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ABSTRACT 
Exogenous �-amylase inhibitors in seeds and vegetative organs are attractive candidates for the control of seed weevils as these insects are 
highly dependent on starch as an energy source. In cereal seeds, �-amylase inhibitors proteins were known as one great family on the 
basis of the homology of their sequences. The overall information on the monomeric, dimeric and tetrameric �-amylase inhibitors 
strongly support the view that these inhibitors have evolved from a common ancestor gene through duplication and mutation. All �-
amylase inhibitors from Triticeae (21 different genomes) have 10 conserved cysteine (5 disulfide bonds) sharing common cysteine 
skeleton. In the past years the �-amylase inhibitors have been well studied, including large amount of attention that directed towards their 
evolutionary relationship. Adaptive evolution of monomeric and dimeric �-amylase inhibitor genes and its ecological association has been 
investigated in wild emmer wheat. They were contributed by both natural selection and co-evolution, which ensures the conserved 
function as well as the inhibition of a variety of insect amylases. The known aspects of �-amylase inhibitors and their molecular evolution 
in Triticeae have been discussed in this review. 
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INTRODUCTION 
 
Starch is the main carbon-storage molecule of plants and is 
the main source of energy for animals, including humans. 
The kernel of wheat and related Triticeae species contains a 
number of protein components capable of inhibiting many 
�-amylase [�- (1, 4)-glucan-4-glucanohydrolases], which 
are a family of enzymes that hydrolyze �-D-(1,4)-glucan 
linkages in starch, and play an important role in the carbo-
hydrate metabolism of many autotrophic and heterotrophic 
organisms (MacGregor et al. 2001; Kumar et al. 2009). The 
endogenous �-amylase (AMY1, AMY2 and AMY3) in 
cereals are very important in initiating starch degradation in 
cereal grains, which are expressed during seed maturation 
and germination. Heterotrophic organisms use exogenous 
�-amylase primarily to digest starch in their food sources 
(Silva et al. 2000; Gorjanovi� 2009). Chitinase and �-1, 3-
glucanase enzymes, lectins, arcelins, vicilins, systemins and 

enzyme inhibitors are the proteins, which could protect 
plants against the attack of insect pests and pathogens 
(Ryan 1990; Ryan and Pearce 1998; Sales et al. 2000; Nieu-
wenhuizen et al. 2007; Gorjanovi� 2009; Gbaye et al. 2011). 
Several �-amylase and proteinase inhibitors present in seeds 
and vegetative organs act to resist phytophagous insects 
(Konarev 1996; Chrispeels et al. 1998; Gatehouse and Gate-
house 1998; Wisessing et al. 2010). �-Amylase inhibitors 
are attractive candidates for the control of seed weevils as 
these insects are highly dependent on starch as an energy 
source (Franco et al. 2000; Nagy-Gasztonyi et al. 2010). 
For weevil control, the members from �-amylase inhibitor 
family could be used by plant genetic engineering such as 
transgenic (Prescott et al. 2005). Many insects have several 
�-amylases that differ in specificity, and successful utiliza-
tion of a food source is dependent on the presence of �-
amylase for which there is no specific inhibitor (Silva et al. 
2000; Bonavides et al. 2007). 
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It is known that the bulk of seed albumins consist of a 
few amylase isoinhibitor families which are likely phylo-
genetically related and which are coded by a small number 
of parental genes (Buonocore et al. 1977; Nagy-Gasztonyi 
et al. 2010; Dupont et al. 2011). In cereal seeds, �-amylase 
inhibitors proteins with 120-130 amino acids, which include 
trypsin inhibitors as well as �-amylase inhibitors, are 
known as one great family on the basis of the homology of 
their amino acid sequence (Strobl et al. 1995; Wang et al. 
2005, 2010a). The monomeric, homo-dimeric and hetero-
tetrameric �-amylase inhibitor (WMAI, WDAI and WTAI) 
are the main members that are active on exogenous �-amy-
lases from various origins in the wheat kernel (Fig. 1). In 
the absence of dissociating agents, wheat �-amylases inhib-
itors which are active to exogenous �-amylases could be 
fractionated by gel filtration into three isoinhibitor families 
with apparent molecular weight close to 60 kDa, 24 kDa 

and 12 kDa (Deponte et al. 1976; Pelegrini et al. 2008). 
WMAI is an inhibitor with molecular weight 12 kDa; 
WDAI is combined with two 12 kDa units, that is 24 kDa; 
WTAI is a mixture (about 60 kDa) of WTAI-CM2 plus 2 
WTAI-CM3 plus WTAI-CM16, where none of the subunits 
is active on its own (Gomez et al. 1989; Alfonso et al. 
1997). Although WTAI-CM3 and WTAI-CM16, have no in 
vitro �-amylase inhibitory activity individually, they do 
show increased in vitro inhibitory activity to insect �-amy-
lases when they are combined with WTAI-CM2 to form a 
tetrameric protein (Buonocore et al. 1985; Sánchez-Monge 
et al. 1986; Garcia-Olmedo et al. 1987; Gomez et al. 1989). 
It is well established that each family is closely related by 
having largely identical amino acid sequences and confor-
mational structure and it was suggest that the �-amylase in-
hibitors are derived from common ancestral genes (Silano 
et al. 1977; Wang et al. 2010a). 
 
MOLECULAR CHARACTERIZATION OF ALPHA-
AMYLASE IN CEREALS 
 
Nucleotide sequences encoding alpha-amylase in 
cereals 
 
Recently, many genes encoding mono-, di- and tetrameric 
�-amylase inhibitors were identified from members of the 
Triticeae family (Table 1). Among them, inhibitors from 
wild emmer wheat (Triticum dicoccoides), common wheat 
(T. aestivum), rye (Secale cereale) and barley (Hordeum 
vulgare) were well studied. 

The WMAI genes in cereals were obtained with similar 
nucleotide sequences without any insertion or deletion in 
the coding region. The monomeric �-amylase inhibitors 
share very high homology (99.54%). Little evidence could 
show that there were WMAI genes in the A genome of 
hexaploid wheat, whereas the A genome of diploid wheat 
had WMAI genes (Wang et al. 2008b). The monomeric �-
amylase inhibitors from wheat and Aegilops strongly sup-
port the view that these inhibitors have evolved from a 
common ancestor gene through duplication and mutation. 

Sequence alignment indicated that all WDAI sequences 
from the Triticeae were also highly homologous (Wang et al. 
2010a). Most of the sequences had 375 nucleotides and 
only few had 3/6/9 bp insertions or deletions, which could 
encode dimeric �-amylase inhibitors with 121 to 125 amino 
acid residues. Compared with WDAI from common wheat, 
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Fig. 1 The sequences alignment of WMAI, WDAI, WTAI-CM2, 
WTAI-CM3 and WTAI-CM16 in wheat. The protein sequences were 
obtained from National Center for Biotechnology Information (NCBI, 
http://www.ncbi.nlm.nih.gov/): WMAI (AJ223492), WDAI (AY856085), 
WTAI-CM2 (X55454), WTAI-CM3 (X17574), and WTAI-CM16 
(X17573). *Highlight homology level: 100% (dark blue), � 75% (pink), � 
50% (sky blue), � 33% (yellow). 

Table 1 The gene sequences of monomeric, dimeric and tetrameric �-amylase inhibitor identified from Triticeae. 
Origin (genome)/Gene WMAI WDAI T-CM2** T-CM3** T-CM16** 
Triticum urartu (Au) 4 42 0 0 0 
Triticum boeoticum (Am) 0 18 0 0 0 
Triticum monococcum (Am) 16 49 0 0 0 
Triticum dicoccoides (AB) 353 244 115 131 100 
Triticum aestivum (ABD) 246 551 324 479 417 
Hordeum vulgare (I) 605 9 373 475 238 
Triticum araraticum (AG) 0 20 0 0 0 
Aegilops tauschii (D) 8 34 0 0 0 
Aegilops bicornis (Sb) 3 10 0 0 0 
Aegilops speltoides (S) 0 28 0 0 0 
Aegilops sharonensis (Ssh) 0 27 0 0 0 
Aegilops searsii (Ss) 0 24 0 0 0 
Aegilops longissima (Sl) 3 23 0 0 0 
Aegilops uniaristata (N) 0 6 0 0 0 
Eremopyrum bonaepartis (F) 0 10 0 0 0 
Heteranthelium piliferum (Q) 0 5 0 0 0 
Secale cereale (R) 0 9 0 0 0 
Elytrigia bessarabicum (Eb) 0 6 0 0 0 
Australopyrum retrofractum (W) 0 4 0 0 0 
Aegilops comosa (M) 0 8 0 0 0 
Aegilops umbellutata (U) 0 5 0 0 0 
Henrardia persica (O) 0 7 0 0 0 
Agropyron desertorum (P) 0 4 0 0 0 

The data were obtained from NCBI (National Center for Biotechnology Information) on 4th Feb 2012. 
** Tetrameric alpha-amylase inhibitors WTAI-CM2, WTAI-CM3, and WTAI-CM16 in common wheat were similar to BTAI-CMa, BTAI-CMd, and BTAI-CMb in barley. 
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the sequences from Q, W and O genomes had 3/6/9 bp 
deletions respectively, while the sequences from R and E 
genomes had a 3-bp insertion (Wang et al. 2010a). All the 
WDAI gene sequences from T. urartu and only few sequen-
ces from T. boeoticum were 375 bp in length, and the others 
were 376 bp. One insertion was observed in the sequences 
from 72% T. boeoticum and all T. monococcum accessions 
since these sequences could not encode the correct mature 
proteins. Genes from the Am genome were more conserved 
than those of the Au genome. The frequency of SNPs (Sin-
gle Nucleotide Polymorphisms) in the �-amylase inhibitor 
genes from the Am genome was 3.45% (Wang et al. 2007a). 
The frequency of SNPs in the B (a.k.a. S) genomes en-
coding WDAI genes was 17% (Wang et al. 2007b). As ex-
pected, most of the SNPs in dimeric �-amylase inhibitor 
genes were transitions and the rest were transversions. The 
A-T transversions were not detected in these dimeric �-
amylase inhibitor genes. A total of 59 haplotypes were 
defined in the B (a.k.a. S) genomes coding for WDAI genes, 
among which 4 main haplotypes occurring in more than 10 
genes and 36 haplotypes with a single gene were found 
(Wang et al. 2007b). Dimeric �-amylase inhibitors might be 
derived from a very limited number of ancestral genes. 

Hundreds of tetrameric �-amylase inhibitor coding gene 
sequences (114, 124 and 96 of WTAI-CM2, WTAI-CM3 
and WTAI-CM16, respectively) were characterized form 
emmer wheat (unpublished data). The frequency of SNPs in 
them was 1 out of 87.6, 101.4, and 108.0 bases, where 5, 5 
and 4 cSNPs were detected in the coding sequence, which 
were lower than the SNPs observed form WDAI and 
WMAI genes in wild emmer wheat (Wang et al. 2008a, 
2010b). It was found that the coding sequences of mono-, 
di- and tetrameric �-amylase inhibitors had very high poly-
morphisms. However, WTAI was much more conserved 
than WMAI and WDAI. 

Recently, coding sequences for mono-, di- and tetra-
meric �-amylase inhibitors were unequivocally associated 
with specific proteins identified by tandem mass spectro-
metry (MS/MS) in proteomic analysis of milled white flour 
from US wheat cultivar Butte 86 (Altenbach et al. 2011). 
And proteins corresponding to WDAI, WMAI and WTAI 
subunits CM2, CM3 and CM16 were accumulated to the 
highest levels in flour (Altenbach et al. 2011). Characteriza-
tion of inhibitors and their coding genes in a certain cultivar 
will help us to understand their expression pattern, their 
relationship, and the role of individual inhibitors in cereals. 

 
Characterization of protein sequences of inhibitor 
 
In molecular genetics, there is a growing interest in the rela-
tionship between genetic variation and individual differen-
ces in biological function. Different amino acid residues 
determined by polymorphic sites significantly affected the 
structure, charge and function between inhibitors (Maeda et 
al. 1985; Wang et al. 2005). The charge difference might 
result in the relative mobility of gel electrophoresis and the 
differential inhibitory activities of �-amylase inhibitors 
(Maeda et al. 1985; Lin et al. 2007; Fontanini et al. 2007). 
In the former investigations, more than 5 inhibitor units of 
the monomeric �-amylase inhibitor family were found viz. 
inhibitor 0.28, 0.32, 0.35, 0.39 and 0.48. They had similar 
molecular weight but different inhibitory activity (Buono-

core et al. 1997). Moreover, the different structures of in-
hibitors affect the specificity and activity against different 
mammalian and insect �-amylases (Feng et al. 1996; 
Franco et al. 2002; Murayama et al. 2009). The data concer-
ning a new �-amylase inhibitor named Inhibitor II is more 
confusing because, although the structural information 
clearly indicates that this protein is either identical with or 
very closely related to WMAI 0.28, the inhibition specifi-
city differs from that reported for inhibitor 0.28. WMAI 
0.28 was supposed to inhibit only the insect enzyme, where-
as Inhibitor II inhibits both mammalian and insect enzymes 
(Sánchez-Monge et al. 1986; Murayama et al. 2009). More-
over, in this case of Inhibitor II, the only significant discre-
pancy of WMAI 0.28 seems to be the possible presence in 
its protein sequence of 1 His and 1 Phe (Sánchez-Monge et 
al. 1986). It suggested that there are at least two members 
with different functions of the WMAI family. However, it 
was found that the amino acid sequences of WMAI mem-
bers had high homology (99.24%), which had less diver-
gence than WDAI. 

The presence of CC and CX1-4C motifs is usually ob-
served in this kind of seed protein. It was clear that the 
members of �-amylase inhibitor super family had a com-
mon conserved cysteine skeleton C-Xn-C-Xn-C-Xn-CC-
Xn-C-X-C-Xn-C-Xn-C-Xn-C (Table 2). This cysteine ske-
leton pattern also appeared in many other cereal protein 
allergens namely, Acyl-CoA oxidase, Thioredoxin, Fructose 
bisphosphate aldolase, and Peroxidase (Wang et al. 2010c; 
Sander et al. 2011). Both WMAI 0.28 and 0.39, similar to 
WDAI 0.19, were readily inactivated by treatments that 
break disulphide bonds, thus indicating that their stability is 
mainly dependent on the integrity of their disulphide brid-
ges (Petrucci et al. 1978; Om and Nivedita 2010). The 
assignment of the five disulfide bridges in WMAI 0.28 from 
wheat kernel was achieved by combining fast-atom-
bombardment mass spectrometry (FAB-MS) and automatic 
sequencing based on Edman degradation (Poerio et al. 
1991). By combining FAB-MS and automatic sequencing, it 
was possible to assign the five disulfide bonds of WMAI 
0.28 from wheat kernel as follows: Cys7-Cys54, Cys21 -
Cys42, Cys29-Cys82, Cys43-Cys98 and Cys56-Cysl13 
(Poerio et al. 1991). The deduced proteins of the mono-
meric �-amylase inhibitors had 10 Cys, and their positions 
were conserved, which indicated that the Cys were impor-
tant for these inhibitors’ three dimensional structure. Ad-
ditionally the substantial difference present in the C-termi-
nal of the loop region including residues 103-119 played an 
important role in the specificities of WMAI 0.28 and WDAI 
0.19 (Franco et al. 2000; Payan et al. 2004). Overall, the 3D 
structure of WMAI 0.28 was similar to that of WDAI 0.19 
(Oda et al. 1997; Om and Nivedita 2010). 

Most polymorphic sites in WMAI alleles did not occur 
at a conservative site, which ensures that the inhibitors 
maintain their activity structure to combine with �-amylase. 
Different amino acid residues could also affect the charge, 
structural and inhibitory activities between WMAI 0.28 and 
0.39. The two inhibitors undergo significant structural chan-
ges with only one different amino acid residue (Silano et al. 
1977). The mutations made a difference in charge that 
might result in the relative mobility of gel electrophoresis 
and the differential inhibitory activities of monomeric in-
hibitors 0.28, 0.32, 0.35, 0.39 and 0.48 with similar mole-

Table 2 Conserved cysteine skeleton of some seed proteins (from Wang et al. 2010c). 
Seed proteins Cys Pattern and specific Cys motifs 
Monomeric alpha-amylase inhibitor C-Xn-C-Xn-C-Xn-CC-Xn-C-X-C-Xn-C-Xn-C-Xn-C 
Dimeric alpha-amylase inhibitor C-Xn-C-Xn-C-Xn-CC-Xn-C-X-C-Xn-C-Xn-C-Xn-C 
Tetrameric alpha-amylase inhibitor C-Xn-C-Xn-C-Xn-CC-Xn-C-X-C-Xn-C-Xn-C-Xn-C 
Acyl-CoA oxidase C-Xn-C-Xn-C-Xn-C-X3-C-Xn-C-Xn-C-X-C-Xn-C-Xn-C-Xn-C 
Fructose bisphosphate aldolase C-Xn-C-Xn-C-Xn-C-Xn-C-Xn-C-Xn-C 
Thioredoxin C-X2-C 
Peroxidase C-Xn-C-X4-C-Xn-C-Xn-C-Xn-C-Xn-C-Xn-C 
Lipid transfer protein C-Xn-C-Xn-CC-Xn-C-X-C-Xn-C-Xn-C 
Triosephosphate isomerase C-Xn-C-Xn-C-Xn-C 
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cular weight (Buonocore et al. 1977). 
Earlier site-directed insertion mutagenesis of WMAI 

0.28 from wheat surprisingly showed structural changes at 
amino acid position 1 or 4 to reduce, but not completely 
destroy the ability to inhibit �-amylase (García-Maroto et al. 
1991). A synthetic gene encoding WMAI 0.28 was intro-
duced into a vector for expression in Escherichia coli and 
13 mutants were obtained at six different sites. Expression 
studies of these genes would broaden our knowledge on the 
functional behavior of WMAI. Synthetic WMAI had the 
correct N-terminal sequence, the same electrophoretic 
mobility and specific activity towards the �-amylase from 
the insect Tenebrio molitor as the native WMAI isolated 
from wheat. Two regions of WMAI amino acid sequences 
are critical for the inhibition mechanisms: 1) N-terminal se-
quence before the 1st Cys, and 2) sequence after the 7th Cys 
that was right after a CRC motif (positions 54-56). They are 
conserved throughout the WMAI family (García-Maroto et 
al. 1991). The roles of these regions seemed to be different, 
since the mutations in the first region affected the kinetics 
formation of the enzyme-inhibitor complex and tended to 
have a moderate effect on inhibitory activity, whereas all 
the mutations at the second region, even a single amino acid 
insertion, rendered the inhibitor completely inactive (Gar-
cía-Maroto et al. 1991). Thus, the first region plays a role in 
the postulated conformational change and is less critical to 
the stability of the enzyme-inhibitor complex, for which the 
second region would be rather stringently critical. Ac-
cording to the amino acid sequences alignment, only the 4th 
(Trp-Gly), 5th (Ser-Asn), 109th (Arg-Gly), 111st (Gly-Arg-
Ser) and 120th (Asp-Gly) amino acids of WMAI were 
changed by nucleotide mutations. Most of the amino acids 
in central domain were conserved that ensured the stability 
of WMAI. However the change of the 4th and 5th amino acid 
might result in the different conformational change, these 
mutations were in low frequency. 

The crystal structure of WDAI-0.19 was determined by 
the multiple-isomorphous replacement method coupled with 
density modification and noncrystallographic symmetry 
averaging and then refined by simulated annealing using 
diffraction data to 2.06 Å resolution (Oda et al. 1997). From 
the structure of WDAI-0.19, it was known that not only the 
10 Cys residues were of importance, but Asp110, Lys116, 
Asn29, Glu35, Ser94, Leu90, Trp51, His47 and Gln13 were 
also important to form the structure of inhibitors (Oda et al. 
1997). Three inhibitor spots of interest were proposed using 
the modeled complex of human salivary �-amylase with �-
amylase inhibitor 0.19. The first was residue His47, the 
second concerned Ser49, and the third region of interest 
was the sequence Val104-Val105-Asp106-Ala107 (Franco 
et al. 2000). Additionally the substantial difference present 
in the C-terminal of the loop region including residues 103-
119 played an important role in the specificities of WDAI 
(Payan 2004). The first 9 amino acid residues were one of 
the most conserved regions of the inhibitor from Triticeae, 
but the Q genome inhibitors had 3 amino acid mutations 
and 1 insertion, which occurred only in Heteranthelium 
piliferum �-amylase inhibitors. The Lys116, Asn29, Gln13, 
Ser49, and Val104-Val105-Asp106-Ala107 motifs were 
probably mutated in the Q genome �-amylase inhibitors. 

This might be the reason why the sequences from the Q 
genome samples did not appear like the other inhibitors. 

Compared with WDAI 0.19 and WDAI 0.53 from 
common wheat, the sequences from Q, W, O genomes had 3, 
2, 1 amino acid residues deletion respectively, while the 
sequences from R and E genome had an amino acid resi-
dues insertion. Most mutations did not occur at the con-
served sites, which ensured the stable structure and activity 
to combine with the �-amylase. All the dimeric �-amylase 
inhibitors (except the Q genome sequences) had the Ser49, 
which was closely packed by Lys352 and Asp356 of human 
salivary �-amylase and by Trp51 and Cys52 of its own 
(Franco et al. 2000). This meant that this position was con-
served. It was noteworthy that only few �-amylase inhib-
itors closely related to WDAI 0.19 (D genome sequence 
from Ae. tauschii and common wheat) from D, S, N, R, I, U 
and Eb genomes had the His47 which was replaced by the 
Asp, Lys or Asn amino acids in most of the other inhibitors. 
It was proposed that His47 was situated near to Glu349 of 
human salivary �-amylase (Franco et al. 2000). Further-
more, each inhibitor of the 24 kDa �-amylase inhibitor 
family consisted of four similar subunits. Therefore, one 
amino acid change in one subunit would have resulted in 
four times change in the inhibitor. This could explain that 
all the inhibitors in this family shared very high sequence 
coherence but showed dramatically different abilities to in-
hibit human salivary �-amylase activity. 

 
Chromosome location 
 
The chromosome locations of the main �-amylase inhibitor 
genes are list in Table 3. Compensating nulli-tetrasomic 
and ditelosomic lines of ‘Chinese Spring’ had been ana-
lyzed by two-dimensional electrophoresis, under conditions 
in which there was no overlap of the inhibitors with other 
proteins, and the chromosome locations of the genes en-
coding these inhibitors have been established: genes for 
WDAI were in the short arm of chromosome 3, and that for 
WMAI in the short arm of chromosome 6 (Sánchez-Monge 
et al. 1986). Major components of the monomeric inhibitors 
from Chinese Spring had been purified and characterized. 
Their molecular size and amino acid composition are quite 
similar, but their different inhibitory activities indicate that 
two different pairs of closely related components can be 
distinguished (Gomez et al. 1991). The sequence homology 
between these inhibitors and the equivalent positions of 
their respective genes in the short arms of chromosomes 6D 
and 6B clearly show that the genes were homoeologous 
(Gomez et al. 1991). A cDNA probe corresponding to 
WMAI did hybridize with DNA in the 6BS and 6DS, but 
did not recognize any DNA fragment from the A genome 
(Gomez et al. 1991). In the former investigations, no mono-
meric inhibitor was found in association with the A genome 
of hexaploid wheat, as was the case for other inhibitor 
classes. No WDAI activity has been detected in diploid 
wheat T. monococcum and T. boeoticum also (Bedetti et al. 
1974; Vittozzi et al. 1976). Moreover, it was absent from 
the A genome in the tetraploid and hexaploid wheat ac-
cording to the analysis of ditelosomic stocks by two-dimen-
sional electrophoresis and isoelectric focusing of wheat pro-

Table 3 The chromosome locations of the main �-amylase inhibitor genes in cereals. 
Species Genes Protein aggregation Chromosome location References 
Triticum aestivum WMAI monomeric 6BS/6DS Sánchez-Monge et al. 1986; Gomez et al. 1991 
Triticum aestivum WDAI dimeric 3BS/3DS Sánchez-Monge et al. 1986; Singh et al. 2001; Wang et al. 2006a
Triticum aestivum WTAI-CM2 tetrameric 7BS Framon et al. 1984 
Triticum aestivum WTAI-CM3 tetrameric 4AS Framon et al. 1984 
Triticum aestivum WTAI-CM16 tetrameric 4AS Framon et al., 1984 
Hordeum vulgare BMAI monomeirc 2H Witzel et al. 2010 
Hordeum vulgare BDAI dimeric 6H Lázaro et al. 1988; Witzel et al. 2010 
Hordeum vulgare BTAI-CMa tetrameric 7HS Salcedo et al. 1984 
Hordeum vulgare BTAI-CMb tetrameric 4HS Salcedo et al. 1984 
Hordeum vulgare BTAI-CMd tetrameric 4HS Salcedo et al. 1984 
Secale cereale RDAI dimeric 3RS Lyons et al. 1987; García-Casado et al. 1994 
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teins on ultrathin gels (Sánchez-Monge et al. 1986, 1989; 
Masoj� et al. 1993; Singh et al. 2001). In particular, genes 
for inhibitors WDAI-0.53 and WDAI-0.19 have been as-
signed to the chromosomes 3BS and 3DS, whereas there 
was no evidence of a homoeologous locus or loci on chro-
mosome 3AS (Sánchez-Monge et al. 1986, 1989; Masoj� et 
al. 1993; Singh et al. 2001; Wang et al. 2006a). However, 
WDAI encoding genes could be amplified from T. mono-
coccum and T. urartu, suggesting that this gene was present 
in the A-genome of diploid species (Wang et al. 2005, 
2007a). Furthermore, a new inhibitor from rye (Secale cere-
ale L.) named RDAI (dimeric �-amylase inhibitor from rye), 
which was homologous to wheat homodimeric inhibitors, 
was also located on chromosome 3RS (Lyons et al. 1987; 
García-Casado et al. 1994). 

�-Amylase inhibitors are located on the short arm of 
chromosome 3 in Triticeae (barley, wheat, rye). However, 
coding gene sequences of WMAI and WDAI could be 
found from A genome of diploid wheat, it is still not known 
the reason about the absent of �-amylase inhibitors from A 
genome of polyploid wheat accessions (Wang et al. 2007a, 
2008b). Recently, next generation sequencing technology is 
used to obtain large quantity of sequences form certain 
species. It could assay the variance of WMAI and WDAI 
between diploid and polyploid wheat in future. 

 
EVOLUTION 
 
Different genomes 
 
The important food crops for human nutrition and animal 
feed production such as barley, rye and wheat belong to the 
Triticeae tribe that comprises more than 500 taxa in a 
system of 37 genomically defined genera (Löve 1984). The 
origin of T. aestivum (2n=6x=42, AABBDD) has been the 
subject of much research in recent years and involved the 
related genus Aegilops. It is accepted that the diploid donors 
of the A and D genomes were T. urartu (2n=2x=14, AuAu), 
T. monococcum (2n=2x=14, AmAm) and Ae. tauschii 
(2n=2x=14, DD) respectively, whereas the identity of the 
donor(s) of the B genomes remains a contentious issue. T. 
urartu has been recognized as the Au genome ancestor of 
emmer wheat, durum wheat and common wheat, whereas T. 
monococcum is the donor of the Am genome of T. Zhukov-
skyi (Dvorak et al. 1993; Jiang and Gill 1994; Feldman 
2000; Baum and Bailey 2004). In several cases the B 
genome of common wheat appears closer to the S genome 
of Ae. speltoides than with those of the other species (Tal-
bert et al. 1995; Sasanuma et al. 1996; Blake et al. 1999). 

Three kinds of exogenous �-amylase inhibitors have 
different evolutionary rate in Triticeae. The sequence poly-
morphisms of their genes were not similar. WMAI is more 
conserved than WDAI. The tetrameric inhibitor is combined 
by three subunits. Therefore the mutation of nucleotide in 
each one of them might affect the structure and then the 
inhibitory ability. Thus, all the three subunits of WTAI 
(CM2, CM3, and CM16) were much more conserved than 
WDAI and WMAI. In the former investigation, it was 
found that WMAI genes had high homology according to 
sequence alignment. One hundred and fifty one WMAI 
genes were divided into two subgroups, and the genes from 
diploid wheat were clustered into both of the 2 subgroups, 
while the genes from Ae. tauschii, Ae. bicornis, and Ae. 
longissima were in either of subgroup (Wang et al. 2008b). 
The presence of high homology among monomeric �-amy-
lase inhibitors indicated that the inhibitors might derive 
from a very limited number of ancestral genes coding for 
peptide units and there was a duplication of these ancestral 
genes followed by divergence of the duplicated genes 
through mutation, which had the similar evolution model to 
WDAI genes (Buonocore et al. 1977, 1985). 

WDAI was well studied for its evolutionary event in 
Triticeae. The sequence variation and molecular phylogene-
tic relationship of WDAI from different genomes in Triti-
ceae were characterized by sequence analysis. 630 sequen-

ces of WDAI representatives from diploid, tetraploid and 
hexaploid wheat (containing the Am, Au, A, B, D and G 
genomes), and from 17 wheat wild related species with the 
D, Eb, F, I, M, N, O, P, Q, R, S, Sb, Sl, Ss, Ssh, U, and W 
genomes were used for phylogenetic analysis (Wang et al. 
2010a). The phylogenetic tree indicated that the dimeric �-
amylase inhibitors encoded by genes from different 
genomes form several separate clusters. The inhibitors en-
coded by genes from of Au, Am, Q, P, W, F, I, N, M, O, G 
and D genomes were clustered together, respectively (Wang 
et al. 2010a). Among the genomes, the sequences from the 
Q genome were most distant from sequences from other 
genomes (Wang et al. 2010a). It was clear that the Au 
genome was far from the Am genome, and that the P, F, and 
W genomes were also separate and distant from the other 
genomes. The rest of the genomes could be clustered into 
three groups, 1) D, N, I, U; 2) M, Au, Sb, S, Ss, Ssh, Sl; and 
3) R, Am, O, Eb. All the sequences obtained from wheat and 
its related species in Triticeae are very similar to each other, 
indicating a remarkable conservation of these protein genes 
(Wang et al. 2010a). 

Isoelectric focusing, two-dimensional gel electrophore-
sis, and both direct and clone sequencing also revealed 
multiple copies of the dimeric �-amylase inhibitor genes in 
polyploid wheat (Barber et al. 1986; Sánchez-Monge et al. 
1986, 1989; Masoj� et al. 1993; Wang et al. 2005). How-
ever, there was no dimeric �-amylase inhibitor activity 
detected in diploid wheat, but there were WDAI genes in 
the diploid wheats, and some of them could encode mature 
protein sequences (Bedetti et al. 1974; Vittozzi et al. 1976; 
Wang et al. 2007a). The Am genome sequences were close 
to a few sequences of the R, Ssh, S, Sb, and O genomes from 
Secale cereale, Ae. sharonensis, Ae. speltoides, Ae. bicornis, 
Henrardia persica respectively; while the sequences from 
Au genome were clustered together to the M genome se-
quences from Ae. comosa. The genes originally present in 
the progenitor of diploid wheat were modified or deleted 
from all species after the formation of common wheat, or 
the genes were mutated in the diverging species but re-
mained similar in a lineage that gave rise to the donor of the 
A genome of common wheat. 

There was a large group containing the sequences pre-
sent in hexaploid wheat, Ae. tauschii, H. vulgare, Ae. Uni-
aristata, S. cereale and Ae. umbellutata. Since Aegilops is a 
large and diverse group in Triticeae, it was clear that two 
distinguishable subgroups could be found in Aegilops spe-
cies based on the dimeric �-amylase inhibitor gene sequen-
ces, one similar to Ae. speltoides and other similar to Ae. 
tauschii. The dimeric �-amylase inhibitor genes evolutio-
nary relationships among B, S and G genomes was also 
interpreted and the results indicated an uncertain relation-
ship of these three genomes, which was also complex with 
sequences from O, Eb, and R genomes. The �-amylase 
inhibitor gene sequences from the B, S and G genomes fell 
into two groups, which were separated by sequences from 
the Au genome, and a larger group with 4 subgroups. Sub-
group I had the sequences from the S, Sl, Sb, Ssh, Ss and B 
genomes; subgroup II had many sequence from the B 
genome and a few sequences from O, Eb, R, Ss and Sb 
genomes; subgroup III had sequences from S, B, G and Eb 
genomes; and the last subgroup IV contained the B genome 
sequences and only one sequence from Ssh genome (Wang 
et al. 2010a). 

The tetraploid and hexaploid species exhibited B, S 
genome sequences of higher complexity than in the diploid 
species, suggesting that different diploid species could have 
contributed inhibitor-coding genes to polyploid wheats 
(Vittozzi et al. 1976). It was shown that the sequences from 
hexaploid wheat have divergence less than those from T. 
dicoccoides. While, the dimeric �-amylase inhibitors coding 
by the B genome from common wheat were divided into 
two groups, which indicated that the dimeric �-amylase in-
hibitors originated from at least two separate T. dicoccoides 
populations. Possibly species from Aegilops Section Sitop-
sis might have undergone homologous recombination in the 
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highly identical dimeric �-amylase inhibitor gene domains 
because the Aegilops Section Sitopsis are heterogeneous 
and out-crossing species (Wang et al. 2007b). This suggests 
that different diploid species of Aegilops contributed the B 
genome dimeric �-amylase inhibitor genes to the polyploid 
wheats by gene introgression via inter-specific hybridiza-
tions (Vittozzi et al. 1976; Wang et al. 2007b). 

Recent years, the seed proteins such as high molecular 
weight glutenin subunits, grain softness protein, gliadin 
were used to do the evolutionary studies. �-Amylase inhib-
itors are main albumin in cereal seed. Like other seed pro-
teins, their evolutionary relationship among species in Triti-
ceae could also give some important evidence for plant evo-
lution on the functional protein aspect. 

 
Adaptive evolution 
 
Wild emmer wheat is tetraploid and predominantly self-
pollinated wheat which is distributed over the Near East 
Fertile Crescent (Israel, Jordan, Lebanon, Syria, east Turkey, 
north Iraq, and west Iran) (Harlan and Zohary 1966). The 
center of distribution and diversity of emmer wheat was 
found in the catchment area of the upper Jordan Valley 
(Golan Heights, eastern Upper Galilee Mountains, etc.) in 
Israel and its vicinity (Nevo and Beiles 1989). Wild emmer 
wheat covers wide ranges of eco-geographical conditions 
and ranges over wide altitudinal amplitude in Israel. 
However, towards their marginal and peripheral areas, both 
in Israel and Turkey, wild emmer wheat became semi-iso-
lated or isolated, and smaller in size. This distributional 
pattern has a dramatic effect on their population genetic 
structure and differentiation (Nevo and Beiles 1989). Indivi-
dual plants of emmer wheat were collected at random, at 
least 1 m apart, from populations differing in major ecolo-
gical properties. These collection sites and populations have 
been described in detail elsewhere (Nevo and Beiles 1989; 
Nevo et al. 1982). 

The adaptive evolution of �-amylase inhibitor genes in 
emmer wheat was assayed. It was found that the WMAI, 
WDAI and WTAI genes were associated with environments, 
including temperature, water, geographic factors (Wang et 
al. 2008a, 2010b). Great diversity at these loci, both 
between and within populations, was detected in the popu-
lations of Israeli wild emmer wheat. The sequences of 
WMAI and WDAI were contributed by both natural selec-
tion and co-evolution, which ensures the conserved function 
as well as the inhibition of a variety of insect amylases. 
Ecological factors, singly or in combination, explained a 
significant proportion of the variations in SNPs and the 
SNPs could be classified into several categories as ecogeo-
graphical predictors (Wang et al. 2008a, 2010b). The con-
flict between genetic divergence and geographic distances 
also suggested that the SNPs in WMAI and WDAI were 
subjected to natural selection, and ecological factors had an 
important evolutionary role in gene differentiation at these 
loci. It was clear that the nucleotide sequence of tetrameric 
�-amylase inhibitors were much more conserved than that 
of dimeric and monomeric �-amylase inhibitors. Two 
dimeric �-amylase inhibitors could combine with 2 �-amy-
lase and 2 monomeric �-amylase inhibitors could combine 
1 �-amylase. However, the four units of terameric �-amy-
lase inhibitors (1 CM2, 1 CM 16 and 2 CM3) should com-
bine first and then inhibit the �-amylase. It might be the rea-
son that the gene/protein sequences of WTAI-CM2, CM3 
and CM16 were more conserved than WDAI or WMAI, to 
remain the inhibitory activity. The whole sequences �<1 
suggested that the inhibitors were under strong purifying 
selection pressure (indicating there might be a structural 
requirement). Most positions of WTAI were conserved, 
position analysis of the ratio of synonymous and non-
synonymous substitutions provided strong evidence for 
natural selection acting on WTAI (unpublished data). In 
other words, amino acid-altering substitutions in either unit 
of WTAI might affect the compound’s structure, then the 
ability to combine amylase. 

It is well known that all cereal-type �-amylase inhib-
itors had 10 Cys (5 disulfide bonds). The WMAI, WDAI, 
WTAI-CM2, CM3 and CM16 also had 10 Cys, and the 
positions of the 10 Cys were conserved. Most of the SNPs 
did not occur at highly conserved positions, which ensured 
that the �-amylase inhibitors would keep their correct 3D 
structure to combine with �-amylase, even under different 
environments. 

 
FUTURE PROSPECTS 
 
The insect-resistance genes transferred into plants to date 
mainly target the insect digestive system. Several kinds of 
�-amylase and proteinase inhibitors in seeds and vegetative 
organs act to regulate the numbers of phytophagous insects, 
which could be used through plant genetic engineering. 
Many insects have several �-amylases that differ in specifi-
city and successful utilization of a food source is dependent 
on the presence of �-amylase for which there is no specific 
inhibitor. Screening inhibitors in cereals without taxonomic 
constraint and the identification of their evolutionary rela-
tionship can help identify novel insecticidal determinants. 
Hundreds of monomeric, dimeric and tetrameric �-amylase 
inhibitor genes were obtained from Triticeae. The continu-
ing discovery of new �-amylase inhibitors suggests that the 
list of �-amylase inhibitors is far from complete. Even 
though lots of genes encoding exogenous �-amylase inhib-
itors were characterized, basic information pertaining to 
gene’s expression and regulation, protein’s sequence and 
3D structure studies are lacking, as well as the molecular 
correlation between enzyme and its inhibitor. Thus, the 
search for new genes is ongoing and aims to expand the 
range of insects affected, to combat the development of 
resistance in the target insects by identifying genes to 
improve potency. 
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