
Introduction

As an important source of useful genes and traits,

rye (Secale cereale L.) has been widely employed

in wheat improvement. Previous studies reported

that rye chromosome 1R contains several impor-

tant gene loci for resistance to diseases, such as

leaf rust, stem rust, stripe rust, and powdery mil-

dew (Zeller and Hsam 1983). The 1BL/1RS

translocation, generated from the substitution of

the chromosome arm of wheat 1BS by rye 1RS,

has been developed to improve disease resistance

in wheat (Zeller 1973). This chromosome rear-

rangement also has positive impacts on agronomic

traits, including yield performance and stability,

and stress tolerance. Due to excellent agronomic

traits and strong disease resistance, the 1BL/1RS

translocation lines have been extensively applied

in wheat breeding programs, since the

translocation was introduced to China in the early

1970s. Recently, wheat 1BL/1RS translocation

lines have accounted for 30 to 59% of total wheat

production in China (Zhou et al. 2004). Rye (RR)

has also been used in crossing with wheat, either

the tetraploid durum wheat (Triticum durum L.,

AABB) or the hexaploid bread wheat

(T. aestivum L., AABBDD), to produce triticale

(× Triticosecale Wittmack). Most commonly
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grown triticale cultivars are 6x (AABBRR),

whereas 8x triticale (AABBDDRR) is also used

for feed and forage production in China. Re-

searchers and breeders are interested in triticale

because it exhibits a great potential for strong dis-

ease resistance and excellent adaptation to severe

abiotic conditions, such as acidity, drought, water-

logged soils, or aluminum toxicity (Horlein and

Valentine 1995). However, both wheat 1BL/1RS

translocation lines and triticale have poor grain

quality. Some defects in baking qualities, such as a

significant reduction of dough elasticity, tenacity,

and strength, are due to the integration of rye (R)

chromosomes or the whole rye genome into the

wheat or triticale genome (Dhaliwal et al. 1990;

Lee et al. 1995; Samy et al. 2008).

Omega-secalins (�-secalins) are monomeric
storage proteins within the S-poor protein family
and account for 11% of total proteins in rye seeds
(Shewry et al. 1983). This type of proteins is re-
garded as the major cause of poor grain quality in
wheat 1BL/1RS translocation lines (Dhaliwal

et al. 1990). It has been reported that �-secalins
are encoded by the Sec-1 locus on the short arm of
rye chromosome 1R and vary in molecular weight
from 45 to 50 kDa (Clarke et al. 1996). Shewry
et al. (1983) reported that the gene at the Sec-1 lo-

cus encodes 2 types of seed proteins (�-secalins

and 40K �-secalins), which can be separated in so-
dium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), although they are tightly
linked to each other. A previous study indicated

that the �-secalin gene family contains 15 mem-
bers, in which each gene is encoded within a
9.2-kb repeat unit and arranged head-to-tail in a
145-kb fragment produced by EcoRV digestion
(Clarke and Appels 1999). Fluorescence in situ
hybridization further provided a high resolution
map of the secalin-1 (Sec-1) locus on the short arm

of rye chromosome 1R (Yamamoto and Mukai

2005). Up to now, only 3 �-secalin genes from the
rye genome (GenBank No.: X60294 and X60295,
Hull et al. 1991; GenBank No.: F000227, Clarke
and Appels 1999) and another 4 (without acces-
sion numbers, Chai et al. 2005) from wheat
1BL/1RS translocation lines have been reported.
Those results revealed that the primary structure

of �-secalin is conserved and composed of a sig-
nal peptide, N-terminal region, repetitive domain,
and C-terminal region. Our knowledge about the

structure and evolution of this �-secalin gene fam-
ily is still limited and insufficient.

In this study, we isolated 62 coding regions of

�-secalin genes from rye, 6x and 8x triticale, and a

wheat 1BL/1RS translocation line; and further

characterized the structural variations and evolu-

tionary features of cereal �-secalin genes after the

integration of the rye R chromosome or whole ge-

nome into the wheat or triticale genome. Such in-

formation will be essential and beneficial to

manipulate the expression of �-secalin genes in

rye, triticale, and wheat 1BL/1RS translocation

lines.

Materials and methods

Plant materials

Rye cv. Rogo (RR, 2n = 2x = 14), hexaploid

triticale cv. AC Ultima (AABBRR, 2n = 6x = 42),

octoploid triticale line H93-5305 (AABBDDRR,

2n = 8x = 56), spring wheat line Bobwhite

(1BL/1RS translocation), and wheat cv. Chinese

Spring (without 1BL/1RS translocation,

AABBDD, 2n = 6x = 42) were used in this study.

The accessions of rye, 6x triticale, and Chinese

Spring were provided by Lethbridge Research
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Table 1. List of cereal accessions and �-secalin genes characterized in this study

Species Accession Genotype Open reading frames Pseudogenes Total

Rye Rogo RR 5
FJ561449 to FJ561453

11
FJ561454 to FJ561457
FJ949578 to FJ949584

16

Triticale 6x AC Ultima AABBRR 4
FJ561458 to FJ561461

12
FJ561462-FJ561464
FJ949585-FJ949593

16

Triticale 8x H93-5305 AABBDDRR 3
FJ561465 to FJ561467

12
FJ561468 to FJ561472
FJ949594 to FJ949600

15

Wheat (with 1BL/1RS ) Bobwhite AABBDD 7
FJ561473 to FJ561479

8
FJ561480 to J561481
FJ949601 to FJ949606

15

Wheat (without 1BL/1RS) Chinese Spring AABBDD 0 0 0

Total 19 43 62



Centre, Agriculture and Agri-Food, Canada; the

accession of 8x triticale was a gift from Prof.

Lianpu Cao (Shihezi University, China), whereas

Bobwhite was provided by the USDA Agricul-

tural Research Service (http://www.ars-grin.gov).

Detailed information on these plant materials is

listed in Table 1.

SDS-PAGE

Storage proteins were extracted from a half of a

single seed and separated by SDS-PAGE, as de-

scribed previously (Singh et al. 1991). Wheat cv.

Chinese Spring (without any 1BL/1RS

translocation) was used as the negative control.

Isolation of �-secalin genes

The CTAB method was used to extract genomic

DNAs from leaves of a 2-week-old plant (Murray

and Thompson 1980) of each species. According

to the conserved sequences in the 5’ or 3’ ends of

available �-secalin open reading frames (ORFs), a

pair of PCR primers, P1 (5’-ATG AAG ACC TTC

CTC ATC TTT GTC CTC-3’) and P2 (5’-CCG

ATG CCT ATA CCA CTA CTA C-3’), were de-

signed for amplifying complete ORFs of �-secalin

genes. The LA Taq polymerase (TaKaRa) with

GC buffer for GC-rich template was used in the

PCR amplification to avoid introducing errors into

the target sequence. The PCR cycling included

94°C for 5 min, followed by 35 cycles of 94°C for

40 s, 60°C for 60 s and 72°C for 90 s, and then a fi-

nal extension step at 72°C for 7 min. PCR products

were separated in 1% agarose gels and the ampli-

fied fragments were recovered and purified from

agarose gels, and then ligated into the pMD18-T

vector (TaKaRa). The ligation mixtures were

transformed into Escherichia coli DH5� compe-

tent cells. The DNA sequencing was performed in

the DNA Sequencing Service Centre, University

of Calgary (Calgary, Canada). The final nucleo-

tide sequence for each �-secalin gene was deter-

mined from the sequencing results of

3 independent clones.

Characterization of �-secalin genes

The translation of nucleotide sequences was per-
formed by DNAman software (V5. 2.10; Lynnon
Biosoft). Multiple alignments were carried out
with Clustal W software (V1.83;
http://www.ebi.ac.uk/tools) for comparisons of
DNA or protein sequences (Ramu et al. 2003). The
alignment was further improved by visual exami-

nation and manual adjustment. To investigate the

phylogenetic relationships of �-secalin genes, the
complete amino acid (aa) sequences were pre-
dicted for multiple alignment by the Clustal W
program. The MEGA 4.02 software was used to
develop phylogenetic trees by the neigh-
bor-joining method (Tamura et al. 2007).

Analysis of synonymous and nonsynonymous

substitutions

The obtained nucleotide sequences were aligned

(codon-by-codon) by using the Clustal W pro-

gram. General selection patterns were analyzed at

the molecular level by using DnaSp 4.00 (Rozas

et al. 2003). Insertions or deletions that cause a

frameshift were treated as non-synonymous sub-

stitutions. Numbers of synonymous (Ks) and

non-synonymous (Ka) substitutions per site were

calculated from pairwise comparisons with incor-

poration of the Jukes-Cantor correction as de-

scribed by Nei and Gojobori (1986).

Results

Isolation and characterization of �-secalin genes

We extracted �-secalins from rye, 6x and 8x
triticale, and a wheat 1BL/1RS translocation line.
Our SDS-PAGE results indicate that this type of
proteins exhibits a similar electronic mobility with
an approximately 50 kDa molecular weight (Fig-
ure 1A), which is consistent with a previous report
(Clarke and Appels 1999). We also isolated and

characterized �-secalin genes from rye, 6x and 8x
triticale, and a wheat 1BL/1RS translocation line.
One PCR fragment (about 1000 bp) was amplified
from genomic DNAs of each cereal accession
(Figure 1B). We cloned all PCR products, in
which 62 complete coding regions were isolated
and sequenced (Table 1). Our results indicate that

these �-secalins genes share over 90% identity in
their genomic sequences.

Our multiple sequence alignments indicate that

�-secalin genes from triticale and the wheat

1BL/1RS translocation line are homologous to

those originating from rye. Out of the 62 se-

quences (Table 1), 19 were full-length �-secalin

ORFs. The other 43 sequences were pseudogenes,

as their ORFs were interrupted by one or a few

stop codons or frameshift mutations.

Numbers of synonymous (Ks) and non-synon-

ymous (Ka) substitutions per site were calculated

after pairwise comparisons among complete cod-
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ing regions of �-secalin genes and pseudogenes.

We found that the mean Ks/Ka ratios of �-secalin

ORFs were higher than the ratios of pseudogenes

in rye, 6x and 8x triticale, and the wheat 1BL/1RS

translocation line, indicating that the pseudogenes

may be subject to a reduced selection pressure and

cannot express their proteins in cereal seeds. The

trendline shows a relative excess of synonymous

substitutions in �-secalin ORFs, compared to

non-synonymous substitutions (Figure 2a–d).

Comparative analyses of �-secalins and

evolutionary relationships

We predicted and analyzed aa sequences from ce-

real �-secalin genes and found that all �-secalins
have similar protein structures (Figure 3). The pri-

mary structures of �-secalins were composed of a
signal peptide (19 aa), a conserved N-terminal re-
gion, a central repetitive domain, and a C-terminal
region. The N-terminal and C-terminal contained
only 12 aa and 6 aa, respectively, so they were
shorter than those of gliadins. The N-terminal in

all �-secalin sequences started with RQL,
whereas other types of N-terminal sequences were

shared with �-gliadin, a homologous protein of

�-secalin.

Although cereal �-secalins exhibited similar

electronic mobility on SDS-PAGE, they can be

separated by detecting single-nucleotide

polymorphisms (SNPs) from �-secalin coding se-

quences. We found that the repetitive domains

were composed of 281-320 aa. The repeat motifs

were usually composed of 8 codons for 2 types of

octapeptides (PQQFSPQQ and PQQIIPQQ) in the

repetitive domain (Figure 3). Single-codon dele-

tions within repeat motifs resulted in a few new

variants with 7 codons. Substitutions also fre-

quently occurred at positions of 2 and 6 of repeat

motifs. Our results indicated that 1, 3, and 5 repeat

motifs were deleted in FJ561467, FJ561475 and

FJ561478, respectively. We compared our se-

quences with previously published �-secalin se-

quences from rye (GenBank No.: X60294 and

X60295, Hull et al. 1991; GenBank No.: F000227,

Clarke and Appels 1999) and a 1BL/1RS

translocation line (Chai et al. 2005). As a result,

we found that all �-secalins had a similar primary

structure but differed in a single or a few aa resi-

dues (data not shown).

The aa sequences of 62 �-secalins, together

with other types of S-poor proteins (3 barley

C-hordeins and 3 wheat �-gliadins), were used to

construct a phylogenetic tree in this study. Ac-

cording to the origins of their genomes, our phylo-

genetic tree demonstrates that all sequences are

grouped into 3 clusters, in which all �-secalins are

clustered into one group and were significantly

different from �-gliadins and C-hordeins (Fig-

ure 4).
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Figure 1. Characteristics of �-secalins from cereal species. (A) SDS-PAGE analysis of �-secalins from rye cv. Rogo (1);

6x triticale cv. AC Ultima (2); 8x triticale line H93-5305 (3); wheat line Bobwhite (4); and wheat cv. Chinese Spring (5).

M = protein marker. Arrows indicate the �-secalin proteins. (B) PCR amplification of �-secalin genes from Chinese

Spring (1); Rogo (2); AC Ultima (3); H93-5305 (4); and Bobwhite (5). M = 1-kb DNA marker.



Analysis of celiac disease toxic epitopes

Celiac disease (CD) is a common enteropathy, oc-
curring in 0.5–1.0% of the general population and
resulting from intolerance to dietary cereal inges-
tion of wheat glutens and related prolamins from
oat (Avena sativa L.), rye, and barley. There are

4 CD epitopes in �-gliadins, which show minor
differences among cereal species (Vader et al.
2003). Previous immunological tests indicated

that �-, �-, �-, and �-gliadins are all toxic to CD
patients (Jos et al. 1982). The tetrapeptide se-
quences PSQQ, QQQP and PQQP are common to
a series of celiac-active peptides and regarded as
potential toxic epitopes. Although the PSQQ and
QQQP motifs are not present in any of the avail-
able sequences of S-poor prolamins, we found that
the PQQP motifs existed in the repetitive domains

of �-secalins and other S-poor prolamins. This in-

dicates that �-secalins may be one of major causes
of human CD symptoms.

Discussion

Omega-secalins may have a negative impact on
the grain quality of rye, triticale, or wheat
1BL/1RS translocation lines. However, less infor-

mation on �-secalin structure and functions is
available than on other homologous seed proteins,
such as glutens and gliadins (Chai et al. 2005;
Chen et al. 2009). Therefore, characterization of
this gene family from various cereal species would
be important and essential to improve our insights
on structural characteristics and evolutionary fea-

tures of cereal �-secalin genes.
Our results indicate that the high percentage of

pseudogenes exist in this �-secalin gene family.
Their ORFs were interrupted by one or a few stop
codons or frameshift mutations. The mechanism
of such pseudogene formation may be due to high

contents of glutamine in �-secalins, because the
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Figure 2. Relative numbers of synonymous substitutions (Ka) and nonsynonymous substitutions (Ks) per site for

pairwise comparisons among complete sequences of �-secalins and pseudogenes. The dotted line represents a Ka/Ks

ratio of 1. Linear trendlines with the intercept set to zero are shown for both open reading frames and pseudogene

sequences from (a) rye cv. Rogo; (b) 6x triticale cv. AC Ultima; (c) 8x triticale line H93-5305; and (d) wheat line

Bobwhite (1BL/1RS translocation).



glutamine codons (CAA or CAG) could be easily
converted to stop codons (TAA or TAG). High
frequencies of point mutations toward stop codons

have also been reported in �- and �-gliadin genes

from wheat and its relatives, or in
high-molecular-weight glutenin genes from
Agropyron elongatum L (syn. Lophopyrum
elongatum = Thinopyrum ponticum, 2n = 10x =

408 Q-T. Jiang et al.

Figure 3. Comparison of primary structures of 19 �-secalins from rye, 6x and 8x triticale, and wheat 1BL/1RS

translocation line. Signal peptide, N-terminal, and C-terminal regions are labeled above the aligned sequences. Each

mutation of a single aa residue is marked with a box, while deletions of repeat motifs are indicated by shading.



70) (Liu et al. 2008; Chen et al. 2009; Qi et al.
2009). We have realized that the stop codons are
distributed in repetitive domains, but never appear
in the signal peptide and N- or C-terminal of

�-secalins. Many pseudogenes contain more than
one stop codon, which occur jointly. In this study,

a high percentage of �-secalin pseudogenes were
characterized and determined to have the same set
of stop codons in various cereal species. This sug-
gests that these stop codons have been duplicated
after they were created by the mutations.

Although �-secalins, �-gliadins, and

C-hordeins are classified as S-poor proteins with

similar structures, our results demonstrate that

they can be distinguished by sequence differences

(Figure 4). Such differences within complete cod-

ing regions of �-secalins include point mutations,

which result in aa variations at specific positions.

Our aa comparison and phylogenetic analysis in-

dicates that these aa variations are ge-

nome-specific, and the duplications in the S-poor

protein family occurred after a number of diploid

species differentiated from a common ancestor.

This has also been supported by the evolutionary

analysis of �-gliadins originating from different

genomes (Herpen et al. 2006).
Variations in the number of repeat peptide mo-

tifs were the main cause for differences in molecu-

lar weight among cereal �-secalins. As for wheat
protein evolution, 4 modes have been proposed:
(1) single aa changes; (2) deletion or insertion in a
repeat unit; (3) single repeat changes (i.e. single
repeat has been duplicated or deleted); (4) dele-
tions or duplications of blocks of repeats (Ander-

son and Greene 1989). All �-secalins differ only
slightly in aa sequences, indicating that this gene
family might have a slow evolutionary rate. As
cysteine plays a key role in forming inter-chain
disulfide bonds to stabilize gluten polymers
(Shewry and Tatham 1997), we found that

�-secalins contain no cysteine residues. This sug-

gests that �-secalins may have unique functions
(different from those of other seed proteins) and
can be classified as special monomeric polymers
with no SS-type bonds.

There are 5 types of N-terminal start sequences

(i.e. KEL, SRL, ARQ, ARE, and RQL) recognized

from �-secalins, �-gliadins, and C-hordeins

(Kasarda et al. 1983). The genes encoding the

KEL type are located on B and D genomes, and the

SRL is encoded by genes of the B genome. Al-

though the ARE and RQL types were identified in

tetraploid and 6x wheat, the chromosomal loca-

tions of such encoding regions have not been de-

termined yet. Except for rye, the RQL type

proteins have been found in barley and

T. monococcum L. The analyses of repeated se-

quences and chloroplast and mitochondrial DNAs

supported such an evolutionary scheme of the

tribe Triticeae: barley (Hordeum) was formed

first, and next rye (Secale) and wheat (Triticum)

emerged (Smith and Flavell 1974). We found that

the RQL type, which was regarded as the ancestral

sequence, is the characteristic sequence for barley

C-hordeins and rye �-secalins, which further con-

firms that barley and then rye diverged from the

same line before it evolved into wheat (Vedel et al.

1980; Kasarda et al. 1983).
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Figure 4. Phylogenetic relationships of �-secalins from rye, 6x and 8x triticale, and wheat 1BL/1RS translocation line.

The unrooted phylogenetic tree is based on multiple alignments of aa sequences of cereal �-secalins, barley C-hordeins,

and wheat �-gliadins. The bootstrap analysis was conducted with 1000 replicates.



For the distribution of CD epitopes, we found

that �-secalins only have the CD toxic peptides in

their repetitive domains, whereas CD epitopes are

present within both the repetitive domain and

C-terminal region of cereal �-gliadins. Our results

revealed that all �-secalins identified so far have a

high content of tetrapeptides PQQP, indicating

that �-secalins can have a potential celiac toxicity,

because the repetitive domain is composed of

PQQFSPQQ and PQQIIPQQ arranged

head-to-tail (Figure 3). A further study will be

necessary to explore the celiac toxicity of cereal

ù-secalins and the relationship between �-secalins

and human CD symptoms.

Although �-secalin genes may have negative

effects for applications of 1BL/1RS translocation

in wheat breeding, this gene family was only re-

garded as partially responsible for the poor grain

quality (Dhaliwal et al. 1990; Clarke et al. 1996).

Previous studies reported that the deletion of

wheat quality genes located on the replaced 1BS

wheat chromosome arm is also considered as a po-

tential reason for the poor quality of 1BL/1RS

translocation. The loss of Glu-B3 and Gli-B1 loci,

which encode LMW-GS and gliadins, respec-

tively, may be detrimental to parameters related to

wheat end-use quality (Burnett et al. 1995; Wieser

et al. 2000; Samy et al. 2008). It will be important

to investigate and distinguish the genetic functions

between the deletion of wheat quality genes and

the insertion of rye �-secalin genes.

Our results indicate that �-secalins from vari-

ous cereal species share high homology in their

gene sequences. This gene family has involved

fewer variations after the introduction of the rye R

chromosome or the whole rye genome into the

wheat or triticale background. Therefore, the sup-

pression of �-secalin gene expression would be a

useful breeding strategy to eliminate the poor

quality effects of this gene family. Based on con-

servation of �-secalin gene sequences, it will be

feasible to choose target regions to shut off

�-secalin genes by using RNA interference (Wes-

ley et al. 2001). Further research on the develop-

ment and characterization of wheat transformants

via RNA interference to silence �-secalin genes is

under way.

Conclusions

We isolated 62 �-secalin genes from rye, 6x and

8x triticale, and the wheat 1BL/1RS translocation

line, and found that they had similar primary struc-

tures. High homology in �-secalin sequences

among cereal species indicates that this gene fam-

ily has involved fewer variations after the integra-

tion of the rye R chromosome or the whole rye

genome into the wheat or triticale genome. Our re-

sults demonstrate that cereal �-secalins contain no

cysteine residues, and such a unique characteristic

indicates that this type of proteins can not form

inter-chain linkages within �-secalins or among

other seed proteins. In addition, the potential CD

toxic epitope (PQQP) was found to be widespread

in repetitive domains of �-secalin genes in cereal

species. As �-secalins are related to poor grain

quality and may result in potential human CD tox-

icity, we can use the genetic information charac-

terized in this study to manipulate the �-secalin

gene expression in rye, triticale, or wheat

1BL/1RS translocation lines for their quality im-

provement.
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