orE)aGRggld N
uL. Samples were heated to 9& for 10 min and amplified in a |nsErurr|1ent_ ( efrr;\en.ar,Amdegcatnct.)_ ar|1? Imtl.J 'pty'q_gt ?/P. . i
Biometra T3 Thermocycler by 39 cycles for 30 s at vaiuation of Amino Acid Lontentn Rewation 1o fotal Frotein

95 °C for denaturation, 45 s at 5% for annealing, and 45 s at 72 Content. As the protein content of the different lines were quite

for extension. A pair of tubulin primers TUB F-&GTCATCTCATC- dlffel-rert]_t, Wtciln;pledmer;ted tfhs elquatltog_f(rjeveltopeci t.Jy Bois&p I(c’rt.
CCTGACTGC-3'and TUB R 3-CGCTTGGCGTACATGAGGTCG- %a ‘IJa.'”g the eed va ”i‘h‘.’ ariey a| ! .ere? protein C;”Cf” ra 'Ot”S't
3 producing a 508 bp fragment from cDNA was used for generating e lysine, tnreonine, metnionine, Isoleucine, leucine, ana valine conten

an endogenous control fragment. The conditions for amplification of ?r? perlcettntdages .?\f tt?t?l IaT'?qnaC'?]? \;]Vterigor %acﬁ (g thti :Lansglen'c
the tubulin fragment were as above with the exception that annealing : fs Ip? def agatlhs 0 at_p 0 ?h conte ? cot_ pare dV\;I ?V? ges
was performed at 66C. calculated from the equation. The general equation used for calculating

. . . ercentage amino acids in relation to percentage total protein was the
Analyses of Storage Protein CompositionThe storage protein b 9 P 9 P

composition of the transgenic lines was analyzed by sodium dodecyl following:

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and reversed %P x CE+ Y

phase (RP-) HPLC. For the initial screening of seeds of the primary —oup % 100
regenerants, embryos were dissected out of sterilized mature seed and

germinated on a half-strength Murashige and Skoog meda&i a
growth chamber at 24C. When the root system was established, the
plantlets were transferred to pots in the greenhouse. The remaining
part of the seeds was used for the biochemical analyses. The first
screening comprised an evaluation of changes in the relative proportions
of the different hordeins by using SDS-PAGE. The de-embryonated
seeds were crushed, and the flour was extracted by ethanol (70%, v/v;
3 uL ethanol/mg flour). After incubation fol h atroom temperature,

the samples were centrifuged (10 min at 6§)0and the supernatant
with the hordeins in solution was removed. An additional round of
extraction was carried out with 0.7% (v/v) acetic acid, 0.6% 2-mer-
captoethanol, and 55% propan-2-89), and the supernatants from the
two extractions were combined. A 14 portion of the protein extract RESULTS

was mixed with sample buffer (20% (v/v) glycerol, 2% (w/v) sodium — Transformation of Barley and T-DNA Integration . Barley
dodecyl sulfate, 0.02% (w/v) bromophenol blue, 200 mM Tris, 40 MMy matyre embryos were transformed with a C-hordein antisense
dithiothreitol, pH 7.5) and heated at 10CQ for 3 min. The hordeins construct by Agrobacteriummediated transformation using

were separated in a Nupage #2% Bis-Tris gel with a MOPS buffer . .
(Invitrogen Life Technologies Ltd.). The protein standard was a hygromycin as the selectable markergure 1 (21)). From 650

prestained SDS-PAGE standard (BIO-RAD). The gel was run at Infected immature embryos, 48 barley lines were regenerated
125 V for 1.5 h, and coomassie stained according to the work of and analyzed by Southern blot experiments to establish their
Schagger and Vonjagow (30), where ethanol was used instead oftransgenic status. Hybridizing bands were found in 35 lines of
methanol. primary transformants. The transformation frequency, expressed
For the RP-HPLC analysis, samples of wild type barley angrains as Southern positive lines in percentage of the total number of
from five selected transgenic lines were crushed and extracted stepwiseinfected embryos, was accordingly 5.4%gure 2 shows the
two times with 1.0 mL NaCl (0.4 M- HKNaPQ; (0.067 M, pH 7.6) Southern blot hybridization results of five lines that were chosen
at 20°C (extraction of albumins and glo_bulins), three_ times with 0.5 for further analysis based on RT-PCR evidence for expression
mL 60% (v/v) ethanol a&20 °C (extraction of prolamins), and two of the transgene and suppression of C-hordein synthesis as

times with 1.0 mL 50% (v/v) 1-propanct urea (2 M)+ Tris-HCI . .

(0.05 M, pH 7.5)+ dithioerythritol (1%, w/v) under nitrogen at 6C .revealeq by .SDS_P.AGE' TW.O of the lines h?‘d single locus
(extraction of glutelins) (31). Each suspension was centrifuged for 15 !ntegrat!on s'ltes (Figure 23 lines 1 an;l 4), line ,2 ha'd. tW(,)
min at 6000gat room temperature. After centrifugation, the corre- |nteg_rat|on_5|tes, a_nd four |ntegra_t|on sites were identified in
sponding supernatants were combined and diluted to twolines Figure 2, lines 3 and 5). Lines 1, 2, 3, and 5 possessed
2.0 mL with the respective extraction solvent. Aliquots (240 of bands of a size below that of the antisense cassette indicating

prolamine extracts were dried under a stream of nitrogen and treatedrearrangements and/or deletions.

%P: percentage of total protein of dry matter

CF: conversion factors for each amino acid
Y: constant for each amino acid

Lysine: CF= 0.0235,Y = 0.133. Methionine: CF 0.0152,Y =
0.019. Threonine: CE 0.0299,Y = 0.044. Isoleucine: CE 0.0337,
Y =0.1. Leucine: CF= 0.0692,Y = 0.005. Valine: CF 0.0417,Y
= 0.076.
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Figure 4. SDS-PAGE of the extracted endosperm proteins from single
de-embryonated seeds of wild type (Wt) and T, seeds of antisense lines
1-5. The molecular weights are given in kilodalton. The positions of the
D-, C-, and v/B-hordeins are indicated. AL = albumins and globulins.

Figure 2. Southern blot demonstrating the transgenic status of the five Table 2. Relative Amounts (Absorbance Units (AU) x 10~%/2 mL) and

antisense lines (1-5). A 1.4 kb fragment of the ubiquitin promoter was Percentages (%) of Albumins/Globulins (AL), Prolamins (PR), and
used as probe. Glutelins (GL) in the Five Different Antisense Lines (L1-L5) and the

Mother Variety Golden Promise (Wt)

1 3
- g 2 - Wt L1 L2 L3 L4 L5
AL (AU) 205 219 197 168 193 172
250 — HorC AL (%) 92 12.3 10.9 11.2 10.9 8.6
PR(AU) 1166 819 705 563 759 828
PR (%) 52.3 46.1 38.9 3715 42.9 413
GL (AU) 860 739 909 769 819 1006
GL (%) 385 416 50.2 51.3 46.2 50.1
sum (AU) 2231 1777 1811 1500 1 2006
500 — Tub
250 === ) )
there appeared to be small differences in the total amounts of
e _ _ hordeins between the lines with number 3 being the one with
Figure 3. RT-PCR on leaves from the transgenic antisense lines using the lowest hordein content.
primers for the C-hordein transcript. GP = Golden Promise (mother RP-HPLC Analysis of the Storage Protein Composition
cultivar). of the Transgenic Lines.The storage proteins were isolated

from the five selected lines as described in the Materials and
Detection of Transgene Expression by RT-PCREXxpres- Methods section and subjected to RP-HPLC analysis. The
sion of the antisense transcript from the Ubi-AsHorC-nosT relative amounts and proportions of albumins/globulins (AL),
construct (Figure 1) was evaluated in the five selected tranSgeniC pro|amins (PR)’ and g|ute|ins (GL) were determined by integra-
barley lines by performing RT-PCR reactions with RNA isolated  tion of absorbance areas at 210 nm shown to be highly correlated
from leaf material of the transgenic lines. Amplification of a with the amounts of proteing1). HPLC analysis of unreduced

tubulin gene was used as control. In all five plants, a 300 bp prolamins (PR) was used to determine the total amounts of
fragment was found as expected from the primer design for prolamins (Table 2).

detection of the antisense C-hordein fragment while no bands ' |n the mother cultivar, prolamins constituted 52.3% of the

were amplified from the mother cultivaFigure 3). total extractable proteins, while in the transgenic lines the
SDS-PAGE Analysis of the Hordeins in the Transgenic  relative prolamine content was reduced, ranging from 37.5%
Lines. Thirty-five Southern positive primary regenerants were to 46.1% of total extractable protein§able 2). The glutelin
grown to maturity in the greenhouse. The hordein polypeptide fraction increased from 38.5% in the mother cultivar to 41.6%,
profile was determined by SDS-PAGE electrophoresis of three 50.2%, 51.3%, 46.2%, and 50.1% in the five transgenic lines,
seeds from each line. As the transgenic trait is expected towhile there were minor relative increases in the albumin/globulin
segregate in the Iseeds, an SDS-PAGE gel was run for each fraction in the transgenic lines compared to the mother line.
seed. The embryo part was dissected from the endosperm and'he chromatograms of reduced prolamins and glutelins were
germinated to produce the, Generation that subsequently by used for determining the relative content of the hordein
self-pollination generated the, Population. subgroups (D-, C-, ang/B-hordeins). The relative amount of
Eighteen of the 35 transgenic lines appeared to have athe C-hordeins ranged from 26.7% to 31.4% in the five lines
changed hordein profile (data not shown). Five of these lines while in the mother line the C-hordein fraction accounted for
were chosen for further analysis. The Seeds from the five  35.4% of the total hordeinsTéble 3). The relative amount of
lines were tested again by electrophoresis in order to confirm y/B-hordeins was increased in the transgenic lines (range of
the changes in the hordein profilEigure 4). The profile was 60.6-66.2% compared to 58.5% in the mother line) while there
basically the same as that observed in thesd@eds (data not  were also minor relative increases in the amounts of D-hordeins
shown). As evidenced from the intensity of the hordein in the antisense lines (Table 3).
polypeptide bands, it appeared that all 5 lines had a reduced Amino Acid Analysis. Seed weight, protein content, and
C-hordein content compared to the mother variety. Furthermore, content of the individual amino acids were measured in the T
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Table 3. Relative Amounts (Absorbance Units (AU) x 10~%/2 mL) and Proportions (Percent According to Total Hordeins) of D-, C-, and y/
B-Hordeins in the Five Different Antisense Lines (L1-L5) and the Mother Variety Golden Promise (Wt)2

Wt L1 L2 L3 L4 L5
protein AU % AU % AU % AU % AU % AU %
D-hordein 100 4.9 76 4.9 91 5.7 90 6.7 90 5.7 128 7.0
C-hordein 717 35.4 444 28.5 431 26.7 372 21.9 496 31.4 569 31.0
y/B-hordein 1185 58.5 1013 65.0 1069 66.2 850 63.8 972 61.6 1112 60.6
residual 24 1.2 25 1.6 23 14 21 1.6 21 13 25 14
> 2026 100.0 1558 100.0 1614 100.0 1333 100.0 1579 100.0 1834 100.0

2The data for the mother lines are the means of two individual samples.

Table 4. Amino Acid Content in Grams per 100 g Protein in Wild Type and the Five Transgenic Lines (L1-L5)?

Wt L1 % L2 % L3 % L4 % L5 %

ALA 38 43 (13.2) 41 (7.9) 42 (10.5) 4.1 (7.9) 44 (15.8)
ARG 5.0 55 (10.0) 5.2 (4.0) 5.4 (8.0) 53 (6.0) 56 (12.0)
ASP/ASN 5.6 6.3 (12.5) 5.9 (5.4) 6.1 (8.9) 6.0 (7.0 6.3 (12.5)
CYS 2.2 26 (18.2) 2.4 (9.) 24 9.1) 2.3 (4.5) 26 (18.2)
GLUIGLN 28.7 259 (-9.8) 28.2 (-1.7) 285 (-0.7) 27.6 (-3.8) 27.0 (-5.9)
GLY 39 43 (10.3) 4.2 1.7 43 (10.3) 4.2 (1.7 45 (15.4)
HIS 23 25 8.7 25 8.7) 26 (13.0) 24 4.3) 25 8.7
ILE 4.0 4.0 (0.0) 4.1 (2.5) 42 (5.0) 40 (0.0) 42 (5.0)
LEU 7.4 77 (4.0) 7.9 (6.8) 8.0 (8.1) 77 (4.1) 8.0 (8.1)
LYS 3.4 38 (11.8) 37 (8.8) 38 (11.8) 37 (8.8) 3.9 (14.7)
MET 17 18 (5.9) 18 (5.9) 18 (5.9) 18 (5.9) 19 (11.8)
PHE 6.3 58 (-7.9) 6.0 (-4.8) 6.1 (-3.2) 6.1 (-32) 5.9 (-6.3)
TYR 37 38 2.7 38 2.7) 38 2.7 38 2.7) 39 (5.4)
PRO 16.5 143 (-13.3) 155 (-6.1) 15.8 (-4.2) 15.0 (-9.1) 145 (-12.1)
SER 46 48 4.3) 5.0 8.7) 5.0 8.7) 48 4.3) 5.0 8.7)
THR 34 36 (5.9) 36 (5.9) 36 (5.9) 36 (5.9) 37 (8.8)
VAL 54 5.8 (7.4) 5.8 (7.4) 6.3 (16.7) 57 (5.6) 6.0 (11.1)
total protein 17.1 12.8 133 145 15.4 15.7

seed weight 35.2 39.3 40.8 31 38.5 37.6

2The numbers in brackets are the relative differences in percentage between the amino acid content in the transgenic line and the wild type. The seed weight is the
mean of 20 seeds.

seeds of the five transgenic lines and the mother line. Line 3  Evaluation of the Amino Acid Profile in Relation to the
showed a lower seed weight than the mother line (31.0 mg Protein Content of the Grain. The changes of the amino acid
compared to 35.2 mg) while the four other lines had heavier profile in relation to the total protein content were evaluated
seeds (ranging from 37.6 to 40.8 miggble 4). Apart from this using a set of regression equations developed to predict the
weight difference, the seeds appeared very similar to the motheramino acid content as a function of different protein contents
line in their external morphology. The protein content of the (33). The percentages of total protein for the essential amino
transgenic lines ranged from 12.8% to 15.7% while the mother acids lysine, threonine, methionine, isoleucine, leucine, and
line had a protein content of 17.1%. The amino acid content valine in antisense lines-15 were plotted against the total
(excluding tryptophan) was determined following hydrolysis of protein content and compared with the predictions for wild type
total proteins. The glutamine and asparagine contents werebarley (Figure 5). Except for isoleucine, all six amino acids
accordingly included in the glutamate and aspartate fractions. were present in higher amounts than the wild type predictions
A number of differences in amino acid content between the throughout the total protein range of -£27%. In the mother
transgenic lines and the mother variety were revealable line, Golden Promise, the amounts of lysine, threonine, me-
4). In the transgenic lines, glutamine/glutamate, proline, and thionine, leucine, and valine exceeded the predictions but were
phenylalanine were less abundant than in the mother line. Thelower than those in the transgenic lines, whereas the amount of
percentage difference ranged from0.7% to —9.8% for isoleucine in the wild type was close to the predictions.
glutamine/glutamate;4.4% to—14.6% for proline, and-2.5%

to —8.5% for phenylalanine. The glutamine/glutamate and DISCUSSION

proline reductions are in agreement with the general reduction In the current study, a large number of transgenic barley lines
in the prolamin content of the transgenic lines as evidenced by were generated having constitutive expression of a C-hordein
SDS-PAGE and RP-HPLC. Furthermore, the decrease ingene antisense sequence. The working hypothesis was that a
phenylalanine is in line with a specific suppression of C-hordeins selective suppression of C-hordeins would result in the up-
as this subgroup is enriched with phenylalanifekle 1). All regulation of the synthesis of other storage proteins and thereby
other amino acids were more abundant per 100 g of protein in an improvement of the amino acid composition of the barley
the transgenic lines than in the mother line. The sulfur containing grain. From a nutritional and environmental perspective, C-
amino acids cysteine/cystine and methionine were increased byhordeins are inferior to all other types of proteins in the barley
up to 17.0% and 13.2% (range: 3:17.0% and 6.813.2%) grain as they consist primarily of repetitive sequences of proline
and other essential amino acids like lysine, threonine, isoleucine,and glutamine with a very low content of essential amino acids
leucine, and valine were increased by up to 16.0%, 10.7%, 6.6%,like lysine, threonine, isoleucine, leucine, valine, methionine,
8.1%, and 17.1%. and cysteine.
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Figure 5. (a—f) Correlation between protein content and the percentage of six essential amino acids measured in wild type and the five transgenic lines
compared to the predicted amino acid content as a function of the protein content: (a) wild type; (<) standard prediction from regression equation; (O)
transgenic lines.

A total of 48 lines were generated of which 35 were shown separate proteins on the basis of size or charge. However,
by Southern blotting to harbor the introduced antisense construct.because/- and B-hordeins are similar in hydrophobicity, they
The transformation frequency amounted to 5.4% (number of could not be separated into single subgroups by RP-HPLC and
transgenic lines regenerated divided by the number of embryoswere therefore quantified as a sum The analyses revealed an
infected with Agrobacterium) which is very similar to that overall reduction in the prolamin fraction from 52.3% in the
reported for otherAgrobacterium mediated transformation  mother line to 37.546.1% in the transgenic line$gble 2 and
experiments in barley2@). T, seeds of the 35 lines were Figure 4) and an increase in the albumin/globulin and glutelin
prescreened for alterations in the abundance of the differentfractions. Four of the five C-hordein antisense lines possessed
hordein subgroupsy(B-, C-, and D-hordein), and five lines a minor increase in the albumin fraction (line-4), and all
displaying a reduced amount of C-hordein were selected for five lines had more glutelinTable 2). Within the hordeins,
further studies. All lines expressed the antisense sequence irthere was a reduction in the relative content of C-hordeins (range
leaves as evidenced by RT-PCR in agreement with the ability of 26.7—31%) compared to 35.4% in the mother line while the
of the maize ubiquitin promoter for driving a strong constitutive relative proportions of D- ang/B-hordeins were increased
expression. In the current study, the transcription of the construct(Table 3).
in the seeds was not analyzed, but several other studies have The amino acid analysis of the transgenic lines showed a
shown that the maize ubiquitin promoter also confers strong reduction in the amino acids that are very abundant in the
expression in the barley grain (34). C-hordeins, namely glutamine, proline, and phenylalanine and

The effects of the antisense construct on the storage proteinincreases in the other amino acids with some variance between
composition in the mature grain as well as the relative the lines Table 4). The levels of the essential amino acids,
proportions of the different hordein subgroups were analyzed lysine, threonine, and methionine were increased together with
in detail by SDS-PAGE and by RP-HPLC. RP-HPLC has been all the other amino acids including isoleucine, leucine, and valine
found to be capable of high-resolution separations of cereal seedhat are considered to be the secondary limiting amino acids.
proteins, and the resolution is often better than that obtained Line number 5 had among the lines the largest increase in lysine
by any other chromatographic or electrophoretic metf&1g. ( (16%), methionine (13.2%), and threonine (10.7%). Valine was
RP-HPLC resolves proteins primarily on the basis of differences increased in all the lines, where line 3 had the largest increase
in surface hydrophobicity, complementing other techniques that of 17.1% (Table 4).
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All the analyses accordingly indicate a selective suppression has resulted in marked changes in the storage protein and amino
of the C-hordein content with compensatory increases in other acid profile. Further efforts will be devoted to field trials and
fractions of storage proteins. One complicating factor is the large assessment of the nutritional value of these lines as well as the
variation in protein content between the lines ranging from pleiotropic effects on the transcriptome and proteome imposed
12.8% to 15.7% with a slightly higher protein content of 17.1% by the antisense suppression.
in the mother line. We attribute these differences to the fact
that the plants were grown in a greenhouse where in our
experience it is difficult to obtain a uniform protein content of
the grain. Also, the protein content was somewhat higher than
in field grown materials that under Danish cultivation and
fertilization conditions is of the order of +11% protein. This
will affect the amino acid profile as the relative proportions of
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